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Abstract

The wear of metal cutting tools is known to take place by the combined and simultaneous effects of several wear mechanisms.
Knowledge of the relative contribution of the individual wear mechanisms is required to understand and predict the tool wear
during cutting different workpiece materials and alloys. It has been shown previously that machining two heat resistant super-
alloys, alloy 718 and Waspaloy, leads to distinctively different tool wears. Even though the subject has been addressed in various
studies, there are still open questions regarding the underlying reasons for the differing tool wear rates. In particular, the relative
contributions of diffusion/dissolution when machining the two alloys have not been addressed so far. Therefore, a qualitative
comparison of the chemical interaction between the tool material and the two superalloys was made by using diffusion couple
tests. The aim was to mimic the high temperatures and intimate contact between workpiece and tool material at the tool rake and
flank faces during cutting under controlled and static conditions. The obtained results suggest that it is unlikely that differences in
flank wear rate when machining the two superalloys are caused by significantly varying magnitudes of tool atoms dissolving into
the respective workpiece. Analysis of the tool/superalloy interfaces in the diffusion couples revealed diffusion-affected zones of
similar size for both tested superalloys. Increasing test temperature led to enhanced interdiffusion which suggests an increase in
tool wear by diffusion/dissolution for higher cutting temperature. For alloy 718, the higher test temperature also led to depletion
of carbon together with formation of tungsten within the tool in close vicinity to the interface with the superalloy.

Keywords Metal cutting - Tool wear - Dissolution - Diffusion - Waspaloy - Alloy 718

1 Introduction

Due to its significant impact on many process characteristics,
the understanding and prediction of tool wear in metal cutting
have drawn considerable attention [1-5]. The negative impact
of tool wear on the surface properties of machined compo-
nents necessitates a timely change of a cutting tool before a
critical level of wear has been reached [6]. This is of particular
relevance for safety critical applications, like aircraft engine
components where high-temperature materials like superal-
loys are used. Machining of this type of material results in
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rapid tool wear which is why superalloys are considered a
difficult-to-machine material [7].

Advanced coatings are generally used to provide cutting
tools with improved wear resistance and longer tool life [8]
especially in the case of machining difficult-to-cut materials
[9]. However, despite the use of tool coatings, wear of the
underlying tool substrate (most commonly cemented carbide)
can become the tool life limiting factor since progressing tool
wear can result in local loss of the applied tool coatings which
in turn exposes the underlying tool substrate. Apart from the
influence of coatings on the tool wear, the workpiece charac-
teristics have also shown to affect the tool life significantly.
For example, the tool wear behavior when machining super-
alloys using uncoated cemented carbide inserts can vary de-
pending on the machined workpiece alloy, its properties, and
microstructural characteristics [10—-13]. Olovsjo and Nyborg
[13] have compared the wear behavior of uncoated cemented
carbide tools when machining two different superalloys, alloy
718 and Waspaloy. The superalloys in their study were tested
after different heat treatments which were employed to
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achieve controlled microstructures with varying grain sizes. In
that way, the influence of workpiece grain size on flank and
notch wear was investigated for both superalloys. According
to Olovsjo and Nyborg [13], the grain size mainly affected the
tool notch wear when machining the respective superalloy
workpieces. Furthermore, no effect of workpiece grain size
on the flank wear was observed for both alloys [13].
However, the flank wear was significantly different when
comparing the two superalloys. Irrespective of the grain size,
significantly higher rates of flank wear development were ob-
served for machining alloy 718 as compared with machining
Waspaloy [13]. Similar observations were later reported by
Polvorosa et al. [14] who employed conventional and high-
pressure cooling when machining the two superalloys with
uncoated cemented carbide inserts. Even though the studies
by Olovsjo and Nyborg [13] as well as by Polvorosa et al. [14]
provided new insights into the influence of workpiece grain
size and coolant supply pressure on the resulting tool wear
response, the reasons behind the intrinsic difference between
flank wear when machining both superalloys were not ad-
dressed in detail. Olovsjo and Nyborg [13] regarded the for-
mation of oxides with beneficial tribological properties on the
tool surfaces which exclusively form when machining
Waspaloy as a possible reason for the lower flank wear when
machining this alloy.

