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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 

Procedia Manufacturing 26 (2018) 217–227

2351-9789 © 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of the 46th SME North American Manufacturing Research Conference.
10.1016/j.promfg.2018.07.030

10.1016/j.promfg.2018.07.030 2351-9789

© 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of the 46th SME North American Manufacturing Research Conference.

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Manufacturing 00 (2018) 000–000  

 www.elsevier.com/locate/procedia 

 

2351-9789 © 2018 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of NAMRI/SME.  

46th SME North American Manufacturing Research Conference, NAMRC 46, Texas, USA 

Large Strain Extrusion Machining under Cryogenic Cooling to 
Enhance Corrosion Resistance of Magnesium Alloys for Biomedical 

Applications 
R. Bertolinia*, S. Bruschia, A. Ghiottia 

aDept. of Industrial Engineering, University of Padova, Via Venezia 1, 35131, Padova, Italy 
 

* Corresponding author. Tel.:+39 049 8276819; fax: +39-049-8276819. 
E-mail address: rachele.bertolini@dii.unipd.it  

Abstract 

Magnesium alloys are attracting more and more attention for producing temporary prosthetic devices thanks to their 
bioresorbable characteristics in human environment. However, they present a reduced corrosion resistance to body fluids, which 
still limits their applications to a great extent. In this work, severe plastic deformation through large strain extrusion machining is 
explored, as a route for the surface and sub-surface modification of the AZ61 magnesium alloy with the aim of improving its 
corrosion resistance. Different process parameters, namely cooling condition and cutting speed, were adopted and their effects on 
the machined surface integrity and corrosion resistance were investigated. The obtained results show that cryogenic cooling 
applied to large strain extrusion machining can represent an efficient strategy to enhance the magnesium alloys poor corrosion 
behavior, regardless the adopted cutting speed. 
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1. Introduction  

Magnesium alloys are emerging as a new class of 
biomaterials for tissue engineering and medical 
devices thanks to their mechanical properties that are 
closer to those of the natural bone compared to other 

metals, their good biocompatibility, nontoxicity and 
biodegradability [1]. Magnesium-based temporary 
implants allow eliminating further surgical 
interventions for their removal, leading to less pain to 
the patient and reduction of the healthcare costs. 
However, the premature failure of magnesium 
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implants due to the poor corrosion resistance in 
physiological environment and the formation of gas 
bubbles as corrosion products limit their clinical 
applications to a great extent [2]. In recent years, 
research studies dealing with clinical applications of 
magnesium alloys have mainly concerned the 
development of strategies to reduce their corrosion 
degradation rate. Mechanical processing through 
Severe Plastic Deformation (SPD) provides an 
efficient approach to control their biodegradation rate 
through the modification of the part surface integrity, 
in terms of grain size, residual stresses, and 
crystallographic orientations [3].  

In [4] the effect of different processing routes, 
namely hot-rolling, hot-rolling and annealing, Equal 
Channel Angular Pressing (ECAP), and High 
Pressure Torsion (HPT), on the mechanical properties 
and corrosion behavior of pure magnesium was 
investigated. Although all the investigated SPD 
techniques proved to improve the magnesium 
mechanical properties, only HPT increased its 
corrosion resistance thanks to the formation of a 
homogeneous layer of corrosion products that 
protected the underlying material to further corrosion 
attacks. 

In [5], the bio-corrosion behavior of the ZE41A 
magnesium alloy processed by multi-pass ECAP in 
physiological solution was studied. Potentiodynamic 
polarization curves showed that at increasing number 
of ECAP passes the corrosion potential became 
nobler and the corrosion tendency lower. 

However, in these conventional SPD techniques, 
multiple deformation passes are needed to accumulate 
large strain in the material, and suitable processing 
routes are also necessary to refine the material 
microstructure down to ultrafine grains [6,7,8]. 

Recently, machining has proved to be a 
particularly effective method to achieve SPD 
[9,10,11]. In fact, compared with the conventional 
SPD techniques, using machining to get SPD requires 
just one step to produce large strain in the material. 

The effect of the cooling strategies and feed rate 
were evaluated in [12] on the corrosion behavior and 
wettability of the AZ31 magnesium alloy for 
biomedical applications. It was demonstrated that a 
reduction of an order of magnitude in the corrosion 
current could be obtained by using cryogenic cooling 
and an additional decrement was achieved through 
the adoption of a feed equal to 0.01 mm/rev.  

