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Abstract: The surface and subsurface conditions of components are significant for their functional
properties. Every manufacturing process step changes the surface condition due to its mechanical,
chemical and/or thermal impact. The depth of the affected zone varies for different machining
operations, and is predetermined by the process parameters and characteristics. Furthermore, the
initial state has a decisive influence on the interactions that lead to the final surface conditions. The
aim of the investigation presented here is to compare the influence of the load characteristics over
the depth applied to manufactured components by several different machining operations and to
determine the causing mechanisms. In order to ensure better comparability between the surface
modifications caused by different machining operations, the same material was used (AISI 4140;
German steel grade 42CrMo4 acc. to DIN EN 10083-3) and annealed to a ferritic-pearlitic
microstructure. Based on interdisciplinary cooperation within the collaborative research center
CRC/Transregio 136 “Process Signatures”, seven different manufacturing processes, i.e., grinding,
turning, deep rolling, laser processing, inductive heat treatment, electrical discharge machining
(EDM) and electrochemical machining (ECM), were used, and the resulting surface zones were
investigated by highly specialized analysis techniques. This work presents the results of X-ray
measurements, hardness measurements and electron microscopic investigations. As a result, the
characteristics and depths of the material modifications, as well as their underlying mechanisms
and causes, were studied. Mechanisms occurring within 42CrMo4 steel due to thermal, mechanical,
chemical or mixed impacts were identified as phase transformation, solidification and
strengthening due to dislocation generation and accumulation, continuum dynamic
recrystallization and dynamic recovery, as well as chemical reactions.
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1. Introduction

1.1. Surface Integrity

The surface properties of machined components are influenced by machining operations that
determine their geometry. Due to material removal and the applied thermal, mechanical and
chemical loads, the local mechanical properties, the residual stress state, and the microstructure are
changed [1]. This change in the surface condition is known to influence the component’s
performance, e.g., fatigue strength [2,3]. The transregional collaborative research center
CRC/Transregio 136 “Process Signatures” aims to describe processes by assessing correlations
between internal loads, like temperature and strain fields, and the resulting surface modifications,
like grain size, hardness or residual stresses. These correlations will allow inverse problems to be
solved and will give rise to parameter-independent dimensioning of machining processes [4].

The topic of surface integrity has been addressed by many authors, since its importance has
become evident. Surface integrity and the importance of microstructures for electrochemical
machining (ECM) processes were recently investigated, for example in [5,6]. The influence of
roughness on part performance for electrical discharge machining (EDM) is, for example, described
in [7] for plastic injection molding. Considering deep rolling, the influence on surface integrity has
been investigated by many authors regarding different aspects. The authors of [8] and [9] describe
the influence of deep rolling on hardness and residual stresses on the surface and subsurface layer
for hardened steel. The authors of [10,11] investigated deep rolling as a technology for efficient
lightweight design, focusing on the vibration resistance of the final part, also regarding the surface
and subsurface influence of the hardness, roughness and residual stresses. A good overview
regarding general surface integrity aspects for hybrid processes is given in [12]. However, the results
from individual investigations cannot be compared directly.

In the CRC, surface conditions after machining are investigated with X-ray diffraction, hardness
measurements and light and electron microscopic methods. In the beginning, a large number of
different machined surface conditions were analyzed by the subprojects, providing the analysis
techniques. For example, Klocke et al. undertook an intense investigation of white layers, which
occurred after applying an EDM process [13]. Ehle et al. published an investigation of surface
modifications, determined using an electron microscope, due to deep rolling [14]. Heinzel et al.
investigated surface modifications which occur due to precision grinding [15]. A comparison of the
different results was, despite the use of a common material with uniform heat treatment, a complex
undertaking due to different sample geometries and premachining conditions. In particular, it was
difficult for the subprojects to guess in advance which magnification or analysis depth would be
suitable for which machining process. The working group “Material Modifications and Analysis of
Mechanisms” was used as a platform to bring together the interests of the analysis and machining
projects. Two sample geometries which were machinable by the majority of the projects were
developed. Heat treatment and premachining were carried out identically for these samples. First,
100 um of the surface was gently removed electrochemically after the last premachining step, in order
to remove any thermomechanical influences and minimize chemical influences. The samples were
machined in a defined way by the machining subprojects, divided into four pieces and distributed to
the various project members. The results of the analyses were presented and discussed in a working
group.

In this paper, the applied machining and analysis techniques are described, and selected results
are presented. The uniform experimental design provides a rational basis to compare the material
modifications of machining processes with mechanical, thermal and chemical impacts.

1.2. Process Fundamentals on Machining Operations

In this paper, the influence of machining operations on the surface integrity of the material is
compared. The operations were selected due to their different impacts on the surface (Figure 1). While
deep rolling and grind strengthening exert a primarily mechanical influence on the surface, grinding
and hard turning exert an additional thermal influence. A pure thermal influence was provided using
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a pulsed (ps) laser process or induction hardening process. EDM has a main thermal influence, but
the surface can additionally, under certain boundary conditions (e.g., rough machining with reduced
flushing), be slightly influenced chemically. Since this also happened in this study, the process is not
positioned in the triangle corner, but moved slightly in the chemical direction. The impact of ECM
on the surface is purely chemical. The processes are described in detail below.

mechanical

deep
rolling

hard
turning

grind-
strengthening

grinding
grind-
hardening

pulsed (us)
laser

processing ECM

thermal induction EDM chemical

hardening  (roughing)

Figure 1. The impact of machining operations on the machined surface (the same color code is used
in the comparison of the analysis results).

1.2.1. Deep Rolling

Deep rolling induces a purely mechanical load on the workpiece and is a nonmaterial-removing
process. During deep rolling, a deep rolling tool is pressed against the surface of the workpiece with
a defined force F:. This force can be generated mechanically or hydrostatically by applying hydraulic
pressure. Hardened rollers or ceramic spheres with varying diameters are used as tools. The tool is
routed over the workpiece surface with a deep rolling velocity vdar and a feed rate far which is
orthogonal to var. The tools can be used on conventional CNC lathes or milling machines in
combination with conventional tools. The process is used to achieve a work hardening of the surface
with a decrease in roughness and an increase in compressive residual stresses.

1.2.2. Grinding

Grinding is a thermo-mechanical process with geometrically undefined cutting edges. High
surface quality, in combination with a high degree of accuracy, are good reasons to use grinding
processes. When grinding is applied at the end of a production chain, it plays a big part in defining
the surface state and quality of the finished part. Today, grinding is not only used as a finishing
process, but also as a highly efficient process with high material removal rates. Also, grinding can be
applied for processing materials that are hard to cut [16,17].

Due to its versatile input parameters (e.g., grinding wheel specification and the choice of cooling
lubricant), as well as process parameters, its impact can range from predominantly thermal (grind
hardening) to predominantly mechanical (grind strengthening).