The subject was taken up again by Hoier et al. [15] who
linked the different flank wear behaviors when machining
alloy 718 and Waspaloy to varying amounts of hard, abrasive
carbides present in both machined workpieces. The dominant
active tool wear mechanism was identified to be abrasion [15].
However, tool wear is considered to be caused by several
mechanisms which act simultaneously [16]. Even though
one mechanism might be dominant under certain cutting con-
ditions, other mechanisms can also contribute to the overall
tool wear. Apart from abrasion, adhesion, and plastic defor-
mation, tool wear by diffusion or dissolution process is anoth-
er commonly reported active wear mechanism during cutting
of various metallic workpiece materials [17-20] including su-
peralloys [7, 21].

During metal cutting, high temperatures and intimate con-
tact between the chip/workpiece and the cutting tool arise at
the tool rake and flank faces, respectively. These conditions
have shown to promote the transport of atoms across the in-
terface between the tool and workpiece material by diffusion
or dissolution mechanisms. One possible scenario is that the
compounds of the tool material dissociate which is followed
by atomic dissolution into the fast moving chip/workpiece
which leads to direct loss of tool material [2, 3, 22].
Additionally, it has been reported that atoms of the workpiece
material can diffuse into the tool material and lead to reactions
with the tool material. An example is machining of titanium
alloys. The wear of uncoated cemented carbide inserts is said
to be accompanied by formation of titanium-rich carbides at
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the tool-workpiece interface [23—-25] and/or carbon depletion
and formation of pure tungsten [23].

The fact that the wear mechanisms act simultaneously
makes it difficult to independently investigate the contribution
of a certain mechanism. One possible way to assess wear by
dissolution/diffusion separate from other mechanisms like
abrasion or adhesion is the use of static diffusion couples.
Diffusion couple tests aim at simulating the chemical interac-
tion between tool and workpiece material in the cutting zone
under controlled conditions [26]. In that way the relative con-
tribution of diffusion/dissolution on tool wear can be com-
pared for identical conditions excluding the effect of other
process parameters such as the cutting fluid. Even though
the dynamic situation at the tool/workpiece interface in the
cutting zone is different from the static situation during diffu-
sion couple tests [19, 26], it can still give qualitative informa-
tion about the contribution of this wear mechanism when ma-
chining different alloys or using different tool materials.
Regarding the uncoated cemented carbide tools, previous
studies employing diffusion couple tests have primarily fo-
cused on machining of titanium alloys [23, 25, 27, 28] while
diffusion couple studies on cemented carbide tools and super-
alloys have only rarely been reported [29].

This is partly the reason why despite several studies
reporting on the tool wear responses during machining
Waspaloy and alloy 718 [13—15], some open questions remain
regarding the reasons for the intrinsically different tool wear
rates. In particular, the contribution of diffusion or dissolution
to the significantly varying tool wear for cutting the respective
alloy has not been addressed so far. Such knowledge of the
relative contribution of individual mechanisms to the overall
tool wear can however be valuable input for more comprehen-
sive wear prediction approaches which take the actual physi-
cal nature of the tool wear into account [3, 4, 30].

The present study deals therefore with the assessment of
tool wear by diffusion or dissolution during machining alloy
718 and Waspaloy with uncoated cemented tungsten carbide
tools by means of static diffusion couple tests. The diffusion
interfaces between the two superalloys and the tool material
are qualitatively compared primarily by scanning electron mi-
croscopy and associated techniques. Furthermore, comple-
mentary to the static diffusion couple tests, a cross section of
a worn tool used for cutting alloy 718 was examined.
Observations and their implications are discussed with respect
to the dynamic situation in the cutting zone when machining
the two superalloys.

2 Experimental

Chemical interaction between the tool and workpiece in the
cutting zone during machining was simulated by static diffu-
sion couples. The tool material investigated was cemented
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tungsten carbide (Grade H13A, Sandvik Coromant). The av-
erage WC grain size and Co-content of the chosen grade are
around 0.80 um and 10 vol%, respectively.

