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Abstract: This study aimed to investigate the effects of Thermal-Assisted Machining (TAM) on
SKD11 alloy steel using titanium-coated hard-alloy insert cutting tools. The microstructure, material
hardness, chip color, cutting force, chip shrinkage coefficient, roughness, and vibration during TAM
were evaluated under uniform cutting conditions. The machining process was monitored using
advanced equipment. The results indicated that thermal-assisted processing up to 400 °C did not
alter the microstructure and hardness of the SKD11 alloy steel. However, a significant variation in
chip color was observed, indicating improved heat transfer through TAM. The cutting force, vibration
amplitude of the workpiece, and surface roughness all decreased with increasing TAM. Conversely,
the chip shrinkage coefficient of the machined chips tended to increase due to the high temperatures.

Keywords: SKD11 alloy steel; machinability; thermal-assisted machining (TAM)

1. Introduction

The cutting mode and tool geometry parameters play a critical role in machining
techniques, especially when working with materials that are challenging to machine due to
their high hardness. These parameters affect various output parameters of the machining
process, such as cutting force, cutting heat, cutting tool wear, cutting process vibration,
surface roughness, and chip geometry. To improve productivity, part quality, and cost-
effectiveness, researchers are constantly seeking new technological solutions to support
the machining process, including the use of smooth cold techniques, new cutting tool
materials, vibration-assisted cutting, and thermal-assisted machining. Difficult-to-machine
materials, characterized by high hardness, good wear resistance, and little change in
mechanical properties at high temperatures, are widely used in various industries, such as
mechanical, automotive, aerospace, aviation, defense, medical, and electrical-electronics-
automation. Surveys have shown that over 30% of milling, turning, and drilling operations
are performed on such materials [1].

Thermal-assisted machining (TAM) is a machining process that involves heating the
workpiece before machining it using traditional or CNC machines. This technique has been
extensively used in industrial production since its introduction in 1945 [1,2]. Compared
to traditional machining methods, TAM offers several advantages, such as increased tool
life, reduced cutting force, decreased tool wear, and improved surface quality, resulting

in enhanced productivity [3-5]. TAM is suitable for both cutting processes (e.g., turning,
milling, drilling) and deformation processes (e.g., forging, stamping, drawing). Several
heating methods can be employed for TAM, including electrical current heating, laser
beam heating (LAM), plasma heating (PEM), furnace heating (FAM), and induction heating
(IAM). While each method has its own benefits and drawbacks, induction heating (IAM) is
particularly effective due to its high heating capacity, ease of use, and affordability, making
it a great choice for metalworking operations [6].
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Many studies have suggested eco-friendly dry and minimum quantity lubrication or
optimization to improve machining productivity, increase tool life, and enhance product
quality [7-9]. However, for challenging-to-machine materials, like those commonly used
in heavy-duty industries such as automotive, marine, and aviation, advanced machining
methods such as diamond grinding or discharge machining are often used but limited by
low material removal rates, expensive tools, and rapid wear [2]. Among these materials,
SKD11 Tool Steel is frequently utilized in mold and automotive sectors due to its hardness,
strength, and ductility [10]. Although traditional techniques like diamond grinding or
discharge machining are limited by high costs and specialized technologies, TAM has been
introduced as an innovative solution to the challenges of machining SKD11. Studies have
indicated that machining with TAM can reduce cutting forces by up to 40%, increase tool
life, enhance surface roughness by up to 50%, and increase material removal rate when
compared to machining at room temperature [11-13].

