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Abstract

Medium and High Entropy Alloys (MEA/HEA) are recently developed material classes, providing manifold applications, e.g., due to
extraordinary structural properties. In that connection, the machinability as important issue for the processing of these materials was not in the
scientific focus. This study focusses on experimental analysis of milling process conditions including ultrasonic assisted milling (USAM) and
their effects on the resulting surface integrity of equiatomic CoCrFeNi-MEA specimens. For that reason, milling parameters (cutting speed, feed
per cutting edge) were systematically varied for both conventional milling and USAM. The surface integrity was analyzed in terms of topography,
defects, and residual stresses. Especially USAM leads to a decrease of occurring cutting forces and, hence, to an improvement of the surface
integrity. Beneficial effects were observed in terms of lower tensile residual stresses at high cutting speed and feed per cutting edge.
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Nomenclature 1. Introduction
gt f;irﬁ?:lg?oi?zﬁzfnei;constant Si.nce. th.eir introduction, the worldwid§ research interest in
F. resulting force multi principal elem@t alloys (MPEA), like medium-entropy
£ force in x-direction alloys (MEA), has gl.creased steadily [1, 2]. .MEA are he.re
F, force in y-direction deﬁnfed as corpposﬂmnally complex anq dlsordereq soh.d
F, force in z-direction solutloqs contalpmg two to four .elements In near equiatomic
I feed per cutting edge propor.tlons, while five or more different elements are refc?r.red
MEA/HEA medium or high entropy alloy to as hlgl.l entropy alloys (Hl.EA).[l]. Such MPEA~ are promising
" rotational speed for a Wlde range of ap.p.hcatlons. due tg th.e1r outstanding
R, average surface roughness gr(:gertles (e.g., high ductility combined with high strength) [1,
ISJP;\M zﬁ);;ifri?(?r:;issltr:gﬁ%ing In that connection, a CoCrFeNi-MEA-system results from
. eliminating Mn from the well-known CoCrFeMnNi-HEA (or
Ve cutting speed “Cantor” alloy) [5], in an attempt to increase its melting point
A ffeed angle and to improve both the strength and the corrosion resistance.
T tilt apgle o ) Like the Cantor alloy, the CoCrFeNi system has a single-phase
Omax maximal principal residual stress FCC columnar grain microstructure [6]. It shows excellent
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mechanical properties at cryogenic temperatures [7, 8],
suggesting the use in components such as liquid gas storage
tanks and piping. Typically, the HEA/MEA-systems are
synthesized by casting [8], sintering [9, 10], as well as thermal
spraying [11]. For the intended use as structural materials, there
is still a big gap in scientific research regarding its necessary
processability, e.g., machining is crucial for intermediate and
finishing processes.

So far, research on the HEA/MEA-machinability is limited
[12-17], with focus on the Cantor alloy. Gou et al. [12]
conducted a study on different machining processes for
CoCrFeMnNi, like milling, grinding, mechanical polishing,
wire electro-discharge machining, and electro-polishing. In
milled condition, the subsurface was highly affected, e.g., in
terms of high microhardness and compressive residual stresses.
Liborius et al. [15] investigated the influence of the tool
material (CBN, PCD, CVD diamond and solid cemented
carbide) and cutting speed (100—400 m/min) in face turning of
spark plasma sintering (SPS) fabricated CoCrFeNi, reporting
lowest roughness values and tool wear for CBN 90 tips at all
cutting speeds. Litwa et al. [16] investigated the effect of depth
of cut, feed per cutting edge and cutting speed, observing
reduced cutting forces at low depth of cut and feed rate and at
high cutting speeds for a CoCrFeMnNi HEA. They found a
specific combination of feed rate and axial depth of cut to
achieve a minimum surface roughness. For an intermediate
depth of cut (~1.5 mm) R, was maximal and increasing this
parameter led to an increased process stability by lower tool
deflection. These results are in accordance with those reported
in [14, 17], that investigated ball nose end milling with
ultrasonic assistance on the Cantor alloy at different feeds per
cutting edge and cutting speeds. Groove defects are reported on
the milled surface due to hard oxide particles. In that
connection, the hybrid machining process USAM was
characterized by improved machinability and surface integrity
due to reduced occurring cutting forces compared to the
conventional milling process.