Two different superalloys were chosen as the workpiece
materials, alloy 718 (Ni—Fe-based) and Waspaloy (Ni-based).
Their nominal chemical compositions can be seen in Table 1.

For each experiment, one diffusion couple comprising one
of the two superalloys and a sample of the tool material was
tested under controlled conditions. Tool and superalloy were
brought in contact so that the mating surfaces were square-
shaped with 7 mm side length. Furthermore, to achieve good
contact during the tests, the contact surfaces were ground and
polished with 1 pm diamond suspension as the final step. In
that way, a total of four samples were prepared (two for each
superalloy) and tested in accordance with Table 2. For each
test, the sample was held together by applying a force of
1200 N corresponding to a pressure of ~24.5 MPa in com-
pression for 90 min at two test temperatures. Flowing nitrogen
was used as protective gas to prevent oxidation of the samples
during the tests. A schematic of the experimental setup can be
seen in Fig. la.

In order to assess the chemical interaction between the tool
and workpiece, the diffusion couples were cross-sectioned.
Metallographic sample preparation was carried out with 1
pm diamond suspension as the final polishing step.

The tool-workpiece interfaces were analyzed by using a
LEO 1550 Gemini scanning electron microscope (SEM)
equipped with a system for energy dispersive X-ray spectros-
copy (EDS, Oxford X-Max silicon drift detector) and a system
for electron backscatter diffraction (EBSD, Oxford Nordlys II
detector). To analyze the distribution of elements, at least 5
EDS line scans across the tool-workpiece interfaces were ac-
quired for each diffusion couple to ensure repeatability of the
obtained results. Both imaging and EDS analysis was con-
ducted at numerous locations spread across the diffusion in-
terfaces in order to ensure the validity of the observations.

Furthermore, complementary analysis was performed with
Auger electron spectroscopy (AES) using a PHI 700 Xi
Scanning Auger Nanoprobe with an acceleration voltage of
10 keV and a beam current of 10 nA for the diffusion couples
tested at 1000 °C. The data analysis software PHI
MultipakTM was used for peak identification and data analy-
sis. Sputtering was performed with 4 keV Ar* ion sputtering
for 30 s to reduce the surface contamination.

Table1 Chemical composition of investigated superalloys in wt% with
Ni as balance

Cr Co Mo Nb Fe Al Ti C

Alloy 718 184 - 30 55 175 06 09 0.04
Waspaloy 194 132 41 - 1.2 1.3 31 003

Complementary to the diffusion couple tests, a worn cut-
ting tool used for turning alloy 718 was examined in cross
section. The uncoated cemented tungsten carbide insert was
used for face turning a workpiece of age-hardened alloy 718
[15], see Table 3. During the test, a cutting fluid (6-7% emul-
sion) was supplied to the tool rake face. The cross section was
prepared using conventional metallographic techniques using
a colloidal silica suspension (0.04 wm particle size) during the
final polishing step.

3 Results
3.1 Characterization of diffusion couples

After testing for the set time and subsequent cooling to room
temperature, the contact pressure was released from the sam-
ples. It was found that firm bonding between the tool material
and the corresponding superalloy samples had occurred in all
cases except for Waspaloy tested at 1000 °C. Here the vast
majority of the tool material had broken off. It is believed that
during cooling down, differences between the thermal expan-
sion coefficients of the tool material and the respective super-
alloys lead to build-up of stresses which resulted in the de-
bonding. However, closer examination by optical microscopy
and SEM revealed that pieces of tool material were left adher-
ent to the Waspaloy surface in contact with the tool during the
test (Fig. 1b and c). Therefore, bonding had occurred during
the test.

In Fig. 2, the general appearances of the bonded
workpiece—tool interfaces are presented for the four tests.
When looking at the interface after exposure to 800 °C, see
Fig. 2a and c, no obvious microstructural changes of either the
superalloy or of the tool are visible close to the interface. The
WC skeleton (bright) is clearly distinguishable. The holes
appearing in-between the WC skeleton are areas of the Co-
binder, subjected to preferential removal during metallograph-
ic sample preparation.

