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Abstract

Machining chromium-nickel alloy steel is challenging due to its material properties, such as
high strength and toughness. These properties often lead to tool damage and degradation
of tool life, which overall impacts the production time, cost, and quality of the product.
Therefore, it is essential to investigate early signs of tool damage to determine the effective
machining conditions for chromium-nickel alloy steel, thereby increasing tool life and
improving product quality. In this study, the early signs of tool wear were observed
in a physical vapor deposition (PVD) carbide-coated tool (Seco Tools, Bjornbacksvégen,
Sweden) during the machining of X5CrNi18-10 steel under both dry and wet conditions. A
finish turning operation was performed on the outer diameter (OD) of the workpiece with
a 0.4 mm nose radius tool. At the early stage, the tool was examined from the functional
side (f-side) and the passive side (p—side). The results indicate that dry machining leads
to increased coating removal, more heat generation, and visible damage, such as pits and
surface scratches. By comparison, wet machining helps reduce heat and wear, thereby
improving tool life and machining quality. These findings suggest that a coolant must be
used when machining chromium-nickel alloy steel with a PVD carbide-coated tool.
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1. Introduction

The increase in the production volume, particularly in the metal cutting of chromium-
nickel alloy steel, presents challenges for cutting tools due to the material’s high toughness.
Thus, the likelihood of tool failure increases. The failure of a tool can lead to numerous
challenges, including a decrease in product quality, unexpected machine breakdowns,
increased vibrations, and higher cutting forces, all of which ultimately degrade the quality
of the machined product and increase the production time.

Tool wear in turning processes develops through various stages, each defined by
distinct wear mechanisms and their impact on the machining process. Understanding these
stages is essential for enhancing tool longevity and sustaining machining effectiveness. The
preliminary wear phase is when wear occurs as a result of the initial interaction between
the tool and the workpiece. Higher wear rates and noticeable changes in tool geometry
characterize this phase. Adhesion and diffusion are the primary wear mechanisms during
this stage [1,2]. Another stage is the steady-state wear stage, in which the wear rate
becomes stable, and tool wear advances at a more uniform and gradual rate compared to
the early phase. Severe abrasion, adhesion, and even chipping and fracturing of the tool
edge remain substantial in this stage; however, the wear rate is now more predictable and
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controllable [3]. The last stage is the accelerated wear stage. At this stage, the wear rate
escalates fast, resulting in a decline of tool performance and surface quality with severe
abrasion, adhesion, and even chipping or fracturing of the tool edge. It is essential to detect
tool wear before it reaches the accelerated wear stage [4]. Several factors affect the tool
wear, such as tool properties, material properties, machining parameters, and dry and wet
machining conditions.

The cutting tool properties, such as tool sharpness, geometry, and whether the tool is
coated or uncoated, can affect surface integrity by reducing friction and wear [5]. A coated
tool generally offers better wear resistance and longer tool life, while uncoated tools can
be resharpened, making them cost-effective. Yuan et al. [6] investigated tool sharpness,
which has a significant impact on the minimum cutting thickness. Surface roughness,
microhardness, residual stress, and dislocation density of the machined part surface vary
with the cutting edge. Wang [7] mentioned that tool structure, material, and wear influence
the machined surface integrity of titanium and nickel alloy. Prohdszka et al. [8] highlighted
that the thermodynamic properties of cutting tools and the cut material affect surface
integrity, particularly with temperature changes in the machined material, causing phase
transitions and variations in surface roughness. Yue et al. [9] noted that tool structure,
material, and wear all influence the machined surface integrity of titanium and nickel
alloys. It affects the geometrical characteristics, microstructure alteration, and mechanical
properties. Xu et al. [10] investigated the rake angle, which has a significant influence on
the machining process and surface integrity. A positive rake angle tool generates minimum
surface deformation and less strain hardening on the workpiece.

