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ABSTRACT

Communicated by John E Mottershead

Real-time monitoring in CNC machine tools is focused on the early detection of tool wear, and in
this way to assess part piece quality. The machining process known as broaching is critical for

Keywords: firtree slots (dovetails) production in turbomachinery components, such as turbine disks. Tight
Broaching tolerances on one hand, even less than 5 um in firtree-slots pressure faces, and high productivity
Carbide tool on the other, are the two main requirements. Besides, broaching tools are very expensive and the
I:ooiixi:g cutting edges wear must be estimated during the process; in fact, tool wear in difficult-to-cut
Accelerometer materials machining may cause a waste not only in terms of the tool but also of the very

expensive workpieces. Broaching usually is one of the last operations in the process chain, so
components start the operation with a very high-added value. Hence, only one bad slot implies an
unrecoverable piece and therefore a huge waste of time and money.

In this paper, a monitoring method for efficient broaching is proposed by combining real-time
monitoring and off-line tool wear inspection. Firstly, the cutting tool characteristics are defined,
and those affected by tool degradation. Secondly, some broaching cycles were carried out while
measuring a) process accelerations through two accelerometers, b) cutting force by load cells, and
¢) motor drive consumption. They were simultaneously recorded. Furthermore, the sensitivity
between tool wear and broaching process natural frequencies is established.

Finally, a series of experimental tests were executed for verification, showing the useful
approach for daily life production. The paper focuses on signals and their sensitivity to significant
process variations.

Natural frequency

1. Introduction

Broaching is widely used in the manufacturing of parts of complex internal and external profiles, with tight dimensional re-
quirements (IT6/1T7) and requirements for high surface integrity (Ra = 0,8 um), as well as high repeatability [1]. It is considered the
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Nomenclature
SL Supervised learning
IT International Tolerance (ISO quality grades)

WEDM  Wire Electrical Diskharge Machining
HSS High Speed Steel

FEM Finite Element Method

PLC Programmable Logic Controller

5G Fifth generation telecommunications technologies
ACS Accelerometer coordinate system

McCS Machine coordinate system

Z Tool edge number

Ze Number of teeth engaged into workpiece

A(B1), B(B2), C(B3) Machining Broach segments A,B,C
Accl, Acc2 Accelerometers 1,2

VBa Average flank wear land width

Ra Average Roughness [um]

MRR Material Remove Rate[%]

Ve Cutting speed [m/s]

b Tooth width [mm]

e Thickness of the workpiece [mm]

h Rise per tooth [um]

P Pitch per tooth [mm]

L Land [mm]

H Tooth heigh [mm]

ry, ra Gullet round [mm]

Ts Edge radius [mm]

a Relief angle [°]

y Rake angle [°]

Tyr Tooth passing frequency [Hz]

Fc Cutting force [N]

X Adjustment coefficient [adimensional]
Ks Specific cutting force parameter [N/mm2]
fs Harmonic frequencies [Hz]

Ny Number of harmonics

TOLERANCE ZONE
Max allowance:
+ 0,250 mm

Min allowance:
+0,008 mm ==

Fig. 1. Left) Low-pressure turbine disk. Right) typical tolerances of slot profile.

“first choice” because it has several advantages over other processes. One outstanding one is that roughing and finishing can be
completed in only one machine stroke, which otherwise would require many passes with other machining operations such as milling.
In addition, the linear straight and non-rotating tool movement results in very good surface finishing. It is particularly applicable in the
manufacture of aero-engine disks. Thus, in Fig. 1 a turbine disk is presented, including around 100 to 160 slots per disk, usually with a
firtree shape.