After the tests at 1000 °C however (Fig. 2b and d), the WC-
Co microstructure within the area of about 3.5 um from the
interface appears to have changed. Both the WC skeleton and
Co-binder are not clearly distinguishable any more. Instead,
there are zones of slightly darker contrast in-between the
bright appearing WC grains. Furthermore, it can be observed
that a band has formed consisting of interrupted bright areas in
very close proximity to the diffusion interfaces of the alloy
718 sample tested at 1000 °C (Fig. 2b). The band is approx-
imately 0.5 to 1 um thick and stretches all along the investi-
gated interface.

For qualitative comparison of interdiffusion between the
materials, at least five EDS line scans were taken across each
tool-workpiece interface. Three of these line scans from each
sample are presented in Fig. 3. Shown are the normalized
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Table 2 Overview of the static

diffusion couple tests Workpiece material ~ Tool material
Alloy 718 WC-Co
Alloy 718 WC-Co
Waspaloy WC-Co
Waspaloy WC-Co

Temperature (°C)  Holding time (min) Contact pressure (MPa)
800 90 ~24.5
1000 90 ~24.5
800 90 ~24.5
1000 90 ~24.5

signal intensities of nickel and tungsten across the diffusion
couple interfaces after the tests. In all graphs, a steep decrease
or increase of X-rays originating from tungsten and nickel,
respectively, can be seen in close vicinity of the tool—
superalloy interface (the interface is approximately at the cen-
ter of the x-axis). When comparing the line scans correspond-
ing to the tests at 800 °C with the ones obtained after 1000 °C,
a clear difference can be observed. The higher test temperature
yielded in a more shallow increase and decay of tungsten and
nickel, respectively. This can be connected to increased inter-
diffusion between the tool and superalloys which increased
the respective element’s X-ray signals within about 0.5 pm
distance from the interface. This is the case for both the alloy
718 and the Waspaloy containing sample and no significant
differences can be observed between the two alloys.
Furthermore and as can be seen in Fig. 3a and b, it should
be noted that the EDS line scans of the alloy 718 diffusion
couple tested at 1000 °C show no significant change in the X-
ray intensities at the location of the bright phase.
Complementary to EDS, additional analysis by means of
AES was carried out for the samples tested at 1000 °C. As
compared with EDS, AES offers higher spatial resolution and
higher sensitivity on the orders of 10 nm and 0.1 at.%, respec-
tively [31]. Figure 4 shows derivatives of AES survey spectra
obtained for the diffusion couple which contains alloy 718.
Characteristic Auger peaks are marked with the corresponding
elements. Spectrum 1 shows presence of nickel, iron, and
chromium in the tool, confirming diffusion of elements from
the superalloy into the tool. At further distance from the

Superalloy

F=1200 N

Furnace, Flowing nitrogen

Fig. 1 Schematic setup of the diffusion couple tests with contact surface
(“A”) and applied force (“F”) indicated (a); separated diffusion couple of
Waspaloy after testing at 1000 °C shown in top-view (b), and tilted view
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interface (spectra 2 and 3), no elements from the superalloy
were detected, which can be seen by the absence of the corre-
sponding peaks in the AES spectra. Spectrum 4 was obtained
on the bright phase formed in close vicinity to the diffusion
interface (see also Fig. 2b). As can be seen, solely tungsten,
carbon, and oxygen are present in the spectrum. The presence
of oxygen in all spectra is likely to be the result of air which
was entrapped between the mating sample surfaces. Even
though these surfaces were polished for improved contact
during the tests, remaining small-scale surface roughness can
lead to small gaps between the mating surfaces. The entrapped
air then caused diffusion of oxygen into the diffusion couples
and can explain the oxygen peaks in the shown spectra.
Similar to the alloy 718 sample tested at 1000 °C, diffusion
of elements of the superalloy into a narrow region of the tool
adjacent to the diffusion interface was also confirmed for the
corresponding Waspaloy sample.

