lubricants m\py

Article

Influence of Workpiece Material on Tool Wear
Performance and Tribofilm Formation in Machining
Hardened Steel

Junfeng Yuan !, Jeremy M. Boyd !, Danielle Covelli 2, Taib Arif !, German S. Fox-Rabinovich !
and Stephen C. Veldhuis 1*

1 Department of Mechanical Engineering, McMaster University, 1280 Main St., W. Hamilton, ON L8S 4L7,
Canada; jerome.yule@gmail.com (J.Y.); boydjm@mcmaster.ca (J.M.B.); taib_m_arif92@hotmail.com (T.A.);
gfox@mcmaster.ca (G.S.F-R.)

2 Biointerfaces Institute, McMaster University, 1280 Main St., W. Hamilton, ON L8S 4L7, Canada;
covelld@mcmaster.ca

*  Correspondance: veldhu@mcmaster.ca; Tel.: +1-905-525-9140 (ext. 27044)

Academic Editors: Werner Oesterle and Ga Zhang
Received: 23 February 2016; Accepted: 6 April 2016; Published: 19 April 2016

Abstract: In addition to the bulk properties of a workpiece material, characteristics of the tribofilms
formed as a result of workpiece material mass transfer to the friction surface play a significant role in
friction control. This is especially true in cutting of hardened materials, where it is very difficult to
use liquid based lubricants. To better understand wear performance and the formation of beneficial
tribofilms, this study presents an assessment of uncoated mixed alumina ceramic tools (AI203+TiC)
in the turning of two grades of steel, AISI T1 and AISI D2. Both workpiece materials were hardened
to 59 HRC then machined under identical cutting conditions. Comprehensive characterization of
the resulting wear patterns and the tribofilms formed at the tool/workpiece interface were made
using X-ray Photoelectron Spectroscopy and Scanning Electron Microscopy. Metallographic studies
on the workpiece material were performed before the machining process and the surface integrity
of the machined part was investigated after machining. Tool life was 23% higher when turning D2
than T1. This improvement in cutting tool life and wear behaviour was attributed to a difference in:
(1) tribofilm generation on the friction surface and (2) the amount and distribution of carbide phases
in the workpiece materials. The results show that wear performance depends both on properties of
the workpiece material and characteristics of the tribofilms formed on the friction surface.
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1. Introduction

Dry machining has been gaining some traction among manufacturers nowadays, as
industry recognizes its benefits over conventional wet machining, such as eliminating costs and
health/environmental risks associated with coolant, and reducing thermal shock in interrupted cutting
operations [1-3]. As such, the technique has also been increasingly applied to hard materials (typically
in the range of 58 to 68 HRC) and is even replacing conventional grinding processes in some instances,
due to reduced machining costs, as well as improved surface integrity [4,5]. However, the application
of dry high speed machining of hard materials introduces the problems of harsh tribological conditions
at the tool-chip interface and excessive tool wear. Indeed, most limitations and drawbacks to hard
machining relate to the high rates of tool wear, e.g., tooling cost per unit is significantly higher than
in grinding, the surface finish of machined parts can deteriorate even within tool life [4], and “white
layer” formation is prominent [6,7].
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Under extreme tribological conditions, cutting tools must simultaneously withstand high
temperatures, easily above 700 °C, and even 1000 °C in some cases, and heavy mechanical loads,
around 1-3 GPa [4,8,9]. Cutting tools for hard turning typically employ negative rake angles to
ensure adequate strength at the tool tip; although this adversely intensifies the sticking zone and heat
generation. Similarly, relatively light feed rates and depths of cut are employed to prevent immediate
fracture of the cutting edge. Of the range of cutting tool materials available, ceramics (based on
alumina (Al203) or silicon nitride (5i3N4)) and polycrystalline cubic boron nitride (PcBN) are most
widely used for hard and high-speed machining in industry [4,10]. Compared to ceramic inserts,
PcBN inserts cost more and are primarily used in finish hard turning [11,12]. Although pure alumina
possesses relatively low thermal shock resistance and toughness [13], improvement in its physical
properties can be realized by additives, such as ZrO2, SiC, TiC and TiCN [14,15].

