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Abstract

Recrystallization mechanisms leading to the generation of ultrafine grains (UFG) by surface severe plastic deformation (S?PD) at low
temperatures (< 0.5Tm (melting temperature)) have been investigated over the last years. Material removal processes like broaching impose large
plastic strains along the shear plane during chip formation, leading in many cases to changes in the workpiece subsurface microstructure. In this
work the influence of the cutting material on surface grain recrystallization were studied on broaching of AISI 4140q&ct steel. Orthogonal cutting
tests were carried out in dry conditions on a broaching machine using tools with different coatings. Uncoated cemented carbide inserts were
geometrically prepared using fixed abrasive grinding processes and then coated by physical vapor deposition (PVD) with Al2O3; and CrVN thin
films. Workpiece subsurface layers were analyzed after machining by Focused Ion Beam (FIB-SEM) and X-ray diffraction (XRD). The presented
results show the influence of the cutting material on the final microstructure of the machined workpieces through the determination of the final

grain sizes and dislocation densities.
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1. Introduction

Despite the large number of new manufacturing technolo-
gies that enter the industrial field, material removal processes
still show dominance due to its flexibility and performance.
This prevalence over the years has been achieved thanks to the
effort of many professionals to satisfy the needs of an industry,
in which the functional specifications are increasingly high.
Many of the key performance indicators for measuring quality
of a machined component in terms of mechanical properties are
summarized under the name of Surface Integrity [1]. New
strategies to improve the functional performance such as fatigue
life, wear resistance and hardness were studied over the last
years. In this work, one of those strategies, the generation of
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ultrafine grains structures (UFG) in the workpiece subsurface
during machining [2-4] was studied under new boundary
conditions. The influence of coated and uncoated cemented
carbide tools on the subsurface microstructure in orthogonal
cutting operations was analyzed. The tools were prepared using
abrasive grinding methods in order to minimize the influence
of other factors like cutting edge microgeometries on the
microstructural changes [5]. Physical vapor deposition (PVD)
technology was used for thin film coating. Using Focused Ion
Beam in combination with Scanning Electron Microscopy
(FIB-SEM) and X-ray diffraction (XRD) the changes in the
workpiece microstructure were determined. In addition, these
microstructural variations were related with the increase in
dislocation density produced during the machining process.
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2. Tool and workpiece set-up
2.1. Cutting tool surface and edge preparation

It is well known that the cutting edge radius has a
remarkable influence on the surface finishing and subsurface
damage, changing important factors such as temperature
distribution or material flow during machining. Cutting tools
with negative rake angles and high ratio between cutting edge
radius rs and uncut chip thickness 4, known as relative
roundness, induce greater changes in the grain microstructure
of the machined workpiece [5]. With the purpose of reducing
the effect of relative roundness, rake and flank face of
cemented carbide inserts with geometry SNGA 190908 were
prepared by plunge-face grinding [6]. A Buehler planar grinder
was used in combination with diamond grinding discs of
different grain diameters. The rotation speed was set to 150 rpm
and the grinding pressure to 35 N. Symmetrically rounded
cutting edge radius 753 = 5 pm were obtained. To improve the
quality of the subsequent coating process, the tool surfaces
were also ground and polished obtaining surface roughness
values of less than R, = 0.1 um. The inserts were characterized
by measurement of the edge profile and flank face roughness.
A Mahr perthometer was used for measuring the prepared
cutting edge profiles. Surface roughness was identified by a
confocal light microscope of NanoFocus [7].

2.2. Insert coatings

The cemented carbide tools were coated using Physical
Vapor Deposition (PVD) processes. Aluminum oxide (Al,O3)
thin films were deposited by Radio Frequency (RF) magnetron
sputtering from an oxide target on rake and flank face
separately using masking to ensure homogeneous deposition at
the edges and the faces. Thicknesses of 4.5 um and 3 um were
achieved respectively. A wear-resistant coating such as
chromium vanadium nitride (CrVN) was deposited on inserts
already coated with Al,O3 by Direct Current (DC) magnetron
sputtering with a thickness of 4 pm.

The thermal conductivity £ is a key factor for the evaluation
of the results of this work and in consequence was determined
for each cutting material. For the AlLO; coatings, separate
samples were prepared for experimental characterization with
an extension of the 3w-method [8]. A value k= 1.6 W-m-K!
was obtained for 4.4 pm thick Al,Os layer at 25°C. At elevated
temperatures Al,O3, due to its chemical stability, presents slight
variations in its thermal conductivity achieving values in the
range of k=2-3 W-m-K"! for temperatures of 500-600°C [9].
This relatively small thermal conductivity at high temperatures
will provide more effective thermal protection to the substrate
varying the process temperature distribution. In addition, the
fraction of heat carried away by the chip and the depth of heat
penetration into the workpiece will increase. Values for
cemented carbide ground material (Tungsten carbide WC) are
typically around k=120 W-m!'-K' [10]. The thermal
conductivity values for CrVN were assumed higher than the
values of Al,Os according to studies with CrN coatings [11].

