
ORIGINAL ARTICLE

Influence of the frequency of pulsating high-pressure cutting fluid
jets on the resulting chip length and surface finish

Antonia Splettstoesser1 & Daniel Schraknepper1 & Thomas Bergs1,2

Received: 4 January 2021 /Accepted: 28 April 2021
# The Author(s) 2021

Abstract
High-pressure cutting fluid supply is a proven technology for chip breaking when turning difficult-to-cut materials, such as
Inconel 718. However, the technology is usually not suitable for the finish turning of safety-critical parts in aero engines. The
acting force of the cutting fluid jet on the back of the chip causes chip breaking. The broken chips are then accelerated by the
cutting fluid jet towards the workpiece surfaces where they cause damage on impact. One approach to minimize surface damage
is a specific increase in the chip length. The center of gravity of the chips with an adjusted length is shifted out of the focus where
the cutting fluid jet hits the chips. Hence, the already finished surface is subjected to fewer impacts of the chips. In this study, the
adjustment of the chip length by pulsating high-pressure cutting fluid supply to prevent surface damagewas investigated. A valve
unit was used to generate two alternating cutting fluid supply pressure levels in certain time intervals. During the low-pressure
stage, the force of the cutting fluid jet does not lead to chip breakage and the chip length increases until the valves switch and the
high-pressure stage is released. The focus of this work was the analysis of the relationship between the duration of the low-
pressure and high-pressure time intervals and the chip length. Additionally, the influence of the depth of cut, the feed, and the
cutting speed on the chip length during pulsating high-pressure cutting fluid supply was investigated. Finally, a case study was
carried out to evaluate the effectiveness of the pulsating high-pressure cutting fluid supply technology. Therefore, the shoulder
surface of a demonstrator part was finished by face turning. Following, the cylindrical surface was finished with a continuous and
pulsating high-pressure cutting fluid supply with varied supply parameters. Microscopic analyses of the surface prove that the
pulsating high-pressure cutting fluid supply prevents the surface from being damaged by the impacts of chips.
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1 Introduction

Components in aero engines have to withstand high tempera-
tures and extensive mechanical loads, especially when they
are located in areas exposed to high temperatures, such as
the combustion chamber of gas turbine engines. At the same
time, the components must be extremely reliable, as failure
can lead to damage to the entire engine. To meet these

requirements, the parts must be manufactured from materials
with excellent corrosion resistance and high-temperature
strength, such as nickel-based superalloys [1]. The most fre-
quently used nickel-based superalloy in this area is Inconel
718 [2]. During the turning of Inconel 718, different
challenges appear. Therefore, it is classified as a
difficult-to-cut material. On the one hand, its low ther-
mal conductivity results in high temperatures in the cut-
ting zone. Additionally, high cutting forces arise, the
material causes abrasive tool wear, and work hardening
effects occur. As a result, the applicable cutting param-
eters, in particular the feed and the cutting speed, are
very limited and the processes have low productivity.
An increase in the cutting parameters will lead to ex-
cessive tool wear [3]. On the other hand, long helical
chips occur when turning Inconel 718 [4]. These chips
tend to wrap themselves around the chuck, and the
workpiece and the tool and can damage them in the
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process. Additionally, manual chip removal is required
which leads to downtimes and difficulties in automated
production [5].

The productivity and process reliability in the rough turn-
ing of difficult-to-cut materials are often increased by the use
of high-pressure (HP) cutting fluid (CF) supply [6]. Therefore,
one or more CF jets are aimed directly in the cutting zone with
high supply pressures of p ≥ 80 bar [7]. When the jet is fo-
cused on the rake face of the tool, a fluid wedge between the
rake face and the forming chip is built [8]. As a result, an
increased cooling and lubrication effect in comparison to con-
ventional flood cooling is achieved [7]. Therefore, a reduction
of the temperature of the tool and increased tool lifetimes are
obtained [9]. Additionally, the acting force of the CF jet
causes a reduction of the chip curling radius [8]. This results
in chip breakage [9]. However, the ecological and economic
potential of the HP CF supply technology cannot be exploited
in finish turning of safety-critical parts like turbine discs, yet.
The acting force of the CF jet breaks the chips and accelerates
them towards workpiece surfaces where they cause damage
on impact [10, 11]. The resulting surface damages have a
negative effect on the lifetime of the produced parts [12, 13].

