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Abstract

Many industrial corporations are trying to increase productivity. They were made many types of research focused on
cost-effective productivity increasing. Researchers and engineers were created new machining strategies and advanced
processes, which could be enhanced by modified geometry, advanced coatings and new cutting materials. One of the cost-
effective methods to increase productivity is High Feed Machining (HFM). This method does not require any special
equipment, such as high-speed spindle. Moreover, it does not require any special conditions neither. Due to the fast rapid
traverse of many modern machine tools, High Feed Machining can be performed on most of them. This article compares
machining of the reference steel materials — C45 by conventional milling and High Feed Machining. The experiment is
based on the creating of some simple shapes, such as vertical and horizontal surfaces, notches, cylinders, etc. There were
measured several surface roughness parameters. Results of the experiment could be applied to determine what advantages
High Feed Machining brings and when it is advantageous.
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1. Introduction

High feed machining (HFM) is known as a cost-effective roughing strategy due to higher material removal rate in
contrast with conventional milling. The surface roughness is increasing with higher feed as well [1]. This effect can be
partially reduced by using advanced tool geometry (Fig. 1). HFM is using very high values of feed rate (approx. 10 times
higher). High feed alone could cause a significant increase in cutting force [2]. Therefore, the depth of cut (DOC) is
decreased in HFM, along with the decreased lead angle of the milling tool. It affects the section of the layer of cut resulting
in the change of direction of cutting force towards the spindle, so the cutting force is directed positively - it causes reducing
of vibrations and decreasing of machine load during the machining process. It also affects the chip formation during the
machining process — it causes a lower width of the chip than the feed per tooth. This mechanism is known as “chip
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thinning” [3], [4]. To reach the correct feed per tooth, high enough feed rate is needed. Fortunately, many modern machine
tools offer the highest value of feed rate equals to rapid traverse rate, which should be enough for most high feed
applications. Milling tools for high feed machining are produced in different forms and dimensions, such as inserts or
solid end mills (Fig. 2) [5], [8], [9].

The geometry of the cutting part of tools for high speed machining is different from the tools used for conventional
milling, and this could cause different surface quality when surfaces and features of the workpiece are machined. An
evaluation of how the high feed machining will impact the surface quality of the machined component in comparison
with the conventional machining method, and which method of machining provide better surface should be made. The
possibility of using high feed machining not only just for roughing operations but also for finishing could increase the
productivity of this method even more in certain cases [6].

APMXS Depth of cut maximum in feed direction side

DC Cutting diameter

DCX Maximum cutting diameter
RE Radius

RP Programmed radius

UTCN Uncut thickness

Fig. 1. Geometry of high feed end mill [7]

Fig. 2. Cutting tools for high feed machining [8], [9]

The main advantage of high feed machining is productivity. It is reached by a higher increase in feed than a decrease
in depth of cut (DOC). Lower DOC also causes material additament more uniform, therefore there is often no need for
semi-finishing, which will decrease machining time even more. However, fast feed rate demands fast enough control
system, otherwise pauses to read some lines of NC program in advance will be needed [10], [11], [12], [13]. The aim of
the experiment is to determine surface quality after HFM and if finishing is necessary in all cases after this process.

2. Machining method Machining method

In the experiment, a machine tool for high speed cutting (HSC) and high feed machining (HFM) was used. This
machine tool is using high-speed spindle (it can use spindle speed up to 42,000 rpm). During HSC process, chips drain
most of the generated heat. It causes the workpiece material strength reduction in the cutting zone. It also causes cutting
force reduction and allows to machine hardened steels. The machine tool has linear drives due to the increase in precision.
These linear drives allow applying feed rate (and rapid traverse) up to 40 m/min. Such a high value of feed rate can be
applied in high feed machining (HFM). Combination of high speed cutting (HSM) and high feed machining (HFM) is
often labelled as high speed machining (HSM).
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High speed milling machine DMG Mori HSC 105 linear (Fig. 3) was used in the experiment. This machine tool can
operate continuously in five axes. It can operate as a conventional milling machine, high speed cutting machine, and high
feed milling machine. Therefore, it suits to this research, as well as further possible experiments [14].

Fig. 3. High speed machine tool DMG Mori HSC 105 linear [14]

Milling tool for general purpose JS 553 and high feed milling tool JHF 980 were used as a cutting tool (Fig. 4). Seco
Tools Company manufactured both tools. They both have: cutting diameter 10 mm, and contain 3 flutes. Their parameters
and dimensions are in Table 1. The material categories recommended to be machined by these tools are shown in Table
2. In CAD software Autodesk PowerShape Ultimate 2018 was created a 3D model of the workpiece. Then a CAD model
was imported into CAM software Autodesk PowerMill Ultimate 2018, where CL data for conventional machining
strategies and CL data for HFM machining strategies were generated. After verification of the tool paths via simulation,
NC program for control system Heidenhain iTNC 530 was generated via proper postprocessor. Reference steel material
C45 (class of machinability — P4) was used as workpiece material.