In this work, a recently developed SPD process, 
namely Large Strain Extrusion Machining (LSEM), is 

applied to machining of the AZ61 magnesium alloy. 
This machining-based approach has been already 
used to obtain a synergistic combination of graded 
microstructures and high mechanical properties. 

The effect of different process parameters, namely 
cutting speed and hydrostatic pressure, in LSEM of 
the AZ31B magnesium alloy was investigated in [13]. 
The suppression of the chip segmentation was 
achieved and sheets with an Ultra-Fine Grain (UFG) 
microstructure were obtained thanks to the careful 
choice of the investigated process parameters. 

In [14] the feasibility of exploiting LSEM as a 
low-cost production technique for manufacturing 
magnesium sheets was investigated. Results showed 
that completely different chip microstructures, 
ranging from heavily cold-worked to fully 
recrystallized ones, could be achieved by controlling 
the adiabatic heating in the deformation zone. The 
corresponding grain size varied from UFG (100-500 
nm) to conventional fine-grained (2-5 µm). 

High Speed Extrusion Machining (HSEM) were 
applied in [15], with the aim of improving the AZ31B 
surface integrity. Experiments with different 
Constraint Extrusion Factor (CEF) were carried out, 
demonstrating that when the factor exceeded a certain 
value a lower roughness of the machined surface 
could be achieved.  

However, in none of the aforementioned studies, 
LSEM was applied to magnesium alloys with the 
intent to study the process effect on their functional 
performances for biomedical purposes. In addition to 
this, the feasibility of using liquid nitrogen as cooling 
medium is here evaluated for the first time.  

 For doing that, different cutting speeds and 
cooling strategies were applied during LSEM of 
AZ61 and their effect on the surface integrity and 
corrosion behavior of the machined workpiece was 
investigated. Results showed that cryogenic cooling 
can be efficiently applied to the LSEM process 
enhancing the magnesium alloy corrosion 
performances in human-like environment. 

2. Background on large strain extrusion 
machining 

A scheme of the LSEM process is shown in Fig.1.  
The cutting tool removes a depth, namely the 

undeformed chip thickness (t0) and width (w) of 
material, in form of a chip of controlled thickness (tc) 
produced by a simultaneous machining-extrusion 
operation, thanks to the presence of a constraint 
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across from the tool. In this configuration, the LSEM 
tool moves into a rotating disk-shaped workpiece 
rotating at a constant cutting speed V0. 

The chip obtained in LSEM is a sheet produced 
directly from the bulk material in a single stage of 
deformation. 

 

Fig. 1. Schematic illustration of the LSEM process. 

In addition, contrary to conventional machining, 
the thickness of the chip, arbitrarily fixed a priori, on 
the basis of the constraint position, can be set smaller 
than t0. The chip compression ratio (λ) is defined as 
λ=tc/t0. 

In LSEM the deformation is highly localized and 
imposed in a narrow zone idealized as a shear plane: 
in these conditions the shear strain (γ) and shear 
strain rate (�̇�𝛾) can be estimated as follows according 
to [16,17,18]. It is worth to note that the extent of 
deformation imposed on the chip has a direct 
correspondence with the one found in the machined 
bar; therefore, the chip strain is a good indicator of 
the deformation in the machined bar [19].  

The chip shear strain is determined by the chip 
compression ratio and tool rake angle (α), and can be 
calculated on the basis of Eq. (1): 
 

𝛾𝛾 =  𝜆𝜆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  1

𝜆𝜆∗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  − 2 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡        (1) 
 

A wide range of strain can be imposed to the chips 
by varying α and λ, while the shear strain rate can be 
varied modifying the cutting speed on the basis of 
Eq. (2): 

 

�̇�𝛾 =  𝛾𝛾∗𝑉𝑉𝑐𝑐
𝛥𝛥∗√3                 (2) 

 

where Δ represents the thickness of the 
deformation zone at the shear plane while γ is 
calculated through Eq. (1).  

The thickness of the deformation zone typically 
decreases at increasing cutting speed; however, for a 
wide range of metals and for cutting speed higher 
than 100 mms-1, Δ was found to be almost constant 
and equal to 50 µm, which was the value assumed in 
this study according to the imposed cutting speeds 
[20]. 