Recent research has shown that using thermal-assisted machining (TAM) can offer sev-
eral advantages, including improved tool life, enhanced productivity, and better working
conditions between the tool and workpiece [14-16]. Studies have revealed that workpiece
temperature is directly proportional to tool life and inversely proportional to cutting speed.
Induction heating has been investigated for milling titanium alloy Ti-6Al-4V, with heat
treatment significantly improving tool life and material removal rate, by up to 169.4%
at a temperature of 650 °C. However, heating above 640 °C may negatively impact the
workpiece’s mechanical properties, reducing machining efficiency [5,17]. Studies have
also shown that cutting and shear forces are inversely proportional to temperature, with
a 13% reduction in cutting force observed when machining at 500 °C compared to room
temperature. A novel approach to machining Inconel 718 was presented by Wang et al. [18],
which combines traditional turning, cryogenic enhanced machining, and plasma heating.
Cold working techniques can reduce the heat generated during cutting, enhancing the
cutting tool’s longevity. The implementation of this method has been shown to result in a
substantial enhancement of the machining process, with the surface gloss of the machined
material increased by a factor of 2.5, the required machining force decreased by half, and
the cutting tool’s lifespan prolonged by a factor of 1.7 compared to traditional machining at
room temperature.

Efficiently machining hard alloys has long been a challenge, but thermally assisted
machining (TAM) offers a promising solution. TAM involves cutting the material and then
softening it with an external heat source, which has been shown to reduce the hardness
and tensile strength of the workpiece material, thereby improving machinability [19].
Research indicates that TAM is linked to higher material removal rates, better control of
machining time, and improved surface finishes. TAM is particularly advantageous for
machining bio-implant titanium alloys, which require high precision. Hard steels can also
be successfully machined using TAM, resulting in lower cutting forces, increased tool life,
and higher material removal rates [20-24]. TAM can reduce cutting force amplitudes and
chip morphology changes, resulting in less vibration and better surface integrity. However,
machining certain hardenable steels, such as 1090 steel, can lead to increased cutting forces
due to phase transformation hardening when the laser-preheated part enters the cutting
zone. Softening the workpiece by reaching surface temperatures of 300—400°C for an uncut
chip thickness of 0.05 mm, on the other hand, can reduce the magnitude and amplitude
variation of cutting forces, and limit the evolution of tool wear [25]. TAM also induces a
change in chip morphology from sawtooth to continuous, improving the surface finish.
While TAM can lead to higher cutting forces in some hardenable steels, it can also enhance
surface integrity [26].

TAM techniques have been extensively researched and used in production. However,
little is known about the use of magnetic induction heating for mold steel, particularly when
milling difficult materials like SKD11 steel, which is commonly used in industry. This study
aims to evaluate the influence of TAM on milling SKD11 steel and its effect on the material’s
machinability by analyzing cutting force, vibration amplitude of the workpiece, and surface
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roughness. This analysis provides a basis for selecting appropriate TAM process parameters.
A significant challenge when using electromagnetic induction heating in machining is its
application to large parts with varying sizes or complex shapes. This study proposes a
potential technological solution for processing difficult materials using electromagnetic
induction heating. The results demonstrate that the heating process effectively reduces
cutting force, cutting heat, and vibration during cutting, while improving the surface
quality of the workpieces. The findings of this study have practical implications and are
applicable to the manufacturing industry.

2. Experimental Setup

The ease or difficulty of processing a material is known as its machinability, which
can be evaluated using parameters such as tool life, MRR, cutting force, cutting process
vibration, and surface gloss of the machined material. The machinability of a material
is greatly affected by its microstructure, which can be further influenced by the cutting
mode. Therefore, it is essential to assess the machinability of materials during heating
processing and compare it to conventional machining to determine the impact of heating
on the machinability of SKD11 steel materials.

2.1. Schematic of Experimental System

This study establishes an experimental research model that is based on the research
objectives and the available experimental equipment, as depicted in Figure 2.

2.2. Materials and lesting Equipment

SKD11 steel is a frequently used alloy steel in mold processing, as defined by JIS-
G4404. This steel is notable for its hardness, strength, and ductility, and can maintain its
hardness even at high temperatures for an extended period, making it suitable for use in
the production of molds for extrusion, plastic injection, pressure, and components that
require specific performance characteristics. Table 1 presents a breakdown of the SKD11
steel components, expressed as a weight percentage (wt%).

Table 1. The chemical composition of SKD11 steel (wt%) [27].

