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Abstract

The article deals with the tool life of ball nose end mills during finish milling of weld
deposit. The aim was to determine and compare the wear of ball nose end mill for different
types of ball end milling strategies, as well as to specify particular steps of the measurement
process. For tool life test, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was
used. In the experiment, the cutting speeds, feed rates, axial and radial depth of cut were
constant. The coated cemented carbide was used as tool material. The cutting tool wear was
measured on Zoller Genius 3s and laser Blum Micro Compact NT. The results show different
achieved tool life of ball nose end mills depending on the finish milling strategy.
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INTRODUCTION

Tool wear is generally considered as negative factor that accompanies each of machining
process. This affects the cutting forces, cutting temperature and surface quality. The complete
elimination of wear is not possible, but with a well-selected material of tool, coating and
machining conditions it can be minimized. Taking into account these general conditions,
research was focused on the impact of CAM strategies for wear and tool life of ball nose end
mills. Research was focused on different finishing milling strategies in PowerMill software.
In this case, principles of up and down-copying and up and down-contouring were used.
Nowadays, research of wear of milling tools is not focused on one field. The position of the
tool in relation to the machined surface (inclination angle) has a strong impact on the cutting
forces (1-3). In (4) is an influence of the up and down-copying on tool wear and (5) on the
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surface roughness. Tian et al. (6) studied effect of cutting force to wear mechanisms for the
down and up copying. Influence of inclination angles of cutting tool on wear of cutter after
machining process are in (7) and (8). Impact of different types of hard machining materials on
the tool wear of Ti-6Al-4V (9), Hastelloy C-22HS (10), 3Cr13Cu (11), compacted graphite
iron and graphite iron (12). Zetek et al. (13) observed flank wear and measured cutting forces
during the face milling of Inconel 718. They optimized size of edge radius and increased tool
life about 20%. Kasim et al. (14) found that notch wear was the predominant failure mode
during end milling of Inconel 718. Begic-Hajdarevic et al. investigated the effect of cutting
parameters on surface roughness in up- and down milling. In the major part of these
publications, flank wear was the main criterion for evaluation of experiments. The article
fastens on (15) which dealt with the roughing milling strategies for the same shape and
material of workpiece.

METHODS
Cutting and workpiece material

The machining part was a die for forge intended for renovation in Fig. 2. For weld
deposit, Oerlikon Fluxofil 54 welding material was used. It is a high-wear welded wire for
welding with a hardness of approximately 42 HRC. Chemical composition of workpiece
material is in Fig. 1

0.10 1.50 0.60 - - 5.50 - 0.90

Fig. 1 Chemical composition of workpiece material

Fig. 1 Die for forge before renovation

The tool for cutting edge wear test was performed and selected for finishing of free form
surfaces and applying multi-axis machining. The type of tool was a carbide ball nose end mill
(Fig. 3) coated with TripleCoating Cr. It is a PVD coating consisting of three basic layers.
The first layer is in direct contact with the tool and is made of titanium nitride (TiN). The
second layer of the coating contains AITiN and the last layer is the nanocomposite CrAISiN.
Table 1 shows the cutting condition used in experiment. Air coolant during the experiment
was used.
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Fig. 3 Cutting tool used in experiments
d;=8 mm, d>=8 mm, r1=4 mm, 1,=16 mm, | =100 mm.

Table 1: Cutting conditions
Cutting speed 350 m.min!
Axial depth of cut 0.2 mm
Feed per tooth 0.06 mm
Radial deep of cut 0.2 mm
Spindle speed 13926 min'*
Feed rate 1671 mm/min

3D finish milling strategies

For the 3D finishing strategies according to the machined area, it is evident that the wear
interval will be on several parts of the cutting edge, however a substantial part of the
machining can be defined on two surfaces 1 and 2. The surface 1 is characterized by 93
degrees of descent and a second surface of 8.62°. We assume that the maximum wear of the
flank wear will be achieved precisely by the machining in the places defined in Fig. 4.

- rd
1 ]
S A

surface 1 /

surface 2 w

Fig. 4 Shape of die for forge with marked surface were is expectation for flank wear achieved

For descending, there were two situations in our cases ap > apkrit A ap < R. This case was
determined at an angle of inclination of the area of 19°, since at that moment it was
apkrit = 0.195774 mm, i.e. it was smaller than our value of axial depth of cut. During higher
angles of inclination, which means second case of calculation has been created according
ap <apkrit ap <R. Therefore, we could create of the wear intervals as shown in Fig. 5.
Calculations of Ref were based on (16, 17). Measurement VBmax was performed at both
cutting edge locations with Refmax for area 1 and Refmin for area 2.
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xRefi = 3,790656175mm

surface 1
xRef: = 2,951588745mm

surface 2
ve=0 xRefi = 0,045183507mm

xRef: = 0,430124986 mm

Fig. 5 Calculation of contact of cutting edge with workpiece

To compare 3D machining strategies, we focused on three different, and, at the same time,

appropriate, finishing strategies of machining the workpiece shape. The machining strategies

can be generated for the same boundaries with the same programming principle. The

following experimental machining strategies were used:

e 3D Optimal Z — Fig. 6 the first used strategy in the experiment was 3D optimal Z with
2h: 05min: 44s time path statistics. The applied path was generated in the contouring
principle,

Fig. 6 Strategy Optimal Z

e 3D Radially - While the first machining strategy represents the principle of 3D
contouring, 3D radially was in our case a representative of the copying strategy. In Fig. 7,
we can see a programmed strategy with a detail of the path. There are interconnections set
by using circular arcs. In terms of time, the given path is slightly less convenient than the
previous one and its time was 2h: 04min: 56s.
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Fig. 7 Strategy 3D Radially

3D Steep and surface - The strategy differs from the previous ones. It is possible to use
the program for finishing either the planar surfaces with their slight slope or the areas
which that are steep (area 1 in Figure 4). Even with the last tested 3D machining strategy,
based on 2h: 04min: 14s statistics, it is confirmed that time comparison is unnecessary in
that case. Fig. 8 illustrates a strategy of finishing a steep and surface with appropriate path
details (yellow was for steep paths).