Several studies have shown that USAM exhibits significant
positive effects, i.e., reduced tool wear, lower cutting forces
[18-22] and, hence, less surface defects, especially for hard-to-
cut austenitic NiCr alloys, such as IN718. Fang et al. [18]
observed a reduced surface defect formation (pits, bumps and
gullies) for IN718 in case of low feed per cutting edge using
USAM. Additionally, the formation of a built-up edge can be
prevented and, for that reason, the three components of the
cutting force. A reduction in cutting forces (12-25%) with
USAM was obtained by Nath et al. [19], with a 12-14%
reduced tool wear (expressed by a thinner and more even chip
shape). Ahmed et al. [21] reported a reduced hardness for the
subsurface layer in case of ultrasonic assisted turning.

The first results using USAM on HEA demonstrated, e.g., in
[14, 17], due to the mechanical, structural, and chemical
similarity to austenitic NiCr alloys are promising for machining
of MEA. The intention of our present study is, hence, to
evaluate for the first time the influence of contouring and
finishing by means of ball nose end milling on the surface
integrity and machinability of a SPS fabricated CoCrFeNi
MEA. Consequently, the conventional process is compared to
the USAM to investigate the MEA’s applicability. Thus, the

effect of ultrasonic assistance and processing parameters during
milling and the resulting surface integrity will be the focus.

2. Experimental
2.1. Material preparation

In order to achieve a homogeneous element distribution, the
powder feedstock material was produced by inert gas
atomization using argon. A comprehensive characterization of
the powders was carried out in [11, 23]. Dense compacts were
produced using SPS (SPS KCE FCT-HP D 25-SI, FCT
Systeme GmbH). The sintering temperature was set to 1050 °C,
the heating rate to 100 K/min, and the uniaxial sintering
pressure to 50 MPa. The holding time was 13 min. A graphite
foil was applied as a release agent between the die walls and
the powder. Argon was used as the process gas to avoid
chemical reactions during the sintering process. Cooling of the
specimens was carried out without control in the SPS system.
The chemical composition measured by EDX is shown in Table
1. The ingots had a disk-like shape (40 mm diameter, 6 mm
thickness). EDM was used to produce twelve rectangular
samples with dimensions of 14x14x2 mm?® (length x width x
thickness). As shown in Figure 1, EDX maps showed dark
spots (upper left part) that were identified as Al-Ni rich and
depleted in Cr and Fe.

Table 1: Chemical composition and hardness of CoCrFeNi MEA
at. % Co Cr Fe Ni Al HVO0.5
Target 25 25 25 25 0 -
EDX 254 25.1 24.8 23.3 1.4 216

Figure 1: EDX mapping of the CoCrFeNi base material

2.2. Milling experiments

The dry milling experiments were carried out using a five-
axis machine portal (DMG-Mori DMU65) modified for
USAM. A right-hand ball nose end milling tool with four
cutting edges was used according to DIN 6527L [24]. The tool,
by WOLF Werkzeugtechnologie GmbH, was made of
cemented carbide (tungsten carbide in cobalt matrix) and was
coated by physical vapor deposition (PVD) with an AITiCrN-
layer (2 to 3 um). It had a diameter of 6 mm, a relief angle of
15°, a helix angle of 30°, a rake angle of 4° and was designed
for finish milling of hard to machine Ni-base alloys like IN718
(EN 2.4668). The tool inclination in x- (feed angle 1) and y- (tilt
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angle 7) direction are fixed at 45°. The experimental setup is
shown in more detail elsewhere [14, 17].