Results of detailed analysis of the bright phase formed in
the diffusion couple containing alloy 718 which was tested at
1000 °C are shown in Fig. 5. AES peak intensities of tungsten
and carbon across the bright phase are shown in Fig. 5a. The
relative peak intensities are a measure of the relative concen-
tration of the respective elements at the locations. As com-
pared with WC (left side of graph), the bright phase is depleted
in carbon, shown by the low intensity of the corresponding
peak at this position. The bright phase was found to be mainly
tungsten. This was done by identifying candidate compounds
from the carbon-deficient part of the tungsten-carbon binary
phase diagram (Fig. 5b) followed by analysis of EBSD

using SEM (¢). Locally, several micrometer thick layers of tool material
(bright particles are WC) are bonded to the Waspaloy sample
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Table 3 Tool characteristics, tool holder, resulting angles, and cutting
parameters during turning tests [15]

Insert, ISO code TCMW 16 T3 04

Insert, grade HI13A (Sandvik, uncoated cemented carbide)
Tool holder C3-STGCR-22040-16
Tool rake angle (°) 0

Tool clearance angle (°) 7
Tool entrance angle (°) 91

Cutting speed 45 m/min
Feed rate 0.1 mm/rev
Depth of cut 1 mm
Machining time 5.45 min
Number of tests 2

patterns acquired on the bright phase (Fig. 5¢). Figure 5d
shows the match of the EBSD pattern of the bright phase with
the reference pattern of tungsten. The bright phase also con-
tains some carbon, which could be explained by the fact that
small amounts of WC remain within the bright zones which
were not resolved by the EBSD analysis.

Furthermore, niobium-rich phases were found to form in
alloy 718 in close proximity to the diffusion interface (see
Fig. 6). The shown appearance is characteristic for the entire
length of the diffusion interface for the alloy 718 diffusion
couple tested at 1000 °C.

3.2 Tool wear characterization

Figure 7a provides a SEM micrograph showing the worn tool
surfaces after turning alloy 718. Additional micrographs in

Fig. 2 Cross-sectional SEM
micrographs of the tool— . :
o e o %

L

superalloy interfaces for the \

diffusion couples containing b y ey -
Alloy 718 (a, b) and Waspaloy (c, \“*’ 4“ e

d) tested at the two temperatures. s > - -a
Note the parts of sample 4 e L
mounting resin in the upper part

ofd

(c) Waspaloy - 800 °C
a Vi vq' " 2 /(V

; L
"»iw
T ‘) # ‘. o

(a) Alloy 718 - 800 °C

<

Fig. 7 b and c show the subsurface of the worn tool on the
rake and flank face, respectively. In both micrographs, ad-
hered layers of workpiece material can be seen covering the
worn tool surface. When comparing the WC-Co microstruc-
ture beneath the worn tool surfaces on both the rake (Fig. 7b)
and flank face (Fig. 7c), no signs of microstructural changes
similar to the one observed for the static diffusion couple
tested at 1000 °C can be observed. In contrast to the static
diffusion couple (Fig. 2b), the individual WC grains are still
clearly distinguishable and no areas of brighter contrast corre-
sponding to carbon depletion and formation of tungsten (see
Fig. 5) can be seen.

However, the tool microstructure beneath the worn surface
shows signs of plastic deformation of individual WC grains
and the network of WC grains (see highlighted examples in
Fig. 7b and c). Similar wear characteristics have been reported
previously for turning of alloy 718 with the same tool grade
[32].

4 Discussion

This study investigates the contribution of diffusion/
dissolution to the tool wear when machining alloy 718 and
Waspaloy primarily by means of diffusion couple tests during
which the intimate tool-workpiece contact in the cutting zone
during machining is imitated.

It should be noted that the dynamic situation during cutting
is different from the static conditions during the diffusion cou-
ple tests. For example, during cutting, a volume of workpiece
material passes the tool rake or flank face in a fraction of a

(b) Alloy 718 - 1000 °C
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Fig. 3 Qualitative comparison of

EDS line scans across the
workpiece—tool interfaces after
the four tests. Shown are
normalized signals of Ni (a, ¢)
and W (b, d)

