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Abstract

Nickel alloys are cost intensive materials and generally classified as difficult-to-cut material. However, machining of these
materials is needed especially in case of alloy 36 (1.3912), which is commonly used in mould construction for the produc-
tion of fibre-reinforced composites. With regard to repair, modification and manufacturing of such components, additive
manufacturing offers significant economic advantages. Nevertheless, subsequent machining steps are needed to achieve
the final component contour and defined surface conditions. Dependent on the material and machining process conditions,
detrimental tensile residual stresses may be the result on the machined surface, having negative impact on the component
performance and safety. In this investigation, machining experiments were carried out on wire arc additive manufactured
components made of alloy 36, varying the cutting speed and the feed rate. In addition, the conventional milling process (CM)
was compared with a modern, hybrid machining process, the ultrasonic-assisted milling (US). The cutting forces and the
surface-near residual stresses were analysed using X-ray diffraction. A significant improvement of the machinability as well
as the surface integrity by using the ultrasonic assistance was observed, especially at low cutting speeds. The CM induced
mainly tensile residual stresses, the US mainly compressive residual stresses.
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Nomenclature 1 Introduction

AM Additive manufacturing

CM Conventional milling Nickel alloys are cost intensive and generally classified as dif-
DoE Design of Experiments ficult-to-cut materials due to their resistance to heat and low
EDM Electrical discharge machining thermal conductivity [1]. A typical Ni alloy, alloy 36 (1.3912),
US Ultrasonic-assisted milling was developed in 1897 from Guillaume and stands out for its
WAAM Wire arc additive manufacturing very low thermal expansion coefficient [2]. It is commonly
XRD X-ray diffraction used for the production of fiber-reinforced composites in the
Fo Resulting cutting force field of mold construction [3]. Additive manufacturing (AM)
5 Feed rate offers many economic advantages regarding the repair, modi-
Pyg Ultrasonic assistance fication and manufacture of entire components [4]. Subsequent
Ra Arithmetic mean roughness machining of the AM components is mandatory in order to
Ve Cutting speed create the required complex structures and final contours. This
"™ Maximum principal residual stress is usually done using a tool with a geometrically defined cut-
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ting edge, such as milling [5]. Surface integrity, i.e., metallur-
gical (e.g., microstructure), topological (e.g., surface defects)
and mechanical (e.g., residual stresses) factors, plays an impor-
tant role in terms of safety-relevant components [6]. In the
course of subsequent machining, however, residual stresses
are formed, depending on the cutting conditions. These are
due to the thermal and mechanical load of the cutting process
[7], resulting in tensile and compressive residual stresses at
the surface. Tensile residual stresses are generally undesirable,
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as they have a negative influence with regard to fatigue frac-
ture and the propagation and formation of cracks [6, 8]. Com-
pressive residual stresses, on the other hand, have a positive
effect in terms of crack propagation control [9], the corrosion
resistance and fatigue life [8, 10]. By using hybrid machining
processes, such as ultrasonic-assisted milling (US), it is pos-
sible to reduce tensile residual stresses compared to conven-
tional milling (CM) or even to generate compressive residual
stresses at the surface. In the US process, the milling process
is superimposed with a high-frequency oscillation. Rinck et al.
have observed a reduction of the cutting force for US com-
pared to CM as well as the formation of compressive residual
stresses when milling the difficult-to-cut alloy Ti-6A1-4V with
ultrasonic-assistance [11]. Similar results were obtained by
Schroepfer et al. when finish milling a difficult-to-cut NiCrCo
alloy (IN725) by using a ball end mill. They found that the
US process causes lower cutting forces and residual stresses
compared to the CM process [5].

In the present work, the influences of subsequent machining
by conventional and ultrasonic-assisted milling on the surface
integrity and the machining conditions of additive manufac-
tured alloy 36 samples were investigated. The focus was the
analysis of the subsurface residual stresses. Two main aspects,
firstly the reduction of cutting forces and secondly the reduc-
tion of the residual stress state due to ultrasonic-assisted mill-
ing are shown. For this purpose, investigations on the quantita-
tive influence of the cutting parameters on the cutting forces as
well as the surface integrity were examined by using a Design
of Experiments (DoE) for the milling tests.