By varying the feed per cutting edge f. (0.04 mm;
0.055 mm; 0.07 mm) and the cutting speed v. (30 m/min;
70 m/min; 110 m/min) 12 milling experiments were carried out
using a full factorial design of experiments, which is described
in more detail in [14, 17]. These parameters were used instead
of the rotational speed » and feed rate ffor better comparability
of different cutting processes. Due to the ball shaped tool v, is
not constant along the cutting edges. The rotational speed 7 is
calculated via v. and the feed A and tilt angles 7, according to
[25]. The USAM process (labeled as “100% USAM”) was
compared with the conventional milling (labeled as “0%
USAM”). The design of experiments used, was already
described in [14, 17]. The further parameters were constant:
depth of cut (0.3 mm), step over (0.3 mm) and ultrasonic
frequency (39.7 kHz). In each test approximately 59 mm? of
the material was removed. To avoid systematic errors due to
machining heat, tool wear etc., the test order was established
randomly, and central point tests were performed twice to
examine the reproducibility. The first and last tests were
performed with the same machining parameters to evaluate the
influence of tool wear on the results.

2.3. Analysis

For in-situ force measurement in x-, y- and z-direction
during the machining process, a Kistler dynamometer was
used. The forces were measured with an incremental time of
0.02 ms. On each sample, 10 milling lines with 14 mm length
were carried out. The resulting force F; was calculated via
equation 1 to improve the comparability of the individual tests:

F,= Jpxz + F 2+ F2 (1)

Following Fr is the average of the maximum force of all cuts
in an experiment. A detailed description of the force effect is
given in [14, 17]. To elaborate the effect of the machining
parameters (v, f, and USAM) on F7, a linear regression model
was carried out using the open-source software R-studio .

To investigate the surface topography, the milled surfaces
were examined by scanning electron microscopy (SEM,
Phenom XL, Thermo Fisher Scientific) and light optical
microscopy (LOM, Keyence VHX-7000). The roughness was
measured in x- and y-directions with a contact profilometer
(Hommel-Etamic T1000, Jenoptik) according to DIN EN ISO
4287 [26]. The measured R, value was compared to the
calculated theoretical roughness R.m, according to [27]:

D, |D%- c?

Ran= 5~ [=2— @

Ry =
The theoretical maximum surface height Ry is equal to the
theoretical average surface roughness R,n due to the same
theoretical (index “th”) roughness [26]. C is a constant
depending on the direction and must be feed per cutting edge f,
(in feed direction x) or the step over (in normal feed direction
v) and D is the tool diameter of the ball end mill.
For analyzing the mechanical influence of machining on the
surface, residual stresses were measured by X-ray diffraction

(XRD) with G3 Stresstech Goniometer using the sin? y method
(parameters in Table 2). The residual stress were calculated
using the elastic moduli for CoCrFeNi (Poisson’s ratio 9 =
0.25; Young’s modulus £ = 214 GPa), in accordance to [28].

Table 2: XRD-measurement parameters

XRD-measurement

Measuring mode sin? y Collimator 3 mm
Radiation Mn-Ka Tube power 30 kV/ 6.7 mA
Detector solid-state ~ y-tilting 0° to £45°
Diffraction line (311) y-step 9

20 angel 156° ?fnelzsuring 2s

3. Results and discussion
3.1. Machining process

To characterize the cutting process the resulting forces F;
influenced by the cutting parameters are used. Figure 2 shows
the contour plot of the linear regression model for F; with an
adjusted R? of 0.85 using the results of the f;, v. and ultrasonic
assistance as parameters. Basically, the highest F; are present
at low v and high f; (lower right corner) and decrease with
increasing v. and decreasing f; (blue arrow). Feed per cutting
edge is the most effective parameter, with larger feeds resulting
in higher cutting forces, as expected according to the theory of
cross-section of undeformed chip [29, 30]. Cutting speed also
has a significant influence, with cutting forces decreasing at
higher cutting speed. Finally, the effect of ultrasonic assistance
(dashed lines) reduces the forces in all ranges of f, and v, by
almost 2N (5-10 %). These results are comparable to those
reported by Richter et al. on the Cantor alloy [17], and similarly
exhibit the possibility to reduce cutting forces to almost the half
value by increasing cutting speeds and lowering feed rates on
the CoCrFeNi system.

3.2. Surface integrity

To characterize the surface integrity of the milled CoCrFeNi
MEA, the influences of the machining processes on the
topography (morphology and roughness) and the residual
stresses (mechanical) are described below.

