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Abstract

The corrosion resistance of magnesium alloys depends mainly on its surface integrity. Previous experimental studies have shown that
machining can induces small (nano-scale) grain size, compressive residual stresses and basal plane crystallographic texture, which
significantly improve the corrosion resistance of magnesium alloy. These studies have focused on the positive effects of cryogenic
cooling and tool edge radius preparation. In this paper, the influence of a wide range of cutting process parameters (including cut-
ting speed, feed, tool rake angle, tool edge radius and cooling conditions) acting on the cutting mechanics and surface integrity
produced during machining of AZ31B-O magnesium alloy have been studied experimentally and numerically.
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1. Introduction

Magnesium (Mg) alloys are emerging lightweight
materials for automotive, aerospace and medical
applications. The major challenge of the Mg alloys has
been their unsatisfactory corrosion resistance in a saline
media [1]. Past research have shown the beneficial effects
of some surface integrity (SI) parameters (such as
compressive residual stress, grain refinement, strong
intensity of basal texture) on the improvement of the
corrosion resistance of Mg alloys [2, 3]. Therefore, the
control of the corrosion rate of Mg alloys via adjusting Sl,
seems to be an inexpensive and effective way to produce
the next generation of Mg alloys components.

Several approaches have been used to improve the SlI of
Mg alloys, then the corrosion rate of Mg alloys, such as:
alloying elements, protective coatings and applying
severe plastic deformation (SPD) processes [1, 4, 5].
Machining as a SPD process can also improve the Sl, but
due to the large amount of heat generated during
machining, the thickness of the layer with improved Sl is
often very thin [6]. The combination of cryogenic
machining with the use of cutting tools with large edge
radii has been reported to effectively contribute to
increases the thickness of the layer with improved SI [7].
Although these efforts, the corrosion resistance of the Mg
alloys is still insufficient for most of the practical
application, where the Mg alloys components are in
contact with aggressive environments, thus further

research is required.

The current research aims to investigate the influence of
a wide range of machining parameters in the SI of Mg
alloy, which were not fully investigated yet, such as:
cutting speed, feed and tool geometry. The research
started with an experimental part to analyse the cutting
process’s mechanics and the SI. Finally, a numerical
model is developed and applied to predict the cutting
mechanics and S| parameters.

2. Experimental and Numerical Procedures

2.1. Work materials, cutting tools and cutting
parameters

Orthogonal cutting tests were performed on Mg alloy
AZ31B-0 disks (95 mm diameter and 4 mm thickness)
using uncoated cemented carbide cutting tools. The
selected tool geometry according to the 1SO Standard
3002/1-1982 was as follows: normal rake angles (y) equal
to -6° and 5°; normal relief (flank) angle (o) equal to 6°;
cutting edge radii (rn) 35 and 70 um. The cutting speed
(vc) was varied from 35 to 220 m/min, the uncut chip
thickness (t1) from 0.02 to 0.3 mm and the width of cut
was kept constant and equal to 4 mm. These tests were
performed on a CNC and conventional lathe machines,
under dry and cryogenic cooling conditions. Fig. 1 shows
the delivery of the cryogenic cooling in the CNC lathe and
conventional machines, which was used to spray nitrogen
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to the machined surface from the relief side of the cutting
tool (nozzle diameter of 1 mm and pressure of 2 bar).

2.2. Experimental set-up and parameters

The cutting force measurements were performed on a
CNC lathe machine equipped with a Kistler 9121 (Fig.
1a). Using an innovative methodology a single cutting test
is required to measure the cutting forces during a
continuous variation of the cutting parameter. Applying
the concept of minimal specific cutting energy, it was
possible to identify the restricted range of cutting
conditions (v¢ and t1), which were used in the quick-stop
tests. These quick-stop tests were performed on a
conventional lathe machine equipped with a quick-stop
device (Fig. 1b), for studying the cutting mechanics and
for producing the machined samples for further SI
analysis.