1.2.3. Grind Strengthening

Grind strengthening is a grinding process with focus on a dominating mechanical impact,
whereby the mechanical load on the workpiece surface and the mechanically induced material
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modifications are enhanced. For this purpose, the size effect of the specific grinding energy is an
important aspect [18]. As a result, the chip thickness is reduced, and proportions of the working
mechanisms of the material removal are shifted to mechanical deformation mechanisms and an
increase of elastic and plastic deformation, e.g., plowing and grooving. The mechanical impact,
combined with material removal, can result in surface properties such as compressive residual stress
depth profiles, which can have positive effects on the surface integrity and, e.g., the wear-resistance
of steel workpieces [18]. The mechanical impact can be affected by the process parameters, e.g., low
cutting speed v. or the layout of the grinding wheel [15].

1.2.4. Grind Hardening

High thermal material loads can lead to tempered zones and brittle hardening zones, also known
as “grinding burn”. Excessive thermal impact during grinding can lead to a decrease in the fatigue
strength of the material, which is the reason why it is usually avoided [4]. An exception, in which the
high heat input during grinding is desirable, is the so-called grind hardening process of heat treatable
steels. The main advantage of these processes is the combination of short heat treatment and material
removal, resulting in a shortened process chain. In grind hardening processes, diffusion and phase
transformation processes take place if the surface layer material is heated above the material’s
austenitization temperature during grinding. After the heating phase, the high temperature gradients
in the surface layer lead to quenching. As a result, very fine-grained martensitic structures in the form
of parallel needles within former austenite grains are generated. The content of carbon and alloying
elements, as well as the pretreatments, are the main factors influencing the hardening mechanism
[19].

1.2.5. Hard Turning

Hard turning, as a variant of cutting processes, has a heavy thermo-mechanical impact upon the
workpiece. Residual austenite formation, work hardening, white layer formation and residual stress
state changes may result. While the prediction of the exact surface integrity features is of increasing
importance, it remains dependent on complex interactions among numerous process conditions. For
this reason, Figure 2 shows a qualitative comparison of the influence of individual process variables
on the residual stress state during hard turning [20,21].
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Figure 2. Stresses induced by hard turning and the qualitative impacts of the tool, process and initial
material parameters [20, (reproduced from [21], with permission from authors, 2011)].

1.2.6. Induction Hardening

Inductive heat treatment has a purely thermal impact on the component surface. It is based on
the physical principles of inducing eddy currents into the component, and can be applied to all
electrically conductive materials [22,23]. Typical applications are surface layer hardening, forging or
tempering. Induction heating shortens the time for heat treatment because of the rapid heating of the
workpiece [22,24,25].
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The main components of an induction facility are the power supply, the inductor, a load-
matching system and the workpiece itself. Inductors exist in many different shapes and sizes, each
designed for the application at hand [26]. In this investigation, an inner field inductor was used. The
workpiece was moved through the inductor coil during the heating process. For good operating
conditions, an even distance between the workpiece and the induction coil is needed, which is
referred to as the coupling gap. The coupling gap should be minimal for the best heating results [26].

1.2.7. Pulsed (us) Laser Processing

Microsecond pulsed laser processing is a noncontact, wear-free, thermal material processing
method. It offers highly flexible and direct manipulation of the material. A great variety of materials
like pure metals, alloys and high-strength materials, but also ceramics, semiconductors, plastics and
multilayer materials can be processed [27]. Depending on the application and laser power, the
process can be used for melting (~108 W/cm?) and sublimation drilling [28], cutting [29] or material
removal [30] applications. Material removal is caused by evaporation or ejection of the molten
material. Melt ejection can be achieved either by applying an external gas flow or by the recoil
pressure of the emerging evaporation of the material [31]. As a result, the melt flows and gets ejected
radially from the laser irradiated center. The high material removal velocity (several mm/s) go along
with residual debris, melt deposits and a decrease in precision. To minimize melt deposits and the
recast zone, the surface can be additionally processed by means of laser sublimation material
removal. Nevertheless, the rim zone is affected by the laser induced heat and phase transformations,
as well as possible recast layers [32]. These depend significantly on the process parameters and melt
ejection efficiency. By scanning the laser radiation along the surface, the selective removal of a 2D
micro- or macroscopic area is possible.

1.2.8. Electrical Discharge Machining

Electrical discharge machining (EDM) is a thermal main active principle processing technology.
It is possible to machine all electrically conductive materials, regardless of their mechanical properties
[33], which is an advantage for the machining of hard and brittle materials [34] or filigree structures
[35]. The removal principal is based on electrical discharges between two electrically isolated
electrodes (Figure 3). For insulation, the process takes place in dielectric fluids. Hydrocarbon-based
dielectrics are most common, but deionized water or gaseous media are also used. An open circuit
voltage is applied to the electrodes, and consequently, an electrical field occurs between them. In the
next step, the distance between the electrodes is reduced until the electrical field exceeds the dielectric
strength of the gap and discharge occurs. Thereby, a plasma channel is formed, allowing the current
to flow. The heat of the plasma melts and evaporates, and hence, removes material from the
workpiece, as well as a small amount of the tool electrode. The discharge duration, meaning the time
of the current flow, can typically be adjusted from <1 ps to 1000 us. This procedure is repeated at
high frequencies to achieve acceptable material removal rates. In this way, the tool geometry is
formed in the workpiece material. As material removal at the anodic electrode is different to that at
the cathodic electrode, this process is economically viable.
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Figure 3. Principal of electrical discharge machining and relevant characteristic values [36].

Due to the thermal removal mechanism, the rim zone is highly affected by the process. The
temperature and its spatial and temporal gradients result in the most significant material loads [37].
These thermal loads result in superimposed mechanical stresses due to thermal expansion [38].
Measurement of the temperature field during this process is very challenging, due to the short cycle
times and small discharge spots. The only established method to get information about the inner
material temperature is by using the heat transfer equation [39,40] or the solution of the inverse
problem, by using the material modifications and the underlying mechanisms to calculate
temperature gradients [41].

According to the idea of process signatures, the described material loads lead to material
modifications. The main modifications which occur are phase transformations due to temperatures
above the austenitization temperature (heat affected zone = HAZ), and resolidified melt (recast layer
=RL) due to temperatures above the melting point [42].

1.2.9. Electrochemical Machining

The underlying principle of material removal during electrochemical machining (ECM) is
electrolysis, which is defined as the chemical processes caused by an electric current passing through
an electrolyte [36]. During ECM, the electrolyte flows through a small gap between two metallic
electrodes. One of these electrodes corresponds to the workpiece, while the other is the machining
tool. To create the required electric current, a certain voltage is applied to the electrodes, causing
material to be removed from the positively charged workpiece (anode). This process offers high
material removal rates, even for high-strength and heat resistant materials, which is a huge benefit
compared to more traditional processes such as milling. Moreover, no mechanical or thermal stresses
are introduced into the workpiece, as only moderate mechanical forces and temperatures occur.
Furthermore, since material removal takes place on an atomic scale, excellent surface qualities can be
achieved, without the need for postprocessing. This feature is visually represented by the shiny
surface of the finished workpiece.