One approach to minimize the surface damage is a
specific increase in the chip length [11]. The center of
gravity of a chip with an adjusted length is shifted out
of the focus where the CF jet hits the chips. Hence, the
already finished surface is subjected to fewer impacts of
the chips. Furthermore, only a small part of the kinetic
energy of a long chip will be transferred into the work-
piece surface on impact, because it is mainly absorbed by
its elastic-plastic deformation. Consequently, no or less
severe damage occurs on the workpiece surface. The
adaption of the resulting chip length can be realized by
the use of a pulsating HP CF supply technology.
Therefore, the CF is supplied in two alternating pressure
stages. During the low-pressure stage, the acting force of
the CF jet does not lead to chip breakage. The chip length
increases until the short HP stage begins and the chip is
broken by the impact of the CF jet [14]. The focus of this
work was the analysis of the relationship between the
duration of the low-pressure and HP time intervals and
the chip length. Additionally, the influence of the depth
of cut, the feed, and the cutting speed on the chip length
during pulsating HP cutting fluid supply was investigated.
Finally, a case study was carried out to evaluate the ef-
fectiveness of the pulsating HP cutting fluid supply tech-
nology. Therefore, the shoulder surface of a demonstrator
part was finished by face turning. Following, the cylindri-
cal surface was finished with continuous and pulsating HP
cutting fluid supply with varied supply parameters.
Microscopic analyses of the finished face prove that the
pulsating HP cutting fluid supply prevents the surface
from being damaged by the impacts of chips.

2 State of the art

After Pigott and Colwell first elaborated that the use of HP CF
supply leads to increased tool lifetimes in turning processes
[15], numerous research works about this technology were
carried out. They are related to various difficult-to-cut mate-
rials, like nickel-based or titanium alloys or high-strength
steels. Furthermore, different cutting tool materials were
analysed. In the following, the most relevant research results
concerning chip control during turning of Inconel 718 with
carbide inserts under HP CF supply are described.

Ezugwu and Bonney reported effective chip segmentation
due to HP CF supply for different cutting conditions [4, 16].
The chip form was influenced to a greater extent by the cool-
ant supply pressure than by the cutting conditions [4]. When
turning Inconel 718 under roughing conditions, with a depth
of cut between 2.5 mm ≤ ap ≤ 3.0 mm, cutting speeds in a
range of 20 m/min ≤ vc ≤ 50 m/min and feeds between
0.25 mm ≤ f ≤ 0.3 mm, long helical chips occurred for CF
supply pressures up to pCF = 150 bar. At a CF supply pressure
of pCF = 203 bar, small chip segments resulted. Further exper-
iments were conducted under finishing conditions, with a
depth of cut of ap = 0.5 mm, cutting speeds between 30 m/
min ≤ vc ≤ 60 m/min and feeds between 0.1 mm ≤ f ≤ 0.2 mm
[16]. When conventional flood cooling was applied, long he-
lical chips occurred. High CF supply pressures up to pCF ≤
150 bar led to short helical chips. At a supply pressure of pCF =
203 bar, small c-shaped chips were achieved.

Sharman et al. carried out turning experiments with a
cutting speed of vc = 40 m/min, a feed of f = 0.35 mm,
and a depth of cut of ap = 0.25 mm [17]. During con-
ventional flood cooling and at a CF supply pressure of
pCF = 70 bar, long continuous helical chips occurred. At
a CF supply pressure of = 150 bar through a nozzle
with a diameter D = 1 mm, short helical chips occurred
and small c-shape chips were formed during turning
with CF supply pressures pCF = 300 bar and pCF =
450 bar.

Courbon et al. analysed the machining performance during
turning of Inconel 718 with HP CF supply using a nozzle with
a diameter D = 0.25 mm [18]. The chip form was reported for
a feed f = 0.25 mm and a depth of cut ap = 2 mm. At a CF
supply pressure of pCF = 500 bar and a cutting speed of vc = 63
m/min, short helical chips occurred. When increasing the cut-
ting speed to vc = 81 m/min, the chip length decreased and at a
cutting speed vc = 127 m/min only cylindrical helical chips
resulted. Furthermore, experiments with an increased supply
pressure pCF = 1300 bar were carried out. At the lowest cutting
speed vc = 63m/min, short helical chips and cylindrical helical
chips occurred. At a cutting speed vc = 81 m/min, exclusively
cylindrical helical chips resulted. At the highest investigated
cutting speed vc = 127 m/min, small c-shaped chip segments
with a decreased upcurl radius were detected. Thus, the effect
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of the HP CF supply was enforced by an increased cutting
speed. This was also shown for the feed.

Klocke et al. conducted turning experiments with a cutting
speed vc = 60 m/min, a depth of cut ap = 1.0 mm, and a feed f
= 0.2 mm [19]. Three nozzles, each with a diameter of D =
0.75 mm, were applied. At a CF supply pressure pCF = 300
bar, small c-shaped chips resulted.

The focus of more recent research was mostly on the de-
velopment of tool wear. Nevertheless, the improved chip
breakage due to the application of HP CF supply was also
repeatedly demonstrated [20–23].

In conclusion, recent research work showed that the HP CF
supply strategy is a well-suited technology to cause chip
breakage during turning of Inconel 718 with coated carbide
tools. The required CF supply pressure depends on the cutting
parameters and the desired chip form.

The pulsating HP CF supply strategy was less investigated
in the past. Rasch et al. carried out finish turning experiments
with different aluminum alloys and steel materials [24]. The
influence of continuous HP CF supply on chip breakage was
analyzed as well as pulsating HP CF supply. To realize a
pulsating CF supply, a 2/2 way valve was implemented in
the cutting fluid circuit to interrupt the cutting fluid jet.
Rasch concluded that the pulsating HP CF supply was less
suitable for reliable chip breakage than the continuous HP CF
supply, because appropriate chip breakage was achieved for a
smaller number of materials and area of operability.