Fig. 8 Strategy Steep and surface
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RESULTS

As mentioned above, the VBmax measurement was performed at those parts of the
cutting edge predicted by theoretical calculations. Values of the maximum flank wear can be
seen in Table 2, but they were not achieved when machining the surface 1 where the effective
cutting speed is greatest but on the area 2. The reason for greater wear on this part of the
cutting edge can be seen in the significantly higher loads of the upper R4 and the lower R10.
The second factor is of course the fact that the surface 2 is larger than the surface 1.

3D Optimal Z_t = 442 min_Refmin 3D Optimal Z_t = 442 min_Refmax

Fig. 9 3D Optimal Z — Flank wear after 20 minutes and last path

The wear on the main flank surface of the tool was a notch that was mainly due to
Refmax in all the strategies used. The notches on the tool are formed especially at the point of
contact of the cutting edge with the side of the chips. The wear is defined exactly where the
air enters the machining area and at higher cutting speeds and the small depth of the cut is
more pronounced. Most notably it was reflected in the 3D Optimal strategy as seen in Fig. 9.
It is due to the fact that, with the contouring strategy, tool was milling constantly on the
surface 1, which does not change the cutting edge contact with the surface and the high
cutting speed was achieved. With 3D radial, the cutting edge and effective cutting speed kept
changing. This fact caused the 3D strategy to radially achieve the worst wear parameters, as
seen in Table 2 and Fig. 12.

3D Radially appeared to be relatively appropriate at the large inclination of the surface
2 where the wear was significantly better distributed than in the Optimized Z. However, the
transition areas between the surfaces (undercut, radius) had a negative effect on VBmax in the
Refmin. With 3D radial, we noticed the chipping of the cutting edge, which was attributed to
an uneven load on the tool in transitions, especially over a radius of 4 mm.
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3D Radially t=240 min Refmin 3D Radially t =240 min Refmax

Fig. 1 3D Radially — Flank wear after 20 minutes and last path

Table 2: Flank wear during 3D strategies (t - time, Ref min - effective radius of the cutter on
machined surface, Ref max - effective radius of the cutter on work surface, VB - average
values of flank wear)

Flank wear during 3D strategies
33D Optimal Z 3D Radially Steep and surface
Ref min | Ref max Ref min | Ref _max Ref min Ref max
t VB VB t VB VB t VB VB
(min) (mm) (mm) | (min) | (mm) (mm) | (min) (mm) (mm)

10 0.0380 0.01 10 | 0.0230 0.023 10 0.0150 0.0210

20 0.0450 0.032 20| 0.0325| 0.0275 20 0.0210 0.0275

40 0.0475 | 0.0325 40 | 0.0355 | 0.0305 40 0.0210 0.0330

60 0.0475 | 0.0405 60| 0.0390| 0.0335 60 0.0210 0.0355
109 0.0570 | 0.0475| 120 | 0.0575| 0.0375| 115 0.0395 0.0355
159 0.0580 | 0.0510| 180 | 0.0810| 0.0420| 180 0.0435 0.0395
218 0.0635| 0.0560 | 240 | 0.1060| 0.0480| 230 0.0845 0.0410
328 0.0895 | 0.0570 346 0.1420 0.0435
442 0.1315 0.0640
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3D Steep and Surface t = 20 min Refmin

3D Steep and Surface_t = 346 min_Refmin 3D Steep and Surface t = 346 min Refinax

Fig. 11 3D Steep and surface — Flank wear after 20 minutes and last path

The steep and surface was the second best finish milling strategy in terms of both wear
and quality of the workpiece surface, which could be expected, because it was combination of
the previous two. The principle of copying machining at a different angle in the cutting
direction (30 ° at 3D Radially it was 90 °) 4 mm radius at the top edge in Fig. 4 caused the
Refmin to achieve even flank wear without chipping in the cutting edge. Although the flank
wear was worn in a suitable form, the copying principle caused again the VB values was
higher than the Optimal Z. Comparison of the surfaces with the naked eye principle
confirmed the same results of finish milling strategies like tool wear.

- Flank wear during 3D strategies
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Fig. 12 Flank wear during 3D strategies
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CONCLUSION

In the experiment, we investigated the different principles of 3D finishing strategies for
tool wear. Based on the most commonly used principles for milling with ball nose end mill,
the strategies were tested. The contouring principle represented a 3D Optimal strategy where
the best results of flank wear were achieved. We found that the used CAM strategy has a
significant impact on the surface quality and durability of the cutting tools, as confirmed by
the HKS Forge practical experiment. Furthermore, was found that the Triplecoating Cr
coating is suitable for use on weld deposit up to 55 HRC, even at higher cutting speeds than
commonly recommended for a given material grade. The experiment was based on the
roughing principles of milling the forging dies. In this experiment, we found the most
appropriate 3D finishing strategy. In further experiments, we will test 3D Optimal for 4 - 5 D
machining applications. We want to determine the impact of multi-axis machining on the
durability of ball nose end mills. In further experiments, we expect to increase the tool life
and durability of cutting tools.
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