C Cr Mo Si Mn Ni \"
1.4-1.6 11-13 0.7-1.2 <0.6 <0.6 - 0.15-0.3

In this study, a machining experiment was conducted on SKD11 steel test specimens
using a Taiwanese MC500 milling machine. The billet was rough-worked and had dimen-
sions of 70 x 31 x 80 mm?>, and a chamfer of 7 mm x 7 mm was applied for uniform
contact with the induction coil. For the milling process, a 40 mm face milling cutter was
used, equipped with a titanium-coated hard alloy insert manufactured by PRAMET, a
tool manufacturer from the Czech Republic. Specifically, the APKT 1604PDR-GM hard
alloy piece was utilized, with cutting edge parameters such as the rake angle, clearance
angle, and cutting-edge radius set at 24°, 11°, and 0.8 mm, respectively. Other geometric
parameters, including 1 = 16 mm, d = 9.44 mm, s = 5.67 mm, and d; = 4.6 mm, were also
specified. No coolant was applied during the machining process. One significant challenge
in this research was the application of electromagnetic induction heating in machining, as
depicted in Figure 1d.
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Figure 1. Components of the experimental system. (a) MC500 Milling Machine, (b) Sample Workpices,
(c) Hard Alloy Insert, and (d) Power Source-Frequency Generator.

The study utilized the Axiovert 25 CA optical microscope (Figure 3a) to examine
the microstructure of the material after heating at different temperatures and compare it
with the original sample. This microscope, specifically designed for materials research, is
used in conjunction with Image-Pro Plus image analysis software to analyze the material
phase. The study also employed the Brinell hardness tester (Figure 3b) to test the initial
and post-heating samples for hardness.
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Figure 2. Schematic of Experimental System. Schematic diagram (a) and experiment photograph in
working zone (b).
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(b)

Figure 3. Equipment used in the tests: (a) Axiovert 25 CA Optical Microscope, (b) Brinell Hardness Tester.

3. SKD11 Steel Material Machinability Results
3.1. Effect of TAM on Microstructure of SKD11 Steel

To conduct an accurate examination of the microscopic structure of materials, proper
sample preparation is crucial. The process of preparing metal samples involves multiple
stages, including cutting, grinding, polishing, and impregnation. Specimens are initially
machined following established standards to achieve a size that can be impregnated.
Figure 4 displays the experimental samples and their cross-sections for SEM examination.

Figure 4 illustrates the microstructural analysis of SKD11 alloy steel samples before
and after thermal-assisted machining (TAM) at different temperatures, using optical mi-
croscopy. Figure 4a presents an image of the microstructure of the original material sample,
while Figure 4b—d show images of the microstructure after TAM at different temperatures.
The analysis reveals that the microstructure of the samples after TAM at room temperature
and 400 °C is similar to that of the original material. Specifically, the microstructure of the
four samples includes white plates and bright round particles of chromium Cr7C3 carbides,
spherical dark dots of Cementite, and a light background of Pearlite. These observations
suggest that the microstructure of the specimen remains unchanged even when the temper-
ature is increased to 400 °C, which is below the phase transition temperature of 700 °C for
the SKD11 alloy steel [28].

3.2. Effect of TAM on Hardness

To evaluate the impact of elevated temperatures on workpiece hardness after heating,
the workpiece was exposed to the designated temperature and allowed to cool naturally via
exposure to ambient air. Surface hardness measurements necessitated meticulous sample
preparation, including cutting, grinding, polishing, and impregnation. In order to prevent
the influence of cutting heat, wire cutters were employed during sample cutting. The grind-
ing process aimed to minimize undulation caused by the varying hardness of structural
elements, while polishing removed any coarse grinding marks and scratches. Finally, defor-
mations from the cutting, grinding, and polishing stages were either eliminated or leveled
to a size sufficient for removal with an impregnating agent. Three hardness measurements
were taken on each sample using a Brinell hardness tester at distinct locations, as illustrated
in Figure 5. The results, presented in Figure 5, showed that increasing temperatures resulted
in decreased specimen hardness to 2-3 HB at 200 °C and 300 °C. However, at 400 °C the
sample demonstrated increased hardness compared to the other temperatures, although
this increase was not significant within the chosen experimental temperature range.



