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Resumo

A cadeia de fabricacdo de engrenagens € caracterizada por numerosas origens de tensdes
residuais. A fim de respeitar seu principio de equilibrio, uma redistribuicdo das tensdes é
necessaria na progressdo de processos. Contudo, o estado-da-arte revela uma preocupacéao
excessiva com a investigacdo individualizada de processos. Reduzida acuracia de modelos
preditivos, dificuldade de controle da producdo e projeto ndo-otimizado sdo consequéncias
diretamente decorrentes. A hipotese aqui destacada é de que a intensidade e a heterogeneidade
induzidas por processos anteriores sdo significativas a integridade superficial ap6s o
subsequente processo. O objetivo é, portanto, a identificacdo dos fatores do estado de tensdo
residual desenvolvidos ao longo da cadeia com relevante influéncia a integridade superficial
final da engrenagem. Uma investigacéo experimental envolveu as interagdes entre usinagem e
tratamento térmico, assim como entre jateamento de granalhas e retifica. O estudo propde
uma abordagem original de estrutura convergente. Enquanto toda alteracdo é executada no
primeiro processo analisado, o segundo € rigorosamente invariavel. As engrenagens
retificadas séo ainda submetidas a ensaio de fadiga de contato, de modo a apurar a relevancia
da interacdo a vida util do componente. Os resultados provam que 0 processo anterior pode
exercer notavel influéncia a integridade final. Um modelo de mola é a traducao simplificada
para o fendmeno, em um conceito de energia potencial em auto-equilibrio. Do processo
anterior, o fator definido como primordial foi denominado como a éarea instavel de tensdes
residuais. Este promove uma alteracdo proporcional a superficie resultante do proximo
processo. As alteracdes se reproduzem na forma de distorcao ou de variagdo do proprio estado
de tensGes residuais, em um mecanismo intimamente conectado ao modo de perturbacdo do
equilibrio que o processo representa. O efeito deve ser interpretado sob o prisma de seu
dominio de atuagdo. Micro tensdes residuais refletem inomogeneidades macroestruturais e
padrdes de rugosidade entre processos sequenciais. Tal correlagdo se viabiliza pelo novo
meétodo de avaliacdo do estado de heterogeneidade, por meio do pardmetro “Gauss integral
breadth”. A interacdo se mostrou finalmente presente no comportamento em fadiga. Modo de
falha e vida util estdo diretamente relacionados a regido de intensa influéncia da interacéo de
processos. Da compreensdo dos efeitos de interacdo se deriva o inédito conceito de “Design
for Residual Stress (DRS)”. A cadeia de fabricagdo pode ser planejada para o estado 6timo de

tensdes residuais, que potencializa um incremento na capacidade de carga da engrenagem.
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Abstract

Several sources of residual stresses characterize the entire gear manufacturing chain. In-
between processes, their redistribution has to be the condition to satisfy the equilibrium
principle. Nevertheless, the state-of-the-art reveals an excessive concern on optimizing the
processes individually. As direct consequences, the accuracy of the prediction models is
lowered, the control on the production dispersion is jeopardized and the product design is not
optimized. The hypothesis herein stated is that the residual stress intensity and heterogeneity
induced by previous processes are significant to the surface integrity of a subsequent process.
Consequently, the objective is the identification of the residual stress factors induced along
the gear manufacturing chain with relevant influence on the final surface integrity. An
experimental investigation was conducted on the interaction between soft machining and heat
treatment, and between shot peening and grinding. This study originally proposed to structure
the investigation into a convergent approach. Whereas every parameter modification is to be
done at the first process, the second process is kept the same. The ground gears were
submitted to contact fatigue tests, to identify the relevance of the interaction effects to the part
lifetime. The results proved that the previous process can exert a noteworthy influence on the
final integrity state. The interaction is understood by a model of springs, into a self-
equilibrated potential energy concept. The primary factor from the previous process is the
hereafter named unstable area of residual stresses (UARS). It proportionally drives the
modifications induced to the surface after the next process. They happen either as distortion or
as change in the stress state itself, depending on the equilibrium disturbance mode that the
manufacturing process represents. The effect follows the domain size under analysis. Residual
microstresses carry and reflect microstructural inhomogeneity and roughness patterns between
neighboring processes. The correlation was enabled due to a novel assessment method of the
residual stress heterogeneity state, through the Gauss integral breadth parameter. The
interaction showed also to be present to the gear fatigue behavior. Both the failure mode and
the lifetime correspond to the region where the interaction effects were mostly observed. The
comprehension of the residual stress interaction effects derives the newly introduced concept
of Design for Residual Stress (DRS). The manufacturing chain can be designed with the
purpose of providing an optimal residual stress state, with a consequent potential for

enhancing the gear load carrying capacity.
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1 Introduction

One hundred years have passed since Prof. Heyn' provided the definition for a
phenomenon at that time he named as “internal strain”. The lucidity of his words transcended
the description of this mechanical property. The words embedded a forecast in which this
property would claim the attention of everyone involved with cold-worked metals
manufacturing (HEYN, 1914).

Nowadays defined as “residual stress”, its strong relationship with the fatigue strength
was the key for the well-succeeded prognosis. The superposing effect to the actuating stresses
characterizes the residual stress as a decisive factor to confer either a detrimental or a
beneficial contribution upon a component’s lifetime (ALMEN; BLACK, 1963; LOHE;
LANG; VOHRINGER, 2002).

Gears appear as one of the most featured recipients of the residual stress product. On
the one hand, its operational kinematics enables the onset of distinct fatigue mechanisms into
different regions of the component (ALBAN, 2002). On the other hand, they are applied to
industrial segments facing a progressive demand of higher power density, such as the
automotive and the wind energy industries.

The combination of the described scenarios deserved the investment of countless
researches on this topic along the past decades. Every hitherto existing process for
manufacturing metallic gears has already been investigated under the perspective of residual
stresses. Motivated by the need of enhancing the gear durability attribute, the researches’
purpose is usually to optimize certain process parameters in order to induce an appropriate
compressive residual stress layer to the surface.

However, the challenge is not restricted to the feasibility of increasing the intensity of
the compressive stresses. The high variability observed during the production control is a
daily fact faced by the industry. The statement can be quantified by the scatterplot chart of the
Figure 1.1, created with production data of an automotive gear. The same design,
manufacturing processes and inspection procedure were not sufficient to hinder 50% of

variation over the residual stress mean value.

" Prof. Emil Heyn was the director of the Royal Prussian Institute for Testing Materials when, in 1914, he
delivered a lecture describing the residual stress phenomenon to the Institute of Metals in London.
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Figure 1.1 — The large variability on residual stresses as a product of the intermediate
manufacturing processes (HAUK, 1997; BHADHESIA, 2002).

An irregular material microstructure and the measurement equipment’s intrinsic errors
can contribute to such a poor repeatability level (LU, 2002; LAW; LUZIN, 2011). Likewise
the influence of the final manufacturing process is of incontestable importance. However, this
study puts the spotlight on the intermediate processes of the gear manufacturing chain.

Each process of the manufacturing chain modifies the workpiece leaving a trace
registered in the form of residual stresses. Mechanical, thermal and structural effects arise and
combine themselves into a complex strain arrangement. Still, they are supposed to fulfill the
requirements of the most basic residual stress’ condition: the equilibrium principle (bottom
panel of the Figure 1.1). If each of the manufacturing processes becomes a source of
disturbances, and if the variability control is a definitive challenge, how could it be possible to
neglect the contribution of these earlier stages to the final residual stress state?

Although a negative answer seems to be quite trivial, this is not the reflection from the
Scientific’s publications database. Only a few researches aimed at analyzing residual stress as
a processes sequence. The great majority approaches an individual process as if no influence
would come from the previous ones. One century has passed since the lecture of Prof. Heyn,
and society demands a more holistic approach. The importance of understanding the
interaction in-between processes is expressed by the assumptions of the “Industry 4.0”
concept. It states that the collaboration and interaction among machines is the key factor to

the next manufacturing revolution (SCHUH et al., 2014). The phenomenological
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understanding of the interaction is the previous necessary step to implement this collaborative
production.
The direct consequences of the lack of knowledge on the role of the processes’
interaction to the final residual stress state are represented by:
= A limited accuracy of the calculation models for predicting the residual stress
state induced by one specific process.
= An additional reason to increase the dispersion of the residual stress intensity,
controlled at the end of the production.
= An obstacle to define the optimal residual stress state for a specific application.
= Restricted comprehension of the residual stress influence on the fatigue

behavior.

Even the few publications approaching the residual stress along the manufacturing
chain do not provide conclusions to satisfy the presented gap (BARSOUM; BARSOUM,
2009; KLEIN; EIFLER, 2010; BRINKSMEIER et al., 2011; NAVAS et al., 2011). The most
imprecise assumption made is not to isolate the final process face to the possible distinct
incomes from the previous processes. Moreover, several of them do not perform the
investigation covering the depth range of the surface contact phenomena. Finally, interactions
between early and late stages of the chain are not compared.

The main goal is derived from the previously drawn conclusion and from the just
introduced problem statements. The objective of this study is the identification of the relevant
residual stress factors from previous manufacturing processes to the final integrity state. The
factors broaden the approach to both intensity and heterogeneity levels. They represent
different features of the residual stress state, either defined by characterizing a depth
distribution or by defining the leading domain size of the stresses’ deviations. The integrity
state covers further surface aspects than residual stresses, such as geometric deviations,
material structure and fatigue strength.

Accomplishing the goals means revealing to society the prime aspects of a residual
stress state that drive the surface properties of an upcoming process. This signifies
understanding the weighted contribution of individual steps of the production to the final gear
integrity state. This attainment is complemented by the additional contribution of establishing
a prioritization of processes to be analyzed. Two case studies, one positioned at an early and

one at a late production stage, may reveal from how far the interaction’s effect comes. The
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outcomes may drive the focus of future researches to the stages of the manufacturing chain
whose interaction effect is mostly sensitive to the final integrity state.

The demand for a feasible method of assessing the residual stress heterogeneity also
offers this study an opportunity to provide an original scientific contribution. The lack of
uniformity addresses the exposed control challenge and it is increasingly being referred to as a
process limitation and a topic to be further examined (KARABELCHTCHIKOVA; RIVERO,
2005; ZHAN; JIANG; JI, 2013; TOUALBI et al., 2015).

The expectation in an economic context goes toward mapping the evolution of residual
stresses along the gear manufacturing chain. A global comprehension of the variability
sources would enable the implementation of corrective actions to intermediate stages of the
production. A lower amount of workpieces would be produced outside the specified residual
stress range, driving the scrap ratio to be reduced. As an indirect result, both the
manufacturing chain and the product may be redesigned to accommodate a new knowledge
for a current gap accounted into higher safety factors.

A notice should also be given to the proposed experimental scope. Contrasting the
state-of-the-art, it was conceived as a convergent structure. Gears produced by inducing
different residual stress states at a previous process are later submitted to a same final
manufacturing operation. It provides an effective isolation of the last process effects and the
appropriate identification of the relevance from early production stages.

The development for this approach was conducted at the Competence Center in
Manufacturing (Centro de Competéncia em Manufatura, CCM-ITA). It was empowered by
the partnership with the Laboratory for Machine Tools and Production Engineering
(Werkzeugmaschinenlabor, WZL) of the RWTH Aachen University (Rheinisch-Westfalische
Technische Hochschule) in Germany.

The herein presented thesis starts with a literature review, essentially composed by a
topic on gears and one on residual stresses. Concepts of the gear fatigue behavior and the gear
manufacturing chain are followed by the residual stress fundamentals that are relevant to the
approached problem statement. They provide the necessary information to the description of
the state-of-the-art with regard to the evolution of residual stresses along the manufacturing
chain.

The document only states the objective after the reader is fully informed about the
existing open points from the state-of-the-art. Together with the secondary goals, the

objective is presented as an action to bridge the disclosed gap. In order to organize the
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approach to the stated hypothesis, three research questions are announced to cover the entire
thesis’ development content.

The experimental and analytical procedures to achieve the objective are described in a
chapter of materials and methods. On the quest of one answer, two case studies were planned.
Their execution is explained by means of the experiments to manufacture the samples and to
characterize and test their induced surface integrity.

The results and discussions about the findings are displayed in three topics, according
to the sequence of the research questions. The role of the intensity and of the heterogeneity
state of residual stresses is demonstrated with the support of the further surface properties
collected. The relevance of the residual stress interaction to the fatigue behavior of gears
reinforces the relevance of the achievement and the linkage to the motivation, closing the
chapter.

The objective is finally recalled to verify to which extension the hypothesis could be
proved and the research questions answered. The drawn conclusions do not only summarize
the present investigation. They embed the answers for the different questions to a general and
fundamental perspective. Moreover, this final chapter presents a forecast to the suggested
continuation scenarios that embrace this cause. The mentioned steps form the main structure

of the thesis, as depicted in the Figure 1.2.

Mechanical

Literature Review ,
y é' o &

Objective and Approach w
Structural

Materials and Methods

Results
and
Discussions

Conclusions and Outlook

Figure 1.2 — Sequential structure of the thesis’ chapters.
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2 Literature Review

2.1 On the Connections of Gears to Residual Stresses

Prior to the review of residual stresses, an overall picture of its connections to the
context of gears is given. The relevance and description of gear fatigue failure modes, which
are associated to the final gear residual stress state, compose the motivation for this study. The
gear manufacturing introduction prepares the discussion about the possible different origins to

the creation of such stress state.

2.1.1 Gear Failures: The Industrial Scenario

Many of the newest technologies developed for internal combustion engines aims at
increasing the delivered torque and power. The purpose is to quickly implement solutions that
provide an enhanced vehicle longitudinal dynamics performance. Frequently, these advances

crash with the torque capacity limitation of its interface system: the transmission (Figure 2.1).

TRANSMISSION
(Section view)

>1St Speed 15T Speed

Torque Flow

.. Output/Input
" Torque Flow

Detailed view

WHEE

Figure 2.1 — Vehicle manual transmission with its interfaces and the torque flow when the 1st

speed is engaged.
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For the vehicles equipped with manual transmissions, the restriction is generally
defined by the first speed gear lifetime. The high transmission ratios submit them to the
highest contact and bending stresses. The most frequent failure mode in the transmission
systems of passenger vehicles is the fatigue failure due to the contact stresses. (ALBAN,
2002; ASI, 2006). This limitation is reflected into two usual engineering alternatives. The first
one is modifying the gear design through increasing the dimensions that can improve its
strength. Alternatively, the engine output torque is truncated by electronic injection module
control calibration. In this case, the engine potential is underused and the vehicle longitudinal
dynamics performance is jeopardized. The study performed by Rego (2011) provides a
quantified example of this torque truncation impact. The chart of Figure 2.2 displays the
vehicle tractive force calculated for the regime when the vehicle is moving in the first speed.
According to the study, the projected dashed line, representing the truncated torque, can

reduce in up to 9% the ramp gradient capacity or up to 0.4 s the 0-100 km/h acceleration time.
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Figure 2.2 — Longitudinal dynamics analysis and the projection of the torque restriction over
the 1st speed regime (REGO, 2011).

These gear lifetime issues are spread in most part of the machinery industry. This
problem has received increasing attention at another relevant industrial sector, the wind
power. Similarly to the automotive industry, the importance of this topic is following the
increasing power capacity of the wind turbines along the years. According to a North
American database (Figure 2.3), the average power of the turbine grew from 50 kW in the
80’s to about 8 MW in the year of 2015 (WIKRENT, 2008). Recent studies have
demonstrated that gearboxes are the main responsible for wind turbine premature failures. As

showed by Ribrant (2006), worse than failures quantity is the impact on the turbine downtime
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when gears maintenance is required. Among wind farms of US, Germany, Sweden and
Finland, between 2000 and 2004, gears can represent up to 33% on total wind turbine
downtime (Figure 2.3).

Yaw system
Structure

Downtime

Component  Hydraulics

Distribution GEARS

Other
v

Gears’ Failure Modes

Blades

Power (MW)

Failures
O N M OO 0

Figure 2.3 — Wind Power Scenario: Increasing power along the years; Gears appearing as an
important player on the downtime metrics; and fatigue failure modes as one of the most
frequent failure modes (RIBRANT, 2006; OYAGUE, 2009; WIKRENT, 2008; SHEND;
MCDADE; ERRICHELO, 2011).

The matter is already considered a challenge. It is widespread, affects most original
equipment manufacturers and is not majorly caused by the quality of the manufacturing
practice. The published NREL (National Renewable Energy Laboratory, from the USA)
technical report went further on the problem definition and mapped the most usual failure
modes of a gearbox (Figure 2.3). Top gear failure modes are fretting wear and fatigue, being
the last responsible for 36% of the gear failure modes registered. In contrast with the
problems that gear manufacturers have faced with for the past 110 years of the automobile
age, wind turbines operate with low speed and high torque (MUSIAL; BUTTERFIELD;
MCNIFF, 2007; WIKRENT, 2008; OYAGUE, 2009; SHENG; MCDADE; ERRICHELO,
2011, LINK et al., 2011).
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2.1.2 Fatigue Failures Modes

Gear failure modes are particular types of failure presenting specific identification.
The fractured surface may or not may present an exclusive mode to fail, once crack can have
been nucleated in one failure mode, propagated under a second mode and finally fracture due
to a third mode. Representing more than 50% of total gear failure occurrences, bending
fatigue, contact fatigue and adhesive wear are the most common types of gear failure modes
(ALBAN, 2002). This statement reinforces how representative both exposed industrial
scenarios are.

Any material submitted to a high amplitude vibration with stresses much lower than
the ultimate strength is a candidate to fail by fatigue. A repeated load characterizes a cyclic
stress state, in which material is locally hardened. Dislocations move and concentrate for this
region, from which a crack nucleates and grows until it reaches the critical size for fracture.
This concept is the principle for both main gear fatigue failure modes: bending and contact
(ALBAN, 2002; ASHBY; SHERCLIFF; CEBON, 2007).

Tooth bending fatigue is considered the most classic gear failure mode. The failure
origin is at the root radius surface of the loaded side. In the most common scenario, the origin
is in the tooth width center, where the normal load is expected to be. The crack slowly
propagates toward a point under the opposite root radius, finally proceeding outward to the
surface of the non-loaded side (Figure 2.4). After the first tooth breaks out due to the fatigue
mechanism, the next one will also normally fail by fatigue. But with an abnormal loading and
improper gear mesh, fatigue will occur quicker (WULPI, 2000; ALBAN, 2002). For a better
comprehension, the appendix “A.1 Gear Nomenclature for Macro and Micro-Geometry”

provides a visual aid to the specific nomenclature of gears.
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— Bending Fatigue

Figure 2.4 — Gear fatigue failure modes: bending and contact stresses (LECHNER,;
NAUNHEIMER, 1999; DING; RIEGER, 2003; BELSAK; FLASKER, 2006).

Contact fatigue failures are determined by the removal of small metal portions from
the surface (Figure 2.4). For gears, they are identified as micropittings, pittings,
microspallings or spallings, under a controversial terminology from the state-of-the-art.
Therefore, the herein description will be simply separated as surface and subsurface-
originated failures. A first approach to understand the difference between them appears over
the dimensions of the fractured region. A surface-originated damage is shallower, usually not
overcoming the depth of 10 um. Subsurface failures can overcome a depth of 200 um, with a
proportional relationship to the contact pressure applied (ALBAN, 1993; ANTOINE;
BESSON, 2002; DING; RIEGER, 2003; ASLANTAS; TASGERIREN, 2004; ABERSEK;
FLASKER, 2004).

A more detailed analysis shows that the difference between both goes beyond. The
understanding of the gear kinematics (rolling and sliding characterization) and its stress
behavior (rolling and sliding forces) enables the creation of a more detailed identification
criterion. The cracks of surface-originated damages propagate to the core in a direction of
between 20° and 40° with the surface. They are composed by a combination of rolling and
sliding forces, thus inducing the damage occurrence on the dedendum. The failure is mostly
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dependent on surface stress concentrators, such as scratches and uncontrolled roughness
(WULPI, 2000; DING; RIEGER, 2003; FADJIGA; GLODEZ; KRAMAR, 2007, OLVER et
al., 2004; ZAFOSNIK et al., 2007).

On the other hand, subsurface-originated damages cracks are mostly like to initiate in
the region of maximum equivalent stresses due to the Hertzian pressure. The crack grows
firstly parallel to the surface, driven by the shear propagation mode. It is followed by a
direction change that moves the crack towards the surface under the opening propagation
mode. The failure is favored by a smooth surface and the presence of non-metallic inclusions.
The fractured region is concentrated around the pitch diameter or in the dedendum (DING;
RIEGER, 2003; WULPI, 2000; FADJIGA; GLODEZ; KRAMAR, 2007, OLVER et al., 2004;
ZAFOSNIK et al., 2007; SADEGHI et al., 2009; LOPENHAUS, 2015).

Independent on the particular features, all mentioned fatigue failure modes follow the
same fracture principle: the cracks initiate and propagate exclusively under a tensile stress
state (ANDERSON, 2005). Over this statement lays the special connection to residual
stresses, as well as it figures as a boundary condition to design and select a specific gear
manufacturing chain. A descriptive approach of some manufacturing processes follows inside

the next topic.

2.1.3 The Manufacturing Chain

A conventional gear manufacturing chain is composed by a sequence of processes
starting from a forged blank up to the finished gear. Different process’ alternatives are applied
depending on the product specifications, application, resources availability or any other
facility restriction. The processes composing this chain can be classified regarding their
concepts and purposes in three groups:

e Teeth cutting: milling, shaping, hobbing, shaving, broaching, skiving;
e Heat treatment: carburizing, nitriding, carbonitriding; induction hardening

e Finishing: grinding, honing, shot peening, lapping, superfinishing.

Despite all the possible alternatives, the Figure 2.5 suitably represents a picture of the

usual processes composing the gear manufacturing chain.
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Figure 2.5 — Example of a gear manufacturing chain (KLOCKE; BRINKSMEIER;
WEINERT, 2005; KLOCKE; BRECHER; BRUMM, 2014).

The milling is the former developed process to cut a tooth, but also a current topic by
means of the researches applying it with 5-axis machining centers. A cutter with the shape of
the tooth is positioned in the direction of the tooth helix angle, if it exists. The usual practice
is to cut one tooth space at a time. After the gap is cut, the blank is rotated to the position of
the next tooth. Gear milling is generally selected for small-lot production, gears demanding
coarse finishing or with special tooth forms (DAVIS, 2005).

Most suitable to mass production gears, the hobbing is a generating process in which
the gear involute is progressively generated by a series of cuts. The tool, named “hob”, is a
fluted worm with form-relieved teeth. Three relative movements compose the kinematics of
gear hobbing, as represented by the numbers in the Figure 2.6. They are the hob rotary
movement (1), the axial feed of the hobber (2) and the gear rotation (3). For each revolution
of the hobber, the gear advances one tooth (DAVIS, 2005; NIKOLAOS; ARISTOMENIS,
2012).
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Figure 2.6 — Teeth cutting processes: gear hobbing and gear shaping principles (NIKOLAOS;
ARISTOMENIS, 2012, KLOCKE; BRECHER; BRUMM, 2014).

Considered the most versatile gear cutting process, shaping is a generating process
based on a spindle that moves in axial strokes as it rotates (Figure 2.6). The gear is mounted
on a second spindle and the process principle is of two gears rolling in mesh. The tool is
gradually fed to full cutting depth by reducing the center distance between the cutter and the
gear. After the full depth is cut, a generating feed motion is engaged, finishing the cut in one
revolution of the workpiece (ENDOY, 1990; DAVIS, 2005).

Even the teeth cutting may be conducted in two steps, a roughing and a finishing
process. Gear hobbing and shaping are both roughing processes, and the geometric surface
quality they produce may not be acceptable for every application. This rough surface cannot
always be improved after the heat treatment. Shaving appears in this context as a finishing
process of the soft machining, removing small amounts of metal from the teeth flank. For high
precision applications, shaving cannot avoid hard finishing processes but it can correct small
errors in tooth spacing, helix angle, tooth profile and concentricity. The process can be
compared to two gears rotating in tight mesh, with cutter and gear at crossed axes. The tooth
thickness is reduced by moving the center of the work gear closer to the cutter. The tool is
basically a helical gear in which the helix angle is different from the gear to be cut. It is
designed with vertical serration, which enables taking fine cuts from gear teeth (DAVIS,
2005; ENDOY, 1990).
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Gears can be manufactured with as many different materials as the application’s
requirements allow. Among all, the steel alloys can provide outstanding characteristics of
high strength per unit volume within low cost restrictions. However, the severe conditions in
which gears of the heavy-machinery industry are applied demands improved mechanical
properties. The heat treatment process is applied to create a material structure that increase
wear resistance, fatigue life and impact resistance. These five most frequent processes are
through hardening, induction hardening, carburizing, nitriding and carbonitriding (ENDOQY,
1990; RAKHIT, 2000; FUNATANI, 2002, DAVIS, 2005).

The first above mentioned process refers to a method that does not produce a case.
Through hardened gears are heated to a required temperature and cooled in the furnace or
guenched in air, gas or liquid. This treatment is applicable to workpiece after or before cutting
processes. In ascending order of hardness it can be performed by three methods: annealing,
normalizing, and quenching and tempering (AGMA, 2004; DAVIS, 2005).

Localized heating is the treatment solution when gear teeth require high hardness, but
size or configuration does not lend itself to carburizing and quenching the entire part. This is
the concept of Induction Hardening. An encircling coil or tooth by tooth inductor is used and
the process is ended with quenching and tempering. A rapid heating is generated by
electromagnetic induction when a high-frequency current is passed through a coil surrounding
a gear. The depth of the heated area is inversely proportional to the frequency, in function of
the electrical phenomenon “skin effect”. With regarding to the application condition, different
methods can be performed, as shown on Figure 2.7 (AGMA, 2004; DAVIS, 2005).
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Figure 2.7 — Induction hardening methods; Case hardening features: carbon content profile,
typical gas carburized and nitrided surface structures (AGMA, 2004, DAVIS, 2005;
GROSCH, 2014).

The latest three heat treatment processes are chemically supported and with the
objective of promoting surface enrichment. They are so called “case hardening” processes,
and the carburizing is the most usual one. In carburizing, austenitized ferrous metal is brought
into a contact with an environment rich of carbon. The difference between the environment
and the steel carbon content creates a potential to cause absorption of carbon at the surface.
By diffusion, it creates a carbon concentration gradient between the surface and interior of the
metal (chart of Figure 2.7). The process can be adjusted in regard of temperature, time and the
composition of the carburizing gas in order to induce the desired depth of penetration. The
primary objective of carburizing and hardening gears is to secure a hard case and a relatively
soft but tough core. This process is generally performed between 870°C and 1010°C. The case
depth, defined on a hardness metric basis, can vary over a broad range, up to 8.25mm
(RAKHIT, 2000; DAVIS, 2005).

The carbonitriding is a modified form of gas carburizing, rather than a form of
nitriding. In the carbon atmosphere, ammonia is introduced in order to add nitrogen to the
carburized case. The nitrogen diffuses into the steel simultaneously with carbon and it has an
effect similar to carbon on the martensitic structure. The process is conducted with lower

temperatures, between 700°C and 900°C. A shallower case, lower than 0.75 mm, can be
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produced since nitrogen inhibits the diffusion of carbon. In addition, nitrogen enhances
hardenability and enables further hardness increase (RAKHIT, 2000; DAVIS, 2005).

Differently from the other case hardening treatments, the nitriding introduces nitrogen
into the surface while it is in the ferritic condition. This means that this process generally
takes place in much lower temperatures, in the range of 500 to 575 °C. This concept makes
nitriding the selected treatment when there are high concerns with the gear distortion effects.
Shallow cases are resultant, being not deeper than 0.65 mm. One of its limitations is the
extremely high and brittle surface hardness knows as the “white layer”, caused by high
thermal gradients on a very localized area (Figure 2.7) (RAKHIT, 2000; DAVIS, 2005).

The structure transformation, the hardness increase, and the change on the residual
stress state are not the only outcomes of the heat treatment process. Together, as a non-desired
effect, part of the temperature gradients created by the thermal cycles is converted into
geometric deformation. Non-accepted distortion levels to the gear functions frequently require
finishing manufacturing processes to adjust the flank and root profiles.

The objective of the finishing processes is to create teeth surface modifications that
can provide running noise reduction and load capacity improvement. In practice, they are
designed to reduce roughness and pitch errors, to promote microgeometry modifications as
crowning and tip relief and also to induce a more compressive residual stress state
(KARPUSCHEWSKI; KNOCHE; HIPKE, 2008).

As the most usual finishing process, grinding shapes the surface by sequential passes
with a rotating abrasive wheel. The tool is a wheel typically built with abrasive materials like
corundum (Al,O3) or cBN (Cubic Boron Nitride). Usually, it removes from a few
micronmeters up to several hundredths of millimeters of metal. The gear grinding processes
can be classified as generating grinding and profile/form grinding. (DAVIS, 2005;
KARPUSCHEWSKI; KNOCHE; HIPKE, 2008).

The form or profile grinding process consists of applying the wheel through a tooth
space designed with the shape of the left side of one tooth and the right side of the next tooth
(Figure 2.8, left). The workpiece is perpendicularly positioned to the grinding wheel. When
the process of this gap is completed, the workpiece is indexed to the next position. The wheel

can be projected for grinding one gap as well as multiple gaps at one time (DAVIS, 2005).
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—— PROFILE GRINDING ——— GENERATING GRINDING — ——— SHOT PEENING —

Grinding 7 N
Wheel

Workpiece

Figure 2.8 — Schemes and pictures of gear finishing processes (HARADA, MORI, MAKI,
2003; KLOCKE; BRINKSMEIER; WEINERT, 2005: KARPUSCHEWSKI; KNOCHE;
HIPKE, 2008; BRECHER; LOPENHAUS; REGO, 2015).