However, achieving high quality and productivity in real production requires a well-supervised operation, focusing on the
broaching tool state. Broaching tool condition has a significant influence on achieving the level of surface integrity required for aircraft
engine components [2]. However, due to the high-strength and corrosion resistance associated with superalloys, such as Inconel 718,
Waspaloy, Rene 104 and IN100 PM, the wear of cutting tools increases rapidly, until tools must be replaced or/and resharpened. Tool
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Roughing tool Finishing fool N

Fig. 2. Roughing (rectangular-trapezoidal) and finishing (firtree) external broaching tools for turbine disks.

wear is caused by thermal fracturing, attrition, abrasion, plastic deformation, diffusion and substrate grains pull-out. So, working with
worn tools affects a) the dimensional accuracy, b) surface quality of finished components, and c) even process stability (vibrations) will
deteriorate. Consequently, for quality and productivity improvement, a tool wear monitoring system is well recommended in super
alloys machining. So, by a correct tool wear monitoring system, tool worm rate can be accurately determined and tool replaced in time
to avoid the “scrapping” of critical components; each component is worth several hundreds of thousands of euros/dollars and two or
three pieces saved can pay off all the monitoring investment. Furthermore, with an accurate enough wear prediction, broaching tool
regrinding will be cost-effective, and tool life can be prolonged significantly.

The first mention of broaching dates back to the 19th century [3]. Despite the advantages it offers [4], documentation about
broaching is scarce. In broaching through only one linear movement the designed groove/slot profile is obtained. The broaching tool
consists of a shaft (in cylindrical tools) or a long plate (in linear tools) where several teeth with progressive heights (or shifts) are set in
growing order, one after the other, in a row. The sum of all consecutive cuts achieves the slot final shape. Different broaching tools for
turbines are shown in Fig. 2. Rectangular-trapezoidal shaped ones are for roughing, whereas the finishing ones are firtree shaped.
Trapezoidal shapes are near to rectangle profiles. A broaching tool set usually includes 5-8 segments for roughing and 4-6 segments for
finishing.

Early publications focused on explaining the broaching fundamentals and the issues related to accuracy and machined surface
quality [5,6]. Hence, the evaluation of broaching process accuracy due to the influence of tool and workpiece deflection was disclosed
for external [5], as well as, for internal broaching [6], which in the latter the burnishing effect caused by worm tools [7] that increases
with workpiece thickness is discussed. Tool design is probably the most critical step, since in broaching all the process parameters,
except cutting speed, are contained in the tool geometry itself. However, due to broaching productivity compared to other cutting
strategies [8], such as WEDM, the high cost of broaching tools is assumed. Even so, many works still focused on the design of the
broaching tools to improve this technology [2,9-11]. The influence of each process parameter like cutting speed, tool cutting angles, or
tool material on surface roughness were studied for external [2] as well as for internal broaching [9]. Other studies based on cutting
performance optimization, discussed how to improve Material Remove Rate (MRR), or how to improve broaching tool design [10,11].
Besides tool geometry, tool constitutive material is utterly important. Some studies proposed carbon-free cutting materials to replace
high-speed steel (HHS), which introduces a higher hot hardness and increased thermal conductivity [12], likewise sintered carbide for
roughing tools, which lead to higher process performances [13].

New research had gone one step further, using mathematical algorithms and mechanical models to enhance the broaching tool
design. The prediction of cutting forces through the combination of cutting force models based on FE-simulation of chip formation
showed good results in [14,15], reducing the amount of experimentation in roughing operations. However, when comes to more
complex geometries, such as firtree-shaped finishing tools, cutting force models are usually based on cutting edge discretization [16].
Some investigations developed thermo-mechanical models to predict cutting forces [17]. Even though force modeling software helps
the design of broaching tools and to keep the cutting forces in a controllable range, monitoring will always be necessary to detect
process disturbances [2]. Broaching is a one-parameter process, i.e., cutting speed, all the others are defined in tool geometry,
therefore, a good tool state will imply a stable manufacturing process.