2 Experimental

Machining tests were carried out on wire arc additive manufac-
tured (WAAM) NILO Filler Metal CF36 in order to investigate
the influence of ultrasonic assistance, cutting speed and feed
rate on the cutting force as well as the subsurface residual
stresses. This material is used as a filler metal for welding
alloy 36 and has similar low thermal expansion characteristics
[12]. The chemical composition of NILO Filler Metal CF36
is shown Table 1. The parameters of the welding process are
presented in Table 2. The WAAM ingot (dimension approx.
120 x 50 x 20 mm?®) was welded onto a substrate plate made
of alloy 36 to avoid segregation. Subsequently, the specimens
for the machining tests were fabricated by electrical discharge
machining (EDM) with dimensions of approx. 15 x 15 x 2
mm? (length x width x height), cf. Fig. 1b.

The finishing milling experiments were carried out with-
out a cutting fluid (under dry conditions) on a 5-axis DMU

Table 1 Chemigal composition Fe Ni Nb Mn C
in wt.-% according to
manufacturer [12] Balance 36 1.6 04 0.2
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Table2 Welding parameters

Shielding Wire feed  Velocity Wire diam-  Interlayer
gas [m/min] [cm/min] eter [mm)] temperature
[°Cl
82% Ar/ 4.5 30 1.14 120
18% CO2

65 machining center (by DMG MORI) modified for ultra-
sonic-assisted milling. Down milling mode was used as the
milling strategy. The feed direction was in the x-direction
(perpendicular to the building direction), cf. Fig. 1a and b.
The tool used was a PVD-coated (TiAlSiN) solid carbide
ball end mill, with a diameter of 6 mm and four flutes, manu-
factured by WOLF Werkzeugtechnik GmbH, cf. Fig. 2. For
the experiments, the tool was tilted in the primary (x-direc-
tion) and in the secondary feed direction (y-direction) by
45°, cf. Fig. 1a and Table 3, based on the findings of [13].
Besides the ultrasonic assistance Pyq, the parameters cutting
speed v, and feed rate f, were varied within a DoE in the
range recommended by the tool manufacturer, cf. Table 4.
This enables the statistical evaluation of the effects and inter-
actions of these factors on the cutting force and the residual
stresses.

In addition to the analysis of the cutting forces and the
residual stresses, which are described in the following sec-
tion, surface analyses of the finish-milled specimens were
conducted. The arithmetic mean roughness Ra was meas-
ured in the y-direction (normal to the feed (x-) direction,
cf. Fig. 1a) using a contact profilometer tester (HOMMEL-
ETAMIC T1000 by JENOPTIK) in accordance with DIN
EN ISO 4287 [14]. In addition, images of the surfaces of two
samples were taken using a light microscope (VHX-7000 by
KEYENCE).

2.1 Cutting force analysis

The machining forces occurring in the x- (feed force Fy),
y- (feed normal force Fyy) and z-directions (passive force
F), cf. Fig. la, were measured during the finish milling
experiments using a dynamometer (by Kistler, time resolu-
tion: 0.1 ms). The resulting cutting force F. was calculated
according to equation 1:

Froy =\/F} + Fj + F? 1)

2.2 Residual stresses analysis

The residual stresses were analysed with X-ray diffraction
(XRD) using a Goniometer G3 (by Stresstech) and Sin2l|l
method, cf. Table 5, to determine the effect of the cutting
conditions. The analysis was performed in each specimen
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Fig.2 Tool geometry of the ball
end mill used for the milling
experiments

Table 3 Experimental boundary conditions

Angle in x-direction  Step over Ultrasonic frequency

Angle in y-direction ~ Cutting engagement ~ Down milling
T=45° a, = 0.3 mm

3 Results

center 0°, 45° and 90° to the x-direction (feed direction),

cf. Fig. 1a and b. In addition, the residual stress was meas- 3.1 Machining experiments

ured in the as-welded state 0°, 45° and 90° to the welding

using the elastic moduli for alloy 36 (Poisson’s ratio 9
= 0.25; Young’s modulus £ = 140 GPa) [15]. Then the
2= 45° a,=0.3 mm Fys = 38.7 + 0.3 kHz maximum principal residual stresses ¢}° were calculated
according to [5].

direction, cf. Fig. 1b. Penetration depth was approx. 5 pm.  The measured cutting forces Fy, Fpy and F, as well as the