The generating grinding is defined by the movement of the cutting grain in a direction
tangent to the involute profile. There are four methods of generating grinding, distinguished
by the type of wheel used: straight, cup-shaped, dish-shaped, and rack-tooth worm wheels.
The continuous generating method (Figure 2.8, top) has the similar principle of a gear
hobbing, and a grinding worm with an undefined cutting edge is used. Stroke movement, feed
movement and shift movement are necessary as well (DAVIS, 2005; KLOCKE;
BRINKSMEIER; WEINERT, 2005; KARPUSCHEWSKI; KNOCHE; HIPKE, 2008).

Gear Honing is an abrading process that uses bonded abrasive stone tool to remove
stock from metallic and nonmetallic surfaces. The difference between honing and grinding
processes are basically the tool and the kinematics. The tool is a gear shaped body that
removes material from the tooth flanks under crossing rotational axes (Figure 2.8, bottom).
Due to these low cutting speeds, high process forces per time unit are necessary to reach a
high material removal. The result is lower temperatures at the contact zone and lowered risks
of a thermal damage (DAVIS, 2005; KARPUSCHEWSKI; KNOCHE; HIPKE, 2008).

With a different main purpose from the described finishing processes, the goal of shot
peening is to induce a compressive residual stress layer in the material to increase the fatigue
life. The compressive layer is induced by plastic deformation, which is the result of the

mechanical impact of small round hard particles, or simply “media”. The peening media is



42

accelerated to a high speed with a kinetic energy that is raised by machine propulsion (Figure
2.8, right). The shot peening machine can be classified depending on the system that propels
the media. These are pneumatic, centrifugal and vapor blast machines. The resulting residual
stress profile is deeply influenced by the processing and machine parameters. Among them, it
is included the shot speed and incident angle, the exposure time, the coverage level and the
shape, hardness and size of the media (ALMEN; BLACK, 1963; KOSTILNIK, 1994; SAE,
2001).

Each one of the described processes interacts through particular physical phenomena
with the gear surface, inducing specific residual stress states into it. As a consequence, the
definition of the manufacturing chain directly impact the running behavior of the gear. This
functional influence and the manufacturing origins of the residual stresses, such as their

classifications and the basic principle of equilibrium are covered along the next topic.

2.2 Residual Stresses

Residual stresses are defined as stresses that are kept applied even when the material is
no more submitted to external forces. The first clear definition of this phenomenon was
provided by Prof Heyn in his 1914 lecture for the Institute of Metals in London. At that time,

residual stresses were still referred to “internal strains”:

The phenomena with which I am about to deal come under the heading of “internal strains”. If portions
of a solid or of a number of solids forming together one rigid mass are hindered from assuming the
natural length, which they would assume in the absence of any load or hindrance, this solid or number
of solids is said to be under strain. The strained condition may be brought about (1) by forces acting on
the solid from outside (external forces); but strains may also exist in the solid (2) without any
observable action from outside, or after the external action has ceased. These latter strains | define as

“internal strains”; the solid is, so to say, “self-strained”. (HEYN, 1914, p. 3).

Residual stresses are originated from heterogeneous dimensional variations resultant
of also non-homogeneous deformation. The stress state of a component submitted to external
forces is defined by the combination of residual and actuating stresses. With this concept, the
residual stress creates direct impacts to several mechanical properties, as the fatigue strength
(ALMEN; BLACK, 1963; WITHERS; BHADHESIA, 2001; LU, 2002).
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2.2.1 Relationship with the Fatigue Strength

The stress state of a component submitted to external forces is defined by the
combination of residual and applied stresses. As an initial and rough comprehension model to
the crack nucleation and propagation, the residual stress can be considered as a static and
mean value to be summed to the actuating cyclic stress. Therefore, the more compressive the
residual stresses are, the lower is the resultant stress state. The residual stress ends by playing
a key function in order to increase a component’s lifetime (WITHERS; BADHESIA, 2001,
LU, 2002; MURAKAMI, 2002; LOHE; LANG; VOHRINGER, 2002).

This so-called superposing principle is the basis for different approaches to quantify
the influence of residual stresses on the fatigue lifetime. One of them is the adaptation of the
Haigh diagram to introduce the residual stress intensity. By considering the effects of mean
stress in the fatigue life, also the residual stresses are treated as local and mean effect (LOHE;
LANG; VOHRINGER, 2002; PREVEY; JAYARAMAN, 2005). As a second example, Genel
(2005) proposed a method based on the Basquin relation to estimate the bending fatigue limit
smooth case hardened cylindrical specimens subjected to bending fatigue loads. The model
considers that the residual stress profile finds maximum value in the surface with a linear
behavior up to core, being quantitatively represented by Equation (2.1). With using the a
relationship between case depth and fatigue limit, a simple analytical method for estimation of
bending fatigue limit on the bases of the effective case depth, core hardness and the residual

stress was proposed.
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Where:

o, : Fatigue stress amplitude

d: Component diameter

tc: Case depth

HB — Brinnel hardness

Orssurr - OUrface residual stress

b: Fatigue strength exponent, from S-n curve
N Number of cycles to failure



The residual stress’ influence on the fatigue behavior is extended to the analysis of the
entire stress profile. The most important profile characteristics are the stress peak, by means
of its intensity and depth, and the depth where the stresses alter from compression to tension,
or vice-versa. As an overall role, the fatigue limit is improved by increasing the peak intensity
and the total compressive depth. However, the depth profile relationship with the fatigue
behavior is dependent on the failure mode. It is over the depth of the residual stress peak
where the crack has the lowest propagation rate, as shown in the Figure 2.9(a). In the same
study from Mitsubayashi, Miyata and Aihara (1994), it was demonstrated the sensitivity of the
tooth contact fatigue performance to different features of the residual stress profile, Figure
2.9(b). The largest distance between the Wohler curves, identified in the top chart of the
panel’s right side, shows that the highest influence from the residual stress to the analyzed

failure mode was characterized by the peak intensity.
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Figure 2.9 — Relationship between the crack propagation, the residual stress profile and the
fatigue performance (MITSUBAYASHI; MIYATA; AIHARA, 1994).

This concept highlights the importance of a detailed understanding on the failure mode
to be approached. It means that the damage morphology may also be changed by the
introduction of different depth profiles of residual stresses. This concept can be clearer
demonstrated with the comparative studies from Batista et al. (2000) and Lv, Lei and Sun

(2015). Both conducted gear flank investigations on parts with and without the submission to
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the shot peening process. The unpeened surfaces showed larger and deeper damages,
combining the pitting and the spalling mechanisms (Figure 2.10, left). On the other hand, the
introduction of the peening is followed by the appearance of shallower damages (Figure 2.10,
right). The layers right underneath the surface showed to be more resistant to the crack
initiation and propagation. This is a direct result of the shot peening profile, which has as
typical effect on the introduction of maximal compressive residual stress values into the
subsurface (KRITZLER; WUBBENHORST, 2002):

Unpeened Peened

Spalling

Pitting V...
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Figure 2.10 — Effect of the residual stress profile on the damage morphology (BATISTA et
al., 2000; LV; LEI; SUN, 2015).

The peened gears behavior delivers a glance at how the residual stress state of
different manufacturing processes can influence on the fatigue strength of a gear. Based on
the distinct origins of residual stresses to be discussed now, it will be possible to observe the
described gear manufacturing processes under the perspective of the variability of phenomena

taking place along this chain.
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2.2.2 Origins

The induction of residual stresses is classified as mechanical, thermal and structural
phenomena. The phenomenon that occurs is directly linked to the manufacturing process, and
more than one can take place simultaneously. The most usual manufacturing processes and
their related phenomena are shown on Table 2.1 (LU, 2002). These three basic phenomena are

strongly interrelated (Figure 2.11) and are approached along this topic.

Table 2.1 — Manufacturing processes and the corresponding residual stress phenomena

(LU, 2002).
Phenomenon
PROCESS Mechanical Thermal Structural
Temperature Phase
Casting i gradient transformation
during cooling
Forging, Heteroge_neous
Shot Peening plastic
. ' deformation - Dependant on material
Extruding,
. between
Cold Rolling
core and surface
Plastic Phase
. - . Temperature transformation,
Turning, Milling, deformation . .
- L . gradient from depending on
Grinding, Drilling during .. . .
. machining heating process maximum
chip removal temperature
Volume change
. i Temperature
Quenching radient due to phase
g transformation
.. New chemical
Carburizing, i Thermal coniwocsi gor:C;n q
Nitriding incompatibility voISme changs
Welding Contraction Tempe_r ature Strl.Jc?turgl
gradient modification
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Figure 2.11 — Relationship between phenomena of the residual stress origins (INOUE, 2014).

The basic condition for the existence of residual stresses from mechanical origin is
that part of the material undergoes plastic regime. When a metal is being plastically deformed,
different strain levels are experienced in different locations at the same time. The generated
deformation incompatibility induces internal stresses that, after the external load removal, are
converted in residual stresses. This deformation heterogeneity can be resultant from distinct
but coexistent material phases with strength difference. Additionally, different actual strains
may not be equally accommodated in along a component volume due to its geometry
(WANG; GONG, 2002).

The analysis of the plastic bending of a sheet-metal enables a clearer understanding of
the residual stress generation from inhomogeneous plastic straining. In the example shown in
the Figure 2.12(a), a bent sheet is supposed to be composed by several longitudinal layers.
While external forces are applied, the stress reaches a maximum tensile state at upper surface.
The bottom surface is represented by the maximum compressive layer, and between both, a
neutral layer is located, without stresses. By achieving the plastic condition, these layers
extend or compress proportionally to the stress intensity that exceeded yield limit. Naturally,
this excess finds maximum values at the extreme layers. The Figure 2.12(b) represents the

actuating stresses of each numbered layer in the solid line passing from the points 0 to 5.
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Figure 2.12 — Explanation model to describe the mechanically originated residual stresses
(WANG; GONG, 2002).

With the release of the external mechanical load, the beam would spring back toward
its original profile. This unloading, supposing no existing connections between layers would
be represented in dashed lines in Figure 2.12(b). However, the layers interaction generates a
residual stress state which guides the layers to different positions. In the comparison between
the layers 4 and 5, the last one is submitted to higher actuating deformations. The layer 4 has
thus lower displacement and, during unloading, it resists to the plastic extension of the
layer 5. This last layer develops a compressive residual stress state, quantitatively
proportional to Ae. The residual stress analysis of the layer 4 is now dependent on both the
layers 3 and 5. While the layer 5 is promoting extension, the layer 3 is acting in resistance to
the extension. The result for the layer 4 is still a compressive residual stress, but less intense
than the stress of the layer 5. Considering the basic residual stress condition of equilibrium, at
a certain layer, the promotion and resistance to extension become balanced. The result is a
reversal point, with zero stresses, as shown by the layer 3 in Figure 2.12(c). From this point
on, layers as represented by 1 and 2 are potentially submitted to tensile residual stress states
(WANG; GONG, 2002).

The temperature gradient existing on a body submitted to heat exchange is the most
common example in which the thermal load originates residual stresses. More specifically
considering the cooling down of a material, its conductivity property plays an important role
on differentiating the cooling curves of its surface and core. The temperature decrease of the

bulky cylinder of Figure 2.13 can illustrate this phenomenon.
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Figure 2.13 — Thermal load originated residual stresses (EBERT, 1978).

The example of Figure 2.13 is considering the temperature evolution of a center thin
layer of the cylinder. From the initial time “A” up to the cooling end “D”, both the center and
the core temperature reduction curves are analyzed in the upper left corner. The residual stress
state of this layer at each time is represented and labeled in the lower right side of the picture.

In the first moment, the surface’s cooling rate is much larger than that of the center.
With a higher temperature and a relatively larger area, the center portion does not permit the
surface to contract as much as it would as a free body. The result is a surface tensile residual
stress state, as shown on the layer B. Considering the equilibrium condition, the cylinder’s
center is under compression (EBERT, 1978).

With the time evolution, the warmer core cools down and undergoes its normal
contraction. From a certain point, the rate relationship inverts and the cooling is quicker in the
core. Now the outer shell acts as a restraint to allow the center to contract. The core becomes
longer than it should be if it were a free body, and, consequently, it is submitted to a tensile
stress state. Reactively, the outer shell is under compression, as depicted by the layer “D”.
Therefore, a body submitted to cooling down, without phase transformation, presents a
compressive residual stress state at the surface (EBERT, 1978).

Depending on the manufacturing process and on its parameters, the heat exchanged

with the workpiece can increase its temperature to a level that promotes structural changes.
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The resultant material phase transformation mostly represents a radical modification over the
residual stress profile. The residual stresses induced in phase transformations are resultant
from the differences of physical properties between each phase. The temperature variation is
the activation for the transformation, which can promote reconstructive and displacive shape
changes, as illustrated by Figure 2.14(a) (BHADESHIA, 2002; NARAZAKI, 2002; SHAH,
2011).
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Figure 2.14 — Structural residual stresses: (a) phase transformation mechanisms; (b) iron
phases’ volume variation with the temperature; (c) residual stress profile variation along the
grinding temperature (BHADESHIA, 2002; MALKIN; GUO, 2007).

A reconstructive transformation is defined by a structural change achieved by a flow
of matter, without meaningful strains. It is considered that it involves only a volume change
together with diffusional mass flow. For each phase, this structure’s volume increases
proportionally to the material temperature, as shown on the iron phases’ chart of volume by
temperature, Figure 2.14(b). The occurrence of a phase transformation represents a sudden
change on the lattice parameters and thus on the physical properties as density. In order to
accommodate the shape changes resultant from volume variation, residual stresses are
developed. This is particularly shown on the research of Malkin and Guo (2007), in which the
grinding process is evaluated up to very high temperatures. In the chart of Figure 2.14(c), the

residual stress profile along temperature presents a high variation between 721°C and 920°C.
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These are exactly the temperature values of the ferrite to austenite transformation
(BHADESHIA, 2002).

Although all the transformations cause modifications in shape, not all of them are
consisted only of volume change. As also displayed on Figure 2.14(a), some transformations
convert the physical changes also in deformation of the parent structure, and they are called
displacive transformations. This shape change is a combination of shear on the invariant plane
and a dilatation normal to that plane. Classified as invariant-plane strain (IPS), it promotes the
formation of thin-plate shape phases, minimizing its strain energy. Displacive transformations
are characteristic of bainitic and martensitic phases, which grows in the form of plates. In
such displacive transformations, the resulting shear strain can be as larger as ten or twenty
times the dilatational strain, originated by the volume change (BHADESHIA, 2002).

The three phenomena were so far described in an individual and separated scenario. In
manufacturing processes such as machining or grinding, the mechanical and the thermal loads
occur simultaneously. This coupling, named as thermo-mechanical model, can completely
modify the residual stress state on the manufactured component, and must be explored. As
example, the study from Shah (2011) shows the simulation of grinding process and its
residual stress profiles from purely thermal, purely mechanical and thermo-mechanical loads,
Figure 2.15(a).
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Figure 2.15 — (a) Coupling effect for the residual stress profile of grinding; (b) Coupling
conceptual model for machining (JACOBUS; DEVOR; KAPOOR, 2000; SHAH, 2011).
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The thermo-mechanical phenomena can be understood by the model of Figure 2.15(b),
proposed by Jacobus, Devor and Kapoor (2000). The analysis of the authors is applied to the
machining process but the model fits to any process simultaneously submitted to mechanical
and thermal loads, when the surface and the near surface regions do not highly differ on
thickness. For this rationale, the workpiece is divided in three distinct layers: “S”, “D” and
“B”. The first layer “S” considers the surface and near surface region, in which both loads
present meaningful intensities. In a deeper position of the workpiece, the layer “D” represents
the subsurface region, where residual stresses are purely of a mechanical origin. The model
assumes that the thickness of layers “S” and “D” are equivalent. Finally, the substrate is
represented by layer “B”, where the residual stress intensity can be considered negligible. It is
important to remark that the model considers rigid supports fixed to the ends of all layers.
With a rigid support and other constraining translation, the deformation compatibility is
assured and the elastic constraint is imposed on each layer by the neighboring layers.

Considering the assumptions above, the concepts of deformation compatibility, the
constitutive relationships and the residual stress equilibrium are used to discuss the

occurrence of three different cases. By assuming that the thermal strain is always positive

(£ >0) and that the absolute value of plastic strain at the surface is never lower than at the
one at the subsurface (|e{|>|ef|), three nontrivial cases inducing residual stresses are

explored by Jacobus, Devor and Kapoor (2000):

1. Thermal strain at the surface is lower than the mechanical plastic strain at the
subsurface, and both are of positive magnitude (¢ > & >0).
2. With rising temperature, thermal strain overcomes the mechanical plastic strain at the

subsurface (&l > ¢l >0).

3. The plastic strain at the subsurface is negative (¢{ < ef, <0).

The most important observation coming from Figure 2.15(b) is that a simple change in
the balance between the different loads can definitely alter the residual stress state. This
perspective can be converted in a more sensitive situation, when also structural originated
residual stresses are included. Depending on the manufacturing process and on its parameters,
the heat exchanged with the workpiece can increase its temperature to a level that promotes
structural changes. The resultant material phase transformation mostly represents a radical
modification over the residual stress profile (SHAH, 2011). This full combination of

phenomena is defined by Inoue (2014) as a “Metallo-Thermo-Mechanical” coupling.
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The discussed residual stress origins can now be compared to the gear manufacturing
processes previously introduced. This combination is observed on a gear manufacturing chain
example, depicted in the Figure 2.16. This figure shows the different phenomena occurring
along each one of the process of the chain. Most part of the processes presents coupled
effects, which highlights the sensitivity of the residual stress state to the evolutionary

character.
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Figure 2.16 — Example of a gear manufacturing chain with the respective residual stress

phenomena to each individual process.

2.2.3 Classification

The residual stress state is classified from macro to microstresses in three levels,
depending on the domain size of analysis. The definition was formerly proposed by
Macherauch, Wohlfahrt and Wolfstieg (1973), being later complemented by Hauk and
Nikolin (1988) and Behnken (1997). The residual stress of type I is known as macro residual
stress. It is defined as the average value for the residual stresses which are position-dependent.
The average is determined by a volume with several grains, even from different material
phases. This volume is usually represented by the amount of material within the measurement
limits, as shown with the Equation (2.2). Therefore, the measurement setup must be defined in

such a way to represent a macroscopic behavior of the investigated surface.



54

o' = \% J a(X)dV (2.2)

Where:
o': Macro RS (Type I)

V: Material volume analyzed

This definition still includes crystallites of different material phases. Therefore, even
the macrostresses are broken down into type I residual stresses for each one of the phases. The
overall macrostresses are thus composed by the macrostress in each of the phases, weighted
by the volume fraction of the respective phases. The definition is stated by Equation (2.3) and
illustrated in the Figure 2.17(a) (HAUK; NIKOLIN, 1988; SPIER et al., 2009).

(TI — Z” c phase * phase (23)

phase=1

Where:

¢: Volume fraction
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Figure 2.17 — (a) Macro RS composed by the contribution of each phase; (b) Scheme of all
levels of residual stresses (HAUK; NIKOLIN, 1988; WITHERS; BHADESHIA; 2001; SPIER
et al.; 2009).
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From the macro level, the subsequent stress types Il and Ill are defined as micro
residual stresses. The residual stress of type Il are assessed in between the grains and as an
average of the stresses inside the grains. This local volume is used into the same concept from
the Equation (2.2) to establish the value of type Il stresses, Equation (2.4) (HAUK;
NIKOLIN, 1988; WITHERS; BHADESHIA; 2001; SPIER et al.; 2009).

o' =2 [(e(-c")v (2.4)

VLOCAL V,LOCAL

Where:

o' : Intergranular level micro RS (Type I1)

Finally, the referred stresses inside the grains are the type Il micro residual stresses.
In a domain size of the atomic level, they are influenced by the coherency at interfaces and
dislocation stress fields. The corresponding mathematical description, Equation (2.5), is
simply defined as the complementary value of the other stress’ types described (HAUK;
NIKOLIN, 1988; WITHERS; BHADESHIA,; 2001; SPIER et al.; 2009).

o" =o(x)-c' -c" (2.5)
Where:

o : Atomic level micro RS (Type I1I)

2.2.4 The Equilibrium Principle

The conceptual definition of residual stresses is stated over the absence of external
forces applied to a component. After the induction of residual stresses, the component is a
stable and static system. This lack of external forces and internal movements is the basis for
the most fundamental condition of residual stresses: the equilibrium principle (BEHNKEN,
1997; LU, 2002).

The practical outcome of the principle is the mandatory distribution of stresses along a
certain volume. For a workpiece with a homogeneously stressed surface, the equilibrium is
reflected along the depth. Up to the part’s centerline, all the compressive stresses must be
balanced by a tensile bulk of the same intensity, Figure 2.18(a) (BEHNKEN, 1997; LU,
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2002). Bringing the Equation (2.2) to a profile approach, the integral of the derived areas
below the profile along the depth must be nil, Equation (2.6).

[[ o' (2)dz=0 (26)

Where:
z: depth
CL: centerline
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Figure 2.18 — The equilibrium priciple reflected into different domains (PERLOVICH,;
ISAENKOVA; FESENKO, 2010; ZHAN; JIANG,; JI, 2013).

The localized characteristic of the loads from most of the manufacturing processes
goes beyond the assumption of surface homogeneity. The contact volume between tool and
workpiece or cooling temperature heterogeneities do not allow the equilibrium to take place
solely along the depth. This concept is depicted by the shot peening simulation of residual
stresses performed by Zhan, Jiang and Ji (2013), Figure 2.18(b). The highly compressive
zones are balanced by less compressive points across the surface. The equilibrium with
positive regions is found along the depth, but differently for each surface position.

The principle must also take into consideration the domain’s size. The non-uniform
dislocations’ density or uneven dispersion of precipitates requires a microstructural approach.
The residual microstresses created in the interior or in the vicinities of the grains must be
redistributed within this same short domain. This is shown with the pole figure for microstrain

analysis from Perlovich, Isaenkova and Fesenko (2010), Figure 2.18(c). This pole figure is the
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representation of microstrain on different surface directions of a polar coordinate system for a
single crystal. As a result, the picture shows that a central portion of compressive residual
microstresses is equilibrated by tensile microstresses over its surroundings.

Therefore, the equilibrium condition must be taken as the most important principle for
understanding the disturbances of the residual stress state created by different manufacturing
processes, for distinct volumes, directions and domain’s size. This statement is the basis for
the literature research that defines the state-of-the-art on the residual stress interaction in

between processes of the gear manufacturing chain.

2.3 The State-of-the-Art on the Residual Stress Interaction

Extensive studies were developed for determining and improving the residual stress
state through specific gear manufacturing processes. The articles from Hua et al. (2005),
Capello (2005), Tang et al. (2009), Navas, Gonzalo and Bengoetxea (2012) and Zhang, Ding
and Li (2012) are examples of studies of the residual stress profile induced by cutting
processes. Parameters like feed, depth of cut, cutting speed, tool nose radius and tool flank
wear are analyzed in different levels. Hypotheses for the different residual stress origins were
explored to explain the observed behaviors.

Conclusions about the influence of the heat treatment processes on the residual stress
profile can be found in the published studies of Réti (2002), Song et al. (2007), Husson et al.
(2012) and Lingamaik and Chen (2012). Considering the thermal and structural stress origins,
these researches analyze different heating and cooling time and their mean temperature.
Additionally, distinct treatment cycles were analyzed, with the approach of quenching,
tempering, annealing and stress relieving, individually or combined to the case hardening
process, such as the gas carburizing. The hypotheses for the observed results were generally
made over metallographic investigations regarding the phases compositions found.

The studies over the finishing processes are the most frequently published. The
different gear grinding processes are explored by Brinksmeier et al. (1982), Chen, Rowe and
McCormack (2000), Brinksmeier and Giwerzew (2005) and Bell (2009). Similarly to the
machining processes, the parameters analyzed include depth of cut, cutting speed, material
removal rate and feed rate. There is, furthermore, a high concern with the grinding wheel

material, for which Al,O3 and cBN (Cubic Boron Nitride) are examples of an investigation
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focus. The high differences observed in thermal conductivity directly impact the process
temperature and can define the occurrence of structural originated residual stresses.

The high compressive stresses induced by shot peening encouraged a high amount of
publications around the topic. Kritzler and Wubbenhorst (2002), Mitsubayashi, Miyata and
Aihara (1994) and Rego, Gomes and Barros (2013) apply different approaches, but all with
the fatigue strength increase as motivation. The process investigation includes parameters as
shot speed, shot angulation, exposure time and media material, hardness, frame and size.
Especially depending on the failure mode under analysis, these parameters are changed to set
the combination of intensity and depth of stresses that is appropriated to the failure
mechanism. It is important to highlight that the residual stress heterogeneity is an increasing
concern pointed out on conclusions and outlook of the shot peening investigations.

Other gear finishing processes receive emphasis on the task of inducing a compressive
residual stress state. Gear honing, gear lapping and hard turning processes were investigated
by Amini, Rdsen and Westberg (1998), Matsumoto, Hashimoto and Lahoti (1999), Ténshoff,
Friemuth and Marzenell (2000) and Karpuchewski, Knoche and Hipke (2008). These
processes are frequently analyzed as a comparison with the grinding or shot peening
processes.

It is at this point that the content of the topic 2.2.4 has to be recalled. The residual
stress state is a system that must be under equilibrium in case no external forces are applied.
Therefore, every occasion in which a gear is submitted to a manufacturing process, the
equilibrium condition is disturbed. This concept emphasizes the importance of the residual
stress states induced by preliminary stages of the manufacturing chain on the final stress state.

Still, it was verified that only few published researches aimed at analyzing the residual
stress evolution in the entire gear manufacturing chain. Between different databases
consulted, Figure 2.19 shows the result of a survey performed at the ScienceDirect base. The
survey was executed through the fields of keywords, title and abstract inputting the keywords
of this study: “residual stress”, “gear”, “manufacturing chain” and “interaction. Among other
variants, ‘“manufacturing chain” was represented by “manufacturing process”, and
“Interaction” by “evolution”. Even the results of the complete combinations do not precisely
represent the picture of the state-of-the-art. The word “evolution” usually refers to dynamic
changes during external load application. The word “interaction” is used with the generic
meaning of “relationship” with other properties, but not the interrelation between two residual
stress states. Therefore, the results, summed to the holistic context herein presented,

characterize a substantial opportunity for a research development.
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Figure 2.19 — A literature survey based on the key words of this study.

The publications with the closest approaches to what is being proposed, from different
publishers’ databases are now discussed. Starting with the study of Brinksmeier et al. (2011),
the gear chain starting from steel making up to heat treatment was analyzed. But the residual
stress was not the property measured along the chain. It was approached as a justification to
the observations of geometry distortion. Additionally, the specific processes of gear tooth
cutting are not covered.

Funatani (2002) performed a wide review of the residual stresses generated in gear
manufacture. It includes the influence of steel grade and the structural phases formed, the
analysis of different thermal and thermo-chemical treatments, and the finishing processes
were covered. It is thus considered an important reference for gear residual stress
investigations. However, all this content was approached in an individual analysis of each
process or material property. None evolutionary aspect is shown regarding a workpiece’s
residual stress state between distinct manufacturing processes.

The research published by Navas et al. (2011) focus on the evolution of the stress
state. Although being very detailed, it does not cover the processes after the heat treatment.
Additionally, the analysis has focus on core properties, showing residual stress measurements
up to 45 mm far from the surface, but in steps of 1 mm. For the failure modes previously

described, a detailed analysis close to the surface would be necessary.



60

Another observation is that some articles, such as Barsoum and Barsoum (2009), Epp
et al. (2011) and Navas et al. (2011) use not to consider the influence from processes prior to
heat treatment. They assume that plastic deformation after phase transformation erases the
stress history. Although being a founded argument, it is not shown exactly what it is meant
with “erase”. It is not clear if two samples with extreme different stress profiles would, after
the heat treatment, present the same stresses or closer states than they originally were.

Out of the gear context, but still on case hardened steel parts, Afazov (2013) analyzed
the stress induced in gas turbine components from casting to heat treatment. The study,
however, was all over numerical simulations, not comparing results to measured values.

Only three publications were found with an investigation scope to create different
residual stress states with preliminary processes. The research presented by Klein and Eifler
(2010) is herein included. From normalizing up to grinding, five processes are considered in
the chain. However, residual stress is characterized only by one surface value, and not by a
profile. Furthermore, the previous processes are not arranged into a straight structure to isolate
the effect of the intermediate steps. Finally, the heat treatment is quenching, without the
chemical consideration of carburizing, and the component is even not a gear.

A second study, from Karabelchtchikova and Rivero (2005) has as objective to
identify the individual contribution of the heat treatment and the grinding process on the final
stress state, when they are respectively applied as a sequence in the manufacturing chain. The
experimental verification is however performed only with the final part. Based on a
symmetrical design of experiments, the authors draw the conclusion of contribution by
performing an analysis of variance. This approach does not allow one to verify how the
equilibrium condition is disturbed, and to follow the evolution of mechanical and
microstructural properties along the chain. Therefore, the statistical conclusion may not
provide physical explanations to the mechanisms of the residual stress interaction.