The literature includes many studies concerning signal analysis and tool condition monitoring for turning, milling, grinding and
drilling processes. Nonetheless, despite the elevated cost of broaching tools, little attention has been paid to broaching monitoring.
During broaching process, tool wear continuously grows and so cutting force does. So some research aimed at establishing a rela-
tionship between cutting force and tool wear, installing piezoelectric force sensors in the machine to obtain an approximated tool wear
value [18]. The usual tool condition monitoring approach is based on full-equipped machines with different sensors to find a proper
correlation between tool condition and process output signals. Different types of sensors can be used, such as vibration transducers (for
example, piezoelectric accelerometers), acoustic emission sensors, load cells, thermocouples, etc. The advantages and disadvantages of
different broaching monitoring approaches are summarised in [19]. So, in Table 1 the most relevant conclusions are exposed, for a
hydraulically driven machine.

The detection of surface anomalies in broaching was successfully extended to identify and locate those related to part quality, such
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Table 1
Summary of sensor effectiveness in detecting broaching tool condition [19].
Tool Condition Output signals *
Cutting Acoustic Vibrations Hydraulic pressure
forces emission
Chipped tooth (] [ X
A
Weakened tooth o [} [ )
A A
Broken tooth o [ ] [ ] o
Worn teeth (] [ X [ ) (]
A A

Time-domain: (@) high effectiveness; (@) reduced effectiveness.
Frequency domain: (4,) high effectiveness; (4 ) reduced effectiveness.

Machine and process components
Broaching tool A

Broaching tool B

Broaching tool C

Structural column

Toolholder

Workpiece

Lifting platform

Servo-motor 1

Servo-motor 2

Gearbox reductor

. Rack-pinion system

Sensors and monitoring devices
9. CNC (FAGOR 8070)

10. Kistler IEPE coupler

11. Analyzer recorder (OR35-10)
12. Ingeteam (INGESYSIC3)

13. Edge computing system (SAVVY)
14. Cloud data store

C1. Load Cell sensor 1

C2. Load Cell sensor 2

Acc1. Triaxial accelerometer 1
Acc?2. Triaxial accelerometer 2

©@NO>GOMON=O DT>

21,

Fig. 3. Data acquisitions system architecture, which position of components, sensors devices of edge computing devices. Motor and rack pinion are
twin, placed at both sides of the column.

as scoring, smearing and surface heat-affected zones, based on the analysis of acoustic emission and force signals in the frequency
domain [20]. As the broaching process is relatively slow, with only one degree of freedom, monitoring based on strain gauges was also
studied [21]. Thus, aeroengine manufacturers are concerned about safety, surface integrity, and the possibility of surface anomalies.
Consequently, accurate tool wear monitoring systems is a current necessity [22], tool wear rate can be accurately estimated and
therefore tools can be replaced in time to avoid damage to critical components. Furthermore, with an accurate enough prediction,
broaching tool regrinding will be cost-effective and tool life can be significantly extended.

This paper aims to propose a tool wear monitoring procedure using a fully-equipped sensor broaching machine. The organization of
the work is as follows. Firstly, the monitoring system and the broaching machine are described. Secondly, some examples of tool
condition monitoring are given. Then, data analysis is done to extract relevant features. This will allow finding a correlation between
tool wear rate and sensor signals. Finally, the broaching experimental results, data from the proposed monitoring system, and the
discussion of the results are presented.

2. Tool condition monitoring system

An experimental arrangement was prepared to record process vibrations, forces, as well as machine signals during the external
broaching operation of aero-engine low-pressure turbine disks.
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A s e e s

Fig. 4. The (a) In situ tool wear acquisition system by an optical camera (b) Broaching tool tooth with flank wear (c) Flank wear VB measurement
during broaching cycle.

Table 2

Inconel 718 composition and mechanical properties (in aged condition) [23,24].
Ni Cr Co Fe Nb Mo Ti Al B C Mn Si Other
52,5 19 1 17 5 3 1 0.6 0.01 0.08 0,35 0,35 1,79
Hardness Young’s Modulus Tensile Strength Density Specific Heat Melting Temperature Thermal Conductivity
42 HRC 206 GPa 1,73 GPa 8470 kg/m3 461 J/(kg-K) 1550 K 15 W/(m-K)