N\

Fig. 4. Milling tools JS 553 (left) and JHF 980 (right) from Seco Tools Company

.- Diameter Number of teeth Maximum DOC Overall length
Milling cutter
[mm] [-] [mm] [mm]
JS 553 10 3 35 85
JHF 980 10 3 0.5 80

Table 1. Main dimensions of milling tools [15]
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Table 2. Cutting tool applications according workpiece material [15]

3. Description of the experiment

The reference material for steels — C45 was used as a workpiece. This workpiece has dimensions 100x100x50 mm
(two pieces). C45 is medium carbon steel with hardness 250 HB, yield strength 400 MPa, tensile strength 700 MPa and
fracture elongation 16% [15]. Its chemical composition is recorded in Table 3. The first workpiece was machined by
conventional milling method, and the second workpiece was machined by HFM method. Several different features were
designed on the workpiece to determine the behaviour of HFM at different surfaces, as shown in Fig. 5.

element C Si Mn P S Cr Mo Ni Fe
wt. % 0.46 0.4 0.65 0.045 0.045 0.2 0.03 0.4 bal.

Table 3. Chemical composition of C45 steel material [16]

Fig. 5. Model of the part with different features

For each method of machining were set different cutting parameters — recommended conditions by tool manufacturer
for the specific machining method. It means, in the experiment was compared conventional milling (CM) with the proper
tool for CM and proper cutting parameters for CM, with high feed machining (HFM) with the proper tool for HFM and
proper cutting parameters for HFM. These conditions were chosen because using a tool for HFM under cutting condition
for CM could not be considered as proper representant of conventional machining. Even when the cutting condition for
HSM with just a fragment of recommended feed will be used, it could not be considered as proper representant of
conventional machining, as well. Actual cutting parameters used in the experiment are shown in Table 4.
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Milling Cutting speed | Spindle speed Feed rate Feed per tooth Infeed Depth of cut
PN o
method [m.min"] [rpm] [mm.min™] [mm] [mm] [mm]
CM 130 4138 870 0.07 10 1
HFM 250 7958 7162 0.3 5 0.25

Table 4. Machining parameters used in experiment [15]

Cutting parameters and conditions, which were not labelled in Table 4, were constant (such as 0.5 mm material
additament and blast air as coolant). However, because the design of the tool for HFM does not allow to use the proper
depth of cut, vertical faces were not finished by HFM. These faces were only roughed without material additament in the
radial direction [5]. An additional controlled axis was used during machining of chamfer and upper fillet on the workpiece.

Machining time and surface quality were compared after machining. A standard stopwatch was used to measuring of
the machining time. The surface quality was measured by Zeiss Surfcom 5000 contour and surface measuring machine.
Evaluated were surface roughness parameters Ra, Rz, Rt, Rp and Rv. This device is shown in Fig. 6.

4
y SURFACE TEXTURE & CONT
NTOUR Wi
‘ : EASURING INSTRI

Fig. 6. Zeiss Surfcom 5000 surface texture & contour measuring instrument

Zeiss Surfcom 5000 is an accurate and fast measuring device with a universal body to make all surface measurements
easier to operate with. This measures more surfaces in just one step while making it more effective. It is particularly for
the auto and mechanical engineering fields. This device was designed for measure and engineer lenses, bearings and
spindles with accurate levels of around 0.31 nanometers on average. It also uses five lasers on its interferometer to
measure. The device also has a T stylus and a ratio of the measuring range to the resolution of approximately 42 million
to 1 [17].

4. Results of the experiment

During the experiment were made two experimental samples. The first sample was machined by conventional milling
(CM) and the second one was machined by high feed machining (HFM). There were used above-mentioned cutting
conditions. There were measured surface roughness in several places. There are recorded only some of the results due to
their high amount. The results are recorded in Table 5. There was added a figure with the selected area to prevent the
misunderstanding of the position labelling of measurement. The measurement recorded in the table was provided by Zeiss
Surfcom 5000 contour and surface measuring machine. Value of each surface roughness parameter is the average value
of five measuring.
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Surface roughness parameters