To prevent these failures, continuous supervision is necessary during the turning
process to determine the condition of the tool. The factors that lead to wear or degradation
of the tool cutting edge include material removal, especially with a built-up edge (BUE),
abrasion, diffusion, oxidation, and fluctuations in thermal and mechanical loads. Tool
wear in machining is strongly affected by machining parameters, such as cutting speed,
feed rate, and depth of cut, as well as by the machining environment, including dry
and wet conditions. Higher cutting speeds and feed rates typically accelerate tool wear,
limit tool life, and possibly degrade the surface quality and dimensional accuracy of the
machined products [11]. Coolant is a crucial variable that affects tool performance during
the machining of nickel-based alloys. Coolant reduces friction and cools the cutting zone,
which helps protect the tool coating. Higher temperatures can lead to thermal cracking and
wear [12,13]. A high-pressure coolant supply is particularly effective in chip evacuation and
improves tool life by minimizing flank and crater wear [14]. During dry machining, in air or
an oxygen-rich atmosphere, oxygen rapidly interacts with the freshly cut surface, resulting
in the formation of a thin oxide layer. This layer impedes the adhesion of materials.

Additionally, cutting tools that readily react with oxygen may develop an oxide
layer. This mechanism generates high cutting temperature, leading to tool wear and
degradation [15-17]. Both actions alleviate stress in that region, preventing damage, such
as notch development, and extending the longevity of the cutting tool [18].

This necessitates the regular monitoring of tool wear and the application of predictive
maintenance solutions, such as tool condition monitoring systems, to enhance tool life and
to maintain machining efficiency through the early detection of tool wear [19]. Studying
tool wear over its full life span is a time- and energy-consuming process; however, a small-
scale experiment provides an effective way to understand which machining condition
is better.

This study aims to investigate and compare the early signs of tool wear under dry
and wet machining conditions on PVD carbide-coated tools and X5CrNi18-10, chromium—
nickel alloy steel. By focusing on early stages (preliminary wear phase) under dry and wet
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machining conditions, this study aims to provide insights into machining conditions that
are more suitable for turning chromium-nickel alloy steel using PVD-coated carbide tools.

2. Materials and Methods

The selected tool insert for the experiment was DNMG150604-MF1 (CP500) from Seco
Tools (Seco Tools, Bjornbacksvagen, Fagersta, Sweden) [20]. It is made of carbide with a
PVD coating, which improves wear resistance and cutting performance. The insert is used
for the close tolerance, good finish, and increased tool life due to the coating. These inserts
are used for longitudinal turning profiling and can be used for facing operations. The
angle of 55 degrees provides less power consumption. This type also offers less vibration
tendency and good accessibility, making it suitable for preventing vibration. The nose
radius of the insert is 0.40 mm. The CP500 grade is a hard micro-grain grade primarily
intended for finishing superalloys. The MF1 chip breaker is designed for medium-finishing
operations, and machining using this insert is well-suited for achieving a good surface
finish. The tool holder used in the experiment is DDJNL2525M15 from Seco Tools (Seco
Tools, Bjornbacksvégen, Fagersta, Sweden) [20]. The tool shank is 25 mm in height (H) and
breadth (B), providing stability while turning. This insert is suitable for machining ISO
M-type material.

Figure 1 shows an enlarged image of the tool insert, which will be used to analyze
the early signs of damage further as well as wear on the tool. The PVD carbide coating is
visible on the insert. Minor manufacturing defects, like deformation, can be noted on the
edge of the tool.

Figure 1. PVD coated tool insert top view: (a) M = 25X, (b) enlarged M = 80 x.

Similarly, Figure 2 presents the functional (f-side) plane view of the tool insert. This
side is responsible for removing the initial material during the machining operation. A
Discovery V8 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) was used to
capture the images at two different magnifications, 25x and 80x. The enlarged pictures
offer a clearer view of the wear on the tool.

The workpiece material used in this study is X5CrNil8-10, a grade of ISO M-type
material. A cylindrical bar of @ 45 mm and length 166 mm is used, portioned with a 4 mm
groove length and 5 mm groove depth, as represented in Figure 3. This material is subjected
to cutting forces, leading to heat generation, notch wear, and the formation of built-up
edges on the tool. The ISO M material has a K.; variation (specific cutting force at 1 mm?
chip cross section) of 1800-2850 N/mm?. According to the manufacturer’s guidelines, the
selected tool insert is well-suited for these material properties. The workpiece material
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has gained popularity in the automotive, marine, and aerospace industries due to its
excellent corrosion resistance, superior mechanical properties, and versatility. This material
is complex to machine and is widely used in the industry, making it essential to study the
machinability and quality of machined products. The material has a significant impact on
the tool, making it necessary to examine the tool wear on this material.

Figure 2. PVD coated tool insert {-plane view: (a) M = 25x, (b) enlarged M = 80 x.