Tribofilms are dynamic structures, forming as a result of self-adaptive behaviour at the frictional
interface. Most of them can favorably alter or benefit the friction and wear process, particularly
under heavy load and high temperature conditions; while some of them may be non-beneficial [16].
Various tribofilms formed by tool surface modification with further tribo-oxidation during the cutting
process have been found to date: Franz et al. reviewed vanadium containing self-adaptive hard
coatings for high-temperature applications [17] and Fox-Rabinovich et al. investigated hierarchical
adaptive nanostructured PVD coatings for extreme tribological applications. Recently, the generation
of tribofilms due to workpiece material transfer during tool/chip interaction was reported [18].

Most previous studies on the formation of tribofilms were focused on medium hardness workpiece
materials, such as hot work tool steel AISI H13 (50-53HRC) [19-21], cold work steel AISI D2
(52HRC) [22] and high speed steel (HSS) AISI T15 (52HRC) [23]. However, very few studies have
discussed tribofilm formation during machining of harder materials (57 HRC and above).

When using small depth of cut and feed rate, the material removal rate (MRR) is so small that
ploughing may dominate over cutting and result in unpredictable surface quality and tool wear.
Additionally, the low MRR is not practical for industry. Cutting under more aggressive conditions
is possible, as demonstrated by Arsecularatne [24], who investigated variations of cutting speed and
feed rate in turning hardened AISI D2 steel of 62 HRC with PCBN tools. Combinations of cutting
speed ranging from 70-120 m/min and feed rate in the range of 0.08-0.20 mm/rev were all found to
be feasible.

2. Experimental Work

This study aims to explore the process of tribofilm generation arising from workpiece material
transfer, primarily in machining of hardened steel but also supplemented by testing on a heavy-load,
high-temperature tribometre. Two grades of hardened steel, possessing significant differences in
alloying content but nearly identical hardness, were utilized in order to study the factors determining
tool wear and tool life.

2.1. Workpiece Material

AISI T1 high tungsten HSS and AISI D2 high chromium cold work tool steel were selected as
workpiece materials and hardened to 59.0 HRC and 58.7 HRC, respectively. The chemical composition
of both steels is shown in Table 1, while the heat treatments applied to each of the annealed workpieces
is presented in Table 2. Figure 1 shows the microstructure of both workpiece materials after heat
treatment. Compared to T1, the D2 workpiece is seen to feature less of the carbide phase, in agreement
with [25], which is present in smaller and more evenly distributed particles.
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Figure 1. Metallography of hardened workpiece materials: (a) AISI T1; (b) AISI D2.

Table 1. Chemical composition of workpiece materials.

wt% C Si Mn S P Ni+Cu Cr Mo A\ W N
T1 0.74 0.37 0.25 0.001 0.03 0 41 0 1.03 18.1 0
D2 1.52 0.32 0.28 0.001 0.026 0.3 11.54 0.73 0.58 0 0

Table 2. Heat treatment processes applied to workpiece materials.

Austenitization Tempering
Temperature/°C Temperature/°C Hardness/HRC
T1 HSS 1250-1260 560-570, twice 59.0(+0.5)
D2 tool steel 1000-1040 430-450, twice 58.7(+0.5)

2.2. Cutting Tool and Turning Tests

Turning tests were performed using Sumitomo CNGA432NB90S (Al1203+TiN) mixed alumina
inserts held in a KenclampTM DCLNL166DKC4 tool holder (see Table 3 for details). All tests were
conducted under a constant cutting speed v = 100 m/min, feed rate f = 0.075 mm/rev and depth of cut
DOC = 0.10 mm, without coolant. Prior to each cutting pass, the workpiece was pre-machined using
a separate insert at a lower cutting speed (v = 30 m/min) and higher depth of cut (DOC =1 mm) to
remove any work hardened layer from the previous pass.

Table 3. Material properties and geometry of the cutting inserts and tool holder.

Inserts Material Chemfc.a 1 Hardness Nose Radius Tool Holder
Compositions
. . 70%AI1203 + . rake angle —5°; clearance
Mixed Alumina 30%TiC 2000 HV 0.313 inch angle +5°; setting angle 95°

Tool life tests were carried out on an Okuma Crown L1060 CNC lathe, removing the inserts after
each pass for inspection of flank wear land width (Vb) using a Mitutoyo TM microscope. Chips were
collected after the first few passes, and tool life was quantified as the accumulated length of cut upon
reaching Vb = 300 um.