The calculations of the residual stresses were performed  calculated resulting cutting force F,., are exemplarily

Table 4 Experimental data

Test no. 1 2 3 4 5 6 7 8 9 10 11 12

Cutting speed v, [m/min] 70 30 110 30 70 110 30 110 70 110 30 70

Feed rate f, [mm/tooth] 0.055 0.04 004 007 0.055 004 004 007 0.055 0.07 0.07 0.055

Ultrasonic-assistance Pyg [%] 0 100 0 0 100 100 0 100 100 0 100 0

Table5 P: ters for XRD

residual st?crez?jnzrlirsizr Measuring mode Radiation Detector Diffraction line 20 angle
siny Mn-Ka Linear solid-state (311) 152.3°
Collimator Tube power y—tilting y-step Exposure time
3 mm 30 kV/6.7 mA 0° bis + 45° 9 3s
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shown in Fig. 3 for one milling line and one tool revolu-
tion. The maxima and minima of the plots represent one
cutting operation each. The different heights of the max-
ima and minima are due to minor geometry deviations in
the course of the manufacturing process of the milling
cutters [16].

Figure 4 shows the effect of the cutting speed (4a) and
the feed rate (4b) on the resulting cutting force. Further-
more, the US is compared with the CM process. All three
factors have a significant influence. In accordance to Gai-
khe et al., the resulting cutting force decreases for both
processes by increasing the cutting speed from 30 m/min
to 110 m/min [17], cf. Fig. 4a. Furthermore, by increasing
the feed rate from 0.04 mm/tooth to 0.07 mm/tooth, the
resulting cutting force for both milling processes increases
as well (cf. Fig. 4b), which is due to an enhanced mate-
rial removal in the course of the cutting engagement [17].
Compared to CM, the US process leads to significantly
lower cutting forces. This result agrees with the findings of
other authors [5, 11, 18, 19]. As Rinck et al. discussed, this
effect can be traced back on interrupted cutting process
due to the ultrasonic oscillation and the resulting reduced
friction between tool and workpiece due to their relative
movement [11]. In particular, this observation applies to
low cutting speeds and feed rates. If the cutting speed is

increased, the number of oscillations per tool engagement
decreases and, thus, the cutting forces of CM and US pro-
cess converge [19].

3.2 Residual stresses

Figure 5 shows the influence of the cutting speed and the
feed rate of both processes on the maximum principal resid-
ual stress ", Please note, that the penetration depth by XRD
for this material and the given tube power is approx. 5 pm
and decreases with increasing inclination angle. The XRD
analysis system allows a depth correction for the measure-
ment of the stress profile considering high stress gradients
in the depth (z-direction) due to the measurement results of
the different inclination angles and the depth information
[5]. In the as-welded state, the maximum principal residual
stress has a value of approx. 102.7 + 80.1 MPa. Due to the
removal of the specimen from the component, most of the
residual stress has already been relieved. The remaining ten-
sile residual stresses are due to the high thermal load during
the welding process. The ultrasonic assistance exhibits a sig-
nificant influence within the DoE. The maximum principal
residual stresses of the CM process are predominantly tensile
residual stresses, cf. Fig. 5a, and US causes mostly compres-
sive residual stresses, cf. Fig. 5b. Rinck et al. attributed this

Fig. 3 Exemplary representa- 160 160
. 9 P . y Tep a) 1 Resulting cutting force F b) 1] Resulting cutting force F
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R f F duri Aline: Feed normal force Fy Feed normal force Fy
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observation to an effect similar to shot peening caused by the
axial oscillation of the tool [11]. When considering the CM
process, a cutting speed of 110 m/min combined with a feed
rate of 0.04 mm/tooth leads to the highest maximum princi-
pal residual stress of approx. 222 + 36 MPa, cf. Fig. 5a. The
lowest maximum principal residual stress — even compressive
values — are obtained at higher cutting speeds and feed rates
for the CM process down to approx. -40 + 34 MPa. This is
due to the higher volume of the chips generated during the
milling process compared to the tests with lower feed rate.
With a simultaneous increase in cutting speed, more heat can
be dissipated into the chips during chip formation, so that
overall, the thermal stress during milling for the generated
surface and thus possible sources for the formation of tensile
residual stresses are reduced. Comparable results have already
been observed for other Ni alloys, such as alloy 718 [20].