3.2.1. Topography

LOM and SEM images have been acquired and used to
qualitatively describe the surface topography. Figure 3 shows
1x1 mm? images of the surface of the CoCrFeNi alloy after
milling under the two extreme conditions of cutting speed and
feed per cutting edge. Figures 3a and b show the lowest (v, =
30 m/min and f; = 0.04 mm) and c and d the highest values (v.
=110 m/min and f, = 0.07 mm) for conventional milling (a and
¢) and USAM respectively (b and d).

Ball nose end milling causes a regular peak-valley pattern in
the feed direction. Feed per cutting edge is the most effective
parameter on the surface topography, with larger £, leading to
larger peak-to-peak and peak-valley distances. The use of
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USAM results in a wavy pattern on the surface (US pattern) as
described in [14, 17], cf. Figure 3d. Since the frequency of
vibration is constant, this pattern is finer at lower cutting speeds
(Figure 3 b) and less visible using LOM.

110
l" F.in N; adjusted R? 0.85
1004 , conventional milling
~ ~ ultrasonic assisted m||||ng
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feed per cutting edge f, in mm

Figure 2: Linear regression model of the influence of cutting speed v., feed per
cutting edge f, and the ultrasonic assistance on the resulting force F; from the
results of the 12 machining experiments

conventional
milling

ultrasonic assisted
milling

m/min

cutting direction
step over in y-direction
feed in x-direction

0 grooves / tear deffects
7

Figure 3: 1x1 mm light optical microscope images of the CoCrFeNi surface
after conevntional milling with a) ve=30 m/min f;= 0.04 mm; ¢) v.= 110 m/min
f.=0.07 mm and USAM with b) ve= 30 m/min f,= 0.04 mm; d) v.= 110 m/min
f>=0.07 mm

Figure 3 also shows the presence of grooves or tear defects,
like reported in [17], which were also caused by hard oxide
particles. These defects have been found for all cutting
conditions. It remains unclarified, which cutting conditions are
able to reduce them. The EDX analysis of a tear defect is shown
in Figure 4. It can be assumed that they are caused by Al-Ni rich
hard particles. Here, the tool edge encounters the hard particles
breaking it and leaving an elongated tear defect with traits of

the particle in the direction of tool edge movement. This
mechanism of surface defect formation has been well described
in [31]. For that reason it is reasonable that avoidance of defects
like such (Al-rich) inclusions should contribute to an improved
surface integrity.

Figure 4: EDX-maps of a tear defect on the conventionally machined
surface with v,=70 m/min and f,= 0.055 mm

The average surface roughness parameter R, is used to
characterize the surface topography quantitatively. The
resulting values depending on the cutting direction and
parameters are shown in Figure 5. The most effective parameter
on R, measured in the feed direction (x), is feed per cutting
edge. Higher feed rates lead to higher roughness values due to
the larger distance between peaks and valleys. For R, in y-
direction no significant effect for f, appears. This has been
explained by the theoretical roughness R, prediction model by
Nespor et al. [27], according to equation 2. The results in
Figure 5b show the correlation between feed rate and
roughness in the feed direction and stepover direction. Here, no
influence of f, in y-direction can be seen, whereas R, in x-
direction increases with increased f;, the same tendency is also
shown by the theoretical calculated roughness values R from
Table 3. However, the measured values are significantly higher
than the theoretical ones (see Table 3) in the feed direction
with: £, = 0.04 mm, R, ~ 2.5 um; and for f, = 0.07 mm, R, ~
4.5 um respectively. In the stepover direction, the theoretical
roughness, is only slightly lower than the measured values (~4—
5 pm).