Metals 2023, 13, 699 7 of 16

—_— —
(b)
20 pm 20 pm
== %
(d)

Figure 4. Microstructure of Material Samples at Different Temperatures: (a) Room Temperature,
(b) 200 °C, (c) 300 °C, and (d) 400 °C.
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Figure 5. Workpiece hardness after heating at different temperatures and natural air-cooling.



Metals 2023, 13, 699

8 of 16

| T T iy
R

LG
o

3.3. Effect of TAM on Chip Color

The geometry and morphology of chips play a crucial role in assessing the machinabil-
ity of materials. Chip geometry affects cutting force, cutting heat, and tool wear, while chip
morphology provides valuable insights for milling tool design. Therefore, when analyzing
the impact of heating on the machinability of SKD11, examining chip formation is crucial.
Figure 6 shows chip images obtained during the milling of SKD11 steel under different cut-
ting modes and heating conditions. Figure 6a—d display chip formations during machining
at various temperatures. The formation of wire chips is due to the workpiece material’s
ductile properties. The chip color varies significantly, with the normal machining chip
appearing purple-black in color due to excessive cutting heat generated during machining
at room temperature (Figure 6a). In contrast, chips appear bright white (Figure 6b) and
yellow (Figure 6¢) when machined at 200 °C and 300 °C, respectively. The chip appears
darker yellow when machined at 400 °C (Figure 6d). This variation can be attributed to
the uniform transfer of heat between the cutting tool, workpiece, and chip during heat-
ing processing. The high temperature reduces the material’s tensile strength, mechanical
strength, and yield stress, while increasing its deformation, improving heat transfer condi-
tions, and decreasing the bonding force between metal molecules [19,20]. As a result, chip
removal becomes easier, cutting heat is reduced, and chips appear light-colored during hot
machining. The results suggest that temperatures between 200-300 °C preserve the chip
color compared to the original substrate material.

4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20

Figure 6. Chip Formation at Different Temperatures: (a) Room Temperature, (b) 200 °C, (c) 300 °C
and (d) 400 °C.

3.4. Effect of TAM on Cutting Force

An experimental study was conducted to investigate the effect of elevated temperature
on cutting forces (F) during milling with identical cutting parameters at room temperature
and elevated temperature. The cutting force is a dynamic phenomenon and changes
throughout the machining cycle [29]. Figure 7 displays the cutting force transformation
with respect to tool distance during milling at room temperature (25 °C) and elevated
temperature (200 °C). The cutting parameters used were a cutting speed of 235 m/min,
feed rate of 305 mm/min, and cutting depth of 1.5 mm. The average cutting force (F)
was calculated from the component cutting forces (Fy, Fp, F¢) using Equation (1). Table 2
shows the component cutting force values and the average cutting force under conventional
machining and elevated temperature conditions. The results indicate that the F, component
cutting force (direct force) has the largest value, while the radial force (Fy) and axial force (Fc)
have relatively smaller values. The average cutting force reduction at elevated temperature
compared to conventional machining is 37.5%, as determined by Equation (2)).

F = /Ff? + F,2 + F2 (1)
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AF(%) = % x 100% )

where Fr represents the cutting force during heating and Fg represents the cutting force
when machining at room temperature (T = 25 °C).
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Figure 7. Cutting force during machining at room temperature and at elevated temperature (200 °C).

Table 2. Average cutting force at room and elevated temperature.

Temperature Fr (N) F, (N) F.(N) F(N)
Room 4.317 360.031 9.028 360.170
200 °C 8.958 214.583 9.071 214.962

The experimental results (shown in Figure 8) indicate a significant reduction in cutting
force (F) during machining at 200 °C compared to conventional machining. As the heating
temperature increased to 300-400 °C, the cutting force decreased at a slower rate. The
maximum reduction in cutting force (AF) was 65.1% during milling at 400 °C. This reduction
can be attributed to the weakening of the strength and bonding between metal molecules
due to the heating process, making the cutting process easier. Moreover, in the second
strain region, the compressive stress was found to decrease during heating, which led to a
decrease in cutting force.