2. Materials and Methods

2.1. Uniform Starting Position

First, a simple geometry which was suitable for several different machining operations provided
within the CRC was defined. The machining operations applied on rotating components used a
cylinder with a diameter of 58 mm (57.8 mm after the electrochemical removal of the surface layer).
Subprojects that could apply their machining operations only on flat surfaces, used cuboids. The steel
for all samples was the standard material which has been used in investigations within this CRC since
2015 (Table 1). The samples were manufactured and heat treated at the Leibniz-Institute for Materials
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Engineering - IWT Bremen with the same parameters to a ferritic-pearlitic microstructure (211 HV 1).
To provide a suitable initial state, the heat treated surface was removed gently by electro polishing
in an electrolyte with 45 weight-% phosphoric acid and 35 weight-% sulfuric acid. The etching depth
was set to 100 um to remove any material influenced by the heat treatment, carbon diffusion or
premachining processes. This led to an initial material state, as measured by X-ray diffraction, with a
FWHM of 0.56-0.04° and less than 40 MPa residual stresses.

Table 1. Chemical composition of the steel used in all investigations presented in this work.

Notation C Cr Mn P S Si Mo Ni Al Cu
Unit % % % % % % % % % %
AISI 4140

49 CrMo 4 0.448 1.09 0.735 0.012 0.002 0.264 0.244 0.200 0.018 0.065

The samples were distributed to the projects and the machining operations, described in the
following chapter, were applied. After machining, the samples were cut into four pieces and
distributed to the analysis subprojects.

2.2. Machining Operations

To give an overview on the impacts of different machining operations, only one set of standard
parameters for machining the given material was chosen at a time. The following chapters provide
the machining conditions and parameters in detail.

2.2.1. Deep Rolling

Deep rolling was conducted on a CNC turning machine at the Leibniz-Institute for Materials
Engineering-IWT Bremen. The diameter of the sample was dw = 57.8 mm, and the length 1 =100 mm.
To conduct the process, a hydrostatical deep rolling tool was used. Hydrostatic deep rolling is a force-
controlled process. The height adapting tool provides a constant hydraulic pressure which transmits
the necessary force. The applied force remains constant, even if slight height differences occur during
the process. A single-pass deep rolling operation was conducted on the surface using the parameters
given in Table 2. The parameters were chosen with the aim of introducing high residual compression
stresses while creating a smooth surface.

Table 2. Parameters for deep rolling operation.

Parameter .Ball Deep Rolling Deep Rolling Feed Deep Ro‘llmg
Diameter Pressure Force Velocity
Abr. far .
[unit] dk [mm] par [bar] Far [N] (mm/U] var [mm/min]
value 6 400 1130 0.55 100

2.2.2. Grind Strengthening

To investigate the mechanical impact of grinding, a cylindrical grinding process was designed
and adjusted to increase the mechanical load and reduce the thermal load. Grind strengthening was
conducted on a high precision cylindrical grinding machine (Studer S41) at the Leibniz-Institute for
Materials Engineering—IWT Bremen. The diameter of the workpieces before grinding was dw = 57.8
mm, and the width was bw =12.0 mm.

The grinding wheel was a vitrified bond corundum wheel with a medium grain size. The
specification of the grinding wheel was A60K5AV. To avoid further impact on the specimens, no
preliminary grinding was applied before the experiment. Hence, the workpieces had to be adjusted
precisely in the machine to achieve direct uniform material contact. The process was performed in
three stages. The grinding parameters are provided in Table 3. In the presented experiments, notably,
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the cutting speed vc and the radial feed speed were selected in a low range so that the grinding process
would promote the desired low thermal load and material modification behavior.

Table 3. Parameters for grind strengthening operation.

Parameter Cutting Radial Feed Depth of Max. Normal Max. Tangential
Speed Cut Force Force
Abr. Vir
[uni] ve [m/s] [mm/min] ae [mm)] Fn [N] F: [N]
value 1 0.3/0.1/0.024  0.1/0.02/0.01 134 99

Grinding oil was used as a coolant and the flow rate was adjusted to Quwr = 60 L/min. The
grinding wheel, dressing setup and dressing parameters were kept constant throughout the
experiments. As material loads process forces Fn and F. were obtained during the grinding
experiments for all process stages. The measurements were taken by a machine-integrated force
measurement system. The maximum values of the measured forces over the complete process, which
occurred at the first process stage at a radial feed of vi = 0.3 mm/min, are given in Table 3.

2.2.3. Grind Hardening

The grind hardening test was performed on the surface grinding machine Blohm Profimat 412
HSG at the Leibniz Institute for Materials Engineering —IWT Bremen using a corundum grinding
wheel type ASOHHOV with a width of 30 mm and a diameter of 392 mm. The grind-hardened
workpiece was a cuboid with a length of 150 mm, a width of 30 mm and a depth of 18 mm. The test
was done in up-grinding mode with a wheel speed of vs. = 35 m/s. White mineral oil was supplied at
a flow rate of Quwr = 45 L/min. The process parameters (Table 4) were chosen due to the fact that the
temperatures generated during grinding were above the austenitization temperature, leading to
phase transformations.

Table 4. Parameters for grind hardening operation.

Parameter Specific Material Tangential  Depth of Geometrical Contact
Removal Rate Feed Cut Contact Length Time
Abr.
b.r Q'w [mm3/(mm-s)] vit [mm/min]  ae [mm] Ig [mm)] te [s]
[unit]
value 8.2 0.7 0.7 16.57 1.42

2.2.4. Hard Turning

The samples were machined with the standard process parameters on a CTX 520 linear CNC
lathe (Gildemeister, Bielefeld, Germany). Cemented carbide tools were used with a CVD MT-
(Ti(Cn,N) + TiN + ALO:s) coating. The cutting parameters were set to a cutting speed vec =100 m/min
and an uncut chip thickness of h = 0.1 mm. The parameters were chosen to obtain an optimal balance
between a smooth surface and a high material removal rate.

2.2.5. Induction Hardening

The inductive heat treatment was carried out in an induction heat treatment plant with a
multifrequency concept by EFD Induction at the Leibniz Institute for Materials Engineering — IWT
Bremen. The plant works in a middle frequency range, i.e., from 10 to 15 kHz, and in a high frequency
range, i.e., between 100 and 200 kHz. The power in total was 300 kW. The parameters applied to the
samples are summarized in Table 5. The parameter set was determined in pretrials to guarantee the
homogeneous austenitic transformation of the surface area.
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Table 5. Parameters for inductive heat treatment operation.