3. Experimental 

3.1 Material 

The investigated magnesium alloy was the 
commercially available AZ61 that was supplied in 
form of bars of 60 mm of diameter and 500 mm of 
length. In order to homogenize the initial 
microstructure, the bar was subjected to an annealing 
heat treatment at 360°C for 2 hours followed by air 
cooling. The obtained microstructure is shown in Fig. 
2: the grain size was about 15 µm as measured using 
the line intercept method. Vickers micro-hardness 
after annealing was about 44 HV0.01. 
 

 

Fig. 2. Microstructure of the AZ61 magnesium alloy after the 
annealing heat treatment. 

3.2 LSEM experimental setup 

Fig. 3 a) shows the experimental setup used for 
carrying out the LSEM tests. An orthogonal cutting 
configuration was adopted on a Mori Seiki NL 
1500™ CNC lathe using a special setup for LSEM 
machining, in which a constraint tool was placed 
above the cutting tool (see fig 3 b).  

The adopted cutting insert was a commercial 
uncoated semi-finishing insert VBMW160404H13A 
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supplied by Sandvik Coromant™, with rake and 
clearance angles of 0° and 5°, respectively. The 
cutting length was equal to 14 mm, a value larger 
than the workpiece width in order to have orthogonal 
cutting conditions. The inserts were clamped in a 
SandvikTM SVJBR 2020K 16 tool holder; the 
approach angle, initially of 95°, were modified in 
order to be orthogonal to the workpiece. 

 

 

Fig. 3. a) Cryogenic LSEM experimental setup mounted on the 
lathe; b) magnification of the LSEM tools.  

The LSEM setup was also implemented with a 
specially designed apparatus to deliver Liquid 
Nitrogen (LN2) to the cutting zone. The LN2 was 
stored in a non-conventional high pressure storage 
Dewar equipped with security valves and pressure 
regulator. A high vacuum insulated pipe was used to 
carry the cutting fluid to the cutting zone. Two 
copper nozzles with an internal diameter of 2 mm 
were used to direct the LN2, supplied at a pressure of 
6 (±0.5) bars, towards the machining surface, as 
shown in Fig. 3. More details about the cryogenic 
apparatus can be found in [21].  

The adopted undeformed chip thickness t0 was 0.2 
mm while the chip compression ratio λ was set equal 
to 1.25. Since the aim of the study was to investigate 
the effect of cryogenic cooling applied to LSEM, λ 
was kept fixed for all the tests. The constraint tool 
corner radius was set equal to 0.4 mm in order to 
maximize the effective strain that could be produced 
on the workpiece, according to [22].  

Table 1 summarizes the cutting characteristics 
adopted for the experimental campaign.  

Table 1. Cutting characteristics for the LSEM tests. 

Rake angle α1 0° 

Clearance angle α2 5° 

Underformed chip thickness t0 0.2 mm 

Controlled chip thickness tc 0.25 mm 

Chip compression ratio λ 1.25 

Constraint tool corner radius rc 0.4 mm 

 
Different cutting speeds, namely 30 m/min, 60 

m/min and 120 m/min, and different cooling 
conditions, namely dry cutting and cryogenic 
cooling, were applied and their effect on the surface 
integrity and corrosion resistance of the workpiece 
was investigated. It is worth to notice that also a 
standard cutting fluid was initially used, however the 
machine tool system sprayed it at too high pressure, 
without any chance of modification, leading to the 
formation of discontinuous, thus not suitable, chips.  

The LSEM experiments were repeated three times 
in order to assure repeatability. 

Table 2 summarizes the experimental plan. 

Table 2. Experimental plan for the LSEM tests. 

Test ID 
Cutting speed 

(m/min) 
Cooling condition 

D1 30 Dry 

D2 60 Dry 

D3 120 Dry 

C1 30 Cryogenic 

C2 60 Cryogenic 

C3 120 Cryogenic 

3.3 Microstructural and mechanical characterization 

The machined AZ61 cylinders were cut to prepare 
metallographic samples. After cold mounting, 
grinding and polishing, an acetic and picric acid 
aqueous solution was used as etchant to reveal the 
grain boundaries. The microstructure observations 
were conducted using a Leica DMRE™ optical 
microscope equipped with a high definition digital 
camera.  