3.5. Effect of TAM on Surface Roughness (Ra)

The surface quality of a workpiece is critical and influenced by various factors, includ-
ing the machining method, cutting tool geometry, and machining environment. Surface
roughness, in particular, is essential in determining the workability and performance of
the final product. This study used the average deviation criterion Ra to evaluate surface
roughness. According to ISO standards, Ra is the arithmetic average of the absolute values
of the profile over the reference length range (L = 250 um) for machined surfaces with a
smoothness level of 8-11. The research investigated the effect of elevated temperatures
on Ra during Thermal Assisted Machining (TAM) while maintaining the same cutting
parameters, including speed, feed rate, and cutting depth, under various temperature
conditions. The method of surface roughness measurement is shown in Figure 9a, where
the measuring head moves perpendicularly to the machining trace, and each sample is
measured at three locations (1, 2, 3) to ensure reliability, within the reference length range
of 250 um, as shown in Figure 9b,c. Results indicated that heating the workpiece before
machining significantly reduced surface roughness compared to conventional machining.
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This is because the thermal softening of the material results in increased smoothness and
stability during the cutting process.

RaR — RaT

R X100 % @)

ARa(%) =

where Rag and Rart represent the surface quality (Ra) at room and high temperature,

respectively.
400 - - 70
350 + L 60
Z 300 L 5o
(1
- 250 A
8 40 3
8 200 <
o L 30 &
£ 150 1
© 100 20
50 - 10
0 0
25 200 300 400
E===F (N) 36017 224 962 159 6134 125 7869
——AF (%) 375 55.7 65.1

Temperature (°C)

Figure 8. The mean cutting forces and the corresponding reductions observed during machining at

various temperatures.
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Figure 9. Cont.
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Figure 9. Measurement of Surface Roughness with Equipment and Method (a) and Comparison of
Surface Roughness Profiles for Machining at Room Temperature (b) and 200 °C (c).

In Figure 10, the average Ra values for machining at various temperatures are plotted.
The decrease in Ra was calculated using Equation (3). The results indicate that there is an
inverse relationship between Ra and workpiece temperature. The greatest reduction in
roughness, 47.1%, was observed at 400 °C.

3.6. Effect of TAM on Cutting Vibration

To investigate the impact of temperature-assisted machining (TAM) on vibration,
experiments were conducted using the same cutting parameters of V, f, and t at 235 m/min,
305 mm/min, and 1.5 mm, respectively, but at various temperature conditions. The
vibration amplitudes in directions of (X, Y) as (Ax and Ay) were summed to obtain the

Axy using Equation (4).
Axy = VAx? + Ay? 4)

Figure 11 displays the vibration amplitudes at room temperature (a) and at 200 °C (b)
in directions of (X, Y). The analysis of the no-load and individual vibration data did not
indicate any resonance. The results showed that TAM reduced the vibration amplitude
compared to conventional machining. The reduction in cutting vibration amplitude (AAxy)
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during TAM, as compared to milling at room temperature, is calculated using Equation (5).

AAxy (%) = AXY—;X; iXY—T x 100% (5)

where Axy.r Axy.r represent the vibration amplitudes in directions of (X, Y) during ma-
chining at room and high temperature, respectively.

02 70
—~ 018 -
= - 60
3 016 -
T 014 - L 50
un n —
2 012 / " &
= ,D-I i
~ ]
=2 L nd
3 0.08 ‘// 30 5
@ 006 - L 20
£ 004 0
® 002 -
0 0
25 200 300 400
=== Ra (um) 0174 0.128 0.108 0.092
——ARa (%) 26.4 37.9 471

Temperature (°C)

Figure 10. Surface Roughness and Reduction at Elevated Machining Temperatures.
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Figure 11. The vibration results at room (a) and heating at 200 °C (b) in the X and Y directions.