Lastly, the article form Kovac (1994) was the research that comes closer to the
demand of the problem here exposed. The study considered the evolution of a residual stress
profile during the manufacturing of a bevel gear. The processes of milling, carburizing,
guenching and annealing were approached. On the other hand, it did not analyze the finishing
processes and the residual stress measurements were performed in each 200 um. But what
mostly does not meet the herein presented expectations is the not different stress behaviors
induced by the previous processes. Without a statistical approach, the investigation of the

influence of earlier stages on the final stress state is not possible.



61

24 Summary

Gear fatigue failure modes are widespread in industry segments such as the
automotive and the wind energy. Independent on the mechanisms of the specific failure
modes, fatigue cracks always start and propagate under a tensile stress state. It is in this
context that the introduction of a compressive residual stress layer is desired. It partially
offsets the actuating tensile stresses, increasing the part durability.

The induction of the residual stress state is directly dependent on the workpiece’s
manufacturing chain. Starting from the blank, a conventional sequence of processes to
produce a gear can be classified into three groups: tooth cutting, heat treatment and finishing.
Each process represents for the part a different combination of applied loads, and therefore
different phenomena to induce residual stresses. Heterogeneous plastic deformation,
temperature gradient and phase transformation are respective examples for mechanical,
thermal and structural origins of residual stresses. Most part of the processes involves
simultaneously more than one of the origins, and a simple change on this loads’ balance can
definitely alter the stress state. This is reflected into distinct structural levels. A typical
analysis in the volume of several grains is the definition for residual macrostresses. Towards
the direction of residual microstresses, the stress’ domain passes through the different phases,
the grain boundaries and inside the crystals. For all the levels of residual stresses, one basic
condition must always be respected: the equilibrium principle. As a stable and static system,
compressive and tensile stresses must be fully balanced.

Residual stress investigations on individual gear manufacturing processes are largely
published in scientific and industrial databases. The objective is usually to find an optimal
process setup for meeting the requirement of a compressive residual stress state. The same
profusion is not seen for an approach of the entire manufacturing chain, even under the
combination perspective of different residual stress origins and their need to be equilibrated.
The few researches on the topic apply approaches diverging from the initially introduced
problem. They were either based on measurements not compatible to a gear fatigue
mechanism, or structured with a manufacturing plan that was not able to identify the
contribution of a single process on the final residual stress state. This presented context

characterizes a substantial opportunity for a doctoral research development.
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3 Objective and Approach

The challenge of controlling the final residual stress state of a gear demonstrates to be
as complex as the definition of an optimal compressive surface layer, as presented in the
introduction chapter. From the literature review, it was possible to observe the several
different phenomena that may originate residual stresses along the manufacturing chain. This
observation fits to the control challenge comprehension, when considering that residual
stresses must be constantly kept under the equilibrium condition. Therefore, the outcome
herein stated is that the contribution of the previous processes to the final residual stress state
cannot be neglected. Under the perspective of the further reviewed features of the residual
stress state, the hypothesis of this study is drawn: due to the stresses’ redistribution to satisfy
the equilibrium condition, the residual stress intensity and heterogeneity induced by previous
processes are significant to the surface integrity of a next process.

Consequently, the objective is the knowledge of the residual stress factors induced
along the gear manufacturing chain with relevant influence on the final surface integrity. The
residual stress factors are understood as the magnitudes and their deviations both along the
depth and across the surface. They are defined along the thesis simply as the intensity and the
heterogeneity of the residual stress state. The final surface integrity comprises, in addition to
residual stresses, the microhardness profile, the material structure, the topography and the
geometric distortion, being finally complemented by the fatigue behavior characteristics. The
summarized basis of the hypothesis, the subsequent objective and the approach are depicted in
the Figure 3.1.

The focus on the residual stress factors and on the integrity features can be derived to

establish three questions that will guide the conduction this research:

1. Which features from the previous residual stress intensity profile are significant
to the final integrity state?

2. What is the role of the residual stress heterogeneity to the processes’
interaction?

3. How relevant is the residual stress interaction to the gear fatigue behavior?
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Figure 3.1 — The basis for the hypothesis, the objective of the study and how to approach it.

The first question has a focus on the depth profile features, here classified as intensity
factors. Among them appear the maximum value of residual stress, the magnitude at the
surface, the depth of the maximum intensity and the depth of transition from compressive to
tensile state, or vice-versa. The expectation is to find out which features, from a previous
chain’s stage, mainly drive the stress state after a next step. Different residual stress profiles
from a first process will be the input for the analysis. Complementary surface and material
properties will be assessed to support a phenomenological explanation to the interaction
model.

A similar approach is applied to the relevance of the heterogeneity state of residual
stresses. The investigation related to the second question is addressed to verify whether the
distribution of stresses is carried on to a later integrity state. The analysis will be based on the
proposed relationship with the residual microstress intensity. Therefore, physical explanations
will be supported by microstructural properties to be examined. The outcome should define
the stress domain size that influences a further stage of the manufacturing chain.

The influence of the residual stress interaction on the fatigue strength is the content for
the third question. Gears produced out of different manufacturing chains are submitted to
contact fatigue tests. The examination is not restricted to the distinct performances out of the
running procedure. The study goes towards the fatigue behavior direction, considering the
initiation and propagation characteristics of the cracks. These may finally enable a connection
to the residuals stress factors of intensity and heterogeneity.
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The experimental approach to manufacture the specimens is also to be emphasized.
The literature review showed that only a few studies follow the evolution of residual stresses
along the manufacturing chain. Even for these cases, the evolution is approached into a
divergent method. When parameters of a manufacturing process were changed for
comparative purposes, they were applied at the final stage of the chain. The earlier stages
were kept constant, not enabling the proper identification of their influence on the final
residual stress state.

This study proposes to conduct the investigation into a convergent experimental
method. For the example of a two-process interaction, the concept defines that every
parameter modification is to be done at the first process. The second process must be kept the
same, in order to isolate its contribution to the final integrity state. Distinct behaviors after the
second process can be thus related to the first one. This approach is illustrated with the
different residual stress profiles of Figure 3.1, arranged as a funnel to highlight the
convergence from the top to the bottom, within the process chain’s scheme. How the
convergent concept is applied to the case studies of this research is the content of the next

chapter.
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4 Materials and Methods

The complexity of an entire gear manufacturing chain makes possible several
interaction analyses. This thesis proposes a method to analyze the effects of the residual stress
interaction, which would be equally applied to any combination of processes. The method
development is investigated through two case studies, each of them approaching different
stages of the manufacturing chain.

The selection of the processes for each case study is connected to how the open points
observed in the literature review match the study’s objective. It basically follows two criteria:

1. The distance of the interaction to the final point of the chain

2. The origins of residual stresses at the approached processes

To the first criterion, one combination of processes was taken from an early stage of
the chain. A second one is positioned right at the end of the production. The heat treatment of
gears, placed between the soft machining and the finishing processes, can be seen as the
separation point between early and late stages. The reason is not only its intermediate position
in the sequence of processes, but also its impact to the material structure. The high
temperature conducts the steel to a phase transformation, and the associated plastic
deformation may significantly alter the residual stress state. However, as reviewed in the
state-of-the-art, it is not known how opposite residual stress states coming from previous
processes can influence the result after the heat treatment. Phenomena created at the
beginning of the chain, and of sensitive impact to the material integrity, like the secondary
hardening and banded structures, are examples of additional reasons to justify the research at
this early stage (USTINOVSHCHIKOV, 1984; NAVAS et al. 2011; SAHA et al., 2014).
Moreover, a comparison between results from different stages of the chain allows identifying
where to prioritize the efforts of further interaction analyses in the future. Based on this
argumentation, the first case study was established to investigate the interaction effects
between the soft machining and the heat treatment processes.

The first criterion was yet decisive in order to define the grinding as the second
process of the second case study. The grinding provides an enhancement on the surface
quality, supporting the compliance with requirements such as noise behavior and durability. It

is usually the last process of the manufacturing chain, and therefore selected as the final
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process of the second case study. The shot peening was the selected previous process to the
interaction analysis with the grinding. The definition was guided by the thesis’ objective and
addressed by the second mentioned criterion. As stated by the objective, it is desired to
identify the factors from the residual stress sate that drives the interaction effects.
Additionally to the opposite behaviors to be explored through the machining process, the
contrast should also isolate the distribution features of residual stresses. Along the depth, it
includes stress intensities of the same nature (tension/compression), and at different depth
levels. Along the surface, the uniformity of the stress state. In this context, the process should
be of a more reliable predictability, and thus with fewer origins of residual stresses. The shot
peening appears as a suitable solution. It always induce surface compressive stresses, and its
configuration allows the variation of the mentioned factors. In the case of gears produced out
of low-alloy carbon steels, it is reasonable to assign the mechanical phenomena as the
fundamental origins of residual stresses. The residual stress prediction models do not require
computing thermal loads and phase transformations aspects. Finally, the mechanical
deformation concepts can be more simply and reliably managed to generate the requested
different residual stress factors.

The Figure 4.1 highlights the two case studies to be experimented along this study. It
recalls the content of the Figure 2.16, to show the sequence of processes of the chain, and to
display the residual stress origins of the selected processes, as part of the selection criteria. It
is also depicted in the Figure 4.1 that each case study was planned to be performed at the
different institutes herein involved. The experiments from the “Case Study 1” were executed
in Brazil, at CCM-ITA and at the Institute SENAI of Innovation on Manufacturing Systems,
in Jonville. The experiments of the second case study were performed at WZL-RWTH. An
immediate consequence relies on the specimen design. Considering the existing
manufacturing and testing facilities of both institutes, the specimens of the case studies 1

and 2 are respectively blocks and gears.
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Figure 4.1 — The residual stress interaction analyzed through two case studies covering

different stages of the gear manufacturing chain.

4.1 Overall Experimental Scope

Different institutes and specimens are involved in the experimental scope. However,
they compose case studies to develop the same method herein proposed. For this reason, their
experimental structure must be similar. As it is shown in the Figure 4.2, the surface integrity
assessment methods are applied after each of the processes approached by the two case
studies. Besides the residual stress assessment, they include topography and dimensional
analysis, and the investigation of material properties. It is again important to emphasize the
convergent experimental characteristic of this project, as introduced by the Figure 3.1. The
first process must be configured to induce different residual stress states. The specimens are
then submitted to a second process, which must be carefully planned to be equally applied to
all of the samples. That allows identifying the influence of the previous processes to the final
integrity state. The case studies are not only distinct by the manufacturing processes.
Additionally, the interaction analysis between shot peening and grinding will be concluded
with performing contact fatigue tests. With gear specimens, and produced up to the end of the
chain, the specific gear functionalities can be examined. The outcomes define the relevance of
the interaction effect, which is the content of the third research question previously presented.
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Figure 4.2 — Experimental flowchart. The structure with different parameters at the first

process and the same second process characterizes the convergent approach.

The concern on being able to state similar or different results is converted in a

statistical approach. This is particularly conducted through a sample size analysis, as shown

by the Equation (4.1). The procedure basically correlates the sample size to the margin of
random error (MRE), which is the confidence interval to be adopted (JOHNSON;
BHATTACHARYYA; 2010). It is calculated using the standard deviation collected from a

preliminary population with a higher amount of replications than expected. This concept

allows one to define whether the outcome is the MRE or the sample size. As an overall role,

the MRE was defined in such a way the amount of experiments could be calculated. For the

experiments in which the sample size was limited, it was possible at least to define a reliable

MRE. The procedure was performed for all the experimented data, and always considering a

confidence level of at least 95%.

2
n= Z*.L
MRE

Where:

n: Sample size

z*: Confidence level index

o : Standard deviation

MRE: Margin of Random Error

(4.1)
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4.1.1 Design of the Specimens

The blocks of the first case study were produced with two different designs, following
the investigation evolution. The initial design is configured by dimensions of 50x50x20 [mm].
The samples produced with these dimensions are identified with the codes BFH and BFL. The
investigated region is the squared area with edges of 50 mm. With the experiments’ progress,
the need of measuring force and temperature during the cutting was identified. As outcome,
the specimens’ design was updated to address the geometric requirements of the temperature
and force sensors. With dimensions of 125x30x30 [mm], these samples are labelled with the
codes BRH, BRM1, BRM2 and BRL. The examined region is one of the faces of 125x30
[mm]. The geometry of both models is depicted in the Figure 4.3. The details of each model
are available in the appendices “B.1 Blocks for Sample Groups BFH and BFL” and
“B.2 Blocks for Sample Groups BRH, BRM1, BRM2 and BRL”.

CASE STUDY 1 CASE STUDY 2
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Figure 4.3 — Blocks and gears as respective specimens for the case studies 1 and 2.

Although presenting different dimensions, the specimens are produced out of the same
material, the steel alloy SAE 8620 (DIN 20NiCrMo2 equivalent). This alloy is a typical
material for the production of gears that must be case hardened. The reason is found on its
low content of carbon, together with the addition of the hardening elements Mn, Cr and Ni.

The low carbon content provides high potential for enhancing the carbon diffusion at the
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surface during the carburizing process, while it keeps a soft and thus machinable core. The
alloy elements increase the steel hardenability, by slowing down the martensitic
transformation and by generating the precipitation of carbides (RAKHIT, 2000). The
isothermal transformation diagram of the SAE 8620 alloy is available in the Attachment
“C.1 Blocks, SAE 8620”. Likewise the explanation of the design change, the investigation
progress demanded purchasing the material at different moments. Although coming from
distinct batches, the material specification for both block designs is the same.

Under the perspective of the manufacturing loads and the residual stress origins, the
concept of gears teeth cutting can be simplified to a milling process. This is even reinforced
by the fact that milling itself is one of the teeth cutting alternatives. The heat treatment
process setup is also not substantially altered only due to the existence of teeth. The process
must only be adjusted to the specimen volume. The blocks’ designs were carefully defined to
be volumetrically similar to gears usually treated at the adopted furnace. These considerations
allowed performing experiments with the block geometry, whose manufacturing requirements
could be complied by the facilities of CCM-ITA.

The second case study is conducted with the facilities of the gear department of the
WZL-RWTH. Consequently, no manufacturing assumptions were necessary and the
specimens for the interaction between shot peening and grinding are gears. The design of a
gear itself was still necessary to perform the contact fatigue tests to investigate the relevance
of the interaction effects. For this purpose, it was selected the gear geometry of standard
procedures performed at the test rigs of WZL. The FZG-C model is a spur gear designed for
the investigation of contact fatigue failure modes. The specimen is the driver unit of the gear
pair, hereafter just called as pinion. The pinion has 16 teeth and its loaded flanks are the
investigated surfaces. A microgeometry modification was set with a tip relief of 35 um and a
lead crowning of 3 um (visual description in the appendix “A.1 ~ Gear Nomenclature for
Macro and Micro-Geometry”). The specific geometry is determined to avoid generating other
flank failure modes rather than contact fatigue, such as flank breakages and scuffing. This
selected design is based on the model identified as FZG-Cy,0q (BAGH, 2015), being depicted
in the Figure 4.3 and detailed in the Appendix “B.3 Gears: FZG-Cyog Pinion”. The material
selected is the alloy steel DIN 16MnCr5 (SAE 5115 equivalent). Analogous to the blocks’
material, this alloy is largely used for the gear production due to the low carbon content and to
the alloy elements to increase its hardenability. Its composition and its isothermal
transformation diagram, for different carbon contents, are available in the Attachment
“C.2 Gears, DIN 16MnCr5”
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4.2  Manufacturing of the Specimens

Four processes compose the monitored steps to identify the residual stress interaction,
two in each case study. The previous processes to the analyzed ones will also be described.
Nonetheless, the focus is kept over these four processes, to be introduced in the sequence.

4.2.1 Soft Machining

As revised in the topic 2.1.3, the soft machining processes for cutting teeth can also be
represented by a roughing and a finishing step. Both are not necessarily conducted at the soft
machining stage. The finishing before the heat treatment, such as the shaving process, is
usually not performed when a hard finishing process like grinding is already planned. This
chain variation creates an investigation opportunity in the context of the convergent
experimental scope. The type of soft machining was thus the first definition to induce
different residual stress states before the case hardening process. The specimens labelled as
BFH and BFL are finished, while the samples from groups BRH, BRM1, BRM2 and BRL are
roughened. The parameters that essentially represented this manufacturing difference were the
radial and axial depths of cut (a., a,). The determination of the cut depth for the roughing
process was based on the publication of Gerth et al. (2009). The authors proposed a
simplification model from the gear hobbing to the milling process, which goes towards the
approach of this thesis. The radial and the axial depths of cut are respectively selected to be
equal to 1.0 mm and 3.0 mm. A much reduced value characterizes the milling of the finished
specimens: 50 um in both directions. It appears in the same order of, although still above, the
depth of cut considered for the gear shaving process (DAVIS, 2005; SCHRODER, 2007).

The definition of the further manufacturing parameters achieved a critical point,
especially due to the divergences found in the literature about machining residual stresses.
This conflict is exemplified by the investigations of the feed rate and the cutting speed. While
the studies of Navas et al. (2012), Grum (2010) and Thiele et al. (2000) register a more tensile
residual stress state with the increase of the feed rate, the opposite behavior is observed by
Lazoglu et al. (2008). Also for Navas et al. (2012), the reduction of the cutting speed induced
more tensile residual stresses. However, the residual stress increasing trend is published by
Jang et al. (1996) and Outeiro, Umbrello and M’Saoubi (2006) when the cutting speed is
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indeed increased. All of the mentioned studies worked with steel, although not with the same
alloys.

The conflict was solved with two different approaches, along the evolution of the
thesis. In a first moment, for the BFH and BFL specimens, the cutting parameters were
selected by considering the published database on similar manufacturing conditions. For the
exposed divergences, the studies performed with low-alloy steels were defined as reference.
In order to create the distinct stress states, through a finishing condition of cut depth, the
parameters were defined as shown in the Table 4.1, also including the explanation for the
samples’ nomenclature. All of the specimens are represented by a BFL, due to the geometry
of a block, and by a “F”, which assigns the finishing setup. The two setups were finally
named according to the expectation of mechanical load during the process. For each

machining group, five specimens were produced, starting with new tools.

Table 4.1 — Process parameters for the groups representing the finishing machining condition.

Finishing specimens

Expected
Parameter 50x50x20 [mm] Bl F | Mepchanical Load
BFH BFL T :
f, [mmtooth] 0.10 0.05 E ) LHéﬁ’ceerr
Ve [m/min] 80 250
3, [mm] 0.05 0.05 L Finishing Setup
ap [mm] 0.05 0.05

The second approach, for the specimens BRH, BRM1, BRM2 and BRL, is based on
the phenomena that connect the process to the stress state. As described in the literature
review topic, the residual stress state is defined over three physical phenomena: mechanical
loads, thermal loads and structural modifications. The selection of a manufacturing process
parameter can promote different intensity levels for each one of them. Where the residual
stress state is resultant from the coupling of at least two phenomena, the parameters’ analysis
cannot be lonely approached. The comparative importance of each phenomenon in the final
stress state must be understood. Generally, the researches over manufacturing residual stresses
investigate the direct influence of a process parameter over the residual stress profile.
Although valid in the specific published study, it may not be reproduced proportionally under
other boundary conditions. Another, and even similar, experiment will represent slight

changes in the material composition, process parameters or even in the depth zone under
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analysis, which is function of the failure mode studied. That is the point where crossed effects
can occur: The balance of these slight changes will be hidden behind a residual stress profile
measured and imprecise conclusions from individual changes can be taken.

Considering that a residual stress measurement is highly time and money consuming,
the incorrect conclusions from crossed effects must be avoided. Therefore, a method with
focus in the origins of residual stresses is here proposed (Figure 4.4). Samples with different
process parameters configuration are produced and the selection for residual stress
measurement is determined upon the examination of each phenomena applied to that process.
This implies the measurement of force and temperature during the samples production. After
the process completion, a material investigation must be performed on the workpiece. The
method increases the chances of selecting sample groups with statistical differences in the

residual stress state.

Proposed Force and temperature
i method measurement;
Structure ldentification

Specimen selection

and RS measurement

PROCESS PHYSICAL RESIDUAL STRESS
PARAMETER PHENOMENON STATE
» Feed, cutting speed * Mechanical load Compressive/Tensile state
» Tool geometry and wear * Thermal load Peak and its depth

» Lubricant properties + Structural modification Transitional depth

Direct RS
Conventional measurement
approach

Figure 4.4 — Proposed method for selecting samples to be submitted to the residual stress

measurement.

Towards increasing the thermal load, the first definition was to reduce the feed rate.
The temperature in the cutting process rises due to generated shear and frictional heat and
decreases during the non-cutting period due to the forced convection of the air. By reducing
the feed rate, the heat change is reduced in the near cutting region and convection has less
efficiency in cooling the workpiece. While the feed rate is selected due to its effects on the

non-cutting period, the tool wear is considered due to the loads of the cutting period. When
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the tool loses its sharp frame, shear forces are gradually replaced by frictional forces. Thus, it
promotes temperature rising in the tool-workpiece contact. The groups targeted to have higher
thermal loads were therefore manufactured with worn inserts.

On the other hand, the induction of a more compressive state was mostly guided by the
determination of the mechanical load. It was then necessary set the process up to a condition
in which the surface is stretched, or submitted to plastic deformation to expand the surface,
like the concept presented in the Figure 2.12. This surface stretching behavior can be
differentiated by up-cut and down-cut milling conditions. These two concepts apply different
force directions to a material point behind the tool movement, but still under the strain
influence of the process. The down-cut still compresses this point behind the tool, while the
up-cut is now stretching this region. This rationale goes in agreement with what is shown by
Ericsson (2002) and Brinksmeier et al. (1982). Yet on the understanding of the cutting
mechanical load, the feed rate is again considered. A larger feed increases the material
removal rate, promoting a higher cutting energy. The consequence is the generation of higher
cutting forces.

The Table 4.2 summarizes the parameters’ decisions for creating the desired
differences to the residual stress states, through a roughing condition of cut depth. For each of
the groups BRH, BRM1, BRM2 and BRL, fours specimens were produced. Their
nomenclature is shown according to the legend of the Table 4.2, in which “B” is still
representing the block as the sample geometry. Due to the roughing setup, the code is
followed by a letter “R”. At the end, also the expected mechanical load is represented. The
process applied was face milling, and a 25 mm diameter tool with three carbide milling inserts
SANDVIK CoroMill R390-11 T3 08M-PM GC1030 was used into a dry condition.
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Table 4.2 — Process parameters for the groups representing the roughing machining condition.

Residual Stress >
Force <
Temperature
Roughing specimens
Parameter 130x30x30 [mm]
BRH BRM1 BRM2 BRL
f, [mm/tooth] 0.15 0.10 0.10 0.03
Ve [m/min] 100 250 250 400
a. [mm] 1 1 1 1
a, [mm] 3 3 3 3
Condition Up-cut Down-cut Up-cut Down-cut
Tool life New New Wore Wore
Block Sample — B R —  Expected Mechanical Load
“H” — Higher; “L” — Lower
Roughing Setup ———— “M1” and “M2” — Medium

The proposed method required also the instrumentation of the milling machine, a
5-axes vertical CNC machining center Hermle model C600 U. In order to acquire the force
during the milling process, the machine was equipped with a piezoelectric dynamometer
Kistler 9265B. This load cell is designed to enable measuring the three orthogonal force
components (Figure 4.5b). The temperature assessment was supported by thermocouples and
a thermal camera. Bores with 1.5 mm diameter (Appendix “B.2 Blocks for Sample Groups
BRH, BRM1, BRM2 and BRL”) accommodated three K-type thermocouples were positioned
internally to the specimen. The distance from the thermocouple’s extremity to the machined
surface is, before the process starts, 5 mm. The temperature signal was also captured with a
thermal camera FLIR E60 positioned in front of the machining center. The camera was

adjusted to capture an image from a similar angle than the one shown on Figure 4.5c.
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Figure 4.5 — Production of the machined samples: Hermle C600 U equipped with Kistler

dynamometer thermocouples and assisted with a thermal camera; (b) Instrumentation detail;

(c) Specimen’s face to be machined.

4.2.2 Heat Treatment

The convergence of the first case study forwards machined blocks with different
residual stress states to the same heat treatment process. It requires a planning of this second
manufacturing step with a special attention to minimize process variations among the
specimens. Particular considerations were taken to the definition of the cycle, the preparations
for the process and even the selection of the furnace.

Likewise the definition of the machining parameters, the heat treatment was planned
to the blocks to create similar conditions of a process usually applied to gears. The process
was defined as a sequence of gas carburizing, oil quenching and tempering. The carbon
content for the carburizing process was provided by methane as the carrier gas, with propane
as the enriching gas. A two-stage carburizing process was applied, also referred as the boost-
diffuse method. The first stage is conducted with higher temperature and carbon potential
values, in order to speed up the carbon diffusion into the workpiece’s surface. Both values are
reduced for the second stage, which provides a more flat carbon distribution in the surface and
a deeper diffusion towards the core (KRAUSS, 2002; RETI, 2002). The determination of the

temperature, carbon potential and time for each heat treatment phase were set according to the
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blocks’ design specification. To ensure that the specified treatment would comply with the
design requirements, preliminary tests were conducted with some of the specimens. After an
approval regarding the inspection of the hardness profile and the amount of retained austenite,
a final cycle was fixed, as displayed in the Table 4.3. All the specimens were treated in a

single charge.

Table 4.3 — Parameters for each phase of the heat treatment process.

Phase Temperature [°C] Time [h] Carbon Potential
Carburizing (Stage #1) 930+ 10 8.50 1.00%
Carburizing (Stage #2) 840+ 10 1.00 0.72%

Quenching 90+5 0.33
Tempering 1805 2.00

The heat treatment process was conducted in a furnace of the Companhia Industrial de
Pecas (CIP), in Guarulhos, Brazil. A batch atmospheric furnace was selected due to the
flexibility of adjusting the process to the specific needs of the experiments. Additionally, the
smaller dimensions of this furnace concept enable quicker temperature stabilization and

therefore enhanced temperature homogeneity inside it (Figure 4.6a).

580

Fixture

Box with
specimens

Box with
scrap
material

Thermocouple
number at the
4 homogeneity test

Front door side

Dimensions in mm

Figure 4.6 — Heat treatment process: furnace concept, dimensions and the batch arrangement

of the specimens.
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The temperature homogeneity is directly linked to the concern of having similar loads
for all the specimens at the second process of the case study. The selected furnace had been
recently approved according to the AIAG CQI-9 standard, which comprises a furnace
homogeneity test (AIAG, 2011). For the temperatures of 800°C and 900°C, nine
thermocouples in different positions of the chamber (Figure 4.6b) had to demonstrate that the
temperature would not exceed the range of £15°C. The results enabled the process to be
established even with a lower tolerance, of £10°C over a nominal value higher than 900°C.

Even with the equipment certification, the disposal of the specimens in the chamber
was carefully defined. The parts were positioned in the longitudinal center of the charge. The
regions close to the front and the rear walls are submitted to a higher heat transfer, thus
potentially increasing the temperature variation. The statement is even supported by the
results of the thermocouple #5 (Figure 4.6b). In a centered position, it resulted in one of the
lowest temperature deviations during the furnace certifying tests. The specimens were also
loaded considering the face of analysis oriented towards the same direction. The roughing
machining specimens were fixed through rods, while the finishing machining specimens were
suspended by a wire, tied to one of the rods (Figure 4.6¢). Finally, the attention with the
treatment preparation was to load additional generic parts (scrap material) that would lead the

overall mass that matches to the volume of carburizing gas demanded in such a furnace.

4.2.3 Shot Peening

The shot peening is the first process from the interaction analysis of the second case
study. However, it represents also the latest of a processes sequence not yet concluded to
produce the gear specimens. The production started with forged cylindrical blanks, which
were then machined to achieve the dimensions of width, and outer and inner diameters. The
teeth cutting was performed by gear hobbing with a Liebherr LC120 gear cutting machine.
The involute was generated with one single pass, and fifty samples were manufactured.
Before submitting the samples to the heat treatment, their keyways were broached. The case
hardening process applied was the atmospheric carburizing, followed by quenching and
tempering. The cycle setup was defined to achieve the case properties specified in the drawing
of the Appendix “B.3 Gears: FZG-Cnoqg Pinion”. The samples displacement inside the furnace
was registered. Parts positioned both in the center of the furnace and close to its walls were
taken for the inspection. The depth profiles of hardness and residual stress were measured in

order to verify the uniformity of the heat treatment applied to the samples. Even with this
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control, a pre-grinding process of the flanks was applied as a last step before the shot peening.
The purpose was to compensate the different distortion levels among the samples.

The role of the shot peening in the convergent interaction approach of this thesis is to
be the source of the different residual stress states for the second case study. Since the outer
layer of a peened surface is always under compression, the definition of the shot peening
parameters was taken to create distinct stress distributions. Regarding to the intensity
distribution factors, the maximum compressive intensity (peak) and its depth level are the
targets. They are complemented by the heterogeneity state as a surface distribution aspect.

The process parameters used for differentiating the stress states are essentially the
media size and the coverage level (Figure 4.7). Three media diameters were used based on the
specification of cut wire spherical material with a hardness of 60 HRC. As the media is
enlarged, the shot kinetic energy increases as well. Similarly, as the energy during contact is
increased, the plastically deformed region grows. Consequently, the residual stress intensifies
and grows deeper (KRITZLER; WUBBENHORST, 2002; GUAGLIANO; VERGANI, 2004;
SHIVPURI; CHENG; MAO, 2009). The different media sizes enable the specification of
another process parameter that increases proportionally to the residual stress amplitude: the
Almen intensity. This method, defined by the standard SAE J442, infers the residual stress
level by the deflection measurement of a thin strip (SAE, 2001). Accordingly, the tests were
planned in such a way that the diameter increase was followed by a consequent rise on the
Almen intensity.