In order to quantify the extent of the machining-
affected layer, the following procedure was followed: 
the layer thickness was measured from the optical 
microscope images recorded at 500X magnification 
every 30 μm, the measures were repeated in two 
different zones of the sample, and finally the average 
value was calculated. 

Vickers micro-hardness measurements were 
carried out using a Leitz Durimet™ micro-hardness 
tester with a load of 98 mN for 30 s; three values 

LSEM set-up

Mg AZ61 
workpiece

Vacuum
pipe

a

b
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were recorded for each measurement and then the 
average calculated. In order to investigate the effect 
of the cutting parameters on the micro-hardness 
values, measurements were taken every 20 μm from 
the machined surface till a depth of 200 μm. 

3.4 Electrochemical tests 

The electrochemical behavior was studied using a 
standard three electrodes cell, where the AZ61 
machined samples were the working electrode, a 
saturated Calomel electrode (SCE) the reference 
electrode, and a platinum electrode the counter 
electrode.  

An AmelTM 2549 potentiostat was used for the 
electrochemical tests. The potentiodynamic 
polarisation curves were obtained applying a 
potential from -2.5 V to 0.5 V at a scan rate of 0.5 
mVs-1. The potentiodynamic polarization curves were 
obtained through testing in Simulated Body Fluid 
(SBF) solution, whose composition was 1.5881 g 
NaCl, 0.0709 g di NaHCO3, 0.0492 g 
Na2HPO4*7H2O, 0.0617 g di MgCl26H2O, 0.0746 g 
KCl, 0.0171 g di CaSO4*H2O, 0.0403 g CaCl2, 
distilled water at 1 L, at body temperature (37± 1°C), 
in order to reproduce the human body conditions. The 
corrosion potential (Ecorr) and the corrosion current 
density (Icorr) were determined from the polarization 
measurements using the Tafel extrapolation method, 
according to the ASTM G5-14 standard [23]. The 
electrochemical tests were repeated three times in 
order to assure the results reproducibility. 

4. Results and discussion 

4.1 General observations on the chips morphology 

Fig. 4 (a) shows serrated chips, typical of 
conventional machining in absence of the extrusion 
constraint. On the contrary, in LSEM condition, the 
serrations were suppressed by the presence of the 
constraint. As an example, Fig. 4 (b) shows a piece of 
continuous chip obtained for the D3 case. In all the 
investigated LSEM cases, the obtained chips were 
continuous; the only exception was found for the C1 
case in which fractures at regular intervals of 50 mm 
were found. This can be attributed to the low cutting 
speed, and, therefore, higher cutting time compared 
to the other cases, during which the temperature was 
kept very low by the constant liquid nitrogen 

adduction, and contributed to reduce the material 
plasticity.  

 

Fig. 4. (a) AZ61 discrete, needlelike chips obtained by 
conventional machining. (b) Slice of continuous chip obtained by 
LSEM for the D3 case.  

On the other hand, when machining at high cutting 
speed, the corresponding high strain rate induced a 
localized heat generation in the deformation zone, 
which enhanced the material plasticity and helped 
avoiding fracture of the chips; therefore, even in 
cryogenic conditions, the chips were found 
continuous. 

4.2 Microstructural and mechanical characterization 
of the machined workpieces 

Fig. 5 shows the cross-section microstructure of an 
LSEMed sample.  

 

 

Fig. 5. (a) Example of the obtained microstructure on the 
workpiece after LSEM for the C2 case. (b) Magnified images of 
the UFG region present in (a). 
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Fig. 7. Micro-hardness as a function of the cutting conditions. 

4.3 Corrosion behavior of the machined workpieces 

Fig. 8 reports the potentiodynamic polarization 
curves of the D2 and C2 cases as well as the one of 
the base alloy in annealed condition. Very similar 
corrosion curves were obtained for the other cutting 
conditions, and therefore, not here reported. 

Table 4 reports the electrochemical data derived 
from the potentiodynamic polarization curves for all 
the samples. In general, an improvement of the 
corrosion behavior can be found compared to the 
annealed condition as the curves are shifted towards 
higher potential and lower corrosion densities. 