Parameter Length of Feed Maximal Current at Frequen
ete Inductor ee Current Inductor equency
Abr. Vit
1 Imax A Ii A f kH
fandt] [mm] o] [A] [A] [kHz]
value 18 900 478 456 10.8

2.2.6. Pulsed (ps) Laser Processing

The experimental setup at the Bremer Institut fiir angewandte Strahltechnik (BIAS) consisted of
a fiber laser (JK400FL, GSI Lumonics, Warwickshire, UK) with a wavelength of 1070 nm and a mean
power of 400 W. The laser radiation was guided through optical components (S6EXZ5310/328, Sill
Optics GmbH, Wendelstein, Germany) into a scan head (Superscan III-15, Raylase, Wessling,
Germany) and focused with a telecentric F-Theta optic (S4LFT3162, Sill Optics GmbH, Wendelstein,
Germany), as shown in Figure 4. The laser spot diameter, dr =34 pm, was guided onto the surface of
the rotational symmetrical sample in a zigzag scan trajectory with a line spacing of b=9 um in the y
direction, a repetition rate of 1 kHz and a scan velocity of vL =9 mm/s. These parameters ensured a
pulse overlap of 66% in both the x and y directions. The applied laser power and pulse duration are
summarized in Table 6. The laser intensity, 1.3-10” W/cm? was high enough to cause laser-plasma
interactions. The material removal took place by melt ejection and material evaporation. The chosen
parameters are typically used for precision drilling and cutting applications.

pulse pulse du-
power P, ™
mean
power P
scanner scan {
velocity @

cycle laser

workpiece| €37
N S

Eckert 2019 BIAS ID 182285

Figure 4. Schematic illustration of the experimental setup, machining setup and parameter and laser-
material interaction of pulsed (us) laser processing.

Table 6. Parameters for pulsed (us) laser processing operation.

Pulse . Pulse Cycle Focus Scan Line
Parameter Intensity R t . . .
Power Duration Time Diameter Velocity Spacing
Abr. Ip
[unit] Pp [W] [W/em?] t1[us] tp [ps] de [um] vL [mm/s] b [um]
value 120 1.3-107 210 1000 34 9 9
2.2.7. EDM

For the comparison of different manufacturing processes, and hence, different sets of material
loads, typical EDM manufacturing parameters were used at the Laboratory for Machine Tools and
Production Engineering (WZL) of RWTH Aachen University. The experiments were done on a
commercial sinking-EDM machine, the FORM 2000 VHP (GF machining solutions GmbH,
Schorndorf, Germany). As dielectric fluid, the hydrocarbon-based dielectric Ionoplus IME-MH,
manufactured by Oelheld, was used. The tool was a cuboid made of graphite (grade R8710 by SGL
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Carbon, Wiesbaden, Germany). The frontal working area was 15 mm x 15 mm. Adapted to this area,
smooth roughing parameters were chosen for the machining (Table 7). The depth of the final cavity

was about z =1 mm.

Table 7. Parameters for EDM operation.

Open Circuit Discharge Discharge Pulse Interval
Parameter . .
Voltage Current Duration Time
Abr.
Ai \% I [A te t

funit] i [V] (Al [ps] o [us]

value 100 14 20 13.9
2.2.8. ECM

The experimental ECM trials were conducted at the Laboratory for Machine Tools and
Production Engineering (WZL) of RWTH Aachen University on an smart PTS 1500 machine tool
(EMAG, Gaildorf, Germany) using a working voltage of 19 V. The feed-rate of the tool (cathode) was
set to 1 mm/min, resulting in a stationary machining gap throughout the entire sinking process. The
electrolyte, a water-based solution of 21 wt.% NaNO3, was pumped between the electrodes at an inlet
pressure of 10 bar, which provided an adequate flushing for the removed material and the produced
process gas. These parameters are typical for the machining of steel [36].

2.3. Analysing Techniques

To gain information about the characteristics and the depth of the material modifications, the
following analysis techniques were used. Martens hardness measurements were used to determine
the hardness changes as a function of depth caused by the processes. In contrast to conventional
hardness measurements, Martens hardness involves very small forces which are suitable for
analyzing small depths.

Electron microscopy with its manifold analysis possibilities provides information concerning
microstructural changes and changes on the nano scale.

Based on the measurements of the crystallite structure and changes in the lattice parameters,
nondestructive X-ray diffraction analysis could be applied to determine the residual stress state of
the processed surface. This is a standard technique in industry for stress validation in highly loaded
parts. Additionally, in-depth analysis reveals the constituting crystalline phases and the specific
material modifications compared to the initial material state, e.g., changes in crystallite size, texture
and dislocation density.

2.3.1. Hardness Measurement

The universal microhardness (UMH) was measured at the Leibniz-Institute for Materials
Engineering—IWT Bremen in a cross section of the samples with a Vickers indenter using a
Fischerscope H100C (Helmut Fischer GmbH, Sindelfingen, Germany). The testing force was set to 10
mN for 10 s. The Martens hardness was calculated based upon the force depth course, considering
the elastic and plastic deformation beneath the indenter, which qualifies it to provide information
about the hardness with very small indentations. In order to to place the indentations as close as
possible to the surface of the cross sections, three depth profiles were measured running obliquely
into the depth of the material. The indentations nearest to the surface did not conform to the standard,
and could therefore only be used as indicators of the achieved modification of the material. In the
case of the deep rolled samples, the depth profiles were perpendicular to the surface, since deep
rolling has a very high depth effect.

2.3.2. Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS) and
Electron Backscatter Diffraction (EBSD) Measurements



Metals 2020, 10, 895 11 of 26

Since light microscopy investigations showed no pronounced difference between the machined
samples, overviews of the machined surfaces were obtained on etched cross sections using a scanning
electron microscope. Specimens were embedded in resin, ground, polished and etched with 3% nitric
acid (HNOs) in alcohol. Since the resin is nonconductive, the samples were sputtered with gold after
etching. The overviews were taken with a Vega II XLH electron scanning microscope (Tescan GmbH,
Dortmund, Germany) at the Leibniz-Institute for Materials Engineering —IWT Bremen.

For further electron microscopy investigations at the Central facility for electron microscopy
(GFE), Aachen, another specimen was nickel plated and embedded in a conductive phenol resin
(ATM GmbH, Mammelzen, Germany). The cross-section was ground with SiC paper and then
polished with a diamond suspension of 3 um, 1 um and 0.5 pum. The final polishing was performed
with a colloidal 0.05 um SiO2 suspension.

Secondary electron (SE) and backscatter (BSE) images, and electron backscatter diffraction
(EBSD) measurements, were acquired using a JSM7000F scanning electron microscope (JEOL Tokio,
Japan) equipped with a Hikari EBSD camera (Ametek EDAX, Weiterstadt, Germany). The data
collection and analysis were performed using the OIM Data Collection and OIM Analysis Software
from EDAX-TSL. The usual step size for EBSD measurements is either 50 nm or 100 nm, depending
on the grain size and measurement area. The acceleration voltage for EBSD measurements was 15
keV.