The diameters were still considered for the application of a single or a dual peening
process. For the gears in which the dual peening was applied, a media with smaller diameter
made out of glass was used as the second process step. The dual peening process produces a
more uniform surface, since the second step aims at homogenizing the deformations created
by the first one (MOLZEN; HORNBACH, 2000, REGO; GOMES; BARROS, 2013).
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G1P: coverage 70%, @1.0 mm

G6T: coverage 98%, @0.6 mm
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Figure 4.7 — The shot peening parameters were defined to induce different residual stress
distributions along the depth and across the surface.

Following the concern on the heterogeneity stress state introduced by the dual
peening, different levels of coverage were determined. The coverage is a percentage value to
define the effectively indented area of the peened surface (Figure 4.7). As a natural
consequence, the more covered the surface is, the better distributed will be the pattern of
deformations. The coverage is essentially controlled by the exposure time of the workpiece to
the process. But regardless to the exposed time, it is never assured that the surface reaches the
level of 100%. A fully covered surface is then defined with a value of 98% (KIRK, 2002;
BAGHERIFARD; GLELICHI; GUAGLIANO, 2012). In this context, two coverage levels
were selected. A coverage of 98% for a more homogeneous surface, against a process set to
reach 70% of coverage, and thus induce a higher heterogeneity residual stress state.

Five different groups were peened and, according to the process setup, the wheel-
propelling machine or the pneumatic nozzle-type machine were used. The peening machine
concept does not necessarily produce significant differences on the workpiece surface
integrity, as demonstrated by Kdécher (1996). All the process facilities were kindly provided
by the company OSK-Kiefer, located in the city of Oberhausen, Germany. The Table 4.4
summarizes all the conditions considered to manufacture the gears with distinct intensity and

heterogeneity of residual stresses. It also provides an explanation to the symbolic
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representation of each group. All groups start with a “G”, representing the gear as the

specimen. The next two codes respectively refer to the media size and to the coverage level.

Table 4.4 — Shot peening parameters defined for inducing different intensity and

heterogeneity levels of residual stress.

Grou Manufacturing Machine Media Media  Almen Intensity Coverage
P Process Concept Diameter [mm] Material [mm Almen A] [%0]
G1P Shot Peening ~ wheel 1.0 Cut Wire 0.50 = 0.60 70
G6T  Shot Peening  nozzle 0.6 Cut Wire 0.35 = 0.40 98
. (1)0.6 (1) Cut Wire (1)0.35—0.40 (1)98
GDT  DualPeening  nozzle o) 4 5 (2) Glass_ (2)0.35 - 0.40 _ (2) 98
G3T  ShotPeening  nozzle 0.3 Cut Wire 0.20 = 0.25 08
G3P Shot Peening  nozzle 0.3 Cut Wire 0.20 —» 0.25 70
Gear __| G —— Coverage Level: “T” — Total (98%); P” — Partial (70%);
Sample
P, “1”— 1.0 mm; ” “6” — 0.6 mm;
Media Diameter: ’ ’
“3”-0.3mm; ” “D” — Dual
4.2.4 Grinding

The grinding is not only the last process of the second case study, but also the last on
the entire specimens’ manufacturing chain. That confers to the grinding the accumulated
variability of the whole production. As consequence, a complex situation is created for its role
to be statistically the same for all the prototypes in the convergent experimental approach.

The first measure taken for the variability consideration was to select the profile
grinding process to be applied to the prototypes. Differently than the generating grinding
process, the profile grinding actuates individually to each tooth gap. Through it, an individual
control and monitoring of each flank is enabled. A flank control matches the investigation
scope of most part of the experimental techniques to be here utilized, which turns the teeth
into the actual specimens. The profile grinding was performed with a Kapp KX-500 Flex gear
grinding machine. A grinding wheel made of sintered Al,O3 with a diameter of 200 mm and a
thickness of 20 mm was used in the experiments. The process parameters were set to gentle
conditions, in order to avoid temperatures that could lead to surface phase transformations.
The process was performed with flood of coolant, a speed of 35 m/s and a feed rate of 500

mm/min. For each produced specimen, the grinding wheel was dressed. The depth of cut was
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just selected after the residual stress measurements of the peened surfaces. The decision is
based on the directive of establishing different depth profiles of residual stress to feed the
interaction analysis. Nevertheless, the removal was performed by one single pass. The further
process parameters were defined to provide the pinions a geometric quality level 6, according
to the standards 1SO 1328 and DIN 3962 (DIN, 1978b; DIN, 1978c; ISO, 1995).

In the search for the same loads applied during the process, special procedures were
taken even before the grinding itself. The first of them was the application of a pre-grinding
process immediately after the heat treatment. The precautions taken during the heat treatment
cannot be considered enough for stating that the distortion level of the specimens are the
same. As a preliminary grinding stage, a shallow layer of around 40 um was removed from
the flanks of each gear. The pre-grinding is not an unusual practice on finishing gears. Due to
the stock removal limitation, the grinding is normally applied through a step of roughing,
followed by a finishing step (KARPUCHEWSKI; KNOCHE; HIPKE, 2008). The difference
herein adopted was to perform this roughing (pre-grinding) before the shot peening. This
action allowed having gears, immediately prior to the grinding process, with different residual
stress states and similar distortion levels.

The definition of a same distortion level needed still to be reinforced. Even the pre-
grinding application was not a guarantee that the teeth would be geometrically equal, due to
the progressive wear of the grinding tool and the intrinsic errors of the machine. The gears
were then measured in order to classify the specimens into groups with restricted tolerance for
these deviations. The tooth span, symbolized by Wy (Figure 4.8), was the characteristic
defined for this control. It is the most direct gear geometry inspection feature to define the
heat treatment distortions and to feed the grinding programming (DIN, 1980; GOCH, 2003).
The measurement considers the distance between flanks of different teeth, with reference to
the base diameter of the central tooth. In the case of the investigated gear design, this
measurement is conducted between three teeth. The value taken from the procedure includes
the standard deviation of all the sequences of three teeth measured on one gear. The
classification was determined before the shot peening. In this way, there was possible to
define the peening setup for each sample, assuring that all the groups of tooth span receive the

different residual stress states to be induced after the shot peening.
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Figure 4.8 — Procedures adopted to select ground samples with the same process loads.

The final control action was employed during the execution of the grinding process.
Over the machine’s fuse, a load cell was installed in order to measure the grinding force. The
load cell used was a rotary dynamometer Kistler 9123C. It was installed with the closest
distance to the gear, with safe conditions to avoid collisions from the grinding wheel travel
during the process (Figure 4.8). The measured value cannot be taken for absolute
considerations of the cutting force. The countershaft needed to be used to provide stiffness
and to enable the finishing quality required for these gears. Consequently, a fraction of the
force coming from the wheel is also supported by the countershaft’s bearings. However, the
objective is to assure the selection of flanks ground with statistically equal forces. Therefore,
for this comparative approach, the issue with the absolute value does not become an obstacle
to the present study.

The forces were acquired according to three orthogonal directions along the complete
grinding cycle. They are two radial components, which changed according to the gear position
along the process, and an axial component. The analysis is performed with the equivalent
value of the radial grinding forces. The axial force was used as the reference to identify the
beginning and the end of the cutting cycle. It was thus possible to state the background values
individually per flank, compensating the axes center movement with the gear repositioning to

face the wheel.



84

4.3  Surface Integrity Assessment

After both manufacturing processes of each case study, the specimens were submitted
to a surface integrity assessment. The examination covered residual stress measurements,
topography and dimensional analyses and material investigations. The gears of the second
case were still submitted to fatigue tests. The procedure of each mentioned analysis is

described along the following topics.

4.3.1 Residual Stress Measurement

For the two case studies, the residual stress profiles were measured by means of X-ray
diffraction (XRD). The XRD appears as the most practiced technique for measuring residual
stresses, especially in the machinery industry (LU, 2002; LAW,; LUZIN, 2011). As for all of
the residual stress determination methods, the stress is not directly measured. The XRD is
governed by the Bragg’s law, which correlates the incident X-Ray properties with the
interplanar atomic spacing, through the diffracted beam angle (20). The strain is therefore
measured and used for the residual stress calculation. The calculated stress is not only
resulting from one single measured angle. The measurement must be representative of the
wide scatter of grain’s lattice orientations inside the material. Different beam incidence (V)
angles are induced, both with positive and negative references, so also the shear stresses can
be considered. Even the 20 value is taken from several sequential measurements. The
technique works by scanning the area around a standardized diffraction angle, according to
the material phase under examination. The results of the detection are curves relating the
detected intensity along the diffracted angle values. For the calculation of the residual
macrostress, the maximum value (peak) of each curve is considered. The overall calculation is
dependent on the peak position difference. This means the difference of the 20 value,
corresponding to the intensity peak, between all the W-angle curves. The above described
concept, shown in the left panel of the Figure 4.9, is named as the “Peak Shift” method
(CULLITY, 1978; SPIER, 2009; RUUD, 2002). The method is usually applied over surface

layers along the depth, and the residual macrostress is represented by a depth profile.
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Figure 4.9 — Residual stress measurement: Calculation method and procedures applied.

For the first case study, the measurements were performed with a PANalytical
Empyrean stationary diffractometer. The equipment is available at the Institute SENAI of
Innovation (ISI) on Manufacturing Systems, in Joinville, Brazil. The residual stress setup of
this equipment consists of a Cr Kol anode radiation with a vanadium filter. The radiation tube
was adjusted to the point focus mode, through a crossed slit collimator with maximum
aperture of 4 x 4 mm. The spot was ensured by covering the assessed surface by a mask made
of tape, restricting the area of the beam’s incidence (Figure 4.9). In the path of the diffracted
beam, a parallel plate collimator was employed.

The blocks were always measured following the cutting direction, and for the a-Fe
phase, the predominant structure after the two analyzed processes. The crystal orientations
(V) sampled were £0°, £16.8°, £24.1°, £30.0°, £35.3°, £40.2° and +45°. The diffraction plan
of each material is defined to be the one with the higher detection intensity considering the
anode radiation employed. With a CrKa radiation, this condition is satisfied for the a-Fe
through the diffraction plane (211), with a diffraction angle of 156.07°. The scanning range of
this phase was thus set from 148° up to 163°. It was defined a step scan mode with a
diffraction angle scanning range with steps of 0.10°. The scanning arrangement was set to
comply with the recommendations for properly determining the background level. The
residual stress calculation is finally made according to the Ddélle-Hauk method (SAE, 1971,
HAUK, 1997).
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For the depth profile representation, the outer surface and six depth layers from 20 pm
to 250 pum were evaluated. The layers’ removal was performed by means of the
electropolishing process, with the equipment Buehler Electromet 4. The polishing solution is
a composition of perchloric acid, 2-Butoxyethanol and ethanol. This process is considered to
induce non-significant stress changes during the layers’ removal. Differently from the
electrolytic etching, the electrolytic polishing removes material from both the grains and their
boundaries. The result is a considerably more uniform surface, avoiding an improper spread
of the X-Ray diffracted beam due to surface unevenness (PANGBORN; WEISSMAN;
KRAMER, 1981). The depth values were measured, after each removal process, with the
CMM center Mitutoyo Crista Apex C7106.

Similar conditions were applied to the examinations of the second study, and the few
differences are now described. The experiments with the gear specimens were performed with
the Stresstech X3000 diffractometer from WZL-RWTH. As the main differences to be
highlighted, this equipment is portable and built with two symmetrically positioned detectors.
In this case study, the stresses on both material phases were measured, since no phase
transformation is expected by the grinding process. For the assessment of the y-Fe, the
diffraction angle of 128.17° corresponds to the (220) diffraction plane. This property
demanded a scanning procedure between 115° and 145°. The determination of the residual
macrostress, according to Equation (2.3), required also the determination of the amount of
retained austenite. Not only the main manufacturing direction, axially oriented, was taken for
these measurements. Since the specimens were planned to perform functional tests, the rolling
direction of the gear mesh was assessed. The rolling direction is oriented tangentially to the
tooth involute profile, and therefore perpendicular to the axial orientation. A circular
collimator with a diameter of 3 mm was used to define the measurement spot (Figure 4.9).
The measurements were done over the tooth flank, around its pitch diameter. The specimens
were prepared by cutting a sample of two teeth out of the pinion.

The same crystal orientation angles were assessed, but also introducing an oscillation
of £2° in the ®-direction for increasing the quantity of crystals assessed at each W-angle. The
scanning range was slightly widened, when compared to the blocks’ assessment. For the a-Fe,
the range was set between 135° and 164°. Also the scanning steps could be collected in
smaller intervals, of 0.06°. The depth profile covered, in addition to the outer surface, seven
layers from 10 um to 500 pum. The equipment used for the electrolytic polishing process was a

Struers MoviPol-4, using the same solution applied for the blocks.
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All the measurements were preceded by the calibration of the diffractometer. This step
was conducted with Stresstech powder specimens certified for being free of residual stresses.
Further measurement and analysis features not here described, such as polarization and
absorption corrections, were set according to the procedure established by the standard SAE
J784a (SAE, 1971).

4.3.2 Topography and Dimensional Analysis

The residual stresses comparison between processes is the main experimental outcome
of the proposed scope. However, the understanding of the phenomena occurring must be
supported by complementary analyses. Among them, and according to the experimental
planning of the Figure 4.2, topography and dimensional analyses are conducted in the
manufactured specimens.

The dimensional analysis is essentially the procedure for the distortion observation. It
is known that the residual stress relieving is followed by dislocations movement and
consequently geometric deformation (ERICSSON, 2002; LU, 2002). Therefore, the distortion
analysis was performed before and after each manufacturing process under analysis. It is an
indirect method to monitor the variation of the surface state not directly converted in change
of the residual stress intensity.

The topography analysis was composed by the collection of amplitude, spectral and
functional roughness parameters. At least for processes defined by predominant mechanical
loads, such as shot peening, there is a strong relationship between the roughness pattern and
the residual stress uniformity (ZHAN; JIANG; JI, 2013; REGO; GOMES; BARROS, 2013).
This is indispensable information to the interaction analysis under the perspective of the
heterogeneity state of residual stresses. Nevertheless, even for surfaces submitted to
manufacturing processes with coupled loads, such as the machining, the roughness pattern is
an indication of the process parameters set. In this scenario, the topography measurements
contribute to the definition of the specimen groups that must be selected for residual stress
measurements.

Concerning the measurements of the first case study, both distortion and roughness
were analyzed with the same technique, the chromatic aberration confocal microscopy (Figure
4.10). This technique is based on the principle of colors’ different wavelength for determining
the depth under analysis. The confocal microlenses are responsible for creating the chromatic

aberration over the light bean generated by the system. The light is spread in full spectrum
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lighting and, thus, distinct wavelength rays. These incident lighting rays are reflected in the
surface to several different directions, including back to the system detector. Depending on
the sample topography on the analyzed region, there is higher detection intensity for one
specific color. This color information is used for determining the wavelength to be input in
the real depth calculation (TIZIANI; WEGNER; STEUDLE, 2000; SHI et al., 2004). The
equipment used, according to the described principle, is a Cyber CT 100. For the purposes of
topography and distortion, two regions of each block were measured with different
specifications. An area of 3 x 10 mm was measured with a lateral resolution corresponding to
steps of 2 um, for assessing the roughness profile (Figure 4.10). The distortion assessment did
not require such a high resolution, and it could be set to a lateral step of 100 um. On the other
hand, it demanded covering an extended area, with dimensions of 90 x 15 mm in the case of

the roughing machining specimens and 43 x 37 mm for the finishing machining blocks.
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Figure 4.10 — Techniques and procedures used for topography and dimensional analyses.

The same equipment was also applied for the monitoring of machined specimens’
production. As presented in the topic 4.2.1, one of the parameters for defining the machining
groups is the tool wear. The chromatic aberration confocal microscopy is therefore applied for
a dimensional evaluation of the wear evolution over the inserts cutting edge. With a section
profile extracted from the cutting surface, it is possible to measure the edge radius of the

insert created due to the tool’s usage.
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The topography measurements with the gears were performed with a tactile
profilometer Hommel-Etamic Nanoscan 855. The teeth flanks were measured by a metering
needle with radius of 5 um and a tip angle of 90°. The measurement was planned to cover an
area of 2.6 mm in the direction of the tooth lead by 1.5 mm in the direction of the tooth
involute profile (Figure 4.10). To the respective directions, the resolutions selected were
5.0 umand 0.1 pm.

For both case studies, the measurement and analysis definitions were guided by the
requirements of DIN EN ISO 4287, DIN EN 1SO 4288 and ISO 13565-2 (DIN, 2010; DIN,
1998; 1SO, 1996). Besides the conventional two-dimensional metrics, areal parameters were
as well computed, according to the recommendations also known as “The Birmingham 14
parameters” (DONG; SULLIVAN; STOUT, 1992; DONG; SULLIVAN; STOUT, 1994).
Gaussian and polynomial filters were applied to separate the patterns of roughness, waviness
and form error. The filter, likewise the cut-off value to separate the mentioned geometric
orders, was individually selected for each surface manufacturing pattern, but equally applied
to the samples after each process.

The dimensional analysis for the second case study could not be simply performed
with the same surface of the topography measurements. The distortion on gears is an effect
that refers the teeth to the gear hub and in-between them. Therefore, a complete measurement
under the same coordinate system was required for this dimensional analysis. A Klingelnberg
P40 gear measuring center, which has the concept of a Coordinate Measuring Machine
(CMM) but also equipped with a rotary table, was used for the measurements (Figure 4.10).
The involute and lead profiles from four out of the sixteen pinion’s teeth were measured, both
in the right and left flanks. The pitch error and the tooth span (Figure 4.8) are calculated based
on a measurement involving all the pinion’s teeth. All the measurements and the results’
assessments followed the standard DIN 3961 (DIN, 1978). A reference tooth was adopted to
be the first measured flank, enabling the dimensional comparison after each of the

manufacturing processes of this case study.

4.3.3 Material Investigation

According to the complete comprehension model of the residual stress state evolution,
the discussed topography and dimensional analyses can be seen as traces. They are mainly
consequences of manufacturing loads and their corresponding stress state alterations.

However, this comprehension model demands also the root causes that drive the interaction
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in-between the manufacturing processes. Part of these explanations should be possible to be
investigated through evidences of a material investigation.

The most fundamental examinations were conducted with metallography, by means of
optical microscopy. Structural aspects such as the grain size and its dispersion, texturing
effects, phase’s identification and precipitates existence are the focus of this step (Figure
4.11). They can indicate the event of phase transformation after each analyzed process, and
provide explanations to potential differences observed on the residual stress state between
measurement directions. Additionally, these features directly reflect phenomena in the same
domain level of residual microstresses. The metallographic analyses were done over the depth
profile of the samples. The specimens were polished and then etched with a 3% Nital solution
(3% HNO3; + 97% alcohol). The blocks were assessed with a Carl Zeiss Ultraphot 11l

microscope while the gears’ pictures come from a Carl Zeiss Axio Imager.M2m microscope.
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Figure 4.11 — Methods for the material investigation.

The identification of the steel phases in the specimens was still complemented by its
quantification, and, in this specific case, of the retained austenite content. The value is
necessary to calculate the residual macrostress, as shown by Equation (2.3). The
quantification could be even done with the optical microscope through statistical sampling.
However, a low content of retained austenite, of about 15%, is expected for the specimens of

the present study. At this level, the quantification reliability with microscopy methods
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decreases significantly. This scenario requires the employment of the X-ray diffraction
technique. A wide diffraction angle range containing the reference peak positions for each
phase is scanned. The assumption for the materials herein made, after the case hardening
process, is the formation of a dual-phase composition of martensite and retained austenite.
The volume fraction is thus calculated by considering the relationship between the integrated
diffracted intensity of the profile from the both phases. Part of the determination procedure is
also dependent on constant values of each phase, such as the Miller index and the diffraction
angle itself (CULLITY, 1978). Before and after each manufacturing process under
investigation, the specimens were submitted to the XRD technique for assessing the contents
of each phase. The equipment and the accessories used are the same than the ones described
for the residual stress measurement procedures. The volume fraction of retained austenite was
assessed as a depth profile, according to the layers already removed for the residual stress
measurements (Figure 4.11).

Microhardness measurements were conducted in the same samples, in order to assess
the intensity of the work hardening along the depth. The work hardening is considered to
influence the diffraction profiles, and the microhardness results can be used to verify how
much of this influence is actually originated from the strain hardening effect (KIM et al.,
2005; SOADY et al., 2013). For every sample already case hardened, Vickers indentations
with a load of 100 g were used (HVO0.1). For the machined samples, the lowered surface
hardness value demanded the usage of a load of 50 g (HV0.05). The measurements of the
blocks were performed with an Emco-Test DuraScan 50 hardness testing machine. For the
second case study, the gears were measured with a Fischerscope HM2000. The further
definitions about the microhardness depth profiles (Figure 4.11) followed the standard DIN
EN ISO 6507-1 (DIN, 2006b).

The studies of Kim, Cheong and Noguchi (2013) and Hassani-Gangaraj et al. (2014)
alert to the possibility of microcracks appearance due to severe shot peening parameters
(Figure 4.11). The open space created by cracks redistributes the local residual stresses and
therefore influences the diffraction broadening analysis. The surfaces of the gear specimens,
after the shot peening process, were thus investigated with high magnification, by means of
the Scanning Electron Microscopy (SEM) technique. The samples were examined with a
Cambridge Scan S2 microscope.
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4.3.4 Fatigue Tests

The content of the third question established in the topic “Objective and Approach”
refers to the relevance of the residual stress interaction to the fatigue strength. For this
purpose, fatigue tests were conducted with the specimens of the second case study. Since the
flanks of the gears were the surfaces under investigation, the specimens were submitted to
rolling contact fatigue tests. The fatigue strength was approached into two contexts:
performance and behavior. The first topic had as focus to register the different lifetime
provided by each group of specimens. At the second one, aspects of the damage morphology
and evolution were collected with a linking purpose to the surface and material analyses
previously described.

The fatigue tests were performed with a power-recirculating gear test rig (Figure 4.12).
In this bench concept, a test gear set and a slave gear set are assembled at the rig opposite
ends. One shaft connects the test driver gear to the slave driven gear. The power loop is closed
since the other shaft connects the slave driver gear to the test driven gear. One gearbox is
loaded against the other by twisting the shafts through a toothed wheel, to create a locked-in
torque at the coupling flanges. This rig is also known as “four-square” or “FZG”, in attribute
to their concept inventors, the laboratory Forschungsstelle fir Zahnrader und Getriebebau.
The locking system allows the application of a static torque, representing the required load on
the test gear. The entire loaded arrangement is driven by an electric motor at the required
speed, which needs only to supply power for friction and inertia losses (DAVIS, 2005).

The specific rig employed has a center distance of 91.5 mm and it is equipped with an
electric motor of 14 kW. The torque is manually applied through a lever and a set of weight-
calibrated disks. The corresponding amount of hanged disks to the desired torque level is
specified by the standard DIN ISO 14635-1 (DIN, 2006).

Three tests for each group were conducted with a fixed torque intensity of 534 N-m.
This is the input torque of the samples, once the pinion is directly assembled on the toque
application shaft. The meshing gear has 24 teeth, creating a transmission ratio of 1.5:1. They
were also ground and manufactured according to the FZG-Cyop design. The motor speed was
set to rotate at 3,000 rpm, and thus 4,500 on the shaft where the pinions are assembled. With
this setup, each hour of test represents 270,000 cycles. The overall preparations for the tests
were guided by the recommendations of the report FVA 563-1, from the
Forschungsvereinigung Antriebstechnik (TOBIE; MATT, 2012).
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Figure 4.12 — Gear fatigue test: power recirculating test rig and the visual inspection

procedures of the tested pinion.

The test starts with a control of the contact pattern. After the gears assembly, an
appropriate ink is applied over the flanks, and the rig, already loaded with a torque intensity
of 135 N'm, is manually rotated. The regions were the ink is removed reveal the contact
pattern (Figure 4.12), and indicate whether any mistake coming from the assembly or even
from the manufacturing is present. The same torque intensity is kept for the run-in procedure.
At a motor speed of 3,000 rpm (pinion speed of 4,500 rpm) and an oil temperature of
60+1.5 °C, this step lasts one hour. It has as purpose to provide conditions for a stable
operation, by removing uneven roughness patterns and accommodating the stresses
introduced by the assembly. The oil selected to be used inside the test gearbox was a Shell
Spirax ASX 75W90 (“Attachment D — Testing Specification”).

After the run-in procedure, the temperature is risen to 90£1.5 °C and the rig is loaded
to the desired torque intensity. Under the same previous conditions, the test is started and the
register of cycles is initiated. A relaxation of the load is expected due to the elastic stresses
distributed along every part in contact inside the rig, aside the wear itself. Due to this reason,
with the first fourteen hours completed, the test is interrupted and the load level is verified.
The verification is performed in such a way the torque is not relieved, only uploaded to the
planned initial level. Once restarted, the test is run up to the failure. The criterion that defines
the completion is the percentage of the surface already damaged. According to the report FVA
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563-1 (TOBIE; MATT, 2012), this limit is set to 4% of the flank area, as depicted by the
example of the Figure 4.12. A visual inspection is performed at each seven hours, with a
photographic register of the flanks. The rig is also provided of a vibration sensor. Its setup
enables the interruption of the test in case the damage size overcomes the specified limit of
damaged area within the inspection interval of seven hours.

The second investigation aspect refers to the morphology of the damage. The objective
is to characterize the failure region, in order to verify potential correlations with the residual
stress state. The task is basically composed by identifying the fatigue crack mechanism,
measuring specific geometric features of the removed material portion and by monitoring the
damage evolution along the test.

After the test is completed, the gear is cut to separate the several teeth with damages
over the surface. For each tooth, a surface map around the region of the damage is created
with a Keyence VK-X100 confocal microscope. Geometric features from the removed material
portion such as the maximal depth, the total removed area and volume and the angle of the
damage walls are collected. An example of the measurement is shown in the bottom left

corner of the Figure 4.13
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However, not always the information can be taken from the area where the material is
removed. As the created damage keeps in contact along the test performance, further
deformation can be superposed, hindering the identification of features that characterize the
original failure mechanism. Hence, the applied method concentrated on finding regions where
the fatigue cracks still did not lead to the material removal. Or, at least, where there were
small damages such as the one shown in the Figure 4.13. The search for the described regions
demanded the application of a crack inspection method. The failed gears were submitted to a
liquid penetrant test, according to the standard DIN EN ISO 3452-1 (DIN, 2014). A
fluorescent liquid, in combination with an ultraviolet lamp, highlighted the areas where the
fatigue cracks were connected to the surface. With this picture, cross sections were made on
regions directly besides the end of a large damage, or over regions with a small-scale material
removal (Figure 4.13). The samples, polished but not etched, were then observed with the
same optical microscope described for the material investigations. The images were also used
to identify the crack propagation mechanism. By considering a statistical approach with ten
identified cracks from each manufacturing group, their geometric features were mapped, with
special attention to the crack depth.

Finally, the mentioned geometric features were examined regarding to their evolution
along the test. A non-destructive method was utilized through the production of replicas from
the damaged flanks. At the first inspection that a surface failure was observed, the procedure
was applied, without removing the pinion out of the gearbox. With the reduced gearbox
temperature, the replica material Panasil contact two in one Light was applied to the flank.
The referred material proved to demand only a few minutes to satisfactorily reproduce the
surface structure. The material was fulfilled into a customized mold for the pinion design,
produced by means of the FLM (Fused Layer Modeling) additive manufacturing process
(Figure 4.13). A surface analysis, with the same equipment and with an analogous procedure
to the method described for the teeth after the test, was conducted with the extracted replicas.
After the first instance when the damage was observed, the visual inspection interval was
shortened to half of the time (3.5 h). At each inspection up to the failure criterion was
achieved, replicas of all damaged flanks were produced. The evolution of the damage
geometric features was analyzed as a comparative approach between the pinions produced

with different residual stress states.
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5 Results and Discussions

All the results and the corresponding discussions are organized in three topics inside
this chapter. Each topic is related to one of the research questions introduced at the “Objective
and Approach”.

5.1 The Role of the Residual Stress Intensity on the Processes' Interaction

Guided by the first research question, the two case studies were set to explore the
various features of a residual stress depth profile. Among the targets, the surface value or the
maximum intensity and its depth can be mentioned (Figure 5.1). Considering the both chain
stages analyzed, different results were successfully achieved as input profiles to the
interaction investigation. The case studies were equally reported in two steps. Firstly, there is
a description of how the distinct residual stresses were induced by the first process of the
interaction. In the sequence, the surface integrity out of the second process is explained, and
attempts to connect it to the prior residual stress state are established. An overall physical

explanation closes the chapter, unifying the outcomes of both case studies.
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5.1.1 Inducing Different Stress States through the Soft Machining

The induction of the residual stress state on the finishing specimens was directly
conducted by the definition of the cutting parameters, such as described at the last chapter.
For the roughing specimens, the surface integrity analysis was preceded by the phenomenon
investigation. The specimens’ selection was hence decided based on the information of the
mechanical and thermal loads, as well as of the material structure.

The analyzed cutting forces were oriented towards the radial depth of cut (Fx, normal
to the plane) and the feed direction (Fy, longitudinal to the plane). The axial depth of cut
component (Fz, transversal to feed, but contained in the plane) was disregarded in the analysis
once the piece of material subjected to this magnitude is removed in the forthcoming pass.
The force components behaved fairly constant along the cutting operation. The analysis was
therefore zoomed into a small period in which the three inserts exerts force over the surface.
The results of the forces in the radial depth of cut and feed directions are shown in the
Figure 5.2.
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Figure 5.2 — Results of the mechanical loads assessed for each roughing group.