Table 3: Theoretical roughness R, in x- and y-direction influenced of
different feed per cutting edges f,

Feed per cutting Ran in Ran in
edge f, x — direction y — direction
0.04 mm 0.07 um 3.75 um
0.07 mm 0.20 um 3.75 um

This may be explained by non-ideal conditions of the
cutting process due to tool deflection and vibrations in
accordance to Nespor et al. [27]. Increasing tool vibrations due
to cutting speed would also give reason for higher roughness
values in both directions for higher cutting speed, cf. Figure 5a.
Finally, USAM has a rather small and no significant effect on
R,, which may be accounted to the overall surface
inhomogeneities, e.g., the presence of hard Al-Ni rich particles,
and, therefore, a higher overall deviation of the R, values.
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3.2.2. Residual stresses

Milling affects the formation of residual stresses in the
surface region, which were analyzed using XRD at the top
surface (depth up to ~5 um). From the determined residual
stresses in 3 directions (0°, 45°, 90° to x-direction) the
maximum principal stresses were calculated according to [22].
This maximum residual stresses Omax for the CoCrFeNi MEA
are shown in Figure 5c and d. They were in a range from
95 MPa to 180 MPa. The material yield strength is approx.
200 MPa according to [32]. Figure 5c displays the influence of
the cutting speed v. (30-110 m/min). The residual stresses
increase with higher v, for both the conventional and USAM
processes. USAM reduces detrimental tensile residual stresses
significantly compared to conventional milling at higher
cutting speeds. At low cutting speeds, USAM shows no effect
on the residual stress state.

"x"feed === conventional milling

direction =—# = ultrasonic assisted milling|
"y" stepover = ® + conventional milling

direction === ultrasonic assisted milling

R, inpm
o+

30 50 70 90 110 0.04 005 008 007
cutting speed v, in m/min feed per cutting edge 7, in mm

conventional milling
o= |ltrasonic assisted milling

d)ZOO

30 50 70 g0 110 004 005 005 007
cutting speed v, in m/min feed per cutting edge f, in mm

Figure 5: Influence of a) cutting speed v, and b) feed per cutting edge f, on
roughness parameter R, (average of 5 measurements with standard deviation)
and Influence of ¢) cutting speed v, (average of 0.04 and 0.07 mm for f, with
standard deviation) and d) feed per cutting edge f, (average of 30 and 110
m/min for v, with standard deviation) on the maximum principal residual
Stress Omax

The influence of the feed per cutting edge £, (0.04—-0.07 mm)
on the maximum principal residual stresses is shown in
Figure 5d. Remarkably, the two processes show an increase of
1020 MPa with increased f; but due to the high standard
deviations, this trend cannot be considered significant.
However, USAM causes a slight reduction of these, which may
be traced back to a reduced work piece tool contact ratio with
changed fracture dynamics [19] in connection with a reduction
of the cutting forces compared to conventional milling
according to [33], cf. Figure 2. Hence, it can be concluded that
USAM is rather beneficial to avoid high tensile residual
stresses especially for high feed rates and cutting speeds.

However, as shown in [17] no significant effect was
observed for cutting speed v., feed rate f, and ultrasonic
assistance on the residual stress state at the surface of a cast
CoCrFeMnNi HEA. Therefore, it is assumed that the altered

influence of the milling conditions between the two fcc MPEA
materials is due to the sintering process or the modified
alloying.

4. Summary and conclusions

In this study, the machining and resulting surface integrity
of a CoCrFeNi MEA were experimentally investigated for a
conventional and an ultrasonic assisted ball nose end milling
process. The cutting forces analysis tends to determine the
machining process. The surface integrity is characterized by
means of topography and residual stresses. From the results it
can be concluded:

e The cutting forces decrease at lower feed rate, at higher
cutting speed and for USAM

e Tear/groove defects due to Al-rich particles are present at
all milled surfaces. Hence, no significant influence of
USAM and cutting speed on the roughness parameter R,
was observed. A significant reduction of R, only reveals for
decreasing feed rate in feed direction.

e Increasing feed rate and cutting speed causes higher tensile
residual stresses at the surface for conventional milling.

e USAM exhibits lower tensile residual stresses compared to
conventional milling particularly for higher feed rates and
cutting speeds.

e In terms of an appropriate surface integrity (low roughness
and tensile residual stresses) for conventional milling
process, lower cutting speed and feed rate should be
considered. Thus, for a higher productivity with increased
cutting speed and feed rate, USAM reveals a significant
improvement in terms of surface integrity, especially with
respect to surface residual stress state.
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