1)
Bl

Coolant Pipe

e

Sl ———
’ I Cutting Tool
- (.

.

Workpiece

Figure 3. Experimental Setup of Turning.
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The machine used for performing the experiment is a HAAS ST-20Y CNC machine
(Haas Automation, Inc., Leoben, Austria) [21]. The coolant used during the wet condition
is a 5% CIKS HKF 420 oil emulsion. The cutting parameters were selected based on the
workpiece’s characteristics and the cutting tool’s properties. The manufacturer’s guide for
the tool insert provides suitable cutting parameters with spindle speed up to (Ns) 2000 rpm,
feed (f) 0.1 mm/rev, and depth of cut up to 2 mm. In previous work, these parameters
were examined, and it was concluded that the varying depth of cut plays a minor role in
impacting the quality. The previous work parameters were used as a reference [22]. The
spindle speed (Ns) was varied at three levels: 1000 rpm (v—141.4 m/min), 1500 rpm
(ve—212.1 m/min), and 2000 rpm (v.—282.7 m/min). The spindle speed was chosen
because it is easy to control during the operation. The operator can easily change it in the
code. Feed (f) is varied at two levels, 0.1 and 0.3 mm/rev, and depth of cut (ap) is varied at
one level. Two environments were chosen—dry and wet machining conditions.

After the experiment, the tool inserts were examined under a Stereo Discovery V8
microscope. The total length that one insert has moved during the experiment is 169.5 m.
The early detection of tool wear can be noticed during this time.

3. Results

The results present the early detection of tool wear in chromium-nickel alloy steel
under dry and wet conditions.

Figure 4a,b show the top view of the tool insert under dry machining conditions.
The tool’s coating was excessively removed on the top side, severe crater wear from high
friction, and chips during dry cutting can be noticed. It is also worth noting that a 0.5 mm
depth of cut is excessive for the 0.4 mm nose radius tool. Several scratches can also be seen
on the tool, due to chip flow. Pits are also noticeable in Figure 4b.

Figure 4. Tool inserts top view after dry machining: (a) M = 25x, (b) enlarged M = 80x.

The f-side of the tool insert is shown in Figure 5a,b. It can be noticed on the dry
machining condition insert that there are visible scratches and slight material removal due
to friction. However, no wear is visible. The heat-affected zone (HAZ) is also visible in
Figure 5a,b marked with red circles. Due to dry machining conditions, heat generation
from friction can increase the HAZ. It can lead to tool degradation and reduced tool life.
The surface shows early signs of wear. A comparison can be drawn between dry and wet
machining conditions.
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Figure 5. Tool inserts f-side view after dry machining: (a) M = 25X, (b) enlarged M = 80 x.

Similar effects can be seen on the p-side of the tool insert. Figure 6a,b show the insert
used in dry conditions. The tool shows the visible scratches as minor thermal effects. Small
material removal at the point of contact between the p-side and the surface can be observed,
which is responsible for surface generation. The scratches are formed due to chip removal.
The HAZ is also noticeable on the p-side in dry machining conditions.

Figure 6. Tool inserts p-plane view after dry machining: (a) M = 25X, (b) enlarged M = 80x.

Similarly, Figure 7a,b represent the tool insert’s top view under wet machining condi-
tions. It can be noted that, compared to the tool insert from dry conditions, less coating
was removed during wet machining conditions. There is minimal cratering and material
removal, but the surface still has most of the coating. In addition, the tip of the tool does
not have any mark of chip flow, which suggests that coolant is not only responsible for
good machining but for preventing the chips from interacting with the tool.

It can be understood from Figure 7a,b that an increase in tool life can be expected in

wet machining conditions.
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Figure 7. Tool inserts top view after wet machining: (a) M = 25X, (b) enlarged M = 80x.

Although a top view provides suitable information regarding the early detection of
tool wear, it is also essential to study the functional side (f-side) and the passive side (p-side)
of the tool.

The front-side view of the tool insert for wet machining conditions is shown in
Figure 8a,b. A small, localized HAZ zone is visible, marked with red circles. It is much
smaller compared to dry machining conditions. The coating remains unscratched. No
material loss can be seen.

Figure 8. Tool inserts f-side view after wet machining: (a) M = 25x, (b) enlarged M = 80 x.