The first observation of both charts is that the comparison between groups does not
behave equally between the normal and the longitudinal components. The lowest force is
found for both components in group BRL. However, the highest force in the radial depth of

cut direction occurs in group BRM1, while the highest feed direction force is from group
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BRH. The explanation refers to the comprehension of the up-cut and down-cut mechanisms.
The chip thickness for the down-cut milling is larger in the outset of the cutting, gradually
reducing up to the chip removal. The opposite happens with the up-cut milling, in which the
chip thickness is increased along the cutting period. The tool contact force is more oriented to
the normal direction in the down-cut milling than in the up-cut milling. Analogously, the up-
cut milling force direction has predominance in the longitudinal direction. This rationale goes
in agreement with results from Fy (Figure 5.2).

The influence of the further parameters can be observed through the comparisons with
the same cutting direction (BRHxBRM2 and BRM1xBRL). It is possible to see in both
comparisons the reflection of the cutting speed and the feed rate to the force intensity along
both directions. The most important conclusion from these charts comes when considering the
magnitudes in both directions simultaneously. A combined analysis considering the
equivalent forces is shown in the Figure 5.2. The equivalent force is calculated according to
the Equation (5.1).

Feo =+Fx +F/ (5.1)
Where:
Feq: Equivalent force

Fx: Force in the direction of the radial depth of cut

Fy: Force towards the feed direction

The results follow the expectation expressed by the cutting force scale depicted in the
Table 4.2. Furthermore, the difference between the groups with the highest and the lowest
forces, respectively BRH and BRL, is significantly large to consider potential differences in
residual stresses originated from the mechanical loads.

The second criterion to highlight the potential differences between the groups is the
thermal load induced to the workpieces. It was assessed through the measurement of the
process temperature, by means of thermocouples and a thermal camera. In this case, the
applied methods did not allow drawing conclusions as efficiently. The first issue noticed with
using the thermal camera was the magnitude of the temperature values indicated. At any
moment of the cutting process, the maximum temperature was in the order of 40°C (left panel
of the Figure 5.3). Besides, the high reflectivity of the surface was mirroring the tool

temperatures, not representing the value at the workpiece’s surface. The tentative for solving
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the reflectivity was to consider as procedure making the pictures in just after the cutting ended
and the tool moved vertically. Even though, the pictures comparison of Figure 5.3 shows that

no real difference can be considered between the groups.
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Figure 5.3 — Methods approached to investigate the thermal loads induced during the

roughing process.

The potential reason for the method failure is on the camera frame rate specification.
The camera used has a frame rate of 60 Hz. Similar experiments with conclusive analyses
employed cameras with frame rate varying from 750 Hz up to 3,400 Hz (ASPINWALL et al.,
2013; PITALLA; MONNO, 2011; ABUKHSHIM; MATIVENGA; SHEIKH, 2006).
Additionally, by needing to wait the tool to move far away from the surface, the high cooling
rate did not allow to register a value close to what must have been the maximum surface
temperature. The study published by Abukhshim; Mativenga; Sheikh (2006) conducted
temperature analysis in a HSC process with a thermal camera of 900 Hz. It was shown that
the temperature decreased from 1,200°C to 200°C in about 0.5 s and from 1,000°C to 600°C
in a distance of 0.2 mm from the cutting edge.

Similar magnitude values for the temperature measurement were obtained with the
thermocouples. The results were measured along the process time with the three
thermocouples, as shown in the central panel of the Figure 5.3. As awaited, the temperature

was risen in the positioning sequence of the thermocouples’ assembly. The variation in the
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depth manufacturing of the thermocouple’s bores and the fixation of the sensors inside them
explain why not always the maximum value registered is the same in all the sensors. Lin et al.
(2013) did a very similar experiment setup, with using thermocouples in end milling process
of a 300M steel grade. The results showed the same maximum temperature order (under
100°C). The slight difference is justified by the different process parameters, material and
thermocouples positioning. A summary with the maximum values acquired in each sample is
displayed in the Figure 5.3. Despite not showing the expected magnitudes, the results within a
comparative analysis are conclusive. As considered in the samples planning of the Table 4.2,
there is a positive trend to increase the temperature in the samples from the group BRH to the
group BRL.

If the maximum values of the temperature do not enable to differentiate the effects
between the groups, a better understanding could be provided by the examination of the chip’s
color (Figure 5.3). The chips produced by the groups BRH, BRM1 and BRM2 have a silvered
color. On the other hand, the color of the chips from the group BRL is a mix of blue, violet
and brown. The color analysis is in agreement with the study of Ning, Rahman and Wong
(2001), in which a correlation between the predicted chip temperature and its observed color
was performed. The highest temperatures were characterized by a dark blue color, which is
explained by a severe extent of oxidation. The same assessment can be found with regard a
correlation between the color and the process parameters. The dark blue is induced by
increasing the cutting speed and the tool wear (GOMES, 2001; TOH, 2005; CUl et al., 2012).

The evidence of the different thermal loads is also registered by the third aspect of the
physical phenomena that bridge the process parameters to the residual stress state. The
material structure of the specimens was assessed along the depth, and some images are
depicted in the Figure 5.4. The main observed structure is the same for all the specimens,
composed by a primary ferritic phase and a perlitic phase. The cementite is more sensitive to
the Nital solution, which characterizes the perlitic grains by a dark color. This composition is
expected for the alloy examined, which is a hypoeutectoid steel (< 0.77% of carbon content).
But what is not the same among the samples is the outer layer formed by a few micronmeters.
A white layer, approximately between 5 um and 10 um thick, is observed only on the images
taken from the group BRL. Based on the previous results of the process’ temperature, it is
reasonable to confirm that the white layer is a thin austenitic-martensitic region, generated by
the higher heat transfer rate deployed during the cutting process of this group. This conclusion
goes in agreement with the machining integrity investigations reviewed by Grum (2010), and

reinforce the outcomes from the thermal load assessment.
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Figure 5.4 — Metallographic comparison exposes the different microstructure observed on the

outer layer of the specimens of the group BRL.

Finally, all the discussions allowed the selection of the groups BRH and BRL
according to the phenomenological method presented in the Figure 4.4. The specimens of the
group BRH show the highest mechanical load and a trend to have received the lowest thermal
gradient on the surface. On the other hand, the specimens of the group BRL registered the
lowest force values, with about 27% of the intensity measured for the group BRH. Moreover,
the thermocouples results, the chips color assessment and especially the microstructure
observed from Group BRL are strong evidences that this machining setup induced the highest
thermal loads.

Together with the finishing machining specimens (BFH and BFL), the specimens from
the groups BRH and BRL were submitted to the residual stress assessment. The depth profile
results are shown in the Figure 5.5, followed by the machining parameters of each group. The
most pronounced difference is observed when comparing the profiles of the roughing
specimens against the ones from the finishing samples. While the groups BFH and BFL
assumed a compressive intensity over the outer surface, a tensile residual stress state
characterizes the surface of the groups BRH and BRL.
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Figure 5.5 — Macro residual stress measurements of the machined specimens.

This result is representing the opposite stress states introduced in the Figure 5.1, which
is the most important achievement of these machining experiments. They empower a
meaningful input to the interaction analysis with the heat treatment by means of stress states
positioned at the different extremities of the stress state. The opposite behaviors are
particularly important to this case study. The heat treatment produces completely new steel
phases, highly modifying the initial stress state. Any expectation for distinct results after the
heat treatment requests thus the machining of samples differed by large differences on the
residual stress intensity.

The potential explanation to the opposite states is based on the main difference
between the roughing and the finishing processes, which is defined by the depth of cut (ae).
This parameter recalls the conclusions from the publication of Jacobus, Devor and Kapoor
(2000), depicted in the Figure 2.15. The residual stress profile of a machined surface is
dependent on the balance between the thermal and the mechanical strains in the surface and
near-surface layers. The groups BFH and BFL presented residual stress profiles matching to
the “Case 1” from the referred publication and figure. It means that the mechanical plastic
strain was kept higher than the thermal load up to the subsurface layer. This balance changes
for the groups BRH and BRL, whose profiles follow the “Case 2” of the Figure 2.15. The
thermal strain over the surface was high enough to overcome the plastic strain in the

subsurface layer.
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The interpretation considering the depth of cut must include as well the tool edge
radius (re). The average tool edge radii measured for the roughing and the finishing specimens
along the experiments are displayed in the Figure 5.6. By comparing the edge radius to the
depth of cut (ae/re), distinct results can be observed between these groups. This value,
hereafter called as cutting depth ratio, is linked to the cutting forces distribution, between
shearing and ploughing forces. The smaller value creates a condition in which the cutting
process has a larger contribution from the ploughing mechanism. This type of force actuates
pushing the tool perpendicularly against the workpiece, smashing the first micronmeters of
the surface. This description is reinforced by the different surface patterns between the
roughing and the finishing specimens. The surface height profile along the cutting direction of
the specimens BRH and BRL assumes a milling conventional aspect, in the shape of the
negative value of an absolute sinusoidal signal. The samples BFH and BFL, however,
demonstrate a more waved pattern (central panel of Figure 5.6). Under a purely mechanical
load perspective (Figure 5.6), the ploughing force promotes the stretching of the surface,
leaving a compressive residual stress state. The observed connection between the cutting
depth ratio and the cutting forces distribution converges with the publication from Yan, Zhao
and Kuriyagawa (2009). The respective explanation around the residual stress mechanism
matches the results from the profiles representing the groups BFH and BFL.
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Figure 5.6 — Relationship between the depth of cut and the cutting nose radius as the influence

for the opposite residual stress states observed between roughing and finishing specimens.
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A next comparison is observed between the profiles from the groups BRH and BRL,
driving the discussions back to the results of force, temperature and microstructure just
presented. Although not largely different, the outer surface value of the group BRL is the
most tensile one. This takes place right over the first few micronmeters of the surface, which
matches to the size of the white layer identified in the Figure 5.4. Along the following depth
layers, though, the group BRL assumes a more compressive intensity, through a steep
transition. This behavior inversion is a consequence of the equilibrium principle, in such a
way that the higher tensile stresses of the surface are followed by a larger compressive
magnitude.

A similar result from the roughing specimens was expected for the finished samples.
However, the results of groups BFH and BFL do not show to be statistically different. And if
a trend over the outer surface would be pointed out, it would be to state that the group BFL is
provided by the most compressive magnitude. The corresponding explanation would demand
a similar approach than the one conducted for the roughing specimens, by means of assessing
the cutting force and temperature and the workpiece’s microstructure.

A final remark is noted regarding to the different material batches from which the
roughing and the finishing groups come from. Indeed, a comparison between the
metallographies of the Figure 5.4 and the Figure 5.6 shows that the manner in which the
carbides precipitated differs. Whereas they mainly appear on the grain boundaries for the
groups BFH and BFL, they are mostly dispersed inside the grains for the groups BRH and
BRL. However, these carbide arrangements are observed to be invariable along the depth.
Since the stress curves of the Figure 5.6 can be considered the same from the depth of 100 pm
on, at least the macrostresses show not to be impacted. Therefore, the difference is most likely
to be explained by the distinct batches of material from which they come. The further material
properties, such as grain size and elongation aspect and the chemical composition, are
consistently the same between the groups.

Overall, the results prove to comply with the machining experiment’s main goal. The
produced samples are separated by a large different and still characterized by opposite
residual stress states. The coexistent tensile and compressive database constitutes an adequate
input to the interaction analysis with a process of high impact to the lattice deformation of the
steel: the heat treatment.
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5.1.2 The Interaction between Soft Machining and Heat Treatment

In this first case study, the announced convergent experimental approach is fed by the
provision of parts with different residual stress states, as just described. The purpose of this
topic is to explore the surface integrity outcome of submitting these parts to the same heat
treatment process.

All the samples, from the roughing and the finishing process investigations, were then
simultaneously case hardened, through a cycle composed by gas carburizing, oil quenching
and tempering (Table 4.3). The results of the residual stress measurement along the depth,
corresponding to the a-Fe phase along the cutting direction, are shown in the Figure 5.7.
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Figure 5.7 - The different residual macrostress states induced after machining do not create
meaningful differences after the heat treatment.

The direct observation is that no meaningful differences can be identified among the
profiles of the treated samples. At the surface, the stress of the four parts varies within a short
range of 85 MPa. All the charts are then driven to an inflection point defined by a
compressive value between 250 MPa and 315 MPa. The following points show an oscillating
behavior, possibly representing an attempt for achieving the equilibrium principle, inside a

local boundary.
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In general, the main profile features fit to the conventional residual stress state of low-
alloy carbon steels after a case hardening process. The value over the surface, the peak
intensity and its depth converge with the outcomes of the survey of Parrish and Harper
(1985), based on residual stress measurements of 70 similar carburized steel alloys. From a
chain evolution perspective, the results are in agreement with the statement from Réti (2002).
The carbon content decreases the temperature in which the martensitic transformation starts. It
implies that the transformation evolution is from the core, whose carbon content is much
lower, outwards the surface. The martensitic transformation during the cooling cycle is
characterized by volume expansion and shear strain. Consequently, this carburizing
mechanism shifts the existing stresses to more negative magnitudes. This behavior was
observed with all the samples, as the roughing specimens assumed negative values and the
finishing ones became even more compressive.

The description above exposes the results proximity between the samples, both by the
intensity and by the profile’s shape. It highlights that, independent on the machining-induced
stresses, the heat treatment process delivers the same residual macrostress state. Formatting
the statement to the thesis’ objective, the effects of the processes’ interaction from the early
manufacturing stage are not reproduced on the final residual stress state. As described in the
state-of-the-art, this result was already claimed by the publications of Barsoum and Barsoum
(2009), Epp et al. (2011) and Navas et al. (2011). Nonetheless, none of them had
experimentally proved this reaction by specifically submitting parts with opposite stress states
to the same heat treatment.

Still, the interaction effect is to be observed for the overall surface integrity
characteristics. By analyzing residual macrostresses, the geometric distortion evolution must
be considered. For this purpose, the topography maps of the samples were configured to
separate regions of negative and positive values. They were respectively defined to be below
and above a reference average plan, which is determined by the least squares method. The
negative areas are identified with the black color in the images of the finishing specimens

before and after the heat treatment (Figure 5.8).
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Figure 5.8 — The distortion shape is an effect of the processes' interaction: the case of

machining compressive stresses, for the finishing specimens.

The images of the groups BFH and BFL illustrate the case in which the surface is
compressively stressed before the heat treatment. The stress state, depicted by Figure 5.8(a),
has the geometrical trend represented by the Figure 5.8(b). Within the entire case hardening
cycle, the first phase transformation occurs during the heating, when the existing structure is
austenitized. It is during this phase that the machining residual stress is relaxed, as shown by
the simulation chart of Denis et al. (2002), Figure 5.8. The relaxation is counterbalanced by
the surface displacement, and the distortion is formed. The balance drives the frame onto the
opposite shape of the former situation, as it is shown by the transition from the Figure 5.8(b)
to Figure 5.8(c). This mechanism, which follows the concept of the Almen intensity testing
(ALMEN; BLACK, 1963) is a satisfactory illustration to the topography measurements.

A same approach is applied to the roughing specimens, which are submitted to surface
tensile residual stresses by the machining process. Presenting an opposite stress state to the
one previously described, the corresponding consequence is an opposite distortion shape
(Figure 5.9). It must be observed that the machined surface had already a concave shape. That
was the deflection created by the combination of the tool force and the specimen design with
fixation points only at the extremities (Appendix B.2 Blocks for Sample Groups BRH,
BRM1, BRM2 and BRL). The distortion assessed after the heat treatment takes place,
however, along the transversal direction. This is the mostly like to deform due to its lower

length and hence lower moment of inertia.



108

Heating + Cooling: RS Evolution Machined > Heat Treated Ref
RS Relaxation %0 ; 90
& n :
N e Time [mm]

\

1
1
1
)

— = :
ST~ —————
i % 15 15
! — Core 00 0

v 0
v - - Surface
Picture: Denis et al. (2002) I 20 [

1. Austenitization start -2 Height [um] 2 -4 Height [um] 4
2. Martensitic transformation start
o /A : . Relaxation
= |~-BRH-—BRL]
9 |
S
1]
S -

Depth

Figure 5.9 — The distortion shape is an effect of the processes' interaction: the case of

machining tensile stresses, for the roughing specimens.

The conclusion out of the comparison between the roughing and the finishing
specimens highlights the first important aspect of the processes’ interaction. The shape of the
distortion is a direct result of the residual stress state prior to the heat treatment. It becomes a
relevant outcome for functional surfaces. If the surface is to be in contact with a matching part
by a centered and symmetric pattern, the convex form is desirable. The distortion following
this shape is hence to a certain amount tolerable. However, the same surface would not afford
a concave distortion shape. In this case, the machining setup must be designed to induce either
no residual stresses or compressive ones.

In addition to the shape, the topography maps enable also that the distortion is
quantitatively analyzed. Since the observed geometric deviations do not behave
symmetrically, the distortion was evaluated based on a volumetric approach. The total
volume, as the sum of the positive and the negative (absolute) magnitudes, was measured for
each sample at each manufacturing condition of this case study. The same described reference
plane is the basis for separating positive from negative values. With the interaction under the
spotlight, the evolution of the total volume was considered as the difference between the
machined and the heat treated conditions. The concepts are summarized by Equations (5.2)
and (5.3).
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VTOT :VPOS + [VNEG| (5-2)
AVTOT :VTETI' _VT'\(Q$C (5'3)
Where:

Vo - Total volume

Vs - POsitive volume

Ve : Negative volume

AV,q; : Volumetric variation between the analyzed manufacturing processes
V.21 @ Total volume of the heat treated surface

V,oa¢ : Total volume of the machined surface

The information about the volumetric variation brings the analysis back to the
objective of the thesis. The first research question searches for a factor from the previous
residual stress state that influences the final integrity state. The volumetric variation is then
taken as the base to identify a potential correlation.

That the distortion is a consequence from the initial residual stress state, several earlier
publications have already proved. On the other hand, it was not only the convergent approach
with initial opposite stress states that conferred originality to these results. The usual
correlation established in this purpose refers to the residual stress values assessed only over
the outer surface layer. This experimental scope can be found in the studies of Nowag, Solter
and Brinksmeier (2007), Klein and Eiffer (2010), and Brinksmeier et al. (2011). By
comparing the volumetric variation with the surface stress, it is possible to observe that the
usual relationship is not fully achievable for the results herein presented. In the case of the
roughing specimens, the group BRL has the highest surface residual stress, whereas its

distortion is about as half of the one of the group BRH (Figure 5.10).
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Figure 5.10 — The intensity of the distortion after the heat treatment follows the same trend

than the unstable area of residual stress from the machining process.

The outcomes of the Figure 5.8 and the Figure 5.9 highlighted the importance of the
sign of the surface residual stress over the surface. Likewise, the depicted treatment cycle
exposed the relaxation as a function of the initial existing stress state. In this direction, not
only the external stress value should be considered, but the entire region that leads to the same
distortion behavior. This means the depth extension to which the residual stress level is kept
under the same sign. For a relaxation consideration, the austenitizing turns it into an
unbalanced area, where the surface equilibrium is mostly disturbed. Mathematically, this area
is hereafter defined as the “Unstable Area of Residual Stress (UARS)”. It is from this part of
the material that the relaxation will define the distortion shape. The metric is calculated
simply as the absolute value of the integral of the residual stress profile. Its boundaries cover
from the depth of the equilibrium disturbance up to the end of the unstable area, Equation
(5.4). In this case, they respectively represent the outer surface and the depth point of the sign

inversion.

ZSTAB
[o!(2)dz

ZDIST

UARS = (5.4)

Where:
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UARS: Unstable Area of Residual Stress

o' : Residual macrostress

z: Depth

Zpst: Depth of the initial disturbance of residual stresses
Zstag: Depth of the end of the unstable area of residual stresses

This metric is used as a new attempt to correlate the machining residual stress to the
heat treatment distortion. Now, revisiting the Figure 5.9, even the roughing specimens respect
a proportional relationship. For all the samples, the largest UARS leads to the highest
volumetric variation. As a remark, unequal axis’ scales were intentionally applied for the
charts of the roughing and the finishing specimens. The specimens have meaningfully distinct
designs, and the distortion between them cannot therefore be compared.

Profiles with different rates from the surface stresses to the sign inversion are the clear
case in which the UARS overcomes the surface magnitude in importance to predict the
distortion intensity. The steeper gradient provided by the group BRH enabled to differentiate
the herein assessed data from the results hitherto published. On account of these findings, the
UARS can be defined as the interaction factor searched to influence the final integrity state.
The conclusion is so far valid for the first case study of the thesis. However, it becomes a

value to be investigated in the second case study, to be explored in the sequence.

5.1.3 Inducing Different Stress States through the Shot Peening

Face to the first discussed case study, the interaction analysis to be now presented
brings the confrontation of two different stages of the manufacturing chain. The next two
approached processes are not only at the end of the chain, but also both are in the same
condition of case hardening. Particularly to the first step of this analysis, the shot peening,
different assumptions are made for generating the input of this interaction. Differently than
for the machining, the residual stress profile from the shot peening is always compressive at
the first surface layers. Also, it never achieves its maximum value at the outer layer.

On the one hand, it has the complexity onto producing profiles with meaningful
differences for the maximum residual stress intensity. On the other hand, it provides the
opportunity of positioning this maximum value at distinct depth values. Consequently, other
depth profile magnitudes change, such as the area below the chart or the depth of

compression-tension transition. Possible different combinations allow the determination of
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which profile factors mostly influence the residual stress state after the following profile, as
stated by the first research question.

The five peened groups were produced by combinations of different media sizes and
coverage levels. The residual stress profiles were measured both along the tangential (® = 0°)
and the axial (@ = 90°) directions. The results for the a-Fe phase are shown in the Figure 5.11.
As a first observation, valid for all the groups, the results are barely the same when comparing
the both measured directions. The collision of the media against the surface causes radially
symmetric strains, in case the incident angle is exactly normal to the surface and the material
IS isotropic. Since this angle condition is not feasible for the process execution, the results

showed that the peening incident angle was low enough to not induce a textured surface.
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Figure 5.11 — Residual stress measurements on the peened samples on both axial and

tangential directions.

The groups were assessed also for each one of its constituent phases. Together, they
provided the value of the residual macrostress, according to the Equation (2.3). Individually,
they compose the input database for the microstructural connection to the residual stress
interaction. The results along the depth of the retained austenite content, as well as the
residual stress for both the a-Fe and y-Fe, are shown in the Figure 5.12. The stress results

refer to the axial direction, but as just discussed, are representative for both directions.
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Figure 5.12 — Steel phase approach for the residual stress state of the peened samples: retained
austenite fraction and the axial stress measurements on both phases.

For all the groups, the amount of retained austenite varies between 8% and 23%. The
largest oscillations are observed in the depth layers where the residual stress shows to be
mostly influenced by the shot peening, which occur up to a depth of 100 um. Within this
range, the larger the intensity of the induced residual stress is, the most reduced will be the
content of the retained austenite. The statement, observed by considering most of the groups,
was expected, and is in agreement with the review of Funatani (2002). The transformation of
the austenite in martensite is diffusionless, and enabled by shear stresses. It is based on the
balance of free energy between the phases to start the transformation into the respective
structures. This balance is altered by the deformation energy added to this system by the shot
peening. The required internal strain necessary to the martensitic transformation is lowered,
and the phenomenon can take place in a lower temperature. In a mechanism called as
deformation induced martensitic transformation (DIMT), the microstructure changes from a
face centered cubic structure to a body centered tetragonal frame. (SHIN; HA; CHANG,
2001). Hence, an intense peening energy is related to the reduced amount of retained austenite
(FUNATANI, 2002).

A difference in the stress levels between the phases is found within the same depth
range. For all the groups, the measurements in the a-Fe phase indicate a larger compressive

intensity. A potential explanation to the observation is based on the DIMT mechanism. With
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the deformation energy induced by the peening, part of the y-Fe content is transformed.
However, the non-transformed content could have already started the transformation
mechanism, and the partial transformation may have relaxed the residual stress intensity.
These results input the residual macrostress calculation, and a comparative analysis
along the axial direction is depicted in the Figure 5.13. The five groups created a database
with both the maximum compressive stress (peak) and its depth on distinct levels. The values
of these two depth profile factors for each group are also shown in the Figure 5.13. They

prove to achieve the peening experimental goal, as introduced by the Figure 5.1
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Figure 5.13 — Different depth profile features achieved with the residual macrostress profiles

of the peened pinions.

In a first approach, the groups are compared regarding to the depth of the maximum
residual stress. The results of peak depth were directly proportional to the media diameter.
The group G1P, set with a media diameter of 1.0 mm, has the deepest peak while the
shallowest ones are represented by the groups peened with 0.3 mm media (G3T and G3P).
The larger media characterizes a larger kinetic energy and thus a larger deformation energy. A
high energy magnitude is not only inducing a deeper peak but also pushing the point where
the stress stabilizes to a deeper level. The results match to the publications of Guagliano and
Vergani (2004), Hong, Ooi and Shaw (2008) and Rego, Gomes and Barros (2013). As a

common observation, the groups find stabilization around a depth of 200 um. The intensity,
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which is for all the groups around 300 MPa at 500 um, will move gradually towards a tensile
state up to the core, due to the equilibrium principle.

The shot peening state-of-the-art is not convergent when it comes to the influence of
the media size to the peak intensity. The discussion is whether the peak is increased or kept
constant with the enlargement of the media. Restricting the comparison to the single peening
treatments, the maximum intensity of groups G6T, G3T and G3P are reasonably similar,
although represented by different media classes. However, the peak of the group peened with
the largest media (G1P) is the one with the lowest maximum residual stress. The reason must
be especially related to the low coverage level. But since it assumes a lower peak than another
group with similar coverage (G3P), part of the explanation may also be related to the peening
machine concept. The samples of the group G1P were, due to technical specifications of the
available machines, the only to be peened by means of a wheel-type machine.

The comparison between the groups G6T and GDT demonstrates the actual effect of
the dual peening. The dual peened sample brings additional effects to the residual macrostress
profile only up to its maximum absolute value, about 30 um deep. Already from a depth of
50 um, both profiles merge and present the same trend. This effect is connected to the
explanation given to the media size influence to the peak depth. The second step media, which
is smaller (0.3 mm), has the function of homogenizing the residual stress induced. With this
diameter, its effect is limited to the first depth layers, as observed. The results meet the
expectation and are in agreement with the previous studies from Molzen and Hornbach (2000)
and Rego, Gomes and Barros (2013).

As a main conclusion, the peening experiments allowed the accomplishment of this
specific goal. An input database was produced with different depth profiles of residual stress.
These combinations of features compose the plan to determine which characteristics of the
residual stress state are mostly relevant to the surface integrity after the following
manufacturing step. Consequently, they drive the definitions for the setup of the second
process of this interaction analysis, the profile grinding.

5.1.4 The Interaction between Shot Peening and Grinding

Differently than the previous study case, this interaction involves a partial removal of

the surface layers examined after the first process. The topic starts with describing how the
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material removal had to be carefully monitored, so its effects could be considered negligible
to the peening comparative analysis.

The definition of the stock removal was based on the residual stress factors of intensity
and heterogeneity. For the definition of this grinding parameter, the first activity was to
mathematically represent the peened residual stress profiles. Each curve was represented by
two regression functions. These functions refer respectively to the two peening mechanisms
that induce the residual stress state. Over the first layer, the Hertzian stresses are the
predominant effect, followed in depth by a profile shape mostly defined by the stretching
effect (KRITZLER, WUBBENHORST, 2002). The used functions are based on the analytical
calculation published by Li et al. (1991) and Rego, Gomes and Barros (2013). The goodness-
of-fit for all the regressions were in average represented by a R? value of 94.5%. The results
are depicted in the left panel of the Figure 5.14.
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Figure 5.14 — Criteria to define the stock removal of 30 um.

The profile functions enabled the calculation of the residual macrostress integral, a
value defined by the area below the curve. The area is calculated from the curve value to a
constant intensity representing the residual stress at the depth where its magnitude is
stabilized (Zstag). This value does not mean that the stress is kept the same up to the core,
since the equilibrium principle will drive the profile to a tensile state at a certain depth. But it

symbolizes a region in which the change of stresses has a much reduced rate. The stabilization
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is defined by a rate calculated to be up to 2 MPa/pm. This threshold is depicted in the central
panel of the Figure 5.14, where the pronounced peaks are simply a mathematical resultant of
the depth where regression’s function is changed. The Zstag Was identified to be around
200 pm, which matches to the observation of the Figure 5.13. The residual stress integral is
then converted to a percentage value, in order to account the contribution of certain cumulated
layers to the total amount calculated. Considering the stabilization depth as 100%, the
cumulated integral value is plotted, as shown in the right panel of the Figure 5.14. The

cumulative integral of residual stresses (CIRS) is defined by the Equation (5.5).