Cayli investigated surface anomalies on finishedworkpiece
surfaces caused by chip impact due to HP CF supply [11]. It
has been found that the chips are accelerated in the direction of
the jet immediately after the fracture because their center of
gravity is located in the focus of the CF jet. Cayli proposed the
pulsating cutting fluid supply in two pressure stages. The aim
of this technology was to reduce the CF supply pressure until
the chip length increases and the center of gravity of the chip is
shifted out of the jet focus. First experiments during turning of
Inconel 718 with a CF supply pressure of pCF = 150 bar were
carried out. For the realization of the pulsating supply, a pro-
portional valve was used, which reduced the flow rate by 50%
during the time interval of low pressure. The high- and low-
pressure time intervals were chosen to be of equal length and
experiments were performed with pulse frequencies of 1 Hz, 2
Hz, and 3 Hz. A tendency to increasing chip length with de-
creasing pulse frequency was observed.

Bergs et al. further investigated the pulsating cutting fluid
supply strategy during finish turning of Inconel 718 [14, 25,
26]. A valve unit, which enabled an individual adjustment of
the duration and CF supply pressure of the high- and low-
pressure time intervals, was used. As the present research
work is based on these investigations, the experimental setup
is further explained in Section 3. Initial experiments included
the characterization of the pulsating cutting fluid jet by mea-
surements of the jet force in the cutting edge area and high-

speed camera studies. Furthermore, suitable supply pressures
for the high- and low-pressure time intervals related to the
cutting parameters were identified. It was shown that the chip
length can be specifically influenced by the pulsating CF sup-
ply parameters. The duration of the time interval of the re-
duced supply pressure determined the chip length ls signifi-
cantly. An approximate proportional relationship between the
path length due to primary motion lc, the duration of the time
interval of reduced pressure ‘closed’ tCP and the chip length ls
was identified. In accordance with this, the chip length in-
creased with a rising cutting speed at a constant time interval
‘closed’. The influence of the feed 0.15mm ≤ f ≤ 0.25mm and
the cutting depth 0.3 mm ≤ ap ≤ 0.4 mm on the chip length ls
was classified as low in the examined area.

Sterle et al. analyzed the pulsating HP CF supply strategy
in comparison to HP CF supply and cryogenic machining
concerning economic and ecological aspects [27]. Turning
experiments in Inconel 718 with pulsating HP CF supply were
carried out with a feed f = 0.28 mm, a cutting speed vc = 50
m/min, and a depth of cut ap = 0.5 mm. A low-pressure pulse
with a length of 140 ms and a supply pressure of 1 bar was
defined. The HP pulse time was 60 ms at a supply pressure of
200 bar. Chip breakage was improved in contrast to the con-
tinuous HP CF supply due to the dynamic behavior of the
pulsating jet and its sudden impact on the chip. The upcurl
radii of the resulting chips changed along the chip length due
to the pulsating jet.

In summary, the pulsating HP CF supply was identified as
a suitable technology to achieve chip breakage during finish
turning of Inconel 718 by Bergs et al. and Sterle et al. [14,
25–27]. Bergs identified basic correlations between the cut-
ting parameters, the pulsation parameters, and the resulting
chip length ls [25]. In this paper, these relationships were
examined in detail and an approach to predict chip length ls
using regression modelling was developed. Furthermore, the
effects of the pulsating CF supply on the resulting workpiece
surfaces were investigated.

3 Experimental setup

All cutting experiments were conducted on a CNC lathe of the
type NEF 600 of the company DMGMORI. Themachine tool
provides a maximum spindle drive power of P = 28 kW and a
maximum rotational speed of n = 3500 min-1. A pressure-
regulated high-pressure pump of the company ChipBlaster
was used to provide the cutting fluid. It generates a maximum
CF supply pressure of p = 350 bar at a flow rate of Q = 40
l/min. The CF was an emulsion with a concentration of 8% of
the type Vasco TP 519 of the company Blaser Swisslube.

As described before, the functional principle of pulsating
HP CF supply is based on two alternating CF supply pressure
stages. They are realized by a prototype of a pulse unit which
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was provided by the company mueller co-ax AG. The func-
tional principle of the pulse unit is shown in Fig. 1. During the
low-pressure stage, defined by the duration of the time interval
‘closed’ tCP and the reduced CF supply pressure pCP, the CF is
diverted into a throttled pipe. Consequently, the CF flow rate
and following the supply pressure are reduced, the force of the
cutting fluid jet does not lead to chip breakage, and the chip
length increases. When the HP stage begins, the valve
switches to the position ‘open’ and a HP pulse pOP is released.
The valve lasts in position ‘open’ for the duration of the time
interval ‘open’ tOP.