In wet machining conditions, the p-side surface appears smoother, with fewer
scratches, due to the coolant flow, as shown in Figure 9. Slight wear, but not signifi-
cant, is observed. In wet machining, the fact that there are no HAZs confirms that the
coolant reduces the cutting temperature, protecting the tool material. It helps to maintain
the quality of the product during the machining.

The HAZ is more significant in dry machining conditions. The heat generation leads to
deformation and a built-up edge, which overall affects the quality of the machined product.
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Figure 9. Tool inserts p-plane view after wet machining: (a) M = 25x, (b) enlarged M = 80 x.

4. Discussion

The microscopic inspection of the tool inserts under both machining conditions reveals
essential signs of early tool wear, particularly in the turning of chromium-nickel alloy steel.

A top-view analysis reveals that dry machining conditions lead to increased wear, in
the form of scratches, pits, and PVD carbide coating removal. This observation suggests
that dry cutting can accelerate tool wear, particularly when the nose radius is smaller than
the depth of the cut. The large heat generation and HAZ can be noticed in dry conditions.
The measured HAZ length along the nose of the tool in dry cutting is 286.006 pm, and the
length in wet machining conditions was 127.05 um. Figure 10 highlights the comparison of
the HAZ in dry and in wet machining conditions on the functional side. The HAZ in dry
machining conditions is 2.25 times bigger than in wet machining conditions. The results
suggest that there is higher heat generation in dry machining conditions, which can lead to
oxidation and deformation in the tool, decreasing the tool life. In wet machining conditions,
the coolant helps to dissipate the heat, thereby reducing the tool wear and improving the
product quality.

| 200 um i

Figure 10. Comparison of the HAZ in tool inserts, f-plane view, M = 80 x: (a) dry machining, (b) wet
machining.

Similarly, a microscopic inspection of the insert used under wet machining conditions
revealed no coating removal except at the point of contact between the tool and the work-
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piece. It also shows minimal wear at the point of contact. The coolant helps to reduce
friction and cutting temperature, which is noticeable from a small HAZ in the insert. Ma-
chining in wet conditions can lead to longer tool life and improved surface quality. Minimal
scratches on the tool coating show that coolant also protects the chips from interacting with
the tool.

The f-side inspection of the tool provides better insights into the working area of the
tool insert. Observations from the f-side of the tool indicate visible thermal damage and
wear. In dry conditions, a clear HAZ is noticeable. These signs indicate that the tool has
been exposed to high thermal stresses and accelerated wear, resulting in a decrease in
surface quality. It also shows the early stage of tool wear. The p-side of the tool used in dry
conditions shows similar results.

In wet machining conditions, the coating remains unaffected, with mainly surface
scratches absent, and the affected zone is either very small or not visible at all. This clearly
shows the coolant stabilizes the machining and helps in maintaining tool health.

The finding highlights that the early stage of tool wear is more visible in dry machining
conditions due to the tool’s direct contact with the workpiece. Additionally, it was also
observed that tool wear accelerated in dry machining conditions as the process continued;
however, wet machining conditions delay significant tool wear.

5. Conclusions

This study highlights the importance of investigating the early signs of tool wear in
the turning of chromium-nickel alloy steel under dry and wet machining conditions. The
following conclusions can be drawn.

e  Dry machining conditions result in high friction and larger heat generation, which
leads to visible coating removal and larger heat-affected zones (HAZ) on the functional
side of the tool.

e  Wet machining conditions help with the heat dissipation during the tool-workpiece
interaction. This results in a small HAZ, which overall increases the tool life. Addi-
tionally, it helps with the removal of chips, reducing chip-tool interaction, which leads
to less coating removal.

e The HAZ length in dry machining conditions is 2.25 times larger than in wet machining
conditions. This suggests that accelerated coating degradation due to excessive heat
and friction leads to faster tool damage. By comparison, limiting thermal damage can
lead to slower wear in the tool and ultimately increase tool life.

e  The microscopic analysis suggests that a 0.5 mm depth of cut is unsuitable for a tool
with a 0.4 mm nose radius. The depth of cut should be smaller than or equal to the
nose radius of the tool in the finish turning operation.

This study offers insights into the optimal machining conditions for turning chromium-—
nickel alloy steel with PVD-coated carbide tools.
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HAZ  Heat-Affected Zone
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PVD Physical Vapor Deposition
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