ZSTAB

j o' (2)dz
CIRS=—— 2<Z0 (5.5)

j o' (2)dz

Where:
CIRS: Cumulative Integral of the Residual Stress profile
Zstag: Depth of stabilization

z: Normal direction to the surface (depth)

The stock removal (Zstock) was defined to be 30 um, based on the information of
both charts of the Figure 5.14, and with three justifications. At a first instance, this depth level
separates the groups in regard of the peak positioning. The value of 30 um is lower than the
peak depth of the G1P, higher than the peaks of G3T and G3P, and practically over the
maximum intensity depth from G6T and GDT. The adoption of this value goes towards the
verification of the peak depth as one of the residual stress intensity factors to the interaction
analysis. This value reflects, at a second aspect, also the cumulative integral of the residual
stress intensity. The shallower peaks achieve values close to 50% of the CIRS, while the
group G1P has not yet achieved 20%. The third reason binds both the first two described. The
selected depth registers the meeting of curves with different profile features. At 30 um, the
residual stress assumes almost the same intensity for the peened samples of G6T and G3T.

Already after the pre-grinding, and thus before the grinding process has started, the
peened gears received a second classification label, according to the tooth span (Wg). Within
a spread range of 12 um, four classes were defined and identified by a roman algorithm
(Table 5.1). The difference between the maximum and the minimum limits of the tooth span

are never higher than 5.0 um. Some of the classes have superposed ranges, since they were
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established to have at least one sample from each different peening group. After the pre-
grinding, this classification defined the second action taken to offset the distortion and to

characterize the grinding process as equally applied to the different samples.

Table 5.1 — Samples classification according to the tooth span measured after the pre-

grinding.
Class Tooth Span (W) [mm] Wy range
MIN MAX within the class [um]
I 34.878 34.883 5.0
1l 34.871 34.875 4.0
1l 34.876 34.880 4.0
\Y% 34.872 34.877 5.0

With the samples classified according to the peening treatment and the tooth span, the
profile grinding process was performed. The stock removal was equally applied to all the
pinions. This demanded to define individual tooth span values to the grinding setup, based on
the measurement of each specimen before grinding.

As the final action for controlling the grinding load, with the mindset to characterize
the process as the same for all the specimens, the grinding force was acquired. The load cell
provided the force on the three Cartesian directions. Since the load cell was fixed to the shaft,
only the axial direction (Fz) was always kept towards the same orientation. The radial
directions (Fx and Fy) varied according to the gear movement along the process, dictated by
the tooth gap being ground. The axial direction was therefore used as the reference to define
the region of the force analysis, when there was full engagement between the tool and the
flanks (Figure 5.15). For a comparison among all the teeth, the radial forces were analyzed
according to their absolute values. Based on the signal of the axial direction, it was possible to
determine the background values and to remove it respectively from the radial force curves.
Likewise applied for the machining analysis, an equivalent force based on the radial force
components was calculated, Equation (5.1). The analysis was individually performed for

every ground gap, as shown by the chart in the right top corner of the Figure 5.15.
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Figure 5.15 — The measured grinding force and the method for selecting the flanks for the

surface integrity analysis.

The selection of the flanks to be submitted to the surface integrity analysis was taken
from the calculated equivalent force. Within the force analysis range, the mean value was
considered to represent each flank. The results for all the teeth of one gear, from the five
peening treatments, and also defined as tooth span class Il (Table 5.1), are shown in the right
bottom chart of the Figure 5.15. An overall view of this chart justifies the execution of the
force measurement. Without this approach, the flanks selection would be taken randomly, and
the flanks representing the lowest and the highest force could be the chosen ones. In this case,
the mechanical load difference between the gears would be in the order of 25%. However, by
applying this selection criterion, it was possible to find at least one flank from each peening
treatment within a range of 1.0 N. This represents a difference of 4% and effective control to
isolate the grinding intrinsic deviations for the interaction analysis.

The selected flanks were finally assessed with the XRD method, following the same
procedure applied after the peening process. The depth profiles for the a-Fe and y-Fe phases,
together with the austenite content, are shown in the Figure 5.16.
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Figure 5.16 — Phase residual stresses and retained austenite fraction after the grinding process.

A glance at the different results of stresses recovers the base of the problem stated in
the introduction of this thesis. The groups’ samples were peened with distinct treatments and
then ground with the same conditions, defined and monitored. According to the state-of-the-
art, the residual stress optimization investigations are conducted without considering the
influence of the stress state before the analyzed process. With this mindset, the previous
surface would be negligible and the same grinding process would thus induce the same
residual stress state for all the groups. However, the results of the Figure 5.16 prove the
conclusion of the Figure 1.1 to be true. Especially observing the charts referring to the a-Fe
phase, the difference between the groups is clear and not limited to distinct intensities. The
profile shapes are also contrasting along the depth. The profiles from the G3T and the G3P
achieve their maximum compressive magnitude directly over the surface, as it would be
expected for a ground surface (BRINKSMEIER; GIWERZEW, 2005; SCHWIENBACHER,
2008; REIMANN, 2014). On the other hand, the other three groups are still shaped with a
subsurface peak, like the stress profiles after the shot peening process. This statement is better
perceived when computing the residual macrostress, in a comparative analysis between the

two different manufacturing steps of this interaction study (Figure 5.17).
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Figure 5.17 — The residual macrostress differs between the groups treated with different

peening conditions and the same grinding process.

In the chart of the Figure 5.17, the axial residual stress results of both manufacturing
steps are plotted along the same depth axis. With the information of the stock removal, there
should be understood that the first point of the dashed lines are the measurements done over
the outer surface of the ground samples, albeit laying on the axis depth level of around 30 pum.
This chart arrangement highlighted the meaningful influence of the previous process to the
final residual stress state. For the profiles of samples G3T and G3P, the ground stresses are
quite similar to the peened results. And for the first three groups (G1P, G6T and GDT), the
convergence takes place after the peak depth of the grinding profiles.

The different behavior between the groups motivated a detailed analysis towards the
goal of finding which profile features mostly drive the verified interaction influence. For this
purpose, the arrangement of the chart was once more changed, in order to individually
compare the stress states after each manufacturing step. Three groups were sorted to represent
all of the five treatments. A similar behavior enabled to jointly analyze G6T and GDT, as well
as G3T together with G3P. These three classified behaviors are respectively marked in the
Figure 5.17 with the colors black, gray and blue. The described individual approach is shown
in the Figure 5.18. Also in these charts, the peened profiles are plotted just starting from the
corresponding depth to the stock removal. Hence, the depth axis of the ground profiles at the

outer surface layer is aligned to the peened axis starting from the stock removal depth level.
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Figure 5.18 — The remaining area as the meaningful residual stress profile feature to influence

the interaction between shot peening and grinding.

In these comparative charts, the first observation has focus on the intensity difference
between the two manufacturing steps. A common phenomenon is observed on the three sorted
groups, which is an oscillation of the ground profile around the peened one. A larger intensity
change occurs over the outer layer of the surface, and the oscillation is gradually reduced
along the depth. It goes up to a point where the two curves are again convergent. The behavior
is an indication that the basic rule of residual stresses was respected: the equilibrium principle.
The stable condition after the shot peening was disturbed by the material removal, and the
oscillation is an evidence of the search for a new equilibrium point after the grinding process.

The three charts of the Figure 5.18 also display the difference between the sorted
groups. The new equilibrium depth finds its shallowest depth on the panel of the group G3T
and the group G3P, while the deepest point is characterized by the group G1P. This statement
can be seen as the consequence of the intensity change at the outer layers, simply defined as
the “Surface Equilibrium Disturbance”. The larger this disturbance is, the deeper will be the
new equilibrium point. The concept reveals a tightened relationship between the both case
studies under investigation. It is the once more the loss of the system stability that shows to
bring an answer to the interaction effect. While the disturbance for the machined samples was
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represented by a thermal load followed by phase transformation, it is now, for the peened
specimens, the mechanical removal of the stock material.

This inference takes the analysis onto the comprehension of the surface disturbance.
For this purpose, the UARS metric is recalled from the first case study and applied to the
peened gears, Equation (5.4). The regression functions of the peened residual stress profiles
are here useful. The UARS is for this case calculated on the remaining area of the peening
curves, which is extended from the stock removal depth up to the stabilization depth (Zstag).
For this second case study, the unstable area appears as the remaining area of residual
stresses. Analogously, the depth of the initial disturbance (Zpst) is the grinding stock depth.

The application of the UARS value shows exactly the same trend as the surface
equilibrium disturbance. As shown in the Figure 5.18, the highest UARS value refers to the
G1P and the lowest to the G3T and G3P. The statement validates a quantitative representation
of the interaction effect for a manufacturing chain sequentially composed by the shot peening
and the grinding processes.

Summarizing the latest drawn connections, the unstable area proportionally disturbs
the equilibrium, which directly drives its new depth point. This observation goes in the
direction of the first research question, of finding the parameters from the previous process
that interact with the following one. Moreover, it defines a parameter from the first process
that proves to be similarly applicable for both case studies. Differently, the impact to the heat
treated samples is the geometric distortion and for the ground gears is the residual stress state
itself.

The hitherto presented results indicate that the UARS value appears to be the most
suitable answer to the question. But even the distinct effects that the interaction promotes to
each case study open an opportunity to further comprehension of the phenomenon. Therefore,

it is required a physical explanation to certify the reliability of the established connection.

5.1.5 A Physical Model to the Residual Macrostress Interaction

A description of the influence of the residual macrostress interaction to the final
surface integrity brought as outcomes the geometric distortion and the change in the residual
stress state. In both cases, the UARS value showed to be the main driver to the results after
the second process. A fundamental approach to these statements outlines the following points:

1. Distortion and stress refer to displacement and force. The bond between them

forms the basis of the mechanical energy conception.
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2. The unit of the UARS, calculated in this case as N/mm, is a metric of stiffness.

A raw observation to the combination of the two exposed points recalls the early
potential energy model proposed by Heyn (1914). Based on springs, the model aimed at
physically explaining the event of residual stresses. In this model (top of Figure 5.19), a
symmetric component is represented by a cross section, where the surface is positioned at the
section’s extremities and the core over its center. For the given example, this part is submitted
to surface compressive residual stresses. Hence, the model is composed by springs under
compression at the extremities. The spring model matches the residual stress behavior exactly
by its equilibrium principle. Consequently, a central spring under tension balances the existent
compressive energy coming from the surface. The herein presented study proposes that this
model should be considered in a derivative approach, to such a degree that the surface is
represented by several layers (bottom of Figure 5.19). Each layer has its specific stiffness,
corresponding to the residual stress integral of the respective depth range. It is important to
highlight that the layers are represented by an equivalent energy to the unique spring from the
model of Heyn. Due to this reason, it is referred as the “Equivalent layers model” (ELM).
Analogously to the model of Heyn, the ELM keeps respecting the equilibrium, since the total
energy of the part is still nil.
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Figure 5.19 — Springs model to describe the residual stress behavior: model of Heyn (1914)
and the proposed adaptation of equivalent layers (ELM).



125

The reason for the derivative approach of the ELM is comprehended when considering
the second manufacturing process of each case study. Respectively, the phase transformation
and the stock removal act as an external source for disturbing the equilibrium. The machined
layer under the same sign and the stock material are then taken as the outer layer of the
Equivalent Layers Model. The completion of the disturbing manufacturing processes
represent the extraction of the external spring. The Figure 5.20 analyzes the extraction effect
for two scenarios, each one with a different UARS. The model for both the scenarios starts
with a stable system, represented by the surface after the machining or after the shot peening
process. This stability is lost together with the surface phase transformation and the stock
removal, respectively. The system will thus search for a new equilibrium state, and at this
point, the two scenarios differ. The higher UARS means a higher stored energy, symbolized
in the first scenario by more compressed springs. The intensity of the stored energy is

proportional to its release, and therefore to the system disturbance.

released

|

UARS, > UARS, = §,>35,

Figure 5.20 — The unstable area of residual stress (UARS) as the driving factor to the residual
stress interaction. The larger is the UARS, the larger will be the surface equilibrium

disturbance.

The Figure 5.20 illustrates the mechanism by comparing the disturbance by through
the “6” symbol. As a first impression, it may take the reader to an exclusive perception of
distortion as the outcome of the equilibrium disturbance. Indeed, the surface distortion is one
possibility to reflect the release of the stored energy after the loss of stability, as it was
observed after the heat treatment process. However, dealing with the model of springs also
open the possibility of reflecting this release of energy on the residual stress state itself. That

was the reaction observed for the interaction between the shot peening and the grinding. The



126

measurement of the tooth span (W) after the grinding did not confirm a statistical difference
when running a hypothesis test between the sorted groups (P-value = 0,566). A slight trend is
actually pointed out to this direction, but the data dispersion hinders the validation.

The potential energy model of a spring is composed by its stiffness (k) and the
displacement (3), herein read as the distortion. If there was no clear difference from the
distortion assessment, then the release of the stored energy should have been converted in a
change of the stiffness. This statement drives the analysis finally back to the UARS metric.
The stiffness represents the internal stress state and its change will be the disturbance on the

residual stress intensity (Figure 5.21).
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Figure 5.21 — The release of the stored potential energy converts the disturbance in distortion

and/or internal stress change.

It is supposed that the disturbance mechanism is determinant on the definition whether
the energy is released as geometric or stress change. During the heat treatment, there is no
physical obstacle to hold the surface material displacement. For the grinding, however, the
same wheel that disturbs the equilibrium also works as a load support. It removes the surface
degrees of freedom to a certain magnitude, hindering the surface to freely move. This restraint
favors the disturbance to be converted to a change in the residual stress state.

Considering the second case study, the expected residual stress introduced by the
grinding is lower than the actual peening one (BRINKSMEIER; GIWERZEW, 2005;
SCHWIENBACHER, 2008; REIMANN, 2014). Hence, this stored energy tend to be relaxed
and the disturbance is initially moved towards the tensile state, as observed in all the charts of
the Figure 5.18.

The explained model brings a physical meaning to the observed results, enhancing the

robustness of the drawn conclusions. The findings meet the goal of the first research question,
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by characterizing the UARS as the intensity factor of the previous residual stress state with
the largest influence on the profile after the final process. How the change is distributed
between distortion and residual stresses for different manufacturing interactions, it consists of

an outlook of this study.

5.1.6 Summary

The first research question established a goal of identifying factors from the residual
macrostress state along the manufacturing chain that influences the final integrity state.
Through two case studies, different factors composing the stress depth profile could be
examined. The machining process was used to create residual stresses of opposite signs. The
monitoring of the mechanical and thermal loads supported the selection of the appropriate
process design for the analysis. Due to the compressive nature of the stresses induced by shot
peening, the generated profiles of the second case study were set to provide distinct
combinations of intensity and depth level. If the furnace temperature homogeneity had to be
assessed for the case hardening, the grinding control was certified by a selective definition of
the investigated gear flanks according to the measured cutting forces.

On the one hand, surfaces compressively or tensely stressed by the machining are
characterized by the same residual stress state after the heat treatment process. The phase
transformation of the austenitizing phase promotes a complete relaxation of the existing
stresses. On the other hand, the application of the same grinding conditions was not enough to
provide a unique residual stress profile. The clear influence of the shot peening rectifies the
introduction’s statement that the intermediate process cannot be neglected to the final
integrity state.

By means of the machined opposite stresses, the interaction proves to be significant to
another property of the surface: the geometric distortion. The previous stress state drives the
shape and the intensity of the surface displacement. Confronting the state-of-the-art, the
results show that not only the residual stress of the outer layer promotes this effect. The heat
treated distortion is a function of the entire area before the transition to the opposite stress
state. The finding established the metric defined as the Unstable Area of Residual Stresses
(UARS). It represents mathematically the area below the residual stress profile along the
region of equilibrium disturbance. The value is also valid to determine changes in the residual
stress profile itself. Calculated for the peened state, the UARS correlates well with the

magnitude of the surface equilibrium disturbance after the grinding.
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The effect on both the distortion and the stresses indicated a physical model to explain
the interaction mechanism. An adaptation of the classic residual stress model of springs is
proposed to consider a derivative approach. Each depth layer is represented by a spring with a
specific stiffness, according to an equivalent layers model (ELM). The disturbance of the
surface symbolizes the removal of one of these springs. In the presented case studies, the
removal was featured by phase transformation and by material removal. The stored energy
coming from the previous process, quantified by the UARS, is proportional to the surface
modifications on the final integrity state. The changes are developed either as distortion or as
a variation of the residual stresses.

The unstable area of residual stresses appears as the main answer for the first research
question. It motivates future studies on the compromise between the affected distortion and
stresses on different manufacturing chains. Finally, it encourages the exploration of the
deviations of the mean and macro stresses for the interaction perspective. The role of this

residual stress heterogeneity in-between the processes is the content of the following topic.

5.2 Residual Stress Heterogeneity: Assessment and its Influence

The first chapter of results demonstrated the influence, the most important factor and
the mechanisms driving the residual stress interaction under the stress intensity perspective.
The concern is now taken to a statistical approach, in which these stress profiles cannot be
assumed to be constant across the surface. The focus is now over the deviations of the residual
stresses, its heterogeneity state. The present chapter starts with the development of a feasible
to method to assess the residual stress heterogeneity. The validated method is then applied to
the two case studies, in order to verify whether and how the surface heterogeneity can

influence the process interaction.

5.2.1 Local Residual Stress Deviations

The challenge of inducing compressive residual stresses is not restricted to the
manufacturing feasibility of increasing the intensity to the desired level. The high variability
observed on the measured values is a daily fact faced by the industry. The statement can be

quantified by the scatterplot chart previously introduced in the Figure 1.1. The variability of



129

the manufacturing processes, an irregular material microstructure and the measurement
equipment’s intrinsic errors can contribute to such a poor repeatability level. Also among
these potential reasons, the measurement method must be considered. In most cases of the
mechanical industry, the residual stresses state is determined by means of XRD (LU, 2002;
LAW; LUZIN, 2011). The XRD measurement spot is, commonly for gears applications, in
the order of a 1-3 mm diameter circle. The size relationship between the spot and the

heterogeneity state can bring two consequences (Figure 5.22):

1. Punctual feature: the spot is too small compared to the local deviations. The
measurement is performed over a position that may not reproduce the stress
variations along the entire surface.

2. Mean value: the spot is too large compared to the local deviations. The
assessed residual stress is represented by one averaged value inside the spot.
The measured value is, additionally, an average of the microstructural stress

level.
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Figure 5.22 — The large variability of macro RS is also influenced by its heterogeneity state.

The studies of Valiorgue et al. (2012) and Zhan, Jiang and Ji (2013) support the
discussed concern. They show how wide the stress distribution can be, respectively for

machining and shot peening. Moreover, this wide stress distribution can be functionally
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critical to a surface, since the measurement results may hide the appearance of tensile stresses.
It represents a warning since tensile stresses can appear in an average compressive state, as
already highlighted by Hu et al. (2009) and Nedin and Vatulyan (2013). They finally lead to
the conclusion that the conventional mean, macro and punctual residual stress analysis may
provide an incomplete comprehension of a component’s fatigue life prediction. Despite to the
highlight given by these publications to the heterogeneity stress state, an experimental
assessment methodology was not investigated.

As an alternative, the solution for the punctual evaluation issue would be delivered by
the creation of a residual stress map. That would be possible if a matrix with several surface
points on each depth layer is set for the measurements. Possible, but quite not feasible at the
industrial scenario. The procedure at each point is highly time-consuming, thus not affordable.
Furthermore, it does not bring information regarding the microstructural level of stress. The
interpretation of the stress deviations at the microstructure defines a second alternative,
through the quantification of residual stress in each steel phase. This method allows
identifying how different the stress states are between the material phases (HAUK, 1997).
However, it is neither covering a representative area for assessing the surface nor providing
the deviation level for evaluating the heterogeneity at each phase.

The exposed disadvantages leave a gap to which an alternative is herein explored. As
reviewed in the topic 2.2.3, the residual stress state is classified from macro to microstresses
into three levels, depending on the domain size of analysis. Starting from a macro level, the
subsequent microstress levels are defined as a deviation from the respective previous level. It
is under this perspective that the hypothesis for a new analysis method is established: the
residual stress heterogeneity state can be assessed through the intensity of its lower levels, the
residual microstresses. These last, as described in the following topic, can be quantified
through the broadening of the diffraction curves (Figure 5.22). It means that most part of the
data is already provided by the residual macrostress measurement. Consequently, if the
proposal is validated, it represents a feasible assessment solution even within industrial
constraints.

This approach of linking the residual macrostress heterogeneity to the intensity of the
microstresses was however not yet explored. The microstress analysis is usually applied with
the focus of investigating work hardening intensity and dislocations density (PANGBORN,
WEISSMAN, KRAMER, 1981; RUUD, 2002). The topic is still motivated by the outcomes
of the earlier publications from Mittemeijer (1983) and Delhez, De Keijser and Mittemeijer

(1987). They call the attention to the importance of the residual microstresses to the fatigue
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performance, but without connecting them to the deviations of the residual macrostress state.
The relevance of localized stresses to the fatigue behavior was recently reinforced by the
state-of-the-art review of Lunt et al. (2015) and the study of Lopenhaus (2015).

5.2.2 The Proposal of a Feasible Assessment Method

The objective explored in this topic is the definition of a feasible method for
evaluating the heterogeneity state of the residual stresses induced by processes of the gear
manufacturing chain. The main goal is to correlate the macrostress deviations with the
microstresses assessed through the XRD curves’ broadening analysis.

The XRD technique’s outcome is a curve relating the detected X-Ray intensity along
the diffracted angle (20) values. For the calculation of the residual macrostress, the 26 value
regarding to the peak of the diffracted curve is searched. The calculation is dependent on the
difference of this 20 value between different grains’ lattice orientations (V) inside the material
(CULLITY, 1978; LU, 2002; RUUD, 2002). The diffracted profiles still provide more
information than the peak position. The broadening of these profiles is the key-parameter for
the assessment of the residual microstresses (DELHEZ, DE KENSER, MITTEMEIER,
1987). From a generic signal treatment perspective, the broadening can be seen as the product
of several adjacent peaks of unequal intensities (Figure 5.22). This supports the hypothesis of
binding the residual microstress with the heterogeneity of the residual macrostresses.

The broadening analysis, often named as “Line Profile Analysis”, finds its simplest
approach with the concept of the Full Width at the Half Maximum (FWHM). It is determined
by the width of the diffracted curve at the intensity given by the half of the maximum
intensity detected. Although allowing a quick and practical analysis, it has two meaningful
limitations. Since it is a value coming from a single line, it may not differentiate effects such
as asymmetry, a multimodal profile or different profile shapes. Additionally, it cannot directly
refer to the microstrain. The material’s particles size dispersion and the instrumental
systematic errors are further significant influences on the diffracted profile width
(MITTEMEWER, 1983; GENZEL, 1997).

According to the Line Profile Analysis (LPA), the different procedures for isolating
the individual influences are classified as the Fourier-Space and the Real-Space methods. The
assumption according to these concepts is that the overlap between these effects is
mathematically represented by convoluted functions. The desired analysis curve (f(x)) is the

deconvolution of the measured profile (h(x)) from the profile that defines the instrumental
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effects and the X-Ray wavelength distribution (g(x)). Analogously, the desired profile is the
convolution from the material size dispersion and from the residual microstrain contribution.
As part of the Real-Space methods, it is assumed that the measured profile represents a Voigt
function, which is the convolution of the Cauchy (Lorentz) and the Gaussian distributions.
Respectively, these probability functions describe the material size dispersion and the
microstrain influence (LANGFORD, 1978; DELHEZ, DE KEIJSER, MITTEMENER, 1987,
GENZEL, 1997).

The analytical procedure for conducting the deconvolution of the Voigt function
characterizes the Real-Space methods. For each probability function, they are based on the
calculation of the integral breadth, a concept defined as the profile area divided by its
maximum height, Equation (5.6). The integral breadths for the Cauchy and Gauss functions
are determined following the empiric Equations (5.7) and (5.8) (DELHEZ, DE KEIJSER,
MITTEMENER, 1987).

20,

j 1 (26)d 26
B= Zgil— (5.6)
be _ 2.027 —0.4803 x (Z—Wj —1.7756 x (Z—WJ (5.7)
B B B
s _ 0.6420 +1.4187 x [Z_W _ EJ 22043« [Z_Wj +1.8706 x (2_""} (5.8)
B B B B
Where:

p . Integral breadth
BL: Cauchy integral breadth of the measured profile

B2 Gauss integral breadth of the measured profile

I: Diffracted intensity
Imax: Maximum diffracted intensity
20.

Initial diffracted angle for the LPA
26, Initial diffracted angle for the LPA

2w Full Width at the Half Maximum (FWHM)
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The separated integral breadth values can be then used in the Equations (5.9) and
(5.10) for removing the effects of the instrumental systematic errors (LANGFORD, 1978;
DELHEZ, DE KEIJSER, MITTEMENER, 1987; GENZEL, 1997).

B =P~ (5.9)
(Be) =(pa) - (s2) (5.10)
Where:

B. : Cauchy integral breadth of the desired profile
B4 : Gauss integral breadth of the desired profile
J: Cauchy integral breadth of the instrumental calibration profile

§ : Gauss integral breadth of the instrumental calibration profile

The utilization of an analytical procedure simplifies the solution for assessing the
microstress state. It was therefore the herein selected method for the proposal for feasibly
assessing the residual macrostress heterogeneity. Despite of its straightforward nature, it must
be conducted through rigorous boundary conditions. Firstly, the calibration profile is raised
over a standard specimen certified to be without residual stresses. This data must be collected
at each new setup of the diffractometer, which includes the procedure for sampling the
different material phases. Both measured and calibration curves are then submitted to a signal
treatment. The background level, the initial (26;) and the final (20;) diffraction angles (tail
ends) as well as the ka-2 parameters must be defined and equally applied to all the data. That
allows the required profile symmetry that supports the Voigt theorem (DELHEZ, DE
KEIJSER, MITTEMENER, 1987). This procedure was applied to all of the measured ‘¥-
angles, in order to increase the chance of gathering more local deviations. The procedure was
calculated for each depth layer and each evaluation direction. The high amount of data
required the development of a routine to apply the entire procedure for each sample. The
outlined steps are the basis of the proposal that aims at calculating the residual microstress

parameters (Figure 5.23).
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Figure 5.23 — Main steps composing the developed method and its application routine.

5.2.3 Method Validation

The validation of the proposal is established in the correlation between the macrostress
heterogeneity and the microstress intensity. The database for the correlation is composed by
topography measurements, and residual macrostress maps built by means of the XRD
technique. Each technique is applied for identifying how uniform the surface state is. The
described microstress assessment method is then utilized for defining a broadening parameter
to reproduce the surface heterogeneity. The results’ interpretation is supported by the integrity
verification over and underneath the surface.

The specimens of the second case study, the pinions of the FZG-C gear model, were
used for the validation. The three first peening groups (G1P, G6T and GDT) were the selected
treatments for the experiments (Table 4.4). The process parameters defined for differentiating
the stress state were essentially the media diameter and the coverage level. The different
media diameters were simultaneously considered by the application of a single or a dual
peening process. A decreased coverage creates a higher heterogeneity state, and the dual
peening process produces a more homogeneous surface (MOLZEN; HORNBACH, 2000;
REGO; GOMES; BARROS, 2013; ZHAN; JIANG; JI, 2013).

The topography maps of the three distinct peening treatments are shown in the maps of
the Figure 5.24. The map of the group G1P exhibits larger rounded regions, corresponding to

the larger media indentation. And the observation of GDT points out to a larger amount of
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points in the highest values of the height scale. These points are also characterized by smaller
individual areas. This is the outcome of the second step’s glass beads, which are able to
deform the peaks created during the first peening step.

The subjective perception was not converted in quantitative results in a straight way.
Since the peaks are in a high number, it was not a height or a functional roughness parameter
but a frequency value that could quantify this behavior. This was identified when the surfaces
were evaluated from a peak density perspective. The peak density value is representing the
amount of points over the total area corresponding to the 5% highest values of the height
scale. The bars chart of the Figure 5.24 demonstrates the increasing trend from group G1P to
group GDT. The lower density values indicate that the peaks are sparse and the respective

surface is thus more heterogeneous.
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Figure 5.24 — Topography analysis of the gears produced with different shot peening
configurations.

The existing difference between the group G1P and group G6T can be further
explained by the distinct peening coverage levels. The valleys area is not the same for the
three groups, therefore it does not demand the density assessment. With the support of the
topography maps’ scale, the valley depth was determined as a fixed common distance of 2.5
pum from the peaks height. At this level, the area of each sample was collected (Figure 5.24).

The higher value of valleys area intensity presented by the group G1P is the representation of
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the plastification produced by a larger media diameter. Both results come in the direction of
the expectation. The peaks are better distributed and the total profile height is lower when
coming from the group GDT to the group G1P.

The topography results indicate the expected heterogeneity behavior, but it must be
still proved through measuring the deviations of the residual stress state. For this purpose,
collimators with different diameters were used for comparing the effect of the distribution of
local stresses across the surface. The selection of the collimator size defines the measurement
spot diameter. The mapping was planned in such a way that seven fields of 1 mm diameter
would fit inside a 3 mm diameter spot (Figure 5.25). The fields’ disposition plotted against a
topography image confirmed this purpose. The smaller spot was small enough for registering
different surface profiles between them. And the large spot was including all these surface

deviations. The residual stress mapping was conducted only over the outer surface layer.
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Figure 5.25 — Residual macrostress maps, the variation bar chart and a scatterplot indicate that

the heterogeneity state increase from group GDT to group G1P.

For each sample, the results of the smaller spot measurements were plotted as a
contour chart, according to the fields’ positioning (Figure 5.25). The maps were built over a
linear interpolation between the center positions of the seven measured points. The charts
were defined not over the same scale intensity. But over the same scale range of 200 MPa,

symmetrically distributed over the center value of each group. This was determined in order
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to compare the residual stress variation between the three groups. The contour maps indicate
that the surface state of group G1P is the most heterogeneous. Both the amount of contour
lines and the colors difference are more highlighted in this group than in G6T and GDT.