In accordance to Schroepfer et al., in the present machin-
ing tests the US causes significantly lower residual stresses
compared to the CM [5], cf. Fig. 5b. The lower the cut-
ting speed and the higher the feed rate, the lower the maxi-
mum principal residual stress. Predominantly compressive
residual stresses are induced. The lowest principal residual
stresses are obtained by the parameter combination v, = 30
m/min and f, = 0.07 mm/tooth with approx. -168 + 33 MPa.
The highest principal residual stresses of the US with a value
of approx. 18 + 37 MPa are resulting from a cutting speed
of 110 m/min and a feed rate of 0.04 mm/tooth.

An increasing feed rate from 0.04 mm/tooth to 0.07 mm/
tooth causes a considerable reduction of the maximum
principal residual stresses for both processes, whereas the
residual stresses in US are significantly lower compared to
CM, cf. Fig. 5d. This also applies for cutting speed at CM
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process. However, as discussed above for the cutting forces, the
lower number of oscillations per cutting engagement in the case
of increasing the cutting speed in the US process leads to a reduc-
tion in efficiency for a given US frequency and amplitude leading
to a residual stress state at the surface similar to the CM process.
The effect of the ultrasonic assistance is in accordance to the
results of the cutting forces, cf. Fig. 5c and d and Fig. 4a and b.

To further consider the correlation between cutting forces
and residual stresses on the surface, Hence, Fig. 6 shows the
maximum principal residual stresses as a function of the passive
force F, for a) CM and b) US. Both processes exhibit a trend
with respect to a reduction of the maximum principal residual
stresses with increasing passive force F),. It is assumed that the
passive force acting in the direction of the specimen thickness
(2) contributes a high proportion to the residual compressive
stresses near the surface due to mechanical compressive loads
during chip removal. It can be observed that the passive force
shows similarly high values for both processes US and CM.
Overall, however, significantly lower residual stresses or com-
pressive residual stresses are already generated on the surface
at lower passive forces.

3.3 Surface quality

The comparison of the surface finish is shown in Fig. 7. The
analysis of the arithmetic mean roughness Ra vs. cutting speed,
cf. Fig. 7a, shows a similar behavior for CM and US as observed
for the maximum principal residual stress, cf. Fig. 5c. With
increasing cutting speed, Ra of the CM decreases, whereas an
increase is observed for US. The lowest roughness of all tests
is achieved by low cutting speed for US process. Fig. 7b and
¢ show the finish milled surface of the tests with the lowest
residual stresses each for CM and US process (Fig. 7b test no.
10, o-fs =-40 + 34 MPa, CM; Fig. 7c test no. 11, o-is =-168 +
33 MPa, US). The surface of test no. 11 exhibits a significantly
lower number of insufficient surface areas in the form of local
material accumulations and decomposition which appear black
in the pictures compared to the surface of test no. 10, which is
also reflected in the lower arithmetic mean roughness Ra =
0.79 pm (US) compared to Ra = 1.02 pm (CM). Consequently,
the US process with a cutting speed of 30 m/min and a feed
rate of 0.07 mm/tooth implies the highest surface quality of all
parameter combinations investigated.

Fig. 6 Maximum principal CM us
residual stresses ¢," versus a) 250 b) 250
ive force F, flr (a) CM and ~) i _) % model quality R* = 0.44
passive force f1, 1o a & 200 & 200 4 regression line y = 218.85 - 13.59x
(b) US = s
a5 150 & 1501
2 g
g 100 4 é 100 4
2 50 % 50
E] S
g 504 * g 50+
g g
S 100 S -100 1
] &
= 150+ model quality R? = 0.64 = -150 *
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Fig.7 (a) Arithmetic mean roughness Ra vs. cutting speed v,; (b) the surface of test no. 10 and (c) of test no. 11
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4 Discussion