(b)

Fig. 1. Experimental set-up: a) CNC lathe; b) convectional lathe

Sl was analyzed concerning to the phase transformation
and residual stresses. To identify the phases presented in
the material after machining, an X-ray diffraction pattern
of the Mg alloy in the machining surface was performed
using a Seifert XRD 3000 PTS equipment with Cu-Ka
radiation. Residual stresses in machined surface and
subsurface were analysed by X-ray diffraction (XRD)

technique and the siny method, using a Proto iXRD
equipment. X-ray Cr-Ka radiation was used to determine
the elastic strains in the (104) planes of the HCP
crystallographic structure of the Mg alloy (152° Bragg
angle). For each measurement, the irradiated volume was
given by the product of a superficial rectangular area of
2.5 mm x 5 mm by the average penetration depth of the
X-ray radiation in the AZ31B-O Mg alloy, which was
about 18 pum. Residual stresses were determined in the
machined surfaces and subsurface, in the circumferential
(direction of the primary motion) and axial (direction of
the disk axis) directions. To determine the in-depth
residual stress profiles, successive layers of material were
removed by electro-polishing, thus avoiding the
reintroduction of additional residual stresses.

2.3. Numerical model and parameters

2D orthogonal cutting simulations were performed using
Abaqus explicit (version 6.11.2). The workpiece and tool
were meshed with quadrilateral continuum elements
CPE4RT, used for a coupled temperature—displacement
analysis. To model the thermo-viscoplastic behaviour of
AZ31B-0O, a Johnson-Cook’s constitutive equation [8]
was employed for which the material constants were
determined by Ulacia et al. [9]. The thermal and elastic
properties of the AZ31B-0 and of the cutting tools were
obtained from the Mg manufacturer and toolmakers. The
chip formation was modelled by ductile failure, occurring
in two steps. The first step concerns the damage initiation
whereas the second one concerns damage evolution based
on the fracture energy approach [10]. The former was
modelled using the Johnson-Cook damage equation [8],
being the corresponding parameters d to ds calculated
from the experimental results of Wang et al. [11] and
Ulacia et al. [9]. The later was modelled using a fracture
energy approach as described by Mabrouki et al [10],
using Kic = 28 MPa m*? and Kjic = 19 MPa m*?, which
were obtained from the Mg manufacturer. To model the
tool-chip and tool-workpiece contacts, a constant friction
coefficient of 0.1 with limit shear stress (150/sqrt(3)) was
applied.

3. Results
3.1. Process mechanics

The mechanics of the cutting process was analyzed in
terms of cutting forces, chip compression ratio () and
shear angle (¢). The chip compression ratio is defined as
the ratio between the chip thickness and the uncut chip
thickness (or the feed). Fig. 2 shows the influence of the
tool geometry (y and r,) and uncut chip thickness (t1) in
the cutting force, under dry cutting conditions. For the
range of cutting speeds used in this work, the
experimental tests showed that the influence of the cutting
speed in the cutting force could be negligible. However,
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as shown in Fig. 2 the influence of the uncut chip
thickness is significant. Moreover, the cutting force
increases both with the rake angle and tool edge radius,
being stronger the influence of the rake angle.
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Fig. 2. Influence of cutting conditions and tool geometry in the cutting
force (v¢ = 200 m/min; Dry conditions).
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Fig. 3. Influence of cutting conditions in the specific cutting energy (v
=5°; r, = 35 um; Dry conditions).

Fig. 3 shows the influence of the cutting speed and uncut
chip thickness in the specific cutting energy, expressed in
N/mm?2. This energy is higher for low uncut chip thickness
(independently of the cutting speed) and lower for high
uncut chip thickness and modest cutting speeds.