2.3.3. X-ray-Diffraction

X-ray diffraction techniques offered insight into the stress state and crystalline structure of the
investigated samples. Using the standard sin?V method [43], the residual stress state in two
orthogonal directions was analyzed on the surface. Depth profiles of the residual stresses were
generated at Leibniz-Institute for Materials Engineering —IWT Bremen by stepwise electrochemical
material removal. Additional information was obtained through full-width at half maximum
(FWHM) values of the measured {211} diffraction peak (XEL: E = 220 GPa, v = 0.28) by comparison
with the initial material state. The FWHM gives information about work hardening and other changes
in the microstructure [44]. Broadening of the peak is particularly influenced by decreasing the domain
size and increasing microstrains [45]. This was used to analyze the dislocation density in surface
phase analyses over three diffraction peaks of a-Fe using Rietveld refinement from TOPAS 4.2, and
calculating it using the relationship described by Williamson and Smallman [46]. The instrumental
peak broadening was convoluted in the Rietveld evaluation using measurements of NIST LaBe
standard powder. All measurements of residual stress for the different processes were done using
Cr-Ka radiation with a vanadium filter in a common template, as shown in Table 8. The intensity of
the radiation was recorded with a line detector.

Table 8. Parameters for the measurement of residual stresses by X-ray diffraction.

Parameter Prl.mary Beam Lattice Tube Tube W Angles Range
Abr. [unit] Diameter db Plane Voltage U  Current I 11 between Step in 20
' [mm] [kV] [mA]
value 2 af211} 33 40 —-45° to +45° 0.1 1;167320
3. Results

3.1. Comparison of Hardness Measurement Investigation Results

The results of the Martens hardness measurement are displayed in Figure 5. For an overview of
the depth profiles, the results are sorted into pairs. The grey lines in the figures provide the hardness
of the initial ferritic-pearlitic microstructures. The solid horizontal line represents the mean value of
the hardness of the initial microstructure, whereas the dashed lines represent the standard deviation
of the mean value of the hardness.
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Figure 5a,b have the same hardness scales, allowing us to compare the hardness profiles of deep
rolling, ECM (Figure 5a) and grind-strengthening, and turning (Figure 5b). The Martens hardness
depth profile of the deep rolled specimen showed the smallest deviation; see Figure 5a (marked in
light purple). The measured values were slightly above the hardness of the initial microstructure in
the relevant section. Even at a depth of 400 pm, which is not shown in Figure 5a, the hardness was
still slightly above that of the initial material. At further depths, the hardness decreased again to the
level of the FP material. ECM exerts a chemical impact (see Figure 5a, marked in green). The depth
profile of the ECM processed specimen shows that the hardness remained unaffected by the process.
Most measured hardness values were in the range of the hardness measured in the initial
microstructure. The hardness near the surface area seemed to be slightly reduced, with values near
the lower deviation range of the hardness of the initial microstructure.

3500 3500
O grind- b)
strengthening
3000 3000 - [ turning
NE W of I P G 'I' ........ -
£ 2500 2500 - vk A1
5 FI_/_.._ .
2000 A B ECM 2000 - =
& deep rolling
1500 T T T T T 1500 1 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
7500 7500
c) d)
6500 - 6500 -
—5500 - 5500 A ] pulsed (us) laser
E processing
£ 4500 grind- 4500 - -
= B hardening B EDM (roughing)
= 3500 - induction 3500
T = hardening
R O e
1500 . . . . — 1500 . . . . :
0 20 40 60 80 100 0 20 40 60 80 100
depth [pum] depth [pm]
., Territic-pearlitic = v = deviation
matrix eviatio

Figure 5. Martens hardness depth profiles of (a) ECM and deep rolled surface, (b) grind-strengthened
and turned surface, (c) grind-hardened and induction hardened surface, and (d) pulse laser processed
and EDM (roughened) surface.

With the applied process parameters, the grind-strengthening and turning process resulted in
similar hardness profiles. In the case of the grind-strengthening process (see Figure 5b, marked in
red), a small increase in hardness from the surface up to a depth of 40 um was observed. From a
depth of 40 pm on, the hardness values fluctuated in the range of the hardness of the initial
microstructure. The results of the hardness measurements of the turned specimen (see Figure 5b,
marked in light green) show an increase in the Martens hardness in the near surface area. From the
surface area, the hardness decreased again until it reached the value of the initial microstructure at a
depth of about 40 um.
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A comparison of grind-hardening and induction hardening is displayed in Figure 5c. The former
FP-matrix was hardened. The grinding process (see Figure 5¢, marked in violet) produced a relatively
homogeneous hardness profile. The hardness depth profile, resulting from induction hardening, was
less homogeneous. Near the surface, the hardness was not much higher than that of the initial
microstructure. At a depth of about 10 um, the hardness reached the highest level and remained high
at further depths.

The results of pulsed (us) laser processing and the EDM (roughing) process are compared in
Figure 5d. For a better comparison, the scale of Figure 5d is the same as that of Figure 5c. The Martens
hardness depth profile of the pulsed (us) laser process (see Figure 5d marked orange) shows a distinct
increase in hardness near the surface up to a depth of 10 um. At a depth of between 15 and 35 um,
the hardness decreased slightly to values below the hardness of the initial microstructure. From a
depth of about 40 pm, the hardness increased to the level of the initial microstructure. The Martens
hardness depth profile of the EDM (roughing) processed specimen was similar to the pulsed (ps)
laser processed specimen hardness profile (see Figure 5d marked blue). The Martens hardness near
the surface increased to more than 5000 N/mm?2 but decreased to the values of the initial
microstructure at a depth of about 15 um, and further decreased below those values between 15 and
35 um. At depths of up to 100 um, the Martens hardness was again in the range of the initial
microstructure.

3.2. Comparison of Electron Microscope Results

In this section, selected SE-micrographs are shown. Figure 6 gives an overview of the
microstructures of various cross sections after the different machining processes. The typical initial
ferritic-pearlitic microstructure can be detected below the machined surface area in the micrographs
f-h. It consists of ferrite grains which appear grey in the micrographs, and pearlite grains that consist
of a mixture of ferrite and cementite lamellae. The cementite lamellae appear as bright white lines in
the micrographs.

Deep rolling, with the parameters used in this study, did not have any influence on the
microstructure visible at this magnification (Figure 6a). The actual microstructural changes that
occurred are discussed later in Figure 7a. Grind-strengthening has mainly a mechanical impact on
the workpiece. Due to shear deformation, the ferrite-pearlite grains at the surface were heavily
deformed. The deformation reduced gradually with depth, and could be detected up to a depth of 5-
7 um. The pearlite lamellae were deformed in grinding direction, to the left side in this micrograph.
Beneath the deformed surface layer, the initial ferritic-pearlitic microstructure is visible (Figure 6b).