A tool holder of the type PCLNL 2525M-12-JHP
from the company ISCAR was used for all cutting ex-
periments. It was designed for targeted HP CF supply
up to pCF = 300 bar. A nozzle with a diameter of D =
1.6 mm was positioned above the cutting insert.
Consequently, the CF jet was focused on the rake face.
The flank-face-sided outlet of the tool holder was
sealed. The tool holder was equipped with an indexable
insert of the type CNMG 120408-F3M IC806 of the
company ISCAR. Each insert was used for one to three
cutting experiments with a cutting time of th ≈ 40 s.
Tool life tests proved that there is only minimal tool
wear at this point and the influence of tool wear on
chip formation can be neglected [26]. External cylindri-
cal finish turning tests with cutting speeds between 50
m/min ≤ vc ≤ 80 m/min, feeds of 0.1 mm ≤ f ≤ 0.25
mm, and depths of cut of 0.3 mm ≤ ap ≤ 0.5 mm were
conducted on finished workpieces (Fig. 4) with the
nickel-based alloy Inconel 718. The parameters were
selected based on industrial standards for finish turning
of Inconel 718 with coated carbide inserts. The mechan-
ical properties and chemical composition of the material
are shown in Table 1 and Table 2.

Based on the identified suitable pressure levels in
previous research work [14], a CF supply pressure of
pCP = 40 bar was chosen for the time interval ‘closed’.
During the HP time interval tOP a supply pressure of
pOP = 127 bar was set. This led to CF flow rates of
QOP = 16 l/min and QCP =10 l/min with the used ex-
perimental setup. For all investigated cutting parameters,

it was ensured that turning processes with a continuous
CF supply at pCF = pCP = 40 bar led to the formation
of long helical chips. Bergs et al. showed that time
intervals ‘open’ tOP ≥ 100 ms caused the occurrence
of a high amount of small chips which were broken
during the time interval ‘open’ [14]. Additionally, time
intervals ‘open’ with tOP < 50 ms could not be realized
by the used system. Time intervals ‘closed’ of tCP >
1500 ms led to the formation of very long helical chips,
which may cause similar effects to the chips resulting
from conventional flood cooling. In this area, chip con-
trol that contributes to process reliability cannot be re-
alized. Therefore, the time interval ‘closed’ was varied
between 500 ms ≤ tCP ≤ 1500 ms, and the time interval
‘open’ was set between 50 ms ≤ tOP ≤ 100 ms.

Three cutting test series were carried out. The aim of the
first test series ‘chip length’ was to achieve an initial under-
standing of the influence of the cutting parameters and the
time intervals tOP and tCP on the chip length ls, which is caused
by the pulsating jet. Therefore, only the chips that were divid-
ed into approximately equal lengths, by the pulsation were
taken into account in the evaluation, as shown in Fig. 2.
Chips, which were not broken by the impact of one HP pulse,
were not taken into concern.

Furthermore, the objective of these experiments was to
describe the identified relationship between the parameters
and the chip length caused by the pulsating jet by an equation
by the use of regressionmodelling. For each parameter set, the
lengths of the chips from at least two cuts were used for re-
gression modelling and for visualizing the average length in
diagrams. Regression modelling was done with Minitab®
Statistical Software 17 of the company Minitab. A linear re-
gression was performed with the least square method based on
the length of more than 900 measured chips resulting from
cutting experiments with feeds of 0.15 mm ≤ f ≤ 0.25 mm and
depths of cut of 0.3 mm ≤ ap ≤ 0.4 mm. Additionally, cross-
sections and longitudinal sections of chips were prepared and
dip etched for 60 s using Kalling’s reagent, as shown in Fig. 3.

The aim of the second experimental series ‘chip
length distribution’ was to determine the proportion of
chips, which were successfully broken by the HP pulse,
in the total removed material in dependence on the set
parameters.

Therefore, the weight of the removed material was
calculated for every cut. After the machining process,
every chip which was longer than ls = 40 mm was
collected, measured, and weighed. The center of gravity
of these chips of this length lies significantly outside
the focus of the impinging CF jet. It is, therefore, as-
sumed that this length contributes to reducing surface
damage. Additionally, the second test series was used
to verify the regression equation for the prediction of
chip length.

Valve unit in 
position ‘closed‘

Valve unit in 
position ‘open’

Fig. 1 Valve unit for pulsating HP CF supply [14]
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In the third experimental series ‘surface finish’, a case
study was done to investigate the effect of the different cutting
fluid supply strategies on the workpiece surface. The proce-
dure is shown in Fig. 4. Each experiment was started with a
face finish turning operation.

Following, the cylindrical surface was finished five times
with a continuous or pulsating CF supply parameter set. This
leads to a cutting time of tc = 516 s for each insert used at a
cutting speed of vc = 60 m/min. Previous tool life tests showed
that the expected maximum width of flank wear land is VBmax

> 100μmat the end of the experiment [26], whereby tool wear
was taken into account in this test series. The cutting and CF
supply parameters are shown in Fig. 5. Workpiece one was
machined with a continuous CF supply at pCF = pOP = 127 bar.