The results of the study show a positive influence of the ultra-
sonic assistance on the machinability as well as the surface
integrity when machining AM components made of alloy
36. US causes significantly lower cutting forces compared
to the CM process, which can be attributed to the reduced
friction between the workpiece and the milling tool and the
interrupted cutting process due to the axial oscillation of the
milling tool, which overlays the kinematics of the CM process
[11]. At a cutting speed of 30 m/min, a four-flute ball nose
end mill and an ultrasonic frequency of 40 kHz, the result
are approx. 377 tool oscillations per cutting engagement. The
reduced cutting force is in accordance with the results of other
authors who have also investigated the influence of ultrasonic
assistance in machining difficult-to-cut materials [5, 11, 18].
In addition, the US process has been shown to significantly
reduce the residual stress state compared to CM, which has
also been noted in recent studies [5, 11]. The compressive
residual stresses induced by US have a positive effect on
fatigue strength and resistance to stress corrosion cracking
[8]. For the first time, a correlation between the passive force
F}, and the subsurface maximum principal residual stresses
was analysed in this study. Thereby, the trend for both US and
CM with regard to a lower maximum principal residual stress
at the surface with a higher passive force F, of the finish-
milled AM components is evident, but the model quality is
not particularly high with R? = 0.64 and 0.44, respectively. To
verify this relationship between the passive force F,, and the
residual stress, more extensive investigations are necessary. It
is suggested to investigate other materials for which an effect
on the reduction of the residual stress state by using ultrasonic
assistance has already been demonstrated, such as Ti-6Al-4V
or IN725 [5, 11]. Please note that in this study the cutting
samples of the AM components were machined solely perpen-
dicular to the building direction. Thus, the analysed residual
stresses solely represent the plane stress state perpendicular
to the building direction. Due to the naturally high anisotropy
of AM components, the investigation of the microstructural
anisotropy is an essential necessity in order to finally clas-
sify and evaluate the results obtained in this study. Lizzul
et al. have shown, for example, that the microstructural ani-
sotropy of AM components has an influence on the resulting
surface integrity of the subsequent machining process [21].
Furthermore, an enormous additive manufacturing-induced
anisotropy of the tool wear was shown [22], which is why it
can be assumed that the cutting force also shows a strong addi-
tive manufacturing-induced anisotropy when machining AM
components. In addition, a detailed comparison of the tool
wear of the CM process with the US process is recommended,
as an increase in the tool life due to the ultrasonic assistance
was observed, for example, by Liu et al. [23]. Further potentials

result from chip analyses analogous to [18, 24]. The reduced
roughness of the finish milled surfaces shown in this study,
especially at low cutting speeds, is also in accordance with
the results obtained in previous investigations [11, 18]. One
explanation for the reduced roughness is the lower amount of
feed marks due to the ultrasonic assistance [11]. Furthermore,
the low roughness and defect density at a cutting speed of 30
m/min can be explained by the avoidance of the formation of a
built-up edge, as the ultrasonic oscillation of the tool presum-
ably reduces the adhesion of the material to the tool cutting
edge and consequently prevents the formation of a built-up
edge. Reduced adhesion was already found by Koshimizu for
ultrasonic-assisted turning of Ti-6Al-4V [25]. The observed
increased surface integrity in terms of lower number of insuf-
ficient surface areas, reduced roughness and a lower residual
stress state has a positive influence on the service life, safety
and component performance in use [5, 26, 27]. An analysis
of the boundary zone of the finish milled surfaces to investi-
gate the microstructural influence of the machining process is
necessary for a complete evaluation of the surface integrity,
analogously to Schroepfer et al. [5]. The experiments carried
out in this study were done solely under dry conditions. An
analysis with different cooling strategies during finish milling
should therefore be considered in future investigations, as these
also have an influence on the resulting surface integrity [28].

5 Summary and Conclusion

Investigations were carried out to analyse the influence of
the milling parameters cutting speed and feed rate as well as
ultrasonic assistance on AM components of alloy 36 on the
surface integrity and machining conditions. The following
results were obtained:

(1) US process causes significantly lower resulting cut-
ting forces compared to CM, especially at low cutting
speeds and feed rates.

(2) CM process induces primarily subsurface tensile resid-
ual stresses, while US process induces primarily com-
pressive residual stresses, which have a positive effect
on the component performance in service. The effect
of ultrasonic assistance is highest at low cutting speeds
analogous to the results of cutting force.

(3) Higher feed rates generate lower residual stresses at the
surface within the experimental matrix.

(4) As the passive force increases, both machining processes
tend to generate lower maximum principal residual
stresses.

(5) The highest surface integrity in terms of roughness,
topography and residual stresses is achieved with low
cutting speed v, = 30 m/min, a high feed rate f, = 0.07
mm/tooth and ultrasonic assistance.
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