Turning, a process with a thermo-mechanical impact, is represented in Figure 6¢. The figure is
divided into a left and a right micrograph. Both show that the cementite lamellae were deformed in
the turning direction, to the right side of the micrographs. The left part of the figure shows a very
even surface with a near surface layer of heavily deformed cementite lamellae. On the right side, an
uneven surface can be detected, where the material was ripped out during the turning process.

For grind and induction hardening, the generated surface layer was too thick to be displayed
completely; see Figure 6d,e. Only remnants of the cementite lamellae in the structure of the martensite
could be detected. This was caused by the incomplete homogenization of the carbon content in the
former pearlitic structure due to the short austenitization duration. As shown in Figure 6d, the
remnants of the ferritic-pearlitic microstructure visible in the grind hardened specimen were less
pronounced.

A strong thermal influence on the microstructure near the surface can also be seen in Figure 6f,
i.e., pulsed (us) laser processing and g electro discharge machining (roughing). The microstructural
changes were caused by temperatures which were far above the austenitization temperature. Pulsed
(us) laser processing and electro discharge machining (roughing) have a short-time temperature
impact, limiting the microstructural changes to a small surface region. However, due to the high
temperatures that occur, both processes cause major changes in the microstructures of the near
surface area.
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The pulsed (ps) laser processed specimen showed a microstructure with a visually changed
surface layer of about 10 um thickness; see Figure 6f. The surface microstructure was inhomogeneous,
and remnants of the cementite lamellae could still be found. The carbon content of the cementite was
only partially distributed, since the high temperature impact on the workpiece was very short.
Originally ferritic areas, for this same reason, remain ferritic.

The EDM cross section shows a homogeneous dark zone at the surface of about 4 um thickness,
and a zone of about 6 um thickness below, where the original structure of the cementite lamellae of
the pearlite grains is still visible in the martensite, due to incomplete carbon dissolution (see Figure
6g). It is known that surfaces modified by EDM usually consist of a recast layer (RL) of resolidified
melt and a heat affected zone (HAZ), which is marked by phase transformation. The homogeneous
dark zone at the surface may be related to the RL. The layers are described more detail in the
description of Figure 8c. The cross section taken from the electrochemically machined surface shows
an unaffected initial microstructure (see Figure 6h). On the surface, the ferritic matrix was etched
more easily than the cementite lamellae, leading to an almost smooth surface with lamellae sticking
out.

(b) grind strenthend

(a) deep rollin |

PRp——

(d) grind hardened
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Figure 6. SE-micrographs of (a) deep rolled surface, (b) grinded strengthened surface, (c) turned
surface, (d) grind hardened surface, (e) induction hardened surface (f) pulsed (us) laser processed
surface, (g) electro discharged (roughing) machined surface and (h) electrochemically machined
surface.

In Figures 7 and 8, examples of further electron microscope investigation of surface zones for
different processes are shown. In mechanical processes like deep rolling (Figure 7a) and grind-
strengthening (Figure 7b), dislocations are generated, forming dislocation networks. These networks
can build subgrain boundaries and either form low angle grains by dynamic recovery (deep rolling
(Figure 7a) or nanocrystalline grains by continuous dynamic recrystallization (grind-strengthening
(near the surface in Figure 7b). The BSE images distinctly show small variations in grain orientation,
as expected for dislocations and other crystal defects. For certain orientations, the dislocation
networks can be seen in the BSE images (e.g., in the dark area in the middle of Figure 7a). EBSD
measurements allow the quantitative determination of grain sizes, grain orientation and the texture
of the deformed surface zone. An inverse pole figure map is shown in Figure 7c for the cross section
of the turned surface. Small grains with high angle grain boundaries were formed. Close to the
surface, the grains were too small to be detected with EBSD, so TKD (Transmission Kikuchi
Diffraction) or TEM methods were necessary for the investigation. During turning, high temperatures
can be reached; however, the occurrence of phase transformation was excluded by EBSD and TEM
investigations.

7y | /W

(a) (b)
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(c)

Figure 7. (a) BSE image of deep rolled cross section, (b) BSE image of grind strengthened cross section,
(c) EBSD Image Quality Map with an overlaid Inverse Pole Figure Map of turned cross section.

ECM is known to have a very small affected surface zone, i.e., only a few tens of nm. An SE
image of the surface is shown in Figure 8a. The surface was smooth and shiny. Cementite lamellae
were clearly visible, but there was no pronounced etching of the ferrite phase compared to the
cementite phase, as in the other investigations. A bright field (BF) image of a FIB lamella cut from the
surface is shown in Figure 8b. A very thin reaction layer of about 50 nm is visible. The reaction layer
consisted of oxygen, confirming the formation of oxide layers during the ECM process.

EDM (roughing) (Figure 8c) and pulsed (ps) laser processing (Figure 8d) are processes with
mainly thermal impact, where the surface zone is melted by spark erosion and laser radiation,
respectively, and resolidified on the surface as a so-called recast layer (RL). Below the RL is the heat
affected zone (HAZ), which is marked by phase transformation and the formation of nanocrystalline
martensite and retained austenite. Due to the high temperatures involved, cementite lamellae are
dissolved. Since the carbon cannot distribute itself homogenously by diffusion, the mostly martensitic
microstructure contains retained austenite. Furthermore, the short high temperature heat treatment
can only cause a phase transformation of pearlite grains, because the locally enhanced carbon
concentration (ferrite ~0.02% C, pearlite ~0.8%) lowers the austenitization temperature and the critical
quenching velocity [47]. The dielectric fluid (EDM) is pyrolyzed by the high temperatures, resulting
in a carburized RL. High carbon contents change the transformation behavior. The RL therefore
consists mostly of austenite and rarely localized FesC inclusions (not visible in this image).

(a) (b)
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(c) (d)

Figure 8. (a) SE image of surface of ECM sample, (b) BF image of FIB lamella cut from ECM surface,
(c) EBSD Image Quality Map with overlaid Phase Map of cross section of EDM (roughing) sample,
(d) EBSD Image Quality Map with overlaid Inverse Pole Figure Map of pulsed (us) laser processed
cross section.

3.3. Evaluation of X-ray Diffraction Measurements

The processes observed in this study induce mechanical, thermal and chemical loads on the
material state with different affected depths. A comparison of processes can be made by classifying
the observed changes according to their microstructure and residual stress states. For mechanical
impact, the deep rolling process is able to exert a high loading strain field deep into the material with
local yielding. Plastic deformation can reach hundreds of pm into the material, and material flow is
maximal at the surface. However, the peak of compressive residual stresses is generally generated
below the surface [45]. This is reflected in Figure 9, where the maximum compressive residual stress
with a plateau in the range of the yield strength of the material at -350 MPa from 150 to 400 um depth
can be observed. The compressive residual stresses reached depths of more than 1 mm, as well as the
plastically deformed layer, as indicated by an increased FWHM over the entire zone (Figure 9).