Cutting force measurements were acquired for three successive passes, with intermittent
cleaning passes, as described above, on a Nakamura-Tome SC-450 CNC lathe with a Kistler 9121
tool dynamometer.
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2.3. Characterization

A JEOL-6610 scanning electron microscope (SEM) was used to study the wear mechanism and
morphology of the worn cutting inserts.

The rake surface of the worn cutting inserts was characterized by X-ray photoelectron spectroscopy
(XPS) to reveal details about tribofilm formations. The XPS equipment consisted of a Physical
Electronics (PHI) Quantera II spectrometer with a hemispherical energy analyzer, an Al anode source
for X-ray generation, and a quartz crystal monochromator for focusing the generated X-rays. The X-ray
source was from a monochromatic Al K-alpha (1486.7 eV) at 50 W and the system base pressure was
between 1.0 x 107 t0 2.0 x 1078 Torr. At the beginning, the samples were sputter-cleaned for 5 min
with a 4 kV Ar+ beam before collecting the data. The beam diameter for data collection was 200 um,
and all spectra were obtained at a 45° take off angle. A dual beam charge compensation system was
utilized to ensure neutralization of all samples. The pass energy to obtain all survey spectra was
280 eV, while to collect all high resolution data it was 55 eV. The instrument was calibrated with a
freshly cleaned Ag reference foil, where the Ag 3d5/2 peak was set to 368 eV. All data analyses were
performed in PHI Multipak version 9.4.0.7 software.

Roughness measurements of the machined workpiece surfaces were taken from the beginning of
the first cutting pass using a white light interferometer (Zygo NewView 5000).

2.4. Friction Tests in Tribometer

Friction tests were performed on a custom heavy-load, high-temperature tribometer in order to
elucidate lubricating properties of tribofilms arising from the two grades of steel. The tests involve
loading a ball-tipped pin, made of the tool material, against a flat disc of work material. The greater
hardness of the pin generates considerable plastic strain in the disc, thereby forming a hemispherical
imprint. After reaching the desired load, electric current is drawn through the pin-disc interface in
order to heat the specimen contact zone. Finally, the disc is rotated about the axis of the pin, resulting
in primarily adhesive interactions between the materials in isolation of macroscopic ploughing.
The applied load and the resulting frictional torque and imprint diameter are used to calculate a
friction coefficient under the given load and temperature condition. Additional details about the
tribometer can be found in Boyd’s publication [27]. Due to the requirement for electrical conductivity
of the sample materials, TIAIN-coated tungsten carbide was used in the place of mixed alumina as the
pin material, while discs were prepared from the bar stock of T1 and D2 steel used in the cutting tests.
Testing occurred under an applied load of 1000 N (generating mean contact pressures on the order of
2.5-4 GPa, as per [28]) and elevated temperatures in the range of about 550-900 °C.

3. Results and Discussion

3.1. Tool Life and Tool Wear

Figure 2 presents the progression of flank wear land width, Vb, with cutting length in the
hard turning of T1 and D2 steels. It should be noted that testing on D2 steel was stopped prior to
Vb =300 um on account of catastrophic failure of the cutting edge that occurred during the last pass,
attributed to chipping. Nonetheless, despite the equivalent hardness values of the two workpieces
(Table 2), the ceramic inserts exhibited longer tool life (by 23%) when dry turning D2 steel (4976 m)
as compared to T1 steel (4124 m). From about 1000 m length of cut (i.e., post-running-in stage) until
the end of tool life, flank wear on the insert was distinguishably lower when cutting D2 steel, which
would suggest generally higher quality machined surfaces for this material over T1 steel.
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Figure 2. Flank wear land width versus cutting length during turning tests.

It is postulated that the improved tool life for the ceramic inserts when cutting D2 steel compared
with T1 steel is due to (1) differences in the amount and size of carbide phases present in each workpiece
material, and (2) differences in tribofilms generated on the tool friction surfaces in contact with each
workpiece, due to their different alloying content.