The investigations were concluded by an analysis of the
frontal surface by different methods. In a first step, an optical
qualitative evaluation of the surface using a digital microscope
of the type VHX 5000 from the company Keyence was con-
ducted. Furthermore, the topography of the surface was mea-
sured with the surface measuring station MarSurf LD 260 of
the company Mahr. For this purpose, three squares of 2×2
mm2, shifted by an angle of 120°, were analyzed on each
workpiece. The squares were started at a distance of about
2 mm from the workpiece shoulder and the measurement
was conducted radially from the inside to the outside. The
distance between the measuring lines was 10 μm and the
increment was 0.5 μm. For the evaluation of the measure-
ments, the software MountainsMap® Universal 7.3.7746 of
the company Digital Surf was used.

In addition to the illustration of 3-dimensional profile
views for qualitative assessment, the area roughness pa-
rameters arithmetical mean height Sa, maximum peak
height Sp, and maximum height Sz were taken into
concern [30].

4 Results and discussion

4.1 Chip length

According to the operating principle of the pulsating HP CF
supply, the chip is not broken during the time interval ‘closed’
tCP. At the beginning of the HP time interval ‘open’, the chip is
then broken by the impact of the jet. If this is the case, the
resulting chip length ls is directly related to the path length due
to primary motion lc, covered in the time interval tCP. In Fig. 6,
two longitudinal sections of a chip are shown. The section of
the last winding of the chip exhibits a stronger deformation
and a decreased radius compared to the shape of the same chip
at half chip length ls. This can be attributed to the increased
acting force of the jet from the beginning of the time interval
‘open’. This strongly deforms the chip until it finally breaks.

When machining Inconel 718, the type of chip formation
may change from continuous to lamellar formation depending
on the applied cutting parameters such as the cutting speed or
the feed [31]. A tendency to the formation of shear bands due
to the increased deformation was identified at the end of the
chip. Chip breaking is enhanced by the segmentation of the
chip [31].

In Fig. 7, the resulting chip length ls is shown as a function
of the time interval ‘closed’ tCP. Based on the previous work
on the pulsating HP CF supply, an almost linear relationship
between the time tCP and chip length ls was expected [14, 25,
26]. First, all cutting parameters were kept constant and only
the length of the time interval tCP was varied at a cutting speed
of vc = 60 m/min. At constant cutting speed, the chip length ls
increases proportionally to the length of the time interval tCP.
Furthermore, the chip length increases with constant time tCP
and increasing cutting speed (blue squares in Fig. 7). Hence,
the pulsating HP CF supply is a suitable technology to set a
certain chip length in the examined parameter range. It is
expected that the chip length ls can be expressed by a function

Table 1 Mechanic properties of
Inconel 718 [28] Tensile strength Rm / MPa Yield strength Rp0,2 / MPa Elongation at break A / % Elastic modulus

E / GPa

≥ 1230 ≥1030 ≥ 12 205

Table 2 Chemical composition of Inconel 718 [29]

Element Ni Cr Nb Mo

Share / % wt. 50.0–55.0 17.0–21.0 4.75–5.5 2.8–3.3

Element Ti Al Co C

Share / % wt. 0.65–1.15 0.2–0.8 ≤ 1.0 ≤ 0.08

Element Mn Si P S

Share / % wt. ≤ 0.35 ≤ 0.35 ≤ 0.015 ≤ 0.015

Element B Cu Fe

Share / % wt. ≤ 0.006 ≤ 0.3 Balance

pOP = 127 bar
pCP = 40 bar
tCP = 500 ms
tOP = 100 ms
ap = 0.4 mm
f = 0.2 mm
vc = 60 m/min

Chips 
broken due 
to other
causes

Chips broken
by impact of

HP pulse

10 mm 
Fig. 2 Collected chips of one cutting experiment
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with the cutting conditions and CF supply parameters as
coefficients.

Courbon et al. reported a decreased chip size and a
better chip breakability due to an increase of the cutting
speed at the same CF supply pressure [18]. According to
the results, this effect is compensated by the described
relations during pulsating HP CF supply in the investigat-
ed area. Additionally, chip breakability and consequently
chip length are influenced by the feed f and the cross-
section of the undeformed chip A [13]. The results of
the cutting experiments concerning the influence of the
feed f and the cross-section of the undeformed chip A
on the chip length are shown in Fig. 8. As the feed does
not influence the path length due to primary motion lc
during the time interval tCP, changes of the resulting chip
length ls can be attributed to the chip thickness ratio and
perhaps increased breakability. Although an increased
feed rate promotes chip breaking [18], the cutting tests
with a higher feed of f = 0.2 mm resulted in a similar chip
length in comparison to the investigations with a feed of f
= 0.15 mm. A reduced depth of cut ap = 0.3 mm led to a
marginally decreased chip length.