The grind strengthened state, which is also mainly driven by mechanical impact, exhibits an
affected depth which is much lower than after deep rolling. In this case, the internal load condition
is generated by stochastic contact of thousands of abrasive grains with a noticeably smaller contact
area compared to the deep rolling tool, which strongly limits the depth of the loading strain fields in
the material. The highest residual stresses were found directly at the surface, which rapidly decreased
in the first 100 pm. In the FWHM distribution, the top surface layers exhibited maximal plastic
deformation, i.e., higher than that in the deep rolled condition but with a lower affected depth, as
shown in Figure 9.
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Figure 9. Residual stress and FWHM depth profiles for two processes with main mechanical impact:
deep rolling and grind-strengthening.

Deep rolling and grind-strengthening, as processes with mainly mechanical impact, and hard
turning, as a thermo-mechanical process, show direction-dependent stress states, partly with
additional out-of-plane shear stress components which are also direction dependent, as shown in
Figure 10. For comparison, the stress components along the longitudinal direction (processing
direction 0°) are written as oxx, while those in the transversal direction (perpendicular to the process
feed direction) are called oyy. Shear stresses are accordingly referred to as txz and tyz. The results show
that, in particular, the deep rolling and the hard turning processes showed strong asymmetrical
stresses, while in grind-strengthening, the differences between the normal stress components are
small. In contrast, the hard turning process induced high levels of tensile stress due to its thermal
impact, while the mechanically driven processes exhibited high levels of compressive stress. Beside
the different affected depths in the three processes, the shear stress components were also different.
The grind-strengthening and hard turning processes induced, in particular, pronounced shear
stresses in the feed direction due to the strong shear deformation of the material in this direction.
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Figure 10. Comparison of residual stresses for three manufacturing processes (deep rolling (a), grind-
strengthening (b) and hard turning (c)).
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In processes with mainly thermal influence, thermal energy input may lead to short duration
austenitization of the outer surface and the creation of a martensitic layer during the subsequent
rapid cooling. On the other hand, if the austenitization temperature is not reached, thermally
activated effects will take place, in particular, recovery and recrystallization, but also local yielding,
leading to residual stress generation. The EDM and pulsed (us) laser processes (PLP) have very short
durations. Even though the processes work differently, the thermal input clearly produced the most
residual stresses in both cases. As a result, the statistically distributed electrical discharges of the EDM
process led to a direction-independent tensile stress state at a depth of up to 80 pum, while the surface
processed with ps laser pulses exhibited a nonsymmetrical tensile residual stress state with a lower
affected depth of 40 pm, as seen in Figure 11. This was caused by the fact that, depending on the laser
processing pattern, a specific thermal gradient, as well as differences in the surface phase material
state, were exhibited, which produced a difference between the principal residual stress directions.
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Figure 11. Comparison of the residual stress (a) and FWHM depth profiles (b) of EDM (roughing)
and pulsed (us) laser processed surfaces (PLP).

When the thermal input was increased considerably, the depth of hardened layers could be
extended, as, for example, in the induction hardening process (Figure 12). In contrast to the surface
energy input of the pulsed (us) laser process, the volume heating in this case led to phase changes in
the range of hundreds of um, which, in turn, led to compressive residual stresses in the surface region
up to several millimeters and compensating tensile stresses below the hardened layer. The grind-
hardening process can be considered as comparable concerning the achievable residual stress state.
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Figure 12. Longitudinal residual stress (a) and FWHM depth profiles (b) for thermally dominated
processes: induction hardening and grind-hardening.

The processes, their corresponding mechanisms and the detectable modifications are listed in
Table 9.

4. Discussion

The results of the combined analysis techniques give a good outline of the characteristics and
depth of the material modifications and the underlying mechanisms. In the case of deep rolling, there
was good agreement between the hardness, the FWHM and the residual stresses. The depth profiles
of the different analysis techniques showed the modifications at comparable depths. The hardness
measurement was not the best method for analyzing modifications caused by work hardening effects,
since the characteristic mechanisms are the formation of dislocation networks and dynamic recovery.
Deep rolling with only a mechanical impact on the material had, due to the Hertzian contact
condition, the highest mechanical impact underneath the surface. It also had the greatest depth effect
caused by mechanical impact.

The hardness increase observed after hard turning and grind-strengthening (Figure 5 c) could
be interpreted thanks to the results of electron microscopy, as shown in Figure 7 b and c. Both
processes showed an enhancement in the dislocation density and grain refinement in the surface
layer. The grain refinement occurred due to continuous dynamic recrystallization, which was
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triggered by the (thermo)-mechanical process impact. There is a correlation between hardness and
grain size. Finer grains led to an increased hardness (Hall-Petch correlation). Though grind-
strengthening is a process with a more mechanical impact, and turning is a process with a thermo-
mechanical effect, both led to grain refinement and similar hardness depth profiles. At further depths,
plastic deformation predominated as the significant influence.

Table 9. Comparison of mechanisms and electron microscopically measurable modifications for
different manufacturing processes.

Process Main impact Mechanisms Measured modifications
deep rolling mechanical dislocation compressive residual
formation/accumulation/rearra  stresses, dislocation density,
ngement, dynamic recovery, dislocation arrangements,
work hardening subgrain boundaries,
misorientation
grind- mechanical dislocation compressive residual
strengthening formation/accumulation/rearra stresses, shear stresses,
ngement, continuous dynamic dislocation density,
recrystallization, work misorientation, grain sizes,
hardening texture
hard turning thermo- continuous dynamic residual stresses, shear
mechanical recrystallization, work stresses, dislocation density,
hardening, annealing misorientation, grain sizes,
texture
grind- thermo- continuous dynamic residual stresses, grain
hardening mechanical recrystallization, phase sizes, carbon diffusion,
transformation, diffusion of phase contents
carbon, annealing
induction thermal diffusion, phase residual stresses, grain
hardening transformation sizes, carbon diffusion,
phase contents
pulsed (us) thermal melting/solidification, residual stresses, dislocation
laser diffusion, phase density, grain sizes, carbon
processing transformation diffusion, phase contents,
dendrite arm distances
EDM thermo- melting/solidification, phase  residual stresses, dislocation
(roughing) chemical transformation, diffusion density, grain sizes, carbon
diffusion, phase contents,
dendrite arm distances
ECM chemical local dissolution of phases, phase concentration, oxides

chemical reactions

and nitrates in surface zone

Due to the different impacts (thermo-mechanical for turning and mechanical for grind-
strengthening), the resulting residual stress states were different. Intense plastic deformation of the
surface layer due to the mechanical impact caused local positive strain, which left, after the stress had
subsided, compressive residual stresses. High local thermal impact caused, due to local hindrance of
thermal expansion, tensile residual stresses in the surface.