Carbide phases within both workpiece materials will cause abrasive wear of the cutting inserts,
manifesting in flank wear. The higher amount of carbide phase present in the T1 workpiece, as well as
its generally larger particle size (Figure 1), would thus contribute to more intensive abrasive wear of
the ceramic inserts during cutting than would the carbide phases in the D2 workpiece.

In conjunction, the differences in alloying content in each workpiece (Table 1) allow for different
tribofilms with distinct protective properties to form at the friction surfaces between tool and workpiece.
The nature of these tribofilms, in turn, can affect tool wear rates as well as cutting forces and machined
surface integrity. However, the formation of these tribofilms necessitates mass transfer of workpiece
material to the tool surface (i.e., adhesion) as a pre-requisite.

Repeat tests were performed under identical conditions in order to achieve a moderate level of
cutting insert flank wear, stopping after a similar length of cut to allow for a more detailed inspection
of the worn surfaces. Figure 3 shows the cutting edge of the ceramic inserts after turning T1 for 3304 m
(reaching Vb = 240 pm) and D2 for 3468 m (reaching Vb = 193 um). Both inserts exhibited signs of
abrasive wear on their flank face, which was more extensive for T1 turning. Crater wear, a crucial
consideration in tool life assessment according to ISO standards [29], was also much more pronounced
on the insert used to cut T1 steel. In contrast, more significant built-up edge was observed on the
rake surface of the insert used to cut D2 steel, along with evidence of attrition or peeling away of the
ceramic insert at the rear of the crater on the rake surface. No such attrition or peeling was observed
on the insert used to cut T1 steel.
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Figure 3. Worn rake and flank faces of ceramic insert after cutting (a) T1 steel to 3304 m; and (b) D2
steel to 3468 m.

3.2. Adaptive Behaviour

Tribofilm formation during friction plays a significant role in the wear behaviour, especially
in heavily loaded tribo-systems such as hardened metal machining processes [30,31], and can offer
protection to the underlying coating and substrate in two ways: (1) as a thermal barrier due to
ultra-low thermal conductivity; and/or (2) as an in-situ lubricant, reducing the intensity of work
material sticking [19].

The tribofilms formed on the worn rake surfaces of the inserts after cutting (to the same cutting
length as described earlier in Figure 3) were characterized by XPS. In agreement with the predominant
alloying elements listed in Table 1, survey spectra of insert that cut T1 showed significant tungsten (W)
signal and some chromium (Cr), while spectra from the D2 insert showed only Cr signal.

High resolution spectra revealed different types of chemical bonds of W (Figure 4a) and
Cr (Figure 4b), in simple and complex oxide tribofilms, on the T1 and D2 inserts, respectively.
These meta-stable phases have been observed on the worn surface of coated tools [32,33], and uncoated
tools [18] during different cutting processes. Photoelectron lines might be slightly shifted from the
binding energy values of pure elements in various offsets (W-O in Figure 4a and Cr203 in Figure 4b),
which indicates various degrees of oxidation with the formation of nonequilibrium phases and
“nonphase” clusters [33].
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Figure 4. High-resolution XPS spectra from the worn rake surface of ceramic inserts after cutting (a) T1
steel; and (b) D2 steel.
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W-O based tribofilms have been demonstrated to improve the wear behaviour during cutting
processes; the W-O carries energy dissipating properties [31] and WO3 is a high-temperature
lubricant [34], due to its low shear strength [21]. A variety of Cr-O oxides have been previously
reported as providing a lubricious function at friction surfaces [35].