Normalized Ni signal

Normalized Ni signal

millisecond. This short contact time does not allow for signif-
icant diffusion of tool atoms into the workpiece material.
Instead, dissociation of the tool material compound followed
by atomic dissolution into a very narrow region of the
chip/workpiece is the controlling mechanism [2, 3, 22]. It is
therefore expected that for a given volume of the
chip/workpiece adjacent to the interface with the tool, signif-
icantly less tool atoms dissolve and possibly diffuse into the
superalloy in the cutting zone as compared with the diffusion
couple tests. In a recent study, Saketi et al. [33] have applied
the surface sensitive technique of time of flight secondary ion
mass spectrometry to study the backside of stainless steel
chips produced by turning using an uncoated cemented tung-
sten carbide tool. Their results show the presence of tungsten
only in the range of a few tens of nanometers from the surface
of the chip. However, since the used cutting speeds are in the
range of tens of meters per minute, a significant amount of

Fig.4 AES survey scans taken in
close vicinity of the interface of
the alloy 718 diffusion couple
tested at 1000 °C. a SEM image
with points of analysis. b
Differentiated AES spectra with
peak designations
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workpiece material slides across the tool surfaces on the rake
and flank face. Therefore, even seemingly small amounts of
tool atoms dissolving/diffusing into a given volume of the
chip/workpiece could lead to a significant contribution of this
wear mechanism to the overall tool wear.

Due to the described differences between the static situa-
tion during diffusion couple testing and the dynamic situation
in the cutting zone, the diffusion couple results can only pro-
vide a qualitative comparison of the relative contribution to
the wear when machining both alloys.

Tool wear by dissolution/diffusion is a thermally activated
process and therefore said to increase in significance for in-
creasing cutting temperatures. It is also considered to be main-
ly responsible for the crater wear on the tool rake side where
the highest temperature occurs during cutting. However, it has
also been shown that the interface temperature on the flank
face increases significantly with increasing width of flank
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x10°

Fig. 5 Analysis of bright phase
formed in diffusion couple
containing alloy 718. AES line
scan showing peak intensities of
tungsten and carbon across bright
phase (a); part of binary tungsten-
carbon phase diagram (b); EBSD
pattern obtained on bright phase
(¢) and with overlaid reference ‘
pattern of tungsten (d)
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wear [4]. In that way, temperatures on the same order of mag-
nitude as on the rake face could be reached and hence
diffusion/dissolution wear could play an increasing role in
the flank face of the cutting tool.

The static diffusion couple results are in agreement with the
hypothesized increasing contribution of dissolution/diffusion
for increasing cutting temperature. This is due to the observed
increase in interdiffusion between superalloy and tool in both
diffusion couples tested at the highest test temperature of
1000 °C which is shown in Fig. 3. The previously reported
faster progression of flank wear when cutting alloy 718 [13,
15] is unlikely due to enhanced wear by diffusion/dissolution
caused by higher temperatures in the cutting zone when ma-
chining this alloy as compared with Waspaloy. The reason is

Fig. 6 Niobium-rich precipitates

(a)

inalloy 718 in close vicinity to the - S
diffusion interface after testing at .
1000 °C. a SEM micrograph. b e A,

EDS map showing the
distribution of niobium

¢ T\ ™
-~ . e

that when cutting the two superalloys using still unworn tools,
a previous study concluded that similar temperatures are ex-
pected when the same cutting parameters are used [15].

For both alloy 718 and Waspaloy containing diffusion cou-
ples, presence of tungsten in the superalloys in close vicinity
to the interface with the tool was shown by use of EDS. When
comparing the diffusion couples of alloy 718 and Waspaloy
tested at the same temperatures, no significant differences
could be observed (see Fig. 3b and d). In both superalloys, a
narrow region of roughly 1 wm from the interface with the tool
material showed slightly increased tungsten signal intensities.
These results suggest that varying magnitudes of dissolution
oftool atoms into the chip/workpiece are no major contributor
to the differences in overall flank wear rates when machining

(b)
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(a) Tool overview (b) Crater wear

Fig. 7 Characteristics of tool wear after turning alloy 718. Overview
micrograph showing the worn cutting edge (~230 pm maximum flank
wear width) (a); cross-sectional view of tool microstructure beneath the

the two alloys. This is also in agreement with the previous
study where varying amounts of hard, abrasive carbides, and
inclusions in the two machined superalloys were reported to
be the main reason for the different flank wear rates [15].