Cryogenic cooling led to a slight improvement of 
the corrosion resistance, and in particular to a very 
different trend of the anodic branch of the curve. As a 
matter of fact, in case of the dry LSEMed samples, at 
a potential equal to 0.65 V, the corrosion curve 
presented a plateau. This is a sign of a reduction of 
the corrosion properties, as the corrosion current 
presents a sudden increase, reaching an extremely 
high value comparable to that of the annealed 
condition. The corrosion current has a direct 
relationship with the corrosion rate: this means that 
an increase in Icorr would correspond to an increase 
of the mass lost by the implant during its service-life 
in the human body. 

As regards the cutting speed, also in this case a 
clear influence could not be identified. 

 

 

Fig. 8. Examples of potentiodynamic polarisation curves in SBF 
solution at 37°C. 
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Fig. 6. Microstructures of (a) the D3 sample, and (b) of the C3 sample.

The presence of two different zones, namely a 
UFG region and a deformed region, both pertinent to 
the deformation layer generated by LSEM, is 
highlighted. The UFG region lies at most within the 
first 50 microns below the LSEMed surface. 

Table 3 reports the thickness of the UFG region as 
a function of the cutting conditions. The UFG region 
is formed by heavily deformed grains, strained and 
elongated along the cutting speed direction. Ultrafine 
grains are present, drastically reduced in size 
compared to the ones of the annealed structure. In 
fact, the severe plastic deformation imposed by 
LSEM provoked the subdivision of the original 
coarse grains into finer twin platelets. At increasing 
strain in the sample, dislocation movement, cross 
slips and dislocation arrays were formed within the 
twin platelets, leading to their very significant 
reduction in size (see Fig. 5 (b)). 

The deformed region corresponds to a domain that 
is not severely strained as the first zone, but is still 
characterized by a large amount of twins within the 
grains typical of the alloy in the as-delivered 
condition.  

Below the aforementioned zones, the grain 
structure recovers the initial annealed microstructure 
condition.  

Fig. 6 shows two different microstructures 
obtained under dry and cryogenic cooling conditions 
at the same cutting speed. The comparison proves 
that under cryogenic cooling a higher grain 
refinement can be achieved. Moreover, as reported in 
Table 3, the extension of the UFG region was slightly 
increased when LN2 in LSEM, was applied 
especially when the highest cutting speed was 
adopted.  

In addition, the microstructural analysis showed 
that the density of the twinning lamellas in the 
deformed region of the cryogenic machined samples 
was higher compared to the dry cut ones.  

Table 3 shows also that the cutting speed increase 
influences the extension of the UFG region. The 
change of the cutting speed from 30 m/min to 120 
m/min contributes to significantly increase the 
thickness of the affected layer. 

Fig. 7 shows the variation of micro-hardness from 
the LSEMed surface to the substrate of the 
workpiece. A severe hardening that extends up to 
several tens of microns beneath the surface is present 
in all the investigated conditions.  

In particular, the C1 case presents the highest 
micro-hardness among all the conditions, reaching an 
increase up to 64% compared to the base alloy. In 
general, cryogenic machined samples present higher 
micro-hardness compared to the dry cut ones, 
especially at the lowest cutting speed. 

Table 3. Thickness of the UFG zone as a function of the cutting 
conditions. 

Test ID 
UFG region thickness 

(µm) 

D1 27.7 ± 4 

D2 30.7 ± 4 

D3 33.9 ± 6 

C1 26.5 ± 2 

C2 32.8  ± 2 

C3 45 ± 4 
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Fig. 7. Micro-hardness as a function of the cutting conditions. 

4.3 Corrosion behavior of the machined workpieces 

Fig. 8 reports the potentiodynamic polarization 
curves of the D2 and C2 cases as well as the one of 
the base alloy in annealed condition. Very similar 
corrosion curves were obtained for the other cutting 
conditions, and therefore, not here reported. 

Table 4 reports the electrochemical data derived 
from the potentiodynamic polarization curves for all 
the samples. In general, an improvement of the 
corrosion behavior can be found compared to the 
annealed condition as the curves are shifted towards 
higher potential and lower corrosion densities. 

Cryogenic cooling led to a slight improvement of 
the corrosion resistance, and in particular to a very 
different trend of the anodic branch of the curve. As a 
matter of fact, in case of the dry LSEMed samples, at 
a potential equal to 0.65 V, the corrosion curve 
presented a plateau. This is a sign of a reduction of 
the corrosion properties, as the corrosion current 
presents a sudden increase, reaching an extremely 
high value comparable to that of the annealed 
condition. The corrosion current has a direct 
relationship with the corrosion rate: this means that 
an increase in Icorr would correspond to an increase 
of the mass lost by the implant during its service-life 
in the human body. 
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clear influence could not be identified. 