According to the high-resolution data of Figure 4, acquired from the inserts during the stable-stage
of wear, W-O tribofilms constituted 65% of the W signal present on the rake surface of the T1 insert,
while Cr-O tribofilms comprised just shy of 15% of the total Cr signal on the D2 insert. In addition,
the proportion of tungsten in T1 (18.1%) is higher than the proportion of chromium in D2 (11.54%).
This would suggest that more intensive lubricant and energy dissipating W-O tribofilms form on the
tool during dry cutting of hardened T1 than do Cr-O tribofilms in dry cutting of hardened D2. As was
shown in Figure 2, the T1 insert exhibited a lower initial wear rate than did the D2 insert, which is
attributed to intensive formation of W-O tribofilms, which is not possible when cutting D2. The energy
dissipating qualities of W-O would decrease the micro damage of tool surface while its lubricious
aspects would lessen the seizure between tool and workpiece material, as reflected in the noticeably
lesser build-up of material on the insert used to cut T1 as compared to D2 (Figure 3). Nonetheless,
for the majority of the cutting length (beyond roughly 1000 m of cut), the D2 insert exhibited lower
flank wear and demonstrated longer tool life than the T1 insert. This is attributed to lower amount of
carbide phase, as well as its smaller size and more even distribution within the steel matrix. This better
distribution of carbides in D2 steel would lead to less aggressive tribological conditions in the abrasive
wear process. In contrast, over the long run, the damage to the tool surface due to aggressive abrasive
action of the more plentiful and larger-sized carbide phase in the T1 workpiece would accumulate and
result in shorter tool life. The generation of tribofilms are usually determined by coatings’ design in
most situation; but for uncoated tools, controlling of cutting conditions would be a feasible choice [36].

3.3. Cutting Performance During Early Stages of Tool Wear

Table 4 presents the average (R,) and peak-to-valley (PV) roughness values obtained from the
surface of each work material at the far end of the bar stock, where the tool first engages the workpiece,
after machining with an unworn insert. Machining of T1 steel resulted in much lower surface roughness
than did machining of D2 steel (50% lower R,, 35% lower PV). Cutting force measurements obtained
during the first pass (approximately 150 m length of cut) with unworn inserts were also consistently
lower in feed and tangential directions when cutting T1 steel (Figure 5). Chips collected from these
trials were of a golden brown and bluish colour, corresponding to tool-chip interfacial temperatures
of roughly 850-950 °C [26]. As shown in Figure 6, heavy-load, high-temperature tribometer tests
demonstrated nearly identical coefficient of friction (COF) for TiAIN-coated carbide against both
materials at 550-600 °C (COF = 0.22-0.23); however, between 800-900 °C friction had dropped
considerably for T1 steel (COF = 0.16-018) but remained the same for D2 steel. The combination of
lower surface roughness and lower cutting forces when machining T1 steel with an unworn insert
suggests the formation of lubricating tribofilms on the cutting insert friction surfaces, arising from the
work material, which is corroborated by the drop in friction coefficient and generally lower friction
seen in tribometer results for T1 steel in the expected temperature range at the tool-chip interface.
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Figure 5. Cutting force measurements during the first machining pass with unworn inserts.
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Figure 6. Measured friction coefficient of individual tribometer tests between TiAIN-coated carbide
pins against discs of T1 and D2 steel, under 1000 N load and various elevated temperatures.

Table 4. Roughness measurements of workpiece surfaces machined with unworn inserts.

Surface Roughness

Workpiece Material
R, (um) PV (um)
T1 0.40 £+ 0.01 323 +£0.18
D2 0.79 £ 0.01 4.92 +0.38

4. Conclusions

Hard, dry turning of AISI T1 and AISI D2 steels, of comparable hardness, with uncoated mixed
alumina ceramic tools was studied under identical cutting conditions. Metallography of workpiece
steels, wear mechanisms of the tool inserts and tribofilms formed on the tools were studied with
optical microscope, SEM and X-ray photoelectron spectroscopy. Abrasive wear dominated in both
hard turning processes, but tool life was 23% higher in turning of AISI D2 as compared to T1.

Metallographic studies showed AISI D2 steel feature less of the carbide phase, which is smaller
and more evenly distributed compared to AISI T1 steel. XPS analysis was used to detect the variety of
tribofilms formed during cutting; a variety of lubricious Cr-O tribofilms manifested when turning D2,
while energy dissipating W-O and lubricious WO3 were presentin the turning of T1. The tribological
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properties of these two tribofilms were assessed on a heavy-load, high-temperature tribometer with
similar conditions to hard turning. The friction coefficient in the tribometer tests agreed well with
the analysis from hard turning, with noticeably lower friction for the T1 steel than D2 in the range of
800-900 °C.

Conventionally, the carbide phase has been the only determining factor for wear conditions and
tool life in turning of similar hardness steels. This study presented a new, nano-scale perspective
to help explain the observed results: Besides the amount and distribution of carbide phase in the
workpiece material, tribofilm generation on the friction surface of the tool insert plays a significant
role in determining the tribological conditions and tool life.
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