These differences can be accounted to the varied cross-
section of the chip due to the changed parameters. An enlarged
cross-section of the undeformed chip improves its area mo-
ment of inertia and consequently its stability against the im-
pinging CF jet. As shown in Fig. 9, a higher feed f led to an
increase in the thickness of the deformed chip h’, as expected.
The reduced depth of cut ap = 0.3 mm resulted in a smaller
width of the deformed chip b’. Due to the small depth of cut
ap, the tool is exclusively engaged in the area of the tool
cutting edge radius. In consequence of the resulting chip flow
angle the jet does not impinge orthogonally on the back of the
chip.

The results of the cutting tests indicate that the width of the
chip b’ was the decisive measure for the breakability of the
chip in the investigated parameter range.

The regression analysis showed that the relation between
the cutting and cutting fluid supply parameters and the
resulting chip length ls is described by the following Eq. (1).
The equation is applicable only in the studied parameter
range.

500 μm 500 μm 500 μm 

pOP = 127 bar
pCP = 40 bar

tCP = 500 ms; 
1000 ms

tOP = 100 ms

ap = 0.40 mm
f = 0.15 mm
vc = 60 m/min

Longitudinal 
section (end)

Longitudinal 
section (middle)

Cross 
Section

End End
Middle Cross Section 10 mm 

Fig. 3 Prepared sections of the chips

1. Face finish turning

2. Cylindrical turning
with different cutting
fluid supply strategies Workpiece

3. Investigation of surface
qualitiy concerning chip
collision

Fig. 4 Procedure of test series 3 ‘surface finish’

0

500

1000

1500

50 70

e
miT

t C
P

/ 
m

s

Time tOP / ms
Max.

pOP = 127 bar
pCP = 40 bar

ap = 0.40 mm
f = 0.15 mm

vc = 60; 80 m/min
Inconel 718

Workpiece vc = 60 m/min vc = 80 m/min

Fig. 5 Applied parameter sets in the case study

Chip at half ls Chip at ls (end)

pOP = 127 bar
pCP = 40 bar

tCP = 1000 ms
tOP = 100 ms

ap = 0.40 mm
f = 0.15 mm
vc = 60 m/min

500 μm 500 μm

Fig. 6 Longitudinal sections of the chips
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ls ¼ −174:4 mmþ 3:33
mm
m

min

� vc þ 40:9 � ap

−256:7 � f þ 0:19319
mm

ms
� tCP

ð1Þ

The model explains R = 88 % of the scatter of the chip
length. As expected, the main effect analysis identified the
time interval ‘closed’ tCP as the strongest influence on the chip
length, followed by the cutting speed vc. These are the vari-
ables that influence the path length due to primary motion lc
between two HP pulses. Based on the main effect analysis, the
chip length is reduced by increasing feed f and slightly extend-
ed by increasing depth of cut ap. Further experiments with a
depth of cut of ap = 0.5 mm and feeds between 0.1 mm ≤ f ≤

0.2 mm resulted in an extended chip length with increasing
feed f due to the enlarged cross-section of the undeformed
chip and the resulting higher stability of the emerging chip.
Consequently, it is assumed that the effect of the feed f on the
chip length ls depends on the depth of cut ap. One way to
improve the regression model would be to include the addi-
tional data and further cutting experiments with variations of
the depth of cut ap and feed f to identify possible interactions.

4.2 Chip length distribution

During the second test series, every chip with a length over ls ≥
40 mm was collected, weighed, and measured. The centre of
gravity of chips of this length lies significantly outside the
focus of the impinging CF jet. It was therefore assumed that
this length contributes to reducing surface damage. The influ-
ence of the time interval ‘closed’ tCP on the distribution of the
resulting chip length is shown in Fig. 10. At a time interval of
tCP1 = 500 ms, chips of lengths between 100 mm ≤ ls ≤
110 mm accounted for the largest weight share of w = 48 %
of the removed material. The second-largest share of w = 8 %
was represented by chips with a length of 90 mm ≤ ls ≤ 100
mm. Furthermore, the diagram shows that a small proportion
of shorter chips occurred. These chips may have been broken

50
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250

300

350

400

450

500

500 1000 1500
Time tCP / ms

vc1 = 80 m/min
vc2 = 60 m/min

pihC
htgnel

l s
/ 

m
m

pOP = 127 bar
pCP = 40 bar

ap = 0.40 mm
f = 0.15 mm

tOP = 100 ms
Inconel 718

Fig. 7 Influence of tCP and cutting speed vc on chip length ls
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again after the actual machining process by contact with other
chips or the chuck.

Additionally, it cannot be excluded that the HP CF jet
causes more than one chip breakage during the time interval
tOP = 100 ms. Entering the set parameters in the regression
equation for the time interval tCP1 = 500 ms results in Eq. (2):

ls500 ¼ −174:4 mmþ 3:33
mm

m=min
� 60 m

min
þ40:9 � 0:4 mm−256:7 � 0:15 mm

þ0:19319
mm

ms
� 500 ms ¼ 99:85 mm

ð2Þ

Furthermore, the time interval tCP2 = 1000 ms results in a
predicted chip length of Eq. (3):

ls1000 ¼ −174:4 mmþ 3:33
mm

m=min
� 60 m

min
þ40:9 � 0:4 mm−256:7 � 0:15 mm

þ0:19319
mm

ms
� 1000 ms ¼ 196:5 mm

ð3Þ

The predicted values correspond to the length of the chips
shown in the diagram in Fig. 10. The equation is therefore
suitable for predicting the chip length in the examined area.
The specific adjustment of the chip length could be
reproduced in the second test series.