This difference between the last two groups was lastly revealed by the examination of
each mean value. As a weighted analysis, the total stress variation was divided by the
respective mean value of each group. The weighted variation values are illustrated with a bars
chart, Figure 5.25. A decreasing trend is observed from G1P to GDT. It shows that, as
expected (MOLZEN; HORNBACH, 2000; REGO; GOMES; BARROS, 2013; ZHAN;
JIANG; JI, 2013), the heterogeneity of the residual stress state is continuously increasing from
the group GDT to the group G1P.

The Figure 5.25 still compares a scatterplot with the measurements from the different
spot diameters. Besides the scatterplot of the smaller spot, three replications of the 3 mm spot
diameter are represented by a point with an error bar. Even repeating the procedure with the
larger collimator, it cannot cover all the variations indicated by the smaller one. It
demonstrates how the punctual evaluation is limited regarding to reproducing the deviations
of the residual stress state. The explanation for the difference between the mean values
generated by each spot size may lay on the influence of the surface curvature to the height
positioning of the collimator. All the charts of this figure report to the tangential direction of
the measurements, but they reflect as well the behavior of the axial direction.

For the depth profile measurements of the macro and the microstresses, only the
collimator that defines the 3 mm diameter spot was used. The same data acquired for the
macrostresses were herein considered as input for the application of the proposed method.
They were complemented by the calibration files, used for removing the equipment’s
systematic errors. The expectation was to find a parameter from the deconvoluted Gauss
profile, which describes the influence from the microstrain. And the most suitable results
came with the Gauss integral breadth. Based on the relationship between the diffraction
profile area and its maximum intensity, this value was calculated by considering the average
of all the measured grain orientation angles (V). Within the proposed interpretation, the
higher this parameter is, the more heterogeneous the residual macrostress state is.

The Gauss integral breadth profile along the depth is exhibited in the Figure 5.26. Up
to a depth of 50 um, the values match the confirmed heterogeneity state order: the minimum
value is represented by the dual peened group (GDT); the maximum value, by the group
peened with the larger media and lower coverage (G1P). The first profile’s point presents a

smaller magnitude difference, possibly due to the sensitivity of the diffracted profiles to



138

roughness, impurities and other surface preparation aspects. After the depth of 50 um, the
residual stress state is not anymore majorly driven by the peening process, as observed with
the profile of residual macrostresses (Figure 5.13). For these reasons, the searched effect is

concentrated in a range defined as the “Peening zone”, over both charts of the Figure 5.26.
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Figure 5.26 — The Gauss integral breadth matches the previous analyses and the order of the
RS heterogeneity state, indicating a more reliable result than the FWHM.

The Figure 5.26 also comprises the results of the FWHM value. Its scatter inside the
peening zone is meaningfully smaller than for the Gauss integral breadth. This is confirmed
with the lower FWHM difference between the groups, demonstrated with percentage values
through an example at the depth of 30 um. Moreover, the relationship between the two
comparative values of both parameters is not proportional. The two FWHM percentage values
shown are in the order of more than the double-size (2.3% and 4.7%). The same relationship
for the Gauss integral breadth is about 60%. These relationships vary along the peening zone
and there is never a direct proportion between these both profile parameters. It indicates that
the Gaussian parameter is adequately isolating other effects that broaden the profile, as
proposed by Langford (1978), Delhez, De Keijser and Mittemeijer (1987) and Genzel (1997).

Even isolated the microstrain effects, other material and surface properties rather than
the residual macrostress heterogeneity could lead to the diffraction line broadening. That

would happen for the existence of microcracks, in the case of textured materials or due to
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different work hardening effects. These three effects are now discussed for verifying the
hypothesis herein proposed.

The studies of Kim, Cheong, and Noguchi (2013) and Hassani-Gangaraj et al. (2014)
alert to the possibility of microcracks appearance due to severe shot peening parameters. The
open space created by cracks redistributes the local residual stresses and therefore influences
the diffraction broadening analysis. Both surface and the depth profiles were thus investigated
in order to verify the existence of microcracks. The results for each one of the groups are
depicted by the optical microscopy and SEM analysis of the Figure 5.27. No microcracks
were observed over and underneath the surface, and this influence can be eliminated from the
interpretation of the microstress analysis. Some black dots were observed on the sample’s
surface of the group GDT. They are residual material from the glass beads of the second
peening step. This effect may not influence the broadening analysis, since the measurements
are related to the respective diffraction angle of each steel phase. In any case, they would be
not altering more than the results of the first depth layer. On this concern, the depth profile

pictures show no meaningful difference between the groups.
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Figure 5.27 — Metallographic and SEM analyses revealed no microcracks; the microhardness
results do not match with the micro RS analysis; Results support the study’s hypothesis.

The depth profile images of Figure 5.27 show a conventional plate-martensitic
structure of case hardened steels (SVERDLIN; NESS, 1997; BRAMFITT; BENSCOTER,
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2002). The random disposal of the plates does not indicate the preferred grain orientation that
characterizes textured materials. According to Perlovich, Isaenkova and Fesenko (2010), the
texture should be also identified with distinct values of FWHM towards different azimuthal
angular direction (®). The measurements conducted for the three groups on axial and
tangential directions (® = 0° and @ = 90°) presented very similar FWHM results. Between
these directions, the difference was mostly below 1% and never exceeded the value of 2%.

Analogously, the broadening could be a major consequence of the work hardening
effect (PANGBORN, 1981; RUUD, 2002). In this case, it should be expected that the highest
compressive residual stresses would lead to the highest values of FWHM or integral breadth
(KIM et al., 2005; SOADY et al., 2013). However, the comparison between the results of the
Figure 5.16 and Figure 5.26 indicates that the highest compressive stresses are linked to the
smallest profile broadening values. Additionally, when revising that the groups G6T and GDT
were produced with similar parameters and Almen intensity levels, being the group GDT
distinguished by a second and low-intense peening step. These observations are finally
supported by the results of microhardness measurements, as depicted in the right panel of the
Figure 5.27. The microhardness profiles do not follow the same trend shown with the
parameters of the line broadening analysis. It shows that the line broadening is not here
exclusively influenced by the work hardening effect.

The isolation of these three potential factors becomes additional evidence towards the
validation of the relationship between the residual macrostress heterogeneity and the residual
microstress intensity. It is suggested that this relationship was not previously reported, since
the FWHM is the most usual parameter for describing the diffraction profiles. With such
small differences, as depicted in the Figure 5.26, either the differences were not observed or
the conclusions were not statistically possible.

The results of this topic turn the Gauss integral breadth the residual microstress
parameter that can be correlated to the residual macrostress heterogeneity state. Despite of the
positive results, the method was validated according to the same material conditions. It is not
yet possible to state whether the correlation would be valid also for different materials
simultaneously compared. The particular microstructural arrangement, the volume and the
strain properties of each material phase would also actuate as influences for broadening the
diffraction profiles.

The validation conducted through the pinions was concentrated on the material and on
the surface properties of the analyzed parts. The proposed approach is then applied for

supporting a better understanding of the role of the residual stress heterogeneity for fatigue
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failures. A Two-Discs fatigue contact test procedure was used for evaluating the parts’
lifetime. The test is designed to enable the tested discs to be correlated to gears. The
specimens were 42 mm diameter discs with a width of 18 mm. Produced out of a steel alloy
16MnCr5, they were equally machined and heat treated, but submitted to different grinding
process parameters. Two groups of specimens were ground both through two steps, a
roughing and a finishing process. The discs identified as “A” were produced with higher
grinding speeds than the ones designated for the “B” specimens. The procedure consisted of
an angular speed of 3000 rpm, a slippage of 28% and a normal force corresponding to a
Hertzian pressure of 2500 MPa. The test interruption criterion was the appearance of contact
fatigue failure modes (TOBIE; MATT, 2012). Each grinding group was tested a total of three
times. In parallel to the fatigue tests, the residual stress was analyzed along the depth with the
same equipment and procedure from the peened gears’ investigation.

An illustration of the specimens, an enlarged view of the contact fatigue failure, the
grinding parameters and the average fatigue lifetime appear in the Figure 5.28. In the left
panel of the Figure 5.28, the results of the residual macrostresses measured along the depth on
the a-phase are displayed. These results were already provided by a recent study of WZL
(BRECHER; BRUMM; GRESCHERT, 2014), and then used as database for the method
validation. The selected collimator was the one for a 2 mm diameter measurement spot. This
conventional residual stress analysis points out to a conflict. The expectation is that a part
with higher compressive residual stresses leads to a better fatigue performance. However, it is
possible to see that the specimens “A”, which had earlier fatigue failures, are actually

submitted to a more compressive stress state than the specimens “B”.
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Figure 5.28 — The fatigue results of ground discs conflict with the expected behavior of the
residual macrostresses. A potential explanation is given with the RS heterogeneity, by means

of the Gauss integral breadth.

The mentioned conflict motivated the application of the validated model to this case. It
was again the Gauss integral breadth that provided a potential explanation. The values of the
Gauss integral breadth of the specimens “A” are definitely higher from the depth of about
15 um, Figure 5.28. Following the conclusion of the validation investigation, it is indicating
that the residual stress state of the specimens “A” is more heterogeneous than the one of the
Specimens “B”. The conclusion is coherent when analyzing the grinding parameters of each
group. The higher grinding speeds represent a more severe treatment to the surface, which
cannot behave within such a uniform stress pattern. As a consequence, despite of having a
more compressive mean stress state, its higher deviations might have probably led to the
deleterious fatigue behavior.

The mean difference of 8.4% between the specimens regarding to the Gauss integral
breadth may not initially seem high. However, the studies of Batista et al. (2000), Xie, Jiang
and Ji (2011) and Vielma, Llaneza and Belzunce (2014) show that a delta of about 10%
regarding to integral breadth or microstrain can describe very different surface integrity states.
This statement is reinforced by the results of the same order observed with the peened gears,
during the validation analyses. In the same direction of the peened gears’ evaluation, an
analogous conclusion might not be possible with a FWHM analysis. By means of it, the

relative difference is only of 2.8% in average along the depth, again at a 15 um deep layer,
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starting from surface. The smaller difference indicates that not only the residual microstresses
broadened the diffracted curves. This comparison is an additional motivation for the
application of the proposed method.

In summary, the results highlight the importance of assessing the heterogeneity state
for an enhanced comprehension of the residual stress role in the fatigue strength. The method
IS not proposed as to overcome the importance of the residual macrostress intensity to the part
lifetime. It appears as a statistical complement in order to add deviation information to the
mean value provided by the XRD measurement.

As an outlook for this specific study, which was published as Klocke et al. (2016), it is
planned a robustness enhancement model. Since these initial results presented a positive
trend, additional mathematical developments can be implemented, such as the Fourier-Space

procedure for the effects’ deconvolution.

5.2.4 The Interaction between Soft Machining and Heat Treatment

The validation of the demonstrated method represented as well the feasibility of
including the heterogeneity state in the residual stress interaction analysis. This topic covers
the application of the method on the early manufacturing stage, where the machining and the
heat treatment processes are investigated. It will not only be explored according its
heterogeneity meaning. Since the Gauss integral breadth is a parameter related to residual
microstresses, the collected results will also be used to support the comprehension of effects
observed within local boundaries.

The same data generated for the machining macrostress discussion is taken into the
developed routine to calculate the induced microstresses. The Gauss integral breadth was
calculated for each machined sample, and the results are plotted along the depth in the
Figure 5.29.
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Figure 5.29 — The Gauss integral breadth along the depth for the groups after milling.

The chart indicates that no meaningful differences exist among the roughing
specimens nor among the finishing parts. On the other hand, the distinction between these two
is noticeable over the first two layers. Out of this comparison, it is once more the depth of cut
that shows to play an important role to the stress state. Contrary to the directional focus given
to the macrostress analysis, these results must be understood as the overall effects captured by
the XRD inside the measurement region. Considering the measured area has an area of 4 mm
by 4 mm, the measurements of both the roughing and the finishing samples certainly included
more than one milling pass. The topography maps of the Figure 5.30 expose the surface
difference induced by the axial depth of cut, quantified by a comparison between their
corresponding roughness metrics. The lower a, set for the groups BFH and BFL promoted a
larger superposing effect of the passes. After one pass was concluded, the tool movement was
small enough to cover a meaningful area of the previous pass. The opposite outcome is
observed on the surface of the groups BRH and BRL, in which a pronounced separation of the
passes appears as product of the larger a,.
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Figure 5.30 — Results and literature converging to the influence of the depth of cut on the

heterogeneity state of residual stresses.

The passes’ isolation exposes the deformation profile variation created by the tool into

one pass, and thus the residual stress heterogeneity pattern. The topography analysis alone

does not fully express the residual stress state, since the machining has also a thermal stress

origin. But it works as evidence to connect the thesis to further publications’ results

considering all the load sources from the machining. The simulations of Valiorgue et al.

(2012), summarized in the Figure 5.30, clearly display the residual stress deviations generated

by sequential passes of a turning process. This is the same phenomenon that may explain the

Gauss integral breadth results herein obtained.

For the interaction analysis, the stated differences between the groups are an

achievement of the goal to produce distinct input database for the second process. The same

samples were taken to the heat treatment cycle, and the depth profile of the Gauss integral

breadth is presented in the Figure 5.31.
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Figure 5.31 — The Gauss integral breadth along the depth after the heat treatment process.

Following the rationale behind the results of the residual macrostress, a complete
relaxation during the heating should also equalize the microstresses. Contrarily, two groups of
samples differ, being the finishing specimens now the owner of the largest Gauss integral
breadth.

If the expected interaction should be a function of the machining process, three
observations are outlined in contrast to this expectation. Firstly, the microstress difference
remains up to the last assessed depth point, of around 200 um. As shown by the Figure 5.5
and the Figure 5.29, the effects of the conducted machining experiments were likely to induce
meaningful changes to the integrity up to a depth of approximately 50 pum. A second aspect is
taken when assessing the microhardness profile after the heat treatment (Figure 5.32). This
chart exhibits that, such as for the microstress profile, the finishing groups (BFH and BFL)
and the roughing groups (groups BRH and BRL) are separated, in a trend that extends up to
deep levels. These first two points raise some indications to manufacturing processes even
before the machining. It takes then the analysis to the third remark. As stated earlier, although
ordered and verified to be from the same chemical composition (Attachment
“C.1 Blocks, SAE 8620”), the finishing and the roughing groups come from two different
material batches, respectively.
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Figure 5.32 — The microhardness after the heat treatment and the microstructure before it

reveal the reason for the different microstresses of the hardened samples.

The three presented statements recall the microstructural difference observed before
the heat treatment in the topic of the machining macrostresses (5.1.1). Observing the images
at higher magnifications (1000X), the structural difference between the two groups is
highlighted (Figure 5.32). For the specimens of the groups BFH and BFL, the carbides are
precipitated mainly on the grain boundaries, in an arrangement named as “network carbides”.
Differently, the structure referring to the groups BRH and BRL comprises carbides dispersed
mainly inside the grains.

The hardness of the carbides itself is higher than the martensite-austenite matrix where
it resides (Parrish, 1999). According to Bramfitt and Hingwe (2002) and Przylecka et al.
(2008), the network arrangement reduces the potential for the redissolution of the carbides
during the heating cycle. These remaining network carbides result in a brittle and hard
structure. The hardness effect is not only reinforced by Lampman (2002) but it also shows to
match the microhardness measured on the treated samples. The groups with the network
carbides prior to the case hardening are also characterized by the harder surface layers in the
Figure 5.32.

As discussed during the validation of the heterogeneity assessment method, the Gauss
integral breadth can also influenced by the work hardening effect (PANGBORN, 1981;
RUUD, 2002). Additionally, Parrish (1999) states that large differences between the carbide
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and the matrix induce large microstresses after quenching. Brought to this comparison, a
dispersed carbide arrangement creates a better distribution of residual stresses inside the
lattice, and thus a smaller heterogeneity state. The combination of this information connects
back the microstress results to the microstructural examination. The samples with the network
carbides are exactly the one with the larger Gauss integral breadth.

The microhardness difference, such as the carbides precipitation, is observed along the
entire analyzed depth range. Moreover, the manner how the carbides precipitate is primarily
dependent on the austenitizing time and on the subsequent cooling rate (PARRISH, 1999;
ERICSSON, 2002b). It is hence possible to affirm that the separation between the groups at
the microstress assessment is not a direct influence of the milling. Also, a microstructural
inhomogeneity that is not erased by the case hardening is not an exclusive role from carbides.
The same effect was already observed in the case of banded structures by Navas et al. (2011).

Revisiting the second research question, the experimental scope was designed to verify
the role of the heterogeneity on the interaction in-between the processes. The machining was
not the generator of the different input states, but the interaction hypothesis proves to be valid.
A heterogeneous feature certainly coming before the heat treatment promotes a change in its
residual stress state. Adding an even more special constituent, the change is not noticed by
means of the conventional macrostress assessment, but by the microstress analysis. The effect
inference at an early stage of the manufacturing chain consists of an additional motivation to

investigate the interaction at a late stage, as presented in the next topic.

5.2.5 The Interaction between Shot Peening and Grinding

Considering the intensity factors of the residual stress state, the topic 5.1.4 proved the
interaction effect between shot peening and grinding. A driven factor was indicated and
explained by means of the stored energy level of the springs’ model. The interaction is now
investigated, by verifying the influence of the heterogeneity state of the peening residual
stresses to the integrity of the ground surface. The validated assessment method brings this
analysis to a micro level, requiring the connection to further examination on a similar domain
size.

The first three peening groups (G1P, G6T and GDT) were previously explored during
the heterogeneity method validation. With the positive outcome from these preliminary
results, the method was hence extended to the groups G3T and G3P. The residual microstress

metric is simultaneously plotted for all of the groups in the Figure 5.33.
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Figure 5.33 — The Gauss integral breadth along the depth for the groups after shot peening.

Two main observations can be taken out of the chart of the Figure 5.33, by the
introduction of the groups peened with the smaller media (G3T and G3P). Firstly, following
the macrostress results, the largest effects of the just mentioned groups are visible in a
shallower range. Their lower media diameter brings the earlier defined “Peening Zone” from
a maximum depth of 50 pum to 30 pm. Therefore, it is within this depth range that the
conclusions about the heterogeneity of these two groups are drawn.

The second aspect refers to the comparison among the two added groups. They allow,
for the first time, that only the influence of the coverage level can be analyzed. The only
difference between them is that the group G3T was peened with 98% coverage against a level
of 70% for the group G3P. As expected, the lower the coverage is, the larger the heterogeneity
will be. The statement is reflected on the just defined depth range of the chart in the Figure
5.33, in which the Gauss integral breadth of the group G3P shows to be approximately 14%
larger than the group G3T.

The media size influence can be discussed when now considering these two groups in
a comparative analysis to the other three. Fixing the coverage to individual levels of 70% and
98%, contrasting diameter scenarios are exposed. The group G1P shows a higher Gauss
integral breadth than the group G3P, whereas the same value is larger for the group G6T,
taking as basis the group G3T. In both cases, the larger diameter is responsible for the higher

heterogeneity state. The result is coherent, since the larger diameter induces higher plastic
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deformation in the surface. Also, highly compressed areas must be, according to the residual
stress equilibrium principle, balanced by an equivalent tensile region. These both stress
extremities are increased, extending the deviations and increasing the heterogeneity.

Finally, the diameter of 0.3 mm could still be taken for comparing the dual and the
single peening processes, respectively groups GDT and G3T. In this case, the dual peening
has a previous step with a larger diameter and, even though, it has the least heterogeneity
state. The function of the smaller media for the dual peening is indeed to homogenize the
surface generated by the first step. When the second-step media collides against the surface, it
finds already a highly compressed state. Its role is thus extracting further deformation
potential, by inducing stresses in the regions that can still be strain hardened. The result is a
closer stress intensity between the neighboring areas across the surface. In an analogy to the
machined surface, the second step exerts the function of a superposed milling pass.

The observed differences enable the five groups to be fed in the heterogeneity residual
stress interaction analysis. All the groups were submitted to profile grinding and their
respective values of the Gauss integral breadth are displayed in the Figure 5.34. Likewise the
intensity interaction analysis, the result allows to confirm the basic statement of this thesis.
Would the previous processes not be meaningful to the final integrity state, the residual
microstresses should be the same after the grinding. However, the difference between the

largest and the smallest values on the first subsurface layers of the Figure 5.34 is in the order
of 23%.
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Figure 5.34 — The Gauss integral breadth along the depth for the groups after grinding.
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Differently than the approach assumed for the stress intensity, the heterogeneity
interaction analysis has to be locally performed. This means a comparison over compatible
depth levels between the two manufacturing steps. The compatibility is defined by the
grinding stock removal of 30 pum, and the defined “Peening Zone” must be considered.
Hence, the Gauss integral breadth of the peened surface between 30 pm and 50 pm is
compared to the same value of the ground surface from the outer layer to a depth of 20 pm.

The influence of the interaction is seen within a limited boundary. It requires that the
five groups are separated into two classes, one containing the three largest and the other
containing the two smallest peening media sizes. Recalling the peened profiles at a depth level
of 50 pm (Figure 5.33), a class with the 0.3 mm media diameter groups (G3T and G3P) is
detached from the other class, in which the further groups behave similarly. When now using
this separation to observe the ground profiles (Figure 5.34), the compatible depth around
20 pm provides a convergent outcome. Also the groups G3T and G3P have the largest Gauss
integral breadth, while the smallest ones appear for the groups G1P, G6T and GDT.

In a direct comparison between the groups of each isolated class, however, common
trends are not observed. The statement defines that the sensitivity of the interaction to the
heterogeneity factor is less intense than for the intensity of the residual stress. Larger
differences in the previous stress state are necessary to reflect the result out of the final
surface.

An attempt to collect more information for the comprehension of this partial influence
brings the analysis to the outer layer of the ground samples. Whereas at least four ground
groups are characterized by almost the same surface value, the compatible depth of 30 pum
(Zstock) on the peened profile provides more distinct results. It indicates that the stress
alteration between the two manufacturing steps occurred as different ways for each group.
Following the potential energy model, a residual stress change must be analyzed
simultaneously to distortion, geometric deviations. In this case, the geometric deviation has to
be consistent with the residual microstress domain. It signifies the size of a grain or less than
that. The microstructure of the ground specimens is, analogously to the presented peened
ones, composed by a predominant martensitic phase, and partially by retained austenite. The
martensitic phase is in the form of plates, as seen in the Figure 5.35. The martensite plates can
be used to approximately derive the grain size, since its growth is limited to the boundaries of
its former austenitic grain (SVERDLIN; NESS, 1997; BRAMFITT; BENSCOTER, 2002).
The same figure shows that the grain size, and hence the geometric level to examine the

distortion, is less than 9 pum.
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Figure 5.35 — The residual microstress of the peened surface influences the roughness after

the grinding process.

The derived size was the hint to observe the results of roughness from the ground
specimens, as shown by the profile extraction of the Figure 5.35. The same figure contains a
boxplot with the measurements of five profiles over three teeth from each group. Once more,
contrasting to the sate-of-the-art, the same grinding process was not enough to provide the
same surface characteristics. More than different, the trends observed in this boxplot converge
with the Gauss integral breadth at the mentioned depth of 30 um (Zstock) on the peened
surfaces. The statement brings the discussion back to the interaction analysis. The hypothesis
that connects the latest observations is that the microstress from the peened surface was
partially relieved as local deviations, generating some direct influence on the roughness of the
ground samples. This argumentation is based on the mechanism of local equilibrium.
Immediately after a grain from the grinding wheel ploughs the surface, the local contact
elastic stresses are relieved. Together with them, some residual stresses in the domain of the
crystal lattice are also relaxed, on a search for the very local equilibrium. This additional
material movement is supposed to influence the formation of the roughness features, which
are in the same order of size. The alignment between the data is clear .But the influence is not
major, since the observed roughness differences are minor for an approach of the absolute

values.
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Overall, the heterogeneity showed to influence the interaction between shot peening
and grinding, although with sensitivity restrictions. Moreover, an effect on the grinding
roughness can be connected to the heterogeneity of the shot peening process. This is certainly
only a preliminary conclusion. It provides a motivation to apply the interaction analysis with
considering the heat treatment as the first process. The steps of one treatment cycle could be
changed to verify both the influence of residual stresses and the grain size dispersion. If
confirmed to further processes, this concept consists of an additional directive to design the
manufacturing chain when the roughness quality is a major product requirement. The control
of the heterogeneity state before the analyzed process would be then turned in one more
variable to support the control of the roughness afterwards.

5.2.6 Summary

The potential large dispersion of the residual stress state motivates the investigation on
how the deviations depend on the manufacturing chain. The residual stress heterogeneity,
under the spotlight of the second research question, was approached for the same two case
studies examined for the stress intensity interaction. Described along this topic, they were still
preceded by the development of a method to feasibly assess the heterogeneity state.

Within industrial constraints, the conventional approach to the XRD technique
delivers a punctual and averaged measurement of residual stresses. It does not allow the
proper representation of the residual stress state, exposing the demand for a method of
assessing the residual stress heterogeneity state. For this purpose, a method was developed
with basis on the relationship between the deviation of the residual macrostress and the
intensity of the microstress. The shot peened gears were used for the validation, being their
microstresses assessed by means of the diffraction profiles broadening. The reference
database was composed by topography measurements, metallographic analyses and residual
macrostress maps. The stress heterogeneity was reasonably correlated to the intensity of the
Gauss integral breadth. Applied to ground discs, the correlation’s parameter filled a
comprehension gap between the measured residual stress intensity and observed contact
fatigue failures. By using the same macrostress measurement data, the method proved to be
feasibly applied.

The utilization of the method to the machined surfaces revealed the high influence of
the depth of cut. Especially over the first surface layers, the roughing specimens were

characterized by a more heterogeneous state. Likewise the phenomenon observed for the
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macrostresses, these microstresses are relieved during the austenitizing process. The
machining heterogeneity influence is hence not observed after the heat treatment cycle. A
difference on the heterogeneity state of the hardened samples is, however, observed along the
entire analyzed depth range. The identification of different carbide arrangements between the
finishing and the roughing samples bring the difference explanation to a process even before
the milling. Although not being a reflection of the machining process, the evidence of the
interaction effect is observed. The residual stress heterogeneity state proves to be dependent
on the manufacturing chain prior to the heat treatment itself.

For the second case study, the method confirmed the expectation in which the larger
media size and the coverage level induce a more heterogeneous stress state. After the grinding
process, the microstress level of the gears showed to create a difference of up to 23%. The
interaction effect is identified, although the influence from the shot peening is not
straightforward. The trend after the peening is indeed brought to the ground condition, but just
after separating the groups with the 0.3 mm media size from the larger media groups. On the
other hand, no separation was necessary to observe a relationship to the roughness after
grinding. The peening microstress level at the grinding stock depth is directly proportional to
the roughness after the grinding. It is supposed that immediately after a grain from the
grinding wheel ploughs the surface, the local contact elastic stresses are relieved. Together
with them, some residual stresses in the domain of the crystal lattice are also relaxed, on a
search for the very local equilibrium.

The exploration of the heterogeneity state consists of a powerful tool to enhance the
manufacturing control and the comprehension of the fatigue performance. Its role to the
process interaction transcends the residual stress state itself. It shows to provide connections
to both the microstructure and to the surface roughness of the neighboring processes in the

manufacturing chain.

5.3 The Interaction’s Relevance to the Fatigue Behavior

The two previous main topics described the importance of the manufacturing chain to
the final surface integrity. In different domains, the effects were observed in distinct

magnitudes. Recalling the introduction of the thesis, a meaningful motivation to conduct this
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investigation is the possibility of providing an enhanced comprehension of influence of the
surface integrity on the durability performance.

The mapped interaction effects of intensity and heterogeneity of residual stress can
now be assessed under the fatigue perspective. The last topic of this chapter starts with a
descriptive content of the results coming out of the contact fatigue tests. Later, the damage
concept is examined regarding to the cracks formation and to its morphology evolution.
Finally, all this information is analyzed as a holistic approach considering the outcomes of the

residual stress interaction analysis.

5.3.1 Contact Fatigue Performance of the Different Manufacturing Chains

The running behavior investigation of the five groups was done by means of a low-
cycle fatigue test procedure. It was represented by the application of the highest torque level
according to the standard DIN ISO 14635-1 (DIN, 2006). The lifetime results are displayed
by their mean values in the Figure 5.36, followed by the respective manufacturing processes
of the interaction analysis. The dispersion of the group samples is identified by a MRE equal
to the standard deviation. From a direct observation of the chart, the first and most important
conclusion is the existent difference in the lifetime between the samples. The result converges
with the basic statement introduced by this thesis. The control of the final process of a
manufacturing chain is not sufficient to predict the surface integrity state and, in this case, the
fatigue strength. The difference between the longest and the shortest lifetime is about 68%.
And even when considering the results’ scatter, it is possible to identify different orders of

lifetime between the groups.
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Figure 5.36 — Mean lifetime results of the different manufacturing chains.

Considering the distinct scatter intensity between the groups, a probability approach
was taken to verify the mentioned initial observations. The Weibull extreme value distribution
was the statistical function selected for the description of the fatigue performance. This
function is capable of effectively describing very different lifetimes and it is especially used
in the probability assessment of early failures (LECHNER, NAUNHEIMER, 1999;
MCEVILY, 2002).

The Weibull approach requires ranking the samples within a same group, regarding to
their lifetime result. Percentage levels of failure probability are assigned for this ranking, also
considering the sample size of the group. This relation is described by the Equation (5-11)
(HOHN, 2010).