 

 

Fig. 8. Examples of potentiodynamic polarisation curves in SBF 
solution at 37°C. 
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Table 4. Electrochemical corrosion data. 

Test ID 
Ecorr 

(V/SCE) 
Icorr 

(µA/cm2) 

Annealed -1.84 10 

D1 -0.72 7 

D2 -0.66 6 

D3 -0.58 10 

C1 -0.69 9 

C2 -0.62 2 

C3 -0.59 2 

4.4 Discussion 

LSEM is widely used in literature as a mean to 
produce chips of macroscopic dimension by the 
application of a constraint tool in the cutting zone 
[24,25]. On the other hand, also the machined surface 
and sub-surface are found to be subjected to high 
deformation [26,19]. In [14] a modified sub-surface 
layer of 2 mm was found after LSEM of AZ31B. 
Such a significant machining-affected region is 
remarkable and, primarily, cannot be obtained 
through traditional machining processes. In this 
work, the LSEM process is indeed exploited as a 
strategy to induce a severe plastic deformed region 
on the magnesium alloy bar, rather than on the chips, 
with the aim of improving its functional 
performances. 

The chip shear strain, calculated on the basis of 
Eq. (1), is equal to 2.05, being the same for all the 
investigated cutting conditions as the rake angle of 
the cutting insert and the extrusion ratio are the same. 
The chip strain can be also assumed as indicative of 
the strain of the machined surface, as reported in a 
previous literature study [19]. Furthermore, it was 
demonstrated in [27] that not only the deformation 
history of the chip and the one of the machined sub-
surface region were equivalent, but also that it was 
true regardless the tool rake angle and workpiece 
material. The same applied for the strain rate values 
on the chip and on the workpiece. In addition, it was 
demonstrated that the obtained strain values were 
negligibly influenced by the cutting speed [27]. 

Table 5 reports the shear strain rate on the 
machined surfaces (assumed equal to that of the 
chip), calculated for the different cutting conditions 
according to Eq. (2). The LSEM process exploits the 
strain to induce a SPD layer into the workpiece. The 

plastic deformation in the surface layer at high strain 
rate results in a progressive refinement of the initial 
coarser grains into grains of nanometer size, as 
shown in Fig. 5. Regardless the cutting condition, a 
UFG region was formed, and its extension varied 
with the cutting conditions (see Table 3).  

Cryogenic LSEM was shown to enhance the grain 
refinement compared to the corresponding dry 
condition. Moreover, the twin density below the UFG 
region was found to be higher, which well explains 
the hardness increase compared to the dry sample out 
of the UFG region. This peculiar strengthening 
behaviour in cryogenic LSEMed samples can be 
attributed to the large plastic deformation induced by 
the constrained machining together with the 
suppression of heat due to the spraying of liquid 
nitrogen during the process itself. 

Furthermore, it can be noticed that at increasing 
cutting speed, which means at increasing shear strain 
rate, the extension of the SPD increased, regardless 
the cooling conditions. The micro-hardness 
measurements confirmed this evidence. 

Actually, the hardness increase of the machined 
surface is the consequence of the change in the 
microstructure. Up to a depth of 150 µm below the 
machined surface, hardness is still substantially 
higher than that of the annealed material. In 
particular, hardness was increased in the C1 case by 
more than double. 

 Cryogenic machined samples presented higher 
micro-hardness compare to the dry machined ones.  

This can be ascribed to the fact that cryogenic 
machining contributed to reduce the cutting 
temperatures and promoted a hardness increment due 
to the combination of reduced thermal softening and 
greater grain refinement, as reported in several 
research studies. 

Table 5. Calculated shear strain rates as a function of the 
investigated cutting conditions. 

Test ID 
Shear strain rate *104 

(1/s) 

D1 1.18 

D2 2.36 

D3 4.73 

C1 1.18 

C2 2.36 

C3 4.73 
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As an example, in [14] the deformation 
temperature was correlated with the hardness of the 
extruded chips and it was found that as the 
temperature increased the hardness was reduced. 