As shown in Fig. 11, the lower cutting speed vc2 = 60 m/
min led to a larger proportion of chips with a length of ls ≥
40 mm compared to the higher cutting speed vc1 = 80 m/min.
With a higher cutting speed, the path length due to primary
motion covered in the time interval ‘open’ tOP increases.

Consequently, the probability of additional chip breakage
during the HP stage increases and more small chips occur. The
longer the time interval ‘closed’ tCP is selected, the less fre-
quently the HP pulse is released. Correspondingly, the

proportion of chips with a length ls ≥ 40 mm enlarges with
the longer investigated time interval tCP2 = 1000 ms.

To investigate this effect further, the length of the time
interval ‘open’ was varied. The results are shown in Fig. 12.
A reduction of the time interval open led to a larger variation
of the chip length.

Especially with the minimum investigated time interval
‘open’ of tOP1 = 50 ms, several chips were broken only after
two or three HP stages. The predictability of the chip length
was therefore impaired by the reduction of the time interval
tOP. The force of the CF jet does not act on the chip long
enough to break it reliably. In contrast, at the longest investi-
gated time interval tOP3 = 100 ms, no chips longer than pre-
dicted occurred.

As shown in Fig. 13, the lowest time interval tOP1 = 50 ms
led to the highest weight percentage of chips with a length
over ls ≥ 40 mm of w = 77 %. The longest time interval tOP3
= 100 ms results in a maximum weight share of w = 61%. As
described above, the lower cutting speed of vc2 = 60 m/min
has a positive effect on the weight percentage of chips with a
length ls ≥ 40 mm.

4.3 Surface finish

Figures 14 and 15 show the frontal surfaces of the workpieces
of the case study after finishing the cylindrical surface with
varied CF supply parameters. The left edge of each picture is
situated at the shoulder of the cylindrical surface. The front
surface after a cutting experiment with continuous CF supply
at pCF = pCP = 40 bar is shown on the left side of Fig. 14. No

0
10
20
30
40
50
60
70
80

500 1000
Time tCP / ms

thgie
W

porp
. l

s
%

/
w

m
m

04
≥

vc1 = 80 m/min
vc2 = 60 m/min

pOP = 127 bar
pCP = 40 bar

ap = 0.40 mm
f = 0.15 mm

tOP = 100 ms
Inconel 718
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damages due to chip collision were detected. In contrast, after
finish turning with continuous HP CF supply at a pressure of
pCF = pOP = 127 bar, the surface was speckled with traces of
chip contact that appear as dark lines on the surface. In be-
tween, there are more severe damages of the surface, which
are marked by yellow circles in the images. Based on the
microscopic images, it cannot be clearly determined whether
these are scratches, missing material, or material adhesions.

As shown in Fig. 15, by the application of the pulsating HP
CF supply technology with time intervals tCP = 500 ms and
tOP = 70 ms, the traces of chip contact were considerably
reduced and the number of severe damages was decreased
on the front face of workpiece 2. Nevertheless, traces of chip
contact as well as severe damages were detected.

The experiments concerning the chip length distribution
showed that each a reduction of the time interval ‘open’ and
an extension of the time interval ‘closed’ led to an increased
weight proportion of chips with ls ≥ 40 mm. It was assumed
that the amount of chips with this length is related to the
quality of the front surface. Based on these findings, work-
piece 3 was machined with a reduced time interval ‘open’ of
tOP = 50 ms. An increased time interval tCP = 1000 ms was
applied during turning of workpiece 4. Both changes led to a
reduction of countable surface damages compared to work-
piece 2. During turning of workpiece 5, a higher cutting speed
of vc = 80 m/min and a further increased time interval closed
tCP = 1500 ms were set. The qualitative microscopic evalua-
tion of the surfaces indicated that workpiece 5 had very little
surface damage.

Due to the pulsating CF supply, a similar good surface
condition as with the continuous low-pressure CF supply
was detected in large subareas of the surface.

Since the microscopic images do not enable any determi-
nation of the height or depth of the surface damage, the to-
pography of the surfaces was analyzed in more detail.
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Figure 16 contains the topographic 3-dimensional view of a
2×2 mm2 square of the surface of workpiece 1. It can be seen
that the stripes perceived as scratches in Fig. 14 are adhering
material. The color scale indicates the profile heights. It can be
clearly seen that the areas visually perceived as scratches in
Fig. 14 are aligned material adhesions or less frequently pull-
outs caused by an impacting chip. The adhesions occur in the
peaks and in the grooves of the profile of the turned surface.
Furthermore, the surface exhibits individual punctual dam-
ages, which are both material adhesions and pullouts.