Measured surface Method Ra Rz Rt Rp Rv

[pm] [pm] [pm] [pm] [pm]
CM 2.0334 10.1956 13.8456 | 4.0754 | 6.1196
HFM 2.6088 12.8644 16.7066 | 6.6772 6.2428
CM 0.9952 5.3206 6.3666 2.6846 2.8322
HFM 2.7546 15.5548 22.3466 | 9.2300 6.3252
CM 2.2956 11.6286 15.2804 | 5.3724 6.2560
HFM 2.1964 12.3872 17.3012 | 6.1922 6.1952
CM 1.3792 9.5274 13.7976 | 5.8158 3.7114
HFM 1.0996 7.1690 9.9424 3.9300 3.1814
CM 2.0556 11.0942 16.1674 | 5.3972 5.6972
HFM 2.1832 12.1806 15.3564 | 5.9558 6.2252

Table 5. Selected results of the measurement

Considering the principle and application of HFM, there were expected much worse surface quality for this method
of machining in comparison with conventional machining. According to results recorded in Table 5, there can be seen
that the worst results for HFM were obtained at measuring surface roughness at the vertical area (Ra increased by 177
%). It could be caused by machining without finishing — during roughing of these faces were not leaving any radial
material additament (due to milling tool geometry). However, there were not observed a big difference in surface quality
between those methods on the other surfaces. On horizontal areas, there was increased surface roughness parameter Ra
by 28 % in the middle area and 6 % in the bottom of the grooves.
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However, in some cases were achieved better surface roughness after HFM — there was observed a reduction of surface
roughness parameter Ra by 4 % on the sloping surface and by 20 % on the rounded surface. It could be caused by more
uniform material additament.

The main advantage of high feed machining is a reduction of the machining time. In Table 6 is shown real machining
time for conventional milling and HFM. Using of HFM can substitute semi-finishing as well, however, in the experiment,
it was not used (not even for conventional machining). Both machining methods could be divided into roughing and
finishing. However, for both machining methods were used their own preferred machining strategies. According to
machined features, there were used for each machining method several different roughing strategies, as well as several
finishing strategies. However, they are summarized into their own categories in Table 6.

Method Roughing Finishing Machining time
[min] [min] [min]
CM 74.00 16.33 90.33
HFM 61.92 3.75 65.67

Table 6. Machining time of conventional machining and HFM

High feed machining can provide time reduction in both roughing and finishing, as can be seen in Table 6. Total
machining time of conventional machining is higher approximately by 38 % (20 % higher for roughing, 335 % for
finishing). If there were used semi-finishing, total machining time of conventional machining would be even higher.
Conventional machining was using double infeed (10 mm) and quadruple depth of cut (1 mm), while HFM was using
over four times higher feed per tooth (0.3 mm). However, HFM works at almost double cutting speed (250 m/min) and
therefore the resultant feed rate was over eight times higher (7162 mm/min). Specific conditions of HFM allow using
some machining strategies, which are not suitable for conventional machining. However, much bigger milling cutters
with inserts are usually used for HFM in terms of roughing, which can provide even higher time reduction. For HFM,
using of infeed with a value of half of the tool diameter is necessary due to the specific design of solid end mills. If there
were compared tools according to the same infeed instead of the same shrink diameter, results of HFM could be even
better [18].

5. Conclusion

According to obtained results, we can confirm that high feed machining (HFM) can reach machining time reduction
and therefore it is proper for roughing. HFM allowed using higher feeds per tooth, as well as higher cutting speeds due to
the specific design of the cutting tools. However, this specific design also prevents the usage of higher infeed and depths
of cut. The specific design of the tools creates relatively low surface roughness of the machined workpiece. Therefore,
despite the high difference in feed, its value is comparable with surface roughness after conventional milling. Even
dimensional accuracy between those two methods is similar. After roughing by conventional milling, obvious steps
remain on the workpiece. In some cases, there would be needed to use also semi-finishing. On the other hand, after
roughing by HFM, the workpiece does not demand additional semi-finishing.

Obtained surface roughness measurements show that better surface roughness is achieved after conventional milling
in most of the cases. However, the difference in the surface roughness between HFM and conventional machining is low.
HFM achieved even better results than conventional machining in some cases. Therefore, HFM could be applied even for
finishing, if standard surface roughness is sufficient. However, HFM is not very suitable for finishing of vertical surfaces,
because of the specific design of the tool — these surfaces cannot be satisfactorily finished by HFM, and therefore there
is achieved higher surface roughness (2.8 pum).

Results of application of the advanced tool design could be applied in the cutting edge preparation. Further research
will be focused on the determination of the cutting edge difference between advanced tool design for enhancement of the
cutting edge preparation; as well as the determination of the influence of high speed cutting (HSC) on the machining
process and its comparison with HFM and conventional machining.
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