Figure 12 illustrates the vibration amplitude and reduction in vibration amplitude
during SKD11 steel machining at various temperatures, as compared to milling at room
temperature. The results indicated that Axy decreased by 13.2% at 200 °C, 14.9% at



Metals 2023, 13, 699

13 of 16

300 °C, and 15.8% at 400 °C. These findings indicate increased stability during SKD11
steel processing when conducted at higher temperatures, due to the reduction in metallic
bond strength resulting in an easier cutting process. However, the reduction in vibration
amplitude did not exhibit a significant change when high temperature was used to facilitate
the cutting process.

200 - - 70
~ 180 A
o - 60
2 160 A
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< 140 | - 20
@ i —
§ 120 L 40 ©
= 100 >
C}_ =
- 30
E g0 3
E 60 - 20
o _
s - 10
= 20 A
0 0
25 200 300 400
C—JAXY (dB)  174.08 151.139 148 071 146 526
——AAXY (%) 13.2 14.9 158

Temperature (°*C)

Figure 12. Vibration amplitude and vibration amplitude reduction during machining at various
temperature conditions.

3.7. Effect of TAM on Chip Shrinkage Coefficient (K)

K is a vital parameter used to assess the plastic strain of a material during machining,
and it has a significant influence on the dimensional accuracy of the machined surface.
Several factors affect K, including the mechanical properties of the workpiece material,
cutting tool geometry, cutting mode, and other cutting conditions. This study aims to
analyze the impact of elevated temperatures on K and compare it to conventional machining
under the same cutting mode. The objective is to assess the material’s softening and
formability at high-temperature conditions. The chip shrinkage coefficient, computed
using Equation (6), is utilized to determine K.

1000 - Q
K= —=— 6

where Q and p represent the mass of chip (g) and the material density (g/cm?), respectively,
Ly is the chip cutting length (mm), and f and t are the feed rate (mm/rev) and cutting
depth (mm), respectively.

Figure 13 displays the chip shrinkage coefficient at different temperatures for the
machining process conducted at cutting parameters of V = 235 m/min, f = 305 mm/min,
and f = 1.5 mm. The results demonstrate that the chip shrinkage coefficient increases with
heating compared to conventional machining at room temperature. The increase in K,
denoted as AK, is calculated using Formula (7). The chip shrinkage coefficient experiences
a 27.6% increase when the workpiece is heated to 200 °C, and the maximum increase in
K of 46.5% is observed at a temperature of 400 °C. This trend suggests that an increase in
temperature enhances the cutting process by improving the chip shrinkage coefficient. The
observed phenomenon can be attributed to the material softening under high temperatures,
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resulting in weakened atomic bonds and increased metal deformation, leading to a higher
chip shrinkage coefficient.
Kr—K
AK(%) = ~L 2R % 100% @)
Kr
where K1 and Ky represent the chip shrinkage coefficient during heating and at room
temperature (T = 25 °C), respectively.
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Figure 13. Chip shrinkage coefficient and chip shrinkage increase during machining at various temperatures.

4. Conclusions

The aim of this study was to investigate and compare the effectiveness of using
electromagnetic induction heating versus conventional methods for machining SKD11
steel, a material that is difficult to cut. The study analyzed various output parameters,
including chip geometry, chip shrinkage coefficient, vibration amplitude, surface roughness,
and cutting force. Experimental results indicated that the TAM process did not alter the
material’s microscopic structure in the temperature range of 200 °C to 400 °C, and the
machined workpiece, cooled in air, maintained its original hardness. Additionally, the chip
geometry changed and cutting force significantly decreased, with a maximum reduction of
65.1%. The K value increased by 31.7%, while surface roughness decreased notably, with a
maximum reduction of 47.1% at 400 °C. Lower vibration amplitude also indicated a more
stable machining process compared to traditional methods. These findings demonstrate
the potential of this method to enhance machining performance and contribute to the
development of high-precision and high-efficiency machining processes for difficult-to-
cut materials.
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