2.3. Material and test workpiece

Steel AISI 4140 was austenized at 850 °C, quenched by oil
and then tempered at 610°C in a furnace. From 50 mm diameter
bars, 80x20x4 mm size workpieces were extracted using wire-
EDM with the aim of reducing the microstructural damage
[12]. Before machining, the surface of the workpieces were
polished to eliminate the oxide-layer generated by the EDM-
process. The initial microstructure of the workpieces was
measured after polishing and nital etching with the aid of a
white light microscope as well as with X-ray diffraction tests
for the retained austenite determination.

The microstructure, shown in Figure 1, presents a high
content of tempered martensite (~70%) and bainite (~30%)
with retained austenite (<1%).

Fig. 1. AISI 4140q&t workpiece microstructure measurement using a light
microscope after polishing and etching with nital.

3. Orthogonal cutting tests

Orthogonal cutting tests were carried out without coolant on
a Karl Klink vertical broaching machine. As shown in Figure 2,
the experimental setup featured a static tool, while a clamped
workpiece moves downwards with a set cutting speed,
ve = 150 m/min. Coated and uncoated cemented carbide inserts
with cutting edge radius 73=35 um were used. Orthogonal
cutting rake, wedge and clearance angles, were set to y =-7°,
B =90° and a = 7°. Cutting path length, width and thickness of
the uncut chip thickness were L =80 mm, »=4 mm and
h = 0.2 mm, respectively.

Broaching machine
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Fig. 2. Set-up of the orthogonal cutting experiments.
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Cutting and thrust forces F. and F; were measured using a
plate dynamometer. Each cutting test was carried out four times
using a new workpiece and cutting tool. Process parameters as
well as tool coatings are listed in Table 1.

Table 1. Parameters of orthogonal cutting experiments.

Number Tool coating Ve h s

of test Material Thickness [um] [m/min]  [mm]  [pm]
1-4 - - 150 0.2 0.45
5-8 ALO; 4.5 150 0.2 0.50
9-12 AlO; +CrVN 4.5+4.0 150 0.2 0.55

The measured cutting forces, shown in Figure 3, present
slightly variations due to the coefficient of friction of the
different cutting materials.
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Fig. 3. Cutting force F, and thrust force F\, during orthogonal tests using
different coatings.

4. Microstructure gradient analysis

The quantitative microstructure of the workpiece was
analyzed using a Focused Ion Beam (FIB) system combined
with Scanning Electron Microscopy (SEM). The micro-
perforations were performed in the longitudinal direction of the
workpieces according to Figure 4. The combination of an ion-
optical column, which generates a focused 30 keV Ga* ion
beam, with a scanning electron microscope allows to “mill”
nanostructures and to identify the crystallographic micro-
structure and chemical composition respectively.

b
| |
a) —FéB workpiece b)
4 SEM Platinum

38°

layer

Fig. 4. a) Schematic representation of the measuring area of the workpiece
using FIB+SEM technique, b) SEM image of the perforated area.

A thin layer of platinum was deposited on the surface of the
workpiece close to the perforated area, to reduce the effect of
surface roughness on the measurements. The microstructure
gradients of the workpiece cross-sections, shown in Figure 5,
present three different sections.

e  The first section (I) results from the combination of severe
plastic deformations (SPD), grain phase transformations
and high thermal gradients. Consequently, the grains were
recrystallized and finally refined giving rise to an ultrafine
grain (UFG) structure with grain sizes below 100 nm.

e Below this layer, a microcrystalline sheared layer with a
grain size less than 1 pm conforms the second section (II).

e A plastic deformed transition area to bulk material
corresponds to the third section (III) [13].

Platinum layer
e W, N

Fig. 5. FIB image of cross-sections graded microstructures obtained after
broaching using: a) uncoated, b) AL,O; coated and ¢) CrVN + AL,O; coated
tools.

Due to the restrictions of the measuring device, it was not
possible to perforate the surface deep enough to visualize the
bulk material. The measurements shown in Figure 5 were
processed using a pixel count algorithm and the thickness of
the three sections according to the grain size were determined
and plotted in Figure 6. Thicker recrystallized grain layers were
generated by the coated tools as a result of higher temperature
rise in the tertiary zone.
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Fig. 6. Thickness of the UFG (I) and sheared (II) layers of the machined
workpieces measured using FIB-SEM.

The use of different cutting materials translates into a
different distribution of the process temperature in the tool-
workpiece contact area. Cutting tools coated with layers of
lower thermal conductivity that act as a thermal barrier produce
higher temperature flow to the chip and to the workpiece during
the cutting process inducing higher thermal strains and
thermally driven phase transformations.