Fig. 4 shows the chip formation obtained from the quick-
stop tests under cryogenic conditions. Fig. 5 highlights the
chip at high magnification. Both figures show that the
shear-localized plastic deformation along the shear plane
culminated in crack propagation. The same results were
observed for all the cutting conditions (including tool
parameters and cooling condition).

Fig. 4. SEM image of chip formation (V. = 100 m/min; t; = 0.05 mm; y
=-6°; r, =70 um ; Cryogenic conditions).

Fig. 5. Chip section (V=100 m/min; t; =0.1 mm;y =-6°; r, = 35 um;
Cryogenic conditions).
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Fig. 6. Shear angle (°) in function of the cutting speed and uncut chip
thickness (y = -6° ; r, = 35 um; Cryogenic conditions).

Considering the chip compression ratio (£) and the tool

rake angle, the shear angle (¢) was calculated using

equation (1), as follows:
tan g = —27 (1)

§—siny

As shown in

Fig. 6, for the range of cutting conditions investigated, the
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shear angle varied between 28° and 34°. This angle is
lower when both uncut chip thickness and cutting speed
are also lower and higher for high uncut chip thickness
and modest cutting speeds.

3.2. Surface integrity

Fig. 7 shows two X-ray diffraction patterns of the Mg
alloy taken in the machined affected layer and in the
original material non-affected by machining. Only the
diffraction peaks of Mg were detected, which allows
concluding that this is the main phase presented in the
material. However, by SEM it was possible to identify
small particles of Aluminium in the Mg matrix (

Fig. 4). Still observing Fig. 7, a difference in the
intensities of the diffraction peaks can be easily detected
when comparing both X-ray diffraction patterns, which
suggest  that  machining  induced  preferential
crystallographic orientations (texture). These
crystallographic orientations may changes in function of
the cutting conditions and will object of further analysis.

Original material
Machined affected layer

Intensity [a.u.]

Fig. 7. Diffratogramme of the magnesium alloy.

Fig. 8 shows the in-depth residual stress profiles
measured in the axial and circumferential directions, for
cryogenic cutting conditions. Both residual stresses are
compressive, being the stress acting in the circumferential
direction more compressive than that stress acting in the
axial direction.

Typically, the residual stress in the circumferential
direction is between -25 and -50 MPa at 18um below the
surface, increasing in compression as the depth increases,
reaching a maximum value of about -100 MPa, then
decreases until reach the zero stress for a depth greater
than 150 um. The residual stress acting in the axial
direction has similar in-depth profile, but having lower
values of the maximum stress below surface (50%
inferior) and of the thickness of the layer affected by
compressive residual stress.

Regarding the influence of the cutting conditions, the
increase in the uncut chip thickness increases the
maximum value of the residual stress below surface as
well as the thickness of the layer affected by compressive
residual stresses. The cutting speed has a similar influence
on the maximum value of the residual stress below
surface but a negative effect in the residual stresses closer

to the surface, becoming less compressive with the
increase of the cutting speed. Therefore, from the
perspective of the residual stresses, in order to improve
the fatigue life and corrosion resistance of the AZ31B-O
Mg alloy [7], an increase of in the uncut chip thickness
(or the feed) is preferable to an increase of the cutting
speed. Concerning to the specific cutting energy, identical
conclusion was obtained, although the cutting forces
increase with the uncut chip thickness.
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Fig. 8. In-depth residual stresses profiles in the (a) circumferential and
(b) axial directions, for cryogenic conditions. The experimental error is
inferior to 12 MPa.

3.3. Cutting mechanics and surface integrity predictions

The model described in section 2.3 was developed and
applied to simulate the dry cutting process, using the
following parameters: v = 100 m/min, t; = 0.1 mm, y = -
6° and r, = 35 um. This model permitted to predict the
chip geometry, shear angle, plastic deformation,
temperatures, forces and residual stresses.