The effect of the shear strain rate on the hardness 
was not as expected, as it decreased at increasing 
strain rate. This can be attributed to the prevalent 
effect of the temperature on the strain hardening as a 
consequence of the adoption of higher shear rate. 

 It is worth to notice that no sensible differences 
were found for those samples machined at higher 
cutting speed: this can be related to the possible 
presence of a threshold above which the material 
becomes no sensible any more to the strain rate 
increase. Also in a previous study [28], the hardness 
monotonic increase at increasing strain rate were not 
found, and this was attributed to the onset of stress 
saturation phenomena, which, at increasing level of 
grain refinement, led to a reduced increase of the 
material flow strength. Moreover, the temperature is 
supposed to increase monotonically with the cutting 
speed, but at high speed it was demonstrated that it 
reached a constant saturation value [13]. 

Fig. 8 shows the effectiveness of using LSEM as a 
mean to increase the AZ61 corrosion resistance. 
Compared to the base alloy, the corrosion curves of 
the LSEM samples are shifted towards higher values. 
The corrosion improvement can be explained with 
the analysis of the samples microstructures. After 
LSEM, the grain size decreased in a sensible way 
compared to the initial one, as shown in Fig. 6. 
Previous studies [29, 30, 31] reported that finer 
grains could enhance the corrosion properties of 
magnesium alloys. The effect of grain refinement on 
corrosion resistance is generally ascribed to the 
formation of a strengthened passive film [32]. Grain 
boundaries have higher energies than the bulk of the 
grain and are more chemically active, thus, a high 
density of grain boundaries increases the reactivity of 
the surface through increased electron activity and 
diffusion. The increased reactivity, coupled with 
more sites for nucleation of an oxide film on the 
surface of grain refined metals, induces a more rapid 
formation of the protective layer [33]. 

Cryogenic LSEM modifies the corrosion curves, 
contributing to eliminate the plateau present in Fig. 8 
in case of the dry machined samples. This can be 
attributed to the fact that the cryogenic surfaces are 
harder and more refined compared to the ones 
obtained in dry conditions.  

The presence of a plateau in the corrosion curves 
relevant to dry cutting can be attributed to a 
breakdown of the material surface oxide. The higher 
refinement provided by cryogenic conditions gave 
enough strength to the surface oxide to avoid its 
rupture. On the other hand, a clear effect of the 
cutting speed on the corrosion behaviour could not be 
highlighted. This can be explained with the twofold 
effect of the cutting speed on the obtained 
microstructures: higher shear strain rate induces a 
greater extension of the SPD layer, but, at the same 
time, the arisen cutting temperatures contribute to 
decrease the material hardness. 

5. Conclusions 

In this study, LSEM was used to induce surface 
modifications on AZ61 workpieces. Different cooling 
strategies and cutting speeds were applied and their 
effect on the surface integrity and corrosion 
resistance was evaluated.  

The main findings can be summarized as follows: 
 

 LSEM is a suitable way to induce a 
significant deformation on the machined 
workpiece surface, which appears in form of a 
harder and more refined SPD layer compared to 
the annealed alloy. The presence of such surface-
modified region contributes to improve the 
corrosion resistance of the alloy, shifting the 
related corrosion curves towards higher potentials 
and lower current densities. 

 
 The strategy of applying liquid nitrogen 

showed potentialities to obtain a surface with 
enhanced mechanical and corrosion 
characteristics. In fact, the cryogenic-machined 
surfaces were characterized by a greater grain 
refinement and slightly more extended SPD layer 
compared to the corresponding dry cases. In 
addition, harder surfaces were observed when 
liquid nitrogen was applied. Also the corrosion 
properties were positively influenced, as the 
characteristic plateau of the corresponding dry 
curves, indicative of a lower corrosion resistance, 
was not detected. 

 
 In general, higher cutting speeds led to the 

formation of a thicker UFG region in the LSEMed 
samples. On the other hand, lower cutting speeds 
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generally promoted harder surfaces. However, a 
clear effect of the cutting speed on the corrosion 
behavior was not found.  

 
From the obtained results, it can be stated that, 

regardless the adopted cutting speed, cryogenic 
cooling can be effectively applied to enhance the 
surface integrity and corrosion resistance of the AZ61 
magnesium alloy processed under LSEM.  
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