5. Crystalline structures analysis

X-ray diffraction (XRD) provides information about crystal
structure and defect structure. For example, lattice strain
mainly resulting from dislocations stored in the subsurface
regions were obtained by determining broadening of ferrite
Bragg peaks. Separation from other sources of broadening, e.g.
broadening by nanometer-sized coherent domains can be
achieved by using the Williamson-Hall approach (WH) [14]:
cosf ks sin8

67\ d+£7\

(5.1)

where 6 is the full width at half maximum (FWHM) of the
Bragg peaks (peak position 8) obtained in a Bragg-Brentano
XRD set up, d is the average domain size, A is the X-ray wave
length, ¢ is the lattice strain and & is approx. 0.9

A more convenient representation can be obtained by
introducing the scattering vector S:

sin @
A

S=2 (5.2)

and by expressing the FWHM as a function of its respective
differentiation AS:

k
As=i+es (5.3)

XRD measurements were performed using a D2 phaser
device by Bruker operating with Cu Ka radiation. The Cu tube
was used at 30 kV and 10 mA.

The diffraction pattern was detected using a LynxEye line
detector at a step size of 0.01° in 20 at an accumulated time of
384 s per step. Flourescence radiation by Fe was discriminated

by proper LynxEye settings. FWHM were determined by
single-peak fitting and were corrected by Kai- Kay splitting.
Figure 7 displays the WH plot for the ferrite phase. A
significant broadening of the Bragg peaks is observed due to
the local, plastic deformation as can be seen from comparison
with the bare substrate, which was prepared by standard
metallographic procedures and subsequent etching to avoid
surface damage prior to XRD.

However, peak width does not linearly scale with scattering
vector as frequently observed in metals and alloys and in
contrast to the simple WH approach.

An anisotropic progression of the peak widths different sets
of lattice planes is evident. In a first attempt, direction-
depending elastic moduli were considered as a potential factor.
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Fig. 7. XRD measurement using different coatings

From Eq. 5.3 it is know that the relation between ksand d is
the domain size and is measured as the size of coherently
scattering areas (when d << 1 pum) and the slope is a measure
for the dislocation density.

When the grain size is less than 1 pm and combining Eq. 5.3
with the magnitude of the burgers vector b, the Williamson and
Smallman equation [15] is obtained and the dislocation density
in the subsurface can be determined by:

5.4

The dislocation density values for the machined workpieces
are in the range of p=(2-4)10° m?2 As reference, the
dislocation density of a workpiece before machining was also
determined p = (0.8 - 1)-10" m™.

These results must be treated with a grain of salt as there are
many factors other than dislocation density, coherent domain
size and elastic anisotropy that affect the peak broadening
significantly, e.g. other defects that occur during plastic
deformation, such as stacking faults, strain-induced martensite,
etc., which also contribute to the peak width.

In addition, the contrast factors for dislocations depend on
the respective set of lattice planes.

Furthermore, severe plastic deformation leads to distinct
dislocations structures and networks with high and low
dislocation density.
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5.1. Grain size and dislocation density

The relation between the grain size gradient structure and the
lattice distortion helps to predict the grain recrystallization
produced by the extreme conditions of machining processes.
Through Eq. (5.5) the domain size d and the total dislocation
density p can be related using a proportional constant, K [16].

K
d=—— (5.5)

'

The value of K must be studied experimentally in detail. As
explained previously in this chapter, it is very difficult to
determine the dislocation density in the results due to the
numerous influential factors. An increment in the dislocation
density does not always mean a decrease in domain size. For
instance, a high thermal gradient can recrystallize the grains
into bigger structures. In addition, the time during which a
thermal load is applied is an important factor to consider to
determine K and to identify the recrystallization mechanisms,
e.g. static and dynamic (DRX).

6. Outlook and future directions

A comparative experimental study of the effect of different
tool materials on the subsurface deformed layer on broaching
of AISI 4140q&t was carried out. Through the tool preparation
and a proper process parameter selection, factors such as
relative roundness and rake surface quality did not influence the
results significantly. For the analysis, X-ray diffraction (XRD)
and Focused Ion Beam (FIB) combined with Scanning Electron
Microscopy (SEM) were used. It has been demonstrated how
tools coated with AlO3 and CrVN generate greater changes in
the microstructure of the workpiece subsurface than uncoated
cemented carbide tools. These changes were attributed to the
different values of thermal conductivity of the cutting materials.

e Machined workpieces using coated tools presented an
ultrafine grained (UFG) layer up to twice as thick than the
machined workpieces using uncoated tools.

e The dislocation density of the workpieces increased up to
50 times after machining.

e The variation in the dislocation density produced by the
different cutting materials did not present a clear tendency.

Using deterministic methods like FEM analysis and
considering the grain recrystallization phenomena based on
geometrical and statistical dislocation density in the
constitutive material model, the stochastic character of the
machining process can be better described with no need to reach
the atomic level. This leads to an increase in accuracy of the
predictions and a reduction of calculation time. In order to
model the recrystallization mechanisms and the final grain
structures in a proper way and according with this approach, a
better understanding of the relation between microstructural
changes during severe plastic deformations and the increase in

dislocation density is needed. For future work, changes in the
dislocation density fluctuations during plastic deformation on
steel with different heat treatments will be systematically
studied using XRD with the aim of better peak broadening
adjustment and characterization.
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