It should however be highlighted that diffusion or dissolu-
tion process is nevertheless expected to have some contribu-
tion to the flank wear when machining both superalloys. The
current state of flank wear during machining the respective
superalloy dictates the interface temperature which in turn
should affect the relative contribution of diffusion/
dissolution to the tool wear. Therefore, even though
diffusion/dissolution wear is not expected to be the main rea-
son for the difference in flank wear development, its relative
contribution to the overall wear rate should in theory increase
with progressively larger flank wear when machining alloy
718 as compared with Waspaloy.

Concerning the diffusion of workpiece atoms into the tool, it
was observed that superalloy elements are present in a narrow
region of the tool after the diffusion couple tests conducted at
1000 °C (see Figs. 3 and 4). Additionally, significant carbon
depletion and formation of tungsten within the tool material
were observed in the diffusion couple containing alloy 718
(see Figs. 2 and 5). In the corresponding Waspaloy containing
diffusion couple, these phenomena were less pronounced and
no significant carbon depletion and formation of tungsten were
observable using the employed characterization techniques. A
possible explanation for the different responses of the tool ma-
terial during the diffusion couple tests is that the two superalloys
contain different types and quantities of carbide forming ele-
ments. Of the present alloying elements, niobium has the stron-
gest tendency to form carbides, followed by titanium [34].
Alloy 718 contains about 5.5 wt% niobium and about
0.9 wt% titanium, whereas Waspaloy contains no niobium
and about 3.1 wt% titanium (see Table 1). Due to its chemical
composition, alloy 718 should therefore have higher affinity to
carbon which could explain the observed carbon depletion of
the tool material in close vicinity to the diffusion interface.

Elemental tungsten has significantly lower hardness as
compared with WC, both at room temperature and at high
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crater (b) and the flank wear land (¢). Arrows indicate signs of
deformation of the WC network and a deformed/elongated WC grain is
encircled

temperature [35, 36]. If tungsten forms during actual cutting
of alloy 718, it is therefore likely that the abrasion-resistance
of the tool decreases locally which would lead to higher wear
as compared with cutting of Waspaloy. However, no indica-
tions of formation of substantial amounts of tungsten were
observed when characterizing the tool material just beneath
the worn surfaces on the rake and flank face of the investigat-
ed worn tool (see Fig. 7). The lack of significant signs of
carbon depletion and formation of tungsten during machining
is likely connected to the fact that during machining, other tool
wear mechanisms (e.g., abrasion) are active at the same time
which can lead to immediate removal of the affected tool
material. However, more detailed characterization using high
resolution techniques is required to elaborate whether carbon
depletion can contribute to the wear of cemented carbide cut-
ting tools on a scale smaller than the resolution limit of SEM.

Based on the SEM examination in Fig. 7, it is likely that
plastic deformation of the network of WC grains and of indi-
vidual WC grains plays a role in addition to the previously
reported abrasive wear mechanism [15] when cutting alloy
718 under the investigated conditions.

5 Summary and conclusion

In the present study, chemical interaction between uncoated
WC-Co tools and alloy 718 and Waspaloy was investigated
primarily by the use of static diffusion couples. The following
key observations were made:

 Diffusion occurred from the tool material into both tested
superalloys and vice versa, i.e., from the superalloys into
the tool material. An increase in test temperature led to
enhanced interdiffusion for both tested superalloys.

* No major difference in size of diffusion-affected zones
adjacent to the tool/superalloy interfaces was observed
when comparing both superalloys using the employed
characterization technique.
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* The obtained results suggest that it is unlikely that the
reported variations in flank wear rate when machining
alloy 718 and Waspaloy are caused by significantly differ-
ent magnitudes of tool atoms dissolving into the work-
piece during cutting the two alloys.

* Depletion of carbon together with formation of tungsten
within the tool in close vicinity to the interface with the
superalloy was observed for the diffusion couple contain-
ing alloy 718 and tested at the highest temperature
(1000 °C). The possible role of these mechanisms in the
tool wear process during the dynamic situation at the tool
surface during cutting has to be investigated further.
Preliminary examination by means of SEM suggests no
significant contribution to the tool wear.

* The gained insights can find application for process opti-
mization by physics-based models for tool wear
prediction.
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