Consideration of the processes with a high thermal impact showed that extent, duration and
affected depth were the main influencing factors for the resulting modifications. The EDM and PLP
processes led to maximal hardness at or near the surface. The EDM sample exhibited a recast layer
consisting of retained, carbon enriched austenite and nanostructured martensite, as well as sparsely
distributed carbide grains which resulted in a maximum hardness of ~5300 N/mm?. In the heat
affected zone, the hardness decreased towards the bulk material, since the proportion of phase
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transformation to martensite was reduced. The results of the residual stress measurement of the EDM
(roughing) and pulsed (us) laser processes, however, showed high tensile residual stresses at the

surface due to the very high applied temperatures, which resulted not only in phase transformations,

but partially also in a recast layer. The processes with a more controlled energy input over a longer

duration achieved a greater hardening depth and compressive stresses at the surface. In the case of

induction hardening, a volume heat source acts on greater depths of the material. The phase

transformation in the range of several hundreds of um causes, due to the associated increase in

volume, the generation of compressive residual stresses in the surface area up to several millimeters
depths. In this way, the grind-hardening process, where energy input takes place exclusively at the
surface, leads to the formation of a deep hardened layer with comparable compressive residual

stresses as after induction hardening. The evolution of residual stresses always involves interactions

among local thermal expansion, phase transformation and the temperature-dependent yield

strength. If the local yield strength is exceeded, local plastic deformation occurs. Local positive plastic

deformation results in local compressive residual stresses, while local compressive deformation

results in local tensile residual stresses. However, the component must remain in balance with itself.

The results of an analysis of the ECM process with a chemical impact reveal that, also for these

processes, surface modification occurred. In this case, a 50 nm thick oxidation zone can be recognized.

In Figure 13 the different microstructure modifications and their penetration depths for the

different processes are presented. As can be seen, similar modifications were achieved by different

mechanisms using different processes. For instance, nanocrystalline grains in the first pm of the

surface zone were generated by massive shear deformation (grinding and turning processes) or by

rapid phase transformations (EDM and laser polishing). Additionally, the same modifications can be
generated at a wide variety of penetration depths, depending on the process. A phase transformed
microstructure could be generated by grind-hardening, EDM and laser polishing but the penetration

depth of the phase transformed surface zone varied, depending on the process, from between a few
pum and several hundreds of pm.
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Figure 13. Comparison of microstructure modifications and their modification depth caused by

different machining operations (based on [48]).

As stated, in most cases, material modifications are confined to within a certain surface layer,

where chemical, microstructural changes and residual stress states are induced.

Figures 14 and 15 present a final comparison between the different processes regarding the

surface residual stresses and the determined dislocation densities, together with the respective

affected depths of the measurable residual stress that were found before their transition into
compensation stresses with a grouping of the modification mechanism. It can be observed by

comparing the

modifications

regarding

the

amount

and

type

of

residual stresses

(tensile/compressive) that these depend on mainly mechanical, thermal or chemical mechanisms, as

presented in the sections for each process. However, the depths at which the materials were affected,

as written inside the bars for each process, varied greatly depending on the processing parameters,
even if the mechanisms remained the same. The dislocation density was increased for all processes
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by at least one order of magnitude due to local plastic deformation and/or the generation of a
martensitic layer. However, the state after ECM processing was comparable to the initial state.

For chemically induced process mechanisms, it is shown that the removal of material without
thermal or mechanical influence led to no measurable changes in either the residual stress state or
the dislocation density within the investigated volume when measured with standard XRD methods.
Modifications were confined to a few tens or hundreds of nanometers. Additionally, no detectable
additional crystalline phases, aside from the austenite formed with additional carbon, were found on
the surface of the EDM specimens with the standard XRD method setup for residual stress and phase
analyses. Other thermally dominated processes, including pulsed (us) laser processing, induction
hardening, grind-hardening and hard turning processes, also allowed additional chemical
mechanisms to occur, due to the high surface temperatures and suitable surrounding media. If
present, these effects were limited to very thin surface layers.
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Figure 14. Comparison of the investigated processes regarding the residual stresses at the surface and
the affected depth.
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Figure 15. Comparison of the investigated processes regarding the dislocation density at the surface
and the affected depth.

5. Conclusions

The results of this study provide a comprehensive summary of the material modifications found
in several present manufacturing processes, as analyzed using a diverse array of methods. For the
first time, an overview concerning the material modifications that may be expected for a given set of
processes due to different mechanisms is given. These results might even allow one to speculate
about which kind of modifications are to be expected for other processes with similar internal loads.

For mechanical dominated processes like deep rolling and grind-strengthening, dislocation
formation and the rearrangement and formation of dislocation cells resulted in work hardening of
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the material, dynamic recovery (for deep rolling) and continuous dynamic recrystallization effects
(for grind-strengthening). Due to the massive shear deformation during grind-strengthening,
nanocrystalline grains formed at the surface. The plastic deformation of both processes resulted in
compressive residual stresses, but for grind-strengthening only, a significant increase in hardness
was observed. For thermo-mechanical processes like turning and grind-hardening, the amount of
generated frictional heat heavily influenced the mechanisms of modification. For turning, almost the
same microstructural modifications could be found as those for grind-strengthening, since
continuous dynamic recrystallization occurred, causing the formation of nanocrystalline grains and
an increase in hardness. However, due to the high thermal influence, the residual stresses were tensile
in nature. For grind-hardening and induction hardening, the austenitization temperature was
reached over a broader surface region, which resulted in massive phase transformation with an
increase in hardness and compressive residual stresses.

For the thermo-(chemical) processes like EDM and pulsed (us) laser processing, a phase
transformed and, depending on the parameters, redeposited resolidified melt could be identified on
the surface zone. Due to the local introduction of high temperatures, tensile residual stresses could
be measured at the surface. The hardness increase at the surface of the EDM samples may largely be
attributed to the formation of nanocrystalline martensite grains.

For the chemical process ECM, only a very thin reaction layer, i.e., of ~50 nm thickness, was
found. No change in residual stresses compared to the initial material were found, as neither
mechanical nor thermal effects influenced the surface. Since the lack of change in the surface
condition was paired with the removal rate of up to 1-5 cm3min, ECM showed its advantages,
especially in combination with other processes with a positive depth effect, but also negative effects,
like oxidation or tensile residual stresses on the outer surface.

The different characterization methods showed that hardness measurements and light
microscopy, though they might be the fastest and least expensive characterization methods, do not
give enough detailed information about the occurring mechanisms and modifications to allow
comparisons to be made among different processes. Electron microscopic characterization methods
revealed the most information about the microstructures and the underlying mechanisms, but are
quite time-consuming, especially for processes with huge penetration depths like deep rolling, grind-
hardening and induction hardening. XRD measurements give information not only regarding the
type of residual stress that has occurred, but also about the penetration depth. A further evaluation
of the observed measurement peaks will reveal information about the dislocation density and the
crystal size. With electron microscopy, locally occurring effects like grain refinement or dislocation
accumulation could be accurately determined, whereas XRD provided more global description of
sample regions.
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