Figure 17 shows an example of a surface profile of 4 mm2

of each of the other four workpieces. The surface of workpiece
2 exhibited both material adhesion and notable material pull-
outs in the profile peaks. Similar to the optical micrographs, a
significant reduction in damages due to the adjustment of the
CF supply parameters was identified for workpieces 3–5.
Small material adhesions and pullouts occurred on the surface
of workpiece 3. In the illustration of the surface of workpiece
3, it can also be seen that the collision of a chip with the
surface can lead to material adhesion and pullout simulta-
neously. No measurable damages were detected at any of
the three measuring positions of workpiece 4. Slight damage
was identified on the surface of workpiece 5. The results of the
qualitative evaluation based on the 3-dimensional profile
views are consistent with the surface characteristics according
to DIN ISO 25178 [30], as shown in Fig. 18. The bars in the
diagram each represent the average value of the three analyzed
squares of one workpiece. The arithmetical mean height Sa of
the surfaces was similar for the front faces of all workpieces
due to the preliminary turning process.

In contrast, the maximum height Sz and maximum peak
height Sp showed a significant reduction due to the
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Fig. 16 Topographic 3-dimensional view of workpiece 1
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application of the pulsating CF supply compared to workpiece
1 which was machined with a continuous HP CF supply.
Furthermore, the range of values between the different mea-
suring points was decreased. Due to the high cutting speed vc
= 80m/min, which was applied whenmachining workpiece 5,
the range of values increased compared to the other work-
pieces machined with pulsating CF supply.

As described in Section 4.2, the duration and frequency of
the time interval ‘open’ tOP is decisive for the formation of
short chips that may collide with the surface.Whenmachining
workpiece 3, only a minimal duration of the high-pressure
phase ‘open’ tOP = 50 ms remained after the desired initial
chip breakage took place. During this time, additional small
chips may be broken before the phase ‘closed’ tCP begins
again. The long duration of the time tCP = 1500 ms reduced
the number of critical chips formed during the machining of
workpiece 4, since the high-pressure phase occurred only one-
third as often as during the machining of workpieces 2 and 3.
Due to the maximum investigated the duration of the time
interval ‘closed’ tCP = 1500 ms in combination with the short
time interval tOP = 50ms, these two effects were merged when
machining workpiece 5.

The increased cutting speed vc additionally reduces the
total machining time. However, as the cutting speed increases,
the covered path length due to primary motion lc in a certain
time also grows. Consequently, the number of undesirable
short chips produced during the time interval ‘open’ tOP in-
creases again.

During the case study, the production of a workpiece
with continuous supply at pCF = pCP = 40 bar resulted
in an accumulation of chips in the machine working
area, which could no longer be evacuated by the chip
conveyor. Despite the increasing tool wear during the
production of each workpiece with pulsating CF supply,
there was never any restriction of chip removal. Further
investigations have shown that the achieved tool life-
times are comparable to the application of the HP CF
supply [26]. The energy consumption of the HP unit is
decreased due to the reduced pressure in contrast to the
HP CF supply. Additionally, only a small investment
for a valve unit is required for the application of the
pulsating CF supply technology. The pulsating CF sup-
ply thus has the potential to become an ecologically,
economically, and technologically sensible alternative
to HP CF supply.

5 Conclusions

In this paper, the pulsating HP CF supply was investigated,
concerning the prediction of chip length, the distribution of

chip length and the finished workpiece surface. The following
key findings have been identified:

Due to the pulsating CF supply, it is possible to adjust the
chip length specifically. The resulting length can be described
by a regression model.

The pulsating CF supply leads to a reliable chip breakage.
Up to w = 77 % of the chips have a length of at least ls = 40
mm. This allows to prevent damage to the workpiece surface.

An enlarged low-pressure time interval ‘closed’ and a re-
duced time interval ‘open’ cause an increase of the share of
chips with a length ls ≥ 40 mm and a decreased frequency of
the occurrence of small critical chips. Consequently, chip col-
lisions with the front surface and therefore surface damages
are reduced. Surface damage caused by the impact of a chip
can include both material adhesions and pullouts.

By the use of optimized pulsating CF supply parameters,
damages to the front surface caused by chip collision can be
minimized. Based on the results, the pulsating CF supply has
the potential to become a sensible alternative to HPCF supply.

Nomenclatures ap, Depth of cut; A , Cross-section of undeformed chip;
D, Cutting fluid outlet diameter; f , Feed; ls, Length of curled chip; lc, Path
length due to primary motion; tCP, Length of low-pressure time interval
‘closed’; tOP, Length of high-pressure time interval ‘open’; pCF, CF sup-
ply pressure (continuous supply); pCP, CF supply pressure during time
interval ‘closed’; pOP, CF supply pressure during time interval ‘open’;
QOP, CF flow rate during time interval ‘open’; QCP , CF flow rate during
time interval ‘closed’; vc, Cutting speed; w, Weight proportion
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