Fig. 9 shows the distribution of the equivalent plastic
strain during the cutting process. Comparing to the
experimental analysis, a segmented chip was also
obtained, with a shear-localized plastic deformation along
the shear plane and in a thin layer of the chip in contact
with the tool rake face. Table 1 shows that predicted chip
geometry (peak and valley) as well as the shear angle are
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significantly ~ different  from  those  observed

experimentally. The differences are probably due to
constitutive and damage models used in the simulations,
which do not take into account the effects of the cryogenic
cooling in the work material behaviour.

Fig. 9. Predicted equivalent plastic strain.

Table 1. Predicted and measured chip geometry and chip compression
ratio.

Peak | Valley | Pitch ¢ d(cal.)
(Bm) | (pm) | (um) ©)
Measured 128 50 102 1.28 31
280 220 80 2.8 19
Predicted
+120% | +340% | -22% | +120% | -40%

Fig. 10 shows a maximum predicted temperature of
200°C, which is reached at the tool-chip contact. This
temperature is 40% higher than that measured by Pu et al.
[7] for identical cutting conditions.

NT11

+2.502e+01
+2.000=+01

Fig. 10. Predicted temperatures.

Fig. 11 shows a cyclic variation of the predicted cutting
and thrust forces, with average values equal to 208 and 70
N, respectively. These average values are 15% lower than
those measured experimentally.

Fig. 12 shows the distribution of the circumferential
residual stresses in the longitudinal section of the
machined workpiece. Fig. 13 shows one profile of the
circumferential residual stress extracted from this cross-
section, along the machined surface. These figures show
that the residual stress varies along the machined surface.
Since the chip formation is cyclic, the forces and stresses
vary during the cutting process, thus also the residual
stresses on the machined workpiece.
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Fig. 11. Predicted forces.

Using conventional XRD technique is not possible to
detect such variation, due to the large superficial area
irradiated by the X-ray. In particular, the width of the
irradiated area measured in the circumferential direction
is very large (in this case 5 mm) than the width required
to capture the residual stress variation, which according
to Fig. 13 should be inferior to 0.025 mm. Therefore, in
order to compare both predicted and measured residual
stress in-depth profiles, the predicted ones should be
weighted using a function that takes into account the
absorption of the X-ray in the material under analysis,
which can be given the following equation:

To(z)-e%dz
(o= @
je'%dz

where 1 is the mean penetration depth of the X-ray beam
in the material (about 18 um in Mg in the selected
experimental conditions).

Fig. 14 shows both predicted and measured in-depth
residual stress profiles, being the predicted in-depth
residual stress profiles corrected, considered the previous
description. This figure shows that although the predicted
residual stresses are within the range of the measured
ones, the in-depth profiles are different.
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Fig. 12. Distribution of the circumferential residual stresses in the
longitudinal section.
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Fig. 13. Profile of the circumferential residual stresses along the
machined surface.
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Fig. 14. Predicted and measured residual stresses.
4. Conclusions and outlook

Process’s mechanics and Sl induced by machining
AZ31B-O Mg alloy have been investigated for a wide
range of cutting conditions (including tool geometry),
under dry and cryogenic cooling conditions.

Preliminary results have shown that a minimum specific
cutting energy is obtained for high values of the uncut
chip thickness (or feed), which also results in an increase
the compressive residual stresses as well as the thickness
of the layer affected by these stresses. The compressive
residual stress reaches an absolute maximum of 100 MPa
below surface. Thus, considering that the yield stress of
the AZ31B-0O Mg alloy is 150 MPa, there is still room for
increasing the residual stress in compression.

A numerical model has shown the cyclic variation of

residual stress along the cutting path. The differences
between the predicted and measured results are probably
due to the cryogenic cooling, which was not considered
in the simulations. In order to improve the model
predictability, the effects of the cryogenic cooling in the
thermal and mechanical properties (constitutive and
damage models) as well as in friction, should be
considered. Therefore, tribological and mechanical tests
to characterize the AZ31B-O Mg alloy under cryogenic
conditions are required.
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