F =100 *(Lj (5.11)

n+1

Where:
F: Failure probability in %
i: Lifetime ranking, with i = 1 for the shortest lifetime

n: Sample size
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The failure probability is taken together with the corresponding lifetime to compose
the Weibull diagram, as a bi-logarithmic chart. The plotted points are used to extract a
regression line, according to the Least-Squares method. The point where this regression line
crosses the failure probability level of 50% defines the parameter LCso. This parameter is used
to define the test result, enabling the comparative analysis of the fatigue performance (HOHN,
2010). The limit of 50% is a countermeasure to offset the high scatter of a small sample size,
which reduces the reliability of low and high failure probability levels (MAUCH; ZENNER,
1999). This procedure was applied to the previously presented results, and the Weibull
diagram, followed by the LCs results, is shown in the Figure 5.37.
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Figure 5.37 — Statistical approach to the fatigue results through the Weibull distribution

method.

With the Weibull approach, the sequence of results, coming from the most to the least
durable group, is kept the same than the one from the Figure 5.36. The previously described
difference between the longest and the shortest lifetime has a slight increase from 68% to
71%. These conclusions support the statement of the existence of different fatigue behaviors
between the groups, although manufactured with the same final process. Whether these results
are compatible to the mapped residual stress states, it is still required to identify the failure

mechanism in detail. This investigation is the content of the following topic.



158

5.3.2 Damage Morphology Analysis

In order to verify the relationship of the durability performance with the residual stress
interaction outcomes, the failed surface is examined inside this topic. Face to the controversial
terminology from the literature, the failure will be in a first instance described as “damage”.
The investigation covers the damage morphology, using its geometric features to identify its
origin and evolution along the time.

The initial approach to the damage concerns its aspect and how it progresses along the
time. The first change to the surface is characterized by the appearance of small portions of
material removed along a line in the bottom of the flank, close to the transition to the root. In
a first evolution stage, the amount of small damages grows along this line, almost fulfilling
the entire tooth width extension. The increased appearance of the small removed portions
joins them into a larger damage, which grows towards the pitch line. The lead crowning
promotes a higher contact pressure at the tooth width center, where the enlargement
mechanism is thus concentrated. In the last stage, the damage enlargement quickly overcomes
the failure criterion. Due to the stochastic influence of the several influences to the failure
creation, the evolution is not simultaneous for all the pinion’s teeth. Therefore, the sequence
of images representing the evolution observed along the inspections comes from different
teeth (Figure 5.38, left). On these pictures, the damage was highlighted by the liquid penetrant

testing.
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Figure 5.38 — Damage evolution along the fatigue test.

The evolution on the same flank was also monitored, by means of the measurement of
the damaged surfaces reproduced by replicas extracted at the regular inspections. Out of the
tested five groups, the procedure was applied to three of them, representing the three different
classes of residual macrostress observed in the Figure 5.18. Both the volume and the
maximum depth of the damage are analyzed along the running time (Figure 5.38). The goal of
analyzing the evolution requested the first chart point to be plotted for the first inspection
when a damage appears. They are hence not aligned according to the running time since the
test had started. The last point refers always to the moment when the failure is characterized.
With exception to the group G1P, the damage was monitored by three steps along the test.
The charts show results for teeth inspected twice or three times up to the failure, taken from
the best produced replica of each gear group.

The evolution rate shows a pattern that can be seen for both the volume and the depth
measurements. The final stage is identified by an accelerated growth, in which the damage
achieves the failure criterion in less than one million cycles. The previous features to the final
stage are almost invariant, defined by a depth of approximately 50 um and a volume around
0.1 mm3. The described characteristics are observed for all the monitored teeth, independent
on how many inspections composed the database. For the profiles with three inspections, the

interval between the first and the second points shows a minor increase, when compared to
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the final stage. Had the first inspection taken place earlier, the twice monitored teeth would
probably behave similarly to the three-inspection teeth.

The observations lead to two main conclusions. Firstly, the analogous results between
the groups indicate that the residual stress state, and thus the interaction between the
processes, has no significant influence on the late damage evolution. That means that the
conventional final damage depth measurement does not explain the surface integrity state for
every failure mode mechanism. As a second aspect, it requires that the investigation focus is
moved to much earlier damage phases, such as the initiation and the primary propagation of
the cracks.

For a further morphological comprehension, both the beginning and the final damage’s
status are compared to published results of tooth flank contact fatigue. Similar aspects are
found when taking shot peening investigations as reference. In a first observation, the small
removed portions aligned in the bottom of the flanks are also shown in the publications of
Batista and Dias (2000), Guagliano, Riva and Guidetti (2002) and Lv, Lei and Sun (2015).
Nevertheless, the most important outcome is extracted by their comparative observations
between peened and unpeened flanks. While the peened gears are characterized by the small
damages, the unpeened ones show large portions of material suddenly removed, featured by a
V-shaped area (Figure 5.39). This damage, described as not only wider but also deeper, is
definitely different from the failed surface observed along the tests of the present
investigation. It is indeed reasonable to match the thesis’ results to the publications’ peened

samples.
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Figure 5.39 — The damage morphology found at this investigation is similar to the one from

peened surfaces referred in the literature.

The authors of the referred articles assign the damage features solely to the final
manufacturing process. The assignment creates then a conflict to the damage match between
the publications and the thesis, whose gears are not only peened but later ground. The conflict
is the key for the two conclusions out of this analysis. As shown along the present study, the
tested gears still keep a residual macrostress state that is typical from shot peening, whereas
its roughness pattern characterizes the grinding process. It is thus the first conclusion that it is
not the peening treatment that defines the failed surface, but actually the final integrity state
induced. The second statement is a consequence from the first, but it is brought to the
perspective of the answer for this research question. Considering the surface integrity state as
a combination of residual stress and roughness, the failure is an effect of the interaction
between the processes and not only from the final manufacturing step.

As shown by the analysis of the Figure 5.38, the last damage evolution step is much
accelerated by the uneven developed surface, hiding the original mechanisms of the damage’s
creation. Therefore, further evidences of the interaction relevance to the pinion lifetime were
researched through the investigation of the beginning of the fatigue mechanism. After
submitting the samples to a liquid penetrant testing, the position for making the section cut
was defined. The samples were taken to a metallographic analysis, in which the fatigue cracks

could be identified. The several captured images were compared to a review of the literature
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on the initiation and propagation of rolling contact fatigue cracks. With this basis, the
suggested explanation for the crack mechanism developed in the pinions of the thesis is

organized in the Figure 5.40.
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Figure 5.40 — The crack is subsurface-originated, propagates outwards the surface and when
the opposite extremity finally collapses, the material is removed.

At a first stage, some material random inhomogeneities, such as structural flaws, slip
planes, grain boundaries and mainly non-metallic inclusions, create a local stress
concentration (MURAKAMI, 2002). The applied stress profile of a gear tooth flank usually
finds its maximum magnitude beneath the surface, due to the contribution of the rolling force.
The concentrators located at this region are the first presenting a trend to join, forming
microcracks. They unify by coalescence and it is then with a parallel orientation to the surface
that the crack shortly propagates. This is stimulated by the shear applied stresses and defined
as the crack propagation mode I1. This mechanism is not kept for a long time, since the crack
will search for a lower energy propagation path, offered by the opening mode. Also defined as
the crack propagation mode 1, it takes the crack towards the surface, as the second stage of
this mechanism.

These first two described steps are the basis for the definition of a subsurface-initiated
crack. It is in accordance to the concepts published by McEvilly (2002), Ding and Rieger
(2003) and Raje and Sadeghi (2008), although being a typically controversial topic among
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researchers. However, in addition to the captured image with a subsurface crack in the right
top of the Figure 5.40, two other evidences support the suggested explanation:

1. Although in a short extension, the cracks have a subsurface region oriented
parallel to the surface, which indicates the shear propagation mode (DING;
RIEGER, 2003; RAJE; SADEGHI, 2008);

2. The necessary energy to propagate under the opening mode is largely inferior
to the one for the shear mode. As an overall physical phenomenon, the nature
always searches for the lowest energy course. Thus, a shear crack mode is
mostly like to become an opening one than the contrary way (POOK, 1994;
MILLER; BROWN; YATES, 1999; ALFREDSSON, 2000).

At the moment when the crack achieves the surface, the opposite extremity overcomes
the critical intensity factor (K,c), defining the crack critical length. An uncontrolled crack
growth is expected and it takes the crack to the branching effect labeled as the third stage in
this mechanism (GLODEZ; WINTER; STUWE, 1997; ALFREDSSON, 2000; ABERSEK;
FLASKER, 2004). A fourth and final stage, which removes the material portion, takes place
in a mechanism called as ligament collapse. Rather than crack propagation, it is formed by the
collapse of material in the crack tip ligament regions (DING; GEAR, 2009). Previous cracks
from the bifurcation of the third stage are still able to propagate under the opening crack
mode. Their growth promotes further removal of material, gradually increasing the damage
size in the direction of the pitch circle (left and right bottom images of the Figure 5.40).

With the understanding of the mechanism initiation, the cracks were characterized by
means of the measurement of their depth. The same groups investigated for the damage
evolution (G1P, GDT and G3P) are herein analyzed. For each group, teeth were observed in
the microscope up to the point when there were identified ten cracks according to the
explained mechanism. An image with some measurements, as well as a boxplot compiling the
results, is displayed in the Figure 5.41. The criterion for defining the crack’s depth is the

region where a flat geometry, though short, is observed.
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Figure 5.41 — The depth of the crack initiation is 10 um in average.

A minor difference is observed, for which the group G1P produced the shallowest
cracks, whereas the group G3P the deepest ones. Statistically, the only proved depth
difference is between G1P and G3P (P-value = 0.009). As an overall result, the cracks can be
most probably found around a depth of 10 um from the surface.

The registered depth is slightly smaller than the ones published in previous articles. As
an example, the study of Ding and Gear (2009) showed an initiation depth of 46 um to the
same Hertzian pressure contact here applied. For the mentioned publication, however, the
failure took place around the pitch diameter, whereas the damages of this study are closer to
the transition flank-root. In this region, the contribution of the rolling to the balance of forces
is reduced, moving the depth of the maximum stresses outwards the surface. The reasons for
the damage appearance on the observed region are not only related to the residual stress state.
Among other factors, they depend on the material, the gear geometry and the applied load
level, being beyond the scope of this thesis. The important statement from the metallographic
analysis was to determine the crack initiation depth in this case. The information is a key-
connection to the mapped residual stress states, which is to be explored at the forthcoming

topic.
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5.3.3 The Overall Phenomenological Interpretation

Along the first two parts of the chapter 5, the residual stress state was discussed in a
macro and a micro level. Gears produced out of the investigated manufacturing treatments
were submitted to fatigue tests, whose results were just presented. Up to this point, the only
stated role of the processes interaction to the fatigue behavior is concerning the damage
morphology. On the search for a more complete answer to the third research question, this
topic recovers the residual stress results that support fulfilling the gap for the fatigue tests
outcomes.

The first observation holds the discussion around the crack’s depth, by bringing back
to the spotlight the residual macrostress measured after the grinding process. This depth level
covers both the crack initiation as well as its initial propagation stage, since it grows parallel
to the surface. The postponement and the retardation at this stage potentially represent an
improvement of the load capacity (MITSUBAYASHI; MIYATA; AIHARA, 1994; OLVER,
2005). The average crack depth result of 10 um was then taken to highlight the residual

macrostress intensity at this profile point (Figure 5.42).
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Figure 5.42 — A correlation is observed between the part lifetime and the residual stress
intensity at the depth of the cracks' initiation.
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With the concept that more compressive residual stresses induce a fatigue strength
enhancement, the stress states show a good match to the lifetime results (LCsg) achieved. The
two groups with the most compressive residual stresses bear respectively the longest lifetimes,
whereas the worst performance is associated to the less compressive stress state. The
sequence divergence appears only to the groups G3T and G3P. Nonetheless, they present very
close results for both the stress state and the fatigue performance. In order to quantify the
observed convergence, the tested lifetime was now plotted against the residual macrostress
level measured at a depth of 10 pm (Figure 5.42). The goodness-of-fit, represented by a R?
value of 84%, indicates a reasonable relationship.

In the context of this thesis, the correlation between the residual stress level and the
fatigue performance is not yet the most important inference. It is actually the holistic
comprehension that the lifetime is a direct outcome from a specific depth level, which was
shown to be highly dependent on the shot peening residual stress state. In other words, the
magnitude of the R? value characterizes the importance of the role of the residual stress
interaction to the fatigue behavior.

Additionally, the result drives the analysis to a recurrent discussion within the gear
industry: the demand for an optimal residual stress state. It is here important to verify that the
most compressive residual stress intensity belongs to different groups along the depth profile.
The fatigue assessment does not come from the groups’ comparison on the outer surface, over
the peak nor from the intensity at the final damage depth. The correlation is closely linked to
the failure mechanism, which, in this case, was evaluated under only one torque level and one
gear geometry condition. Consequently, the concept of unique optimal residual stress state is
not attainable. The three mentioned factors must be combined, with the aid of the fracture
mechanics theory, to provide a specific optimal residual stress state to each application.

The failure mechanism seems also to be influenced by the shape of the residual stress
depth profile. This interpretation is an attempt to understand the crack depth difference
previously observed between the groups. Onto this goal, the same residual stress chart is
highlighted between the crack initiation depth and the following layers. It was also rotated in

90° to couple the visualization of the surface reference with the cracks’ images (Figure 5.43).
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Figure 5.43 — The cracks' initiation depth is possibly influenced by the transition behavior of

the residual stress along the depth.

Arrows were drawn over the chart to indicate the alteration rate of the stress intensity
along the depth. By comparing it to the cracks depth boxplot of the Figure 5.41, it is possible
to observe that the only group with an increasing rate (G1P) has also the shallowest
mechanism initiation. Analogously, the other two groups present similar decreasing rates and
similar cracks depth mean. It is even not too much to recognize that the group G3P joins the
highest depth mean and the highest decreasing rate towards the core.

The statement goes in agreement with the thesis of Alfredsson (2000). Although
studying surface-initiated cracks, it showed that compressive residual stresses lead to a
reduction on the crack’s propagation angle, concentrating it close to the surface. Brought to
the present investigations, a higher decreasing rate can be understood as a favorable condition
to initiate the crack deeper. Also, the rate is an indication of the inverted sequence of stress
intensities at higher depth levels. At a depth of 50 um, the group G1P is already the most
compressive stress state, while the group G3P assumes the least compressive position. This
difference sequence classification is yet reinforcing the statement of an optimal residual stress
state to be closely connected to the failure mode.

The drawn conclusion of a reasonable match between the fatigue performance and the
residual macrostress state brings the analysis back to the microstresses. It was already verified

(topic 5.2.5) that the peening microstresses at the grinding stock depth may have some
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influence on the ground values for the Gauss integral breadth. Moderately, however, once it
required the peening groups to be organized in two classes. The open point, for the lifetime
assessment, is then over the significance of the heterogeneity after grinding. In this case, the
results do not show the same weight that the heterogeneity created on the fatigue results of the
tests with the twin-discs run during the assessment validation (topic 5.2.3).

The comprehension of the difference between the tests with the gears and the discs
demands their comparison, joining the intensity and the heterogeneity levels simultaneously
(Figure 5.44). It is possible to observe that the Gauss integral breadth assumes similar values
between both the samples, especially over the depth levels where both were approached. But
the comparison shows also that the residual macrostress of the gears are notably higher than
the ones of the discs. The same heterogeneity level for very different intensities highlights the

dominance of the macrostress role to the fatigue behavior.
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Figure 5.44 — The high intensity of residual macrostresses induced on the gears minimized the

role of their microstresses to the fatigue performance.

These coupled observations support the conclusion of the microstress assessment
method. The heterogeneity evaluation should not be taken as to overcome the importance of
the intensity for the fatigue performance prediction. It is a tool for complementing the fatigue
behavior comprehension under the perspective of residual stresses. The Gauss integral

breadth is proportional to the intensity of the microstress, and thus to the macrostress
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deviation. As for a generic statistical approach, the deviation has to be analyzed by
considering its proportional magnitude to the mean value. In this comparison, the mean value
of the gears is approximately the double of the discs. Had the intensity been lower and the
heterogeneity the same, this deviation would be probably more effective on the gears’ fatigue
performance.

Overall, the process interaction shows to be definitely present to the fatigue tests’
results. Without the residual stress state created by the shot peening, the failure mechanism
would not be exactly the same. Distinct initiation and propagation conditions would finally

lead to different lifetime results than the ones herein collected.
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6 Conclusions and Outlook

The study was conducted to explore the mode how the manufacturing processes of a
production chain interact to define final surface integrity of the gear. It was sought to identify
whether the interaction effects have practical consequence to the gear functionality,
represented by its load carrying capacity.

The focus of the literature on optimizing individual manufacturing processes can be
considered excessive, when balanced the need of comprehending its previous integrity
history. As direct consequences, the accuracy of the prediction models is lowered, the control
on the production dispersion is jeopardized and the product design is not optimized.

The disclosed gap brought the opportunity of seeking the answer for scientific and
technological improvements, by means of three questions. At a first instance, the several
features of a residual stress depth profile demands the identification of which is the most
relevant one to alter the final surface integrity. In the sequence, the discussion approaches the
deviations and, therefore, which is the role of the residual stress heterogeneity on the
processes interaction. Lastly, the analysis is forwarded to the understanding on how these two
previous outcomes impact the gear fatigue behavior.

In spite of the full attention given by the literature to the final process, the hypothesis
of not neglecting the influence of the previous processes to the final integrity state was
confirmed. The empirical findings of this thesis reinforce the strength of describing the
evolution of residual stresses by means of a model of springs. This should be actually read as
the self-equilibrated potential energy theory. It was solely necessary to propose a derivative
adaptation, which could handle with the areal impact of the interaction’s disturbance. The
proposal was defined as the Equivalent Layers Model. Sustained by this concept, the

following statements are outlined:

The mode in which the energy is rearranged is a function of the disturbance source:

According to the potential energy approach, any change to the energy magnitude from
one process to another is reflected either as a displacement or a stiffness modification.
Accordingly, the loss of the system’s stability will result in a geometric distortion or a
change in the residual stress state. The surface disturbance can be represented by a

mechanical, thermal or structural load. The grinding processes disturbs the system
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through the material removal, which is the combination of mechanical and thermal
loads. In the generic conception of removing material, the tool is constantly in touch
with the surface, which partially restraints the displacement of the outer layers. In this
case, the energy is favorably driven to change the residual stress state itself.
Conversely, the residual stresses prior to the heat treatment are basically converted in
geometric distortion. The thermal load, followed by the phase transformation,
represents the disturbance. It takes place in the absence of any restraints of the surface

degrees of freedom, and the energy is released as a distortion.

The magnitude of the system modification is proportional to the unstable area:

The disturbance source determines also the region up to where it exerts effects. For
processes leading to a complete stress relaxation, the region was observed to extend
from the surface to the position where the stress state sign is inverted. The region
determination is different for the interaction process in which the disturbance does not
promote the complete relief. In this last case, the end of the disturbance is taken as the
point where the stress state is stable, with a much reduced increase/decrease rate. The
two described regions were respectively represented by the machining and the shot
peening, whereas the disturbance by the heat treatment and the grinding. The integral
of the residual macrostress profile within the disturbed range was defined as the
Unstable Area of Residual Stresses. It was proved to be the primary factor from the

previous process to have influence on the final integrity state.

The application of the concept follows the approached domain size:

The balance of energy respects the extension to which the equilibrium must be
restored. It requests a simultaneous approach of the intensity and the heterogeneity of
the residual stress state. The macrostress interaction leads to large volumetric
deviations and change on the residual macrostress itself. On the other hand, the
microstresses evolution in-between the processes showed influence on the surface
roughness, which can be considered as a local volumetric deviation. The analysis of
microstresses also evidenced the actuation of microstructural inhomogeneities such as

carbides, even when their effects were not noticed by the macrostress measurements.

The three statements compose a general answer to how the intensity and the

heterogeneity of the residual stresses are present on the interaction in-between processes of
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the gear manufacturing chain. They form the basis of the scientific original contribution of the
thesis. For a practical transference of knowledge, the statements must be jointly interpreted in
order to define the chain stage in which development efforts must be invested. Depending
whether the focus is on the distortion or on the residual stresses, the prioritization of processes
to be investigated lays on early or late stages of the chain, respectively.

The achievements enabled the study to forward these outcomes to the perspective of
the gear functionality, by means of the fatigue behavior investigation. The support from the
damage analysis was the linkage between the previously described findings and the fatigue
investigation. The fatigue crack initiation is exactly at the depth level where the residual stress
after the grinding is mostly influenced by the previous peening process. The residual stress
level at this depth shows 84% correlation with the lifetime results of the contact fatigue tests.
Even the damage morphology emphasizes the process interaction. The shape of the damaged
zone is more similar to what is reported as a peened surface failure than to a ground one.

The fatigue results are brought in this context to emphasize the importance of the
findings related to the residual stress interaction. In the present thesis, the validation
considered specific gear geometry and applied load level. However, the main idea behind the
observed correlation can be transferred to the tooth stress analysis of different geometries,
load levels and fatigue failure modes. With this conception, the findings offer the following

new concept to society:

Design for Residual Stress (DRS):

The search for the optimal residual stress is a usual discussion within the gear
community. The gear design is a function of the applied load distribution for a certain
geometry and material. The lowest safety factor out of the design defines the most
susceptible criterion to fail. Only with an interactive approach between these
requirements and the residual stresses, an optimal state can be defined. By
comprehending the residual stress interaction effects, the manufacturing chain can be
designed with the specific purpose of providing the so called optimal residual stress
state. The oriented development of the manufacturing chain for a specific residual

stress state is the basic concept of the herein defined Design for Residual Stress.

Inspired by the concepts of the Design for eXcellence (DfX) referred by Bralla (1996)
and recently reviewed by Chiu and Kremer (2011), the DRS consists of a novel term. It is not

the pioneering introduction of the expression that is here highlighted. It is the comprehension
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of the evolutionary behavior of the surface integrity properties along the production chain that
offers this conception possibility. In this study, the concept presents a focus on the design of
the manufacturing chain, as a material branch of the Design for Manufacturing (DfM). In
order to provide it a holistic characteristic, the DRS concept must now incorporate guidelines
for the product design. The further development of the DRS grounding is an expected short-
term outlook of this thesis.

With regard to the methodological aspect, a remark is here given to the assessment of
the heterogeneity of the residual stress state. The correlation validation by means of the Gauss
integral breadth parameter provides an additional tool to enhance the comprehension of the
fatigue failure, and it consists of a new contribution of this study. Likewise the interaction
effects, the conclusions were drawn based on the manufacturing processes and materials
considered for the two approached case studies. Exploring other processes, and the response
of different alloys, appears as a future research that can be derived from the present thesis.
Also for this specific topic, a continuation is planned in the direction of enhancing the model
robustness. Further mathematical developments can be implemented, such as the Fourier-
Space procedure for the effects” deconvolution.

Target of extensive debates, another assessed point of the study deserves
supplementary research efforts. The crack mechanism identification was correlated to the
residual stress profile, based on the crack initial stages. But for rolling contact fatigue, the
crack mechanism and its relationship with both the residual macro and microstresses is
frequently contrasted by the researchers. The application of the fracture mechanics theory in
order to strengthen the observed correlations is then suggested. It may not only grant more
lucidity to the residual stress influence on the crack propagation phases. The interaction effect
to the stress relaxation behavior along the load cycles can be also verified.

A final outlook is especially connected to the objective of this study. The most
relevant factors of the previous residual stress state were sought and identified, providing an
important upgrade to the state-of-the-art. It enables now that a straight continuation, based on
a simulation model and probably by means of a numerical method, can concentrate the focus
on the outlined aspects. As a quantified approach, different combinations of UARS values and
disturbance sources can be simulated. As a volumetric approach, it will consider the residual
stress gradients both along the depth and across the surface. The outcome can be the creation
of a predictive model for the balance of the energy released in the form of displacement and

change in the residual stress state. The combination of the proposed future researches, under
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the DRS perspective, drives to a common goal of optimized product designs and
manufacturing chains, enhancing the gear load carrying capacity.
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Appendix A — Terminology

A.1 Gear Nomenclature for Macro and Micro-Geometry

Dimensions in mm

MACROGEOMETRY

Flank

- Pitch line

Involute
Profile

Pitch =

Diameter : KOO Base

Diameter Diameter

MICROGEOMETRY

Profile Slope
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/
/
<
~
~
Helix Slope . Root Relief - Lead _
Deviation _ (cr, dey) -
(fug) P
<
/ I
/ ~ 0N
J ) <
~ ~
~ >~

Ref: DIN, 1978; AGMA, 2011; MAZZ0, 2013; KLOCKE; BRECHER; BRUMM, 2014
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Appendix B — Specimens Geometry

B.1 Blocks for Sample Groups BFH and BFL

Dimensions in mm
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B.2 Blocks for Sample Groups BRH, BRM1, BRM2 and BRL

Dimensions in mm
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Attachment C — Specimens Material

C.1 Blocks, SAE 8620

Element C Mn P S Si Ni Cr Mo Vv
Specification [%] |0.18-0.23]|0.70-0.90| <0.03 <0.04 |0.15-0.35|0.40-0.70( 0.40-0.60 0.15-0.25 -
Samples [%)] 0.21 0.79 0.02 0.02 0.27 0.43 0.50 0.18 0.00
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Sources: UNITED STATES STEEL CORPORATION; 1953, SAE, 2000; ASM, 2002



C.2 Gears, DIN 16MnCr5

195

Element C Si Mn P S Cr Mo Ni B
Specification [%] |0.14-0.19| <0.40 [1.00-1.30| <0.25 | <0.035 |0.80-1.10 - - -
Samples [%] 0.16 0.22 1.05 0.01 0.03 0.88 0.07 0.12 0.00
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{Holding time 10 min) heated in 3 min
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Sources;: MACHERAUCH; VOHRINGER, 1992; LISCIC, 2007; DIN, 2008
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Attachment D — Testing Specification

D.1 Testing Oil Specification (Shell Spirax ASX 75W90)

@ Technical Data Sheet

Shell Spirax ASX

High performance, fuel economy, synthetic transmission and axle oil

Spirax ASX is a unique fuel-efficient, long life transmission and axle oil, designed to
provide ultimate protection to the latest heavy duty manual transmissions and axles.
Specially formulated with synthetic base oils and additive technology unique for Shell,
gives improved lubrication of the drive train, lowers the operating temperature and helps
promote longer life for the equipment. Spirax ASX is also extended oil drain capable and
is approved by several OEMs for their extended drain specifications.

Available in SAE 75W-90 and 75W-140 grades.

Typical Physical Characteristics

Spirax ASX 75W-90 75W-140

SAE Viscosity Grade SAE J 306 75W-90 75W-140
Kinematic Viscosity

@ 40°C  mm?/s ISO 3104 115.0 172.4

@100°C mm?/s 15.2 245
Dynamic Viscosity

@ -40°C mPas ISO 9262 135,000 135,000
Shear Stability

Viscosity after shearing CECLAs A9? 14.5 243

@ 100°C mm?/s ISO 3104
Viscosity Index ISO 25909 138 174
Density @ 15°C  kg/m? IS0 12185 878 869
Flash Point  COC  °C ISO 2592 210 210
Pour Point °C ISO 3016 -42 -45

These characteristics are typical of current production. Whilst future production will conform to Shell's
specification, variations in these characteristics may occur.

Source: SHELL, 2006
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" RESUMO:

Several sources of residual stresses characterize the entire gear manufacturing chain. In-between
processes, their redistribution has to be the condition to satisfy the equilibrium principle. Nevertheless,
the state-of-the-art reveals an excessive concern on optimizing the processes individually. As direct]
consequences, the accuracy of the prediction models is lowered, the control on the production dispersion
is jeopardized and the product design is not optimized. The hypothesis herein stated is that the residual
stress intensity and heterogeneity induced by previous processes are significant to the surface integrity of
a subsequent process. Consequently, the objective is the identification of the residual stress factors
induced along the gear manufacturing chain with relevant influence on the final surface integrity. An
experimental investigation was conducted on the interaction between soft machining and heat treatment,
and between shot peening and grinding. This study originally proposed to structure the investigation into
a convergent approach. Whereas every parameter modification is to be done at the first process, the
second process is kept the same. The ground gears were submitted to contact fatigue tests, to identify the
relevance of the interaction effects to the part lifetime. The results proved that the previous process can
exert a noteworthy influence on the final integrity state. The interaction is understood by a model of
springs, into a self-equilibrated potential energy concept. The primary factor from the previous process is
the hereafter named unstable area of residual stresses (UARS). It proportionally drives the modifications
induced to the surface after the next process. They happen either as distortion or as change in the stress
state itself, depending on the equilibrium disturbance mode that the manufacturing process represents.
The effect follows the domain size under analysis. Residual microstresses carry and reflect
microstructural inhomogeneity and roughness patterns between neighboring processes. The correlation
was enabled due to a novel assessment method of the residual stress heterogeneity state, through the
Gauss integral breadth parameter. The interaction showed also to be present to the gear fatigue behavior.
Both the failure mode and the lifetime correspond to the region where the interaction effects were mostly
observed. The comprehension of the residual stress interaction effects derives the newly introduced
concept of Design for Residual Stress (DRS). The manufacturing chain can be designed with the purpose
of providing an optimal residual stress state, with a consequent potential for enhancing the gear load
carrying capacity.
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