2.1. System setup

The architecture of the tool wear monitoring system, and the full-equipped broaching machine, are shown in Fig. 3. Here, the
electromechanical vertical broaching machine (Ekin® A218/ RASHEM) is shown. In this new machine, broaching tool segments
remain static into the machine column, while the piece is bolted on a rotary table that will be moved vertically along the column
(broaching/cutting is in the up-stroke), driven by two integrated servo-motors using a rack and pinion mechanism, in a twin scheme
(twin motors are labels 5 and 6). The opposite is perhaps more usual in the industry, i.e., workpiece disk is fixed meanwhile tool moves,
exactly the reverse relative movement. On the other hand, traditional industrial machines are hydraulically powered. The used one
was electrically driven, and higher cutting speeds than hydraulic-powered broaching machines are achieved, until a maximum of 40
m/min. The use of electro-driven machines is an increasing trend in the market, and it is expected to spread in many industrial sectors
in the non-distant future. The machine includes a coolant system with pump and 4 nozzles to deliver flood coolant (straight oil is the
most common) (Fig. 4).

Thus, in Fig. 3 various sensors are shown. Miniature integrated cell force sensors and accelerometers were employed. Additionally,
the two servo-motors were the source of more information, by reading the motor drivers using a data-logger Fagor® software program.
From the motor drivers, much information was obtained: torque feedback, power consumption, active power consumption, electrical
current feedback, temperature, and rotation speed. In addition, the real feed speed, and real linear acceleration of the two electric AC
motors were acquired at a sampling rate of 250 Hz (explained later).

On the other hand, the acceleration and force signals were acquired using piezoelectric triaxial accelerometers (PCB™ 604B31) and
load cell sensors (PCB™ 208C05) respectively, connected to a modular multi-analyzer/recorder instrument OR35-10 channels system.
OR35-10 channels system. All acceleration signals were sampled at 12,800 Hz, while force measurements were acquired at 51,200 Hz.
In all the cases, the response frequency was compared against the tooth passing frequency during the broaching process. The sensors
resonant frequencies were avoided. All the signal analyses were carried out on an edge-computing device (Ingeteam™) to identify
irregular patterns in output signals. The start and stop times were established by the edge computing device (Savvy™) by reading
machine PLC, and in this way triggering all measurements devices at the same time.

Through a digital microscope (PCE©-MM 200UV) mounted on the machine itself, it was possible to take a photo of each of the
broaching tool teeth, without the need to remove tool from the machine (impossible because tool setup is very complex). The purpose
was to measure all teeth wear and photo recording was carried out every 5 slots produced, thanks to the short time needed to get and
process the images.

Once the entire disk was broached all around, a quality inspection was carried out to determine a) the correct geometry of each slot,
b) the roughness at several slot faces, and c) in the broaching tool, the teeth final state.

The machine can be connected wirelessly by a 5G in-door network, but this does not affect the proposed idea; it is only a good
example of how current connectivity advances can help to manufacture.

2.2. Broaching tool and parameters

Workpiece was made of nickel-base alloy, Inconel 718, a very common material employed on aero-engine components. Inconel 718
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Material Inconel®718
D 500 mm
d 370 mm

34 mm

Fig. 5. Test piece dimensions.

P a
L
h T8 A
H
/ \
ry T
a Relief angle 4-6° P Pitch 11 mm r; Gulletround 2-3 mm
vy Rake angle 2-3° L Land 3-5mm r, Gulletround 3-5mm
h Rise per tooth 50-80 ym H Tooth height 3-4 mm rp Edgeradius 40 um

Fig. 6. Geometry and general characteristics of the coated broaching tool (Tool A and B).

alloy presents a good behavior under extreme working conditions, even at temperatures above 873 K, and it keeps the mechanical
properties: good resistance to fatigue, creep, and corrosion [23,24]. On the other hand, many manufacturing challenges appear,
derived from IN718 elevated cutting force (specific cutting force is about 2800-3200 N/mm?). A typical problem regarding tool health
is the appearance of building-up edges and/or extreme tool edge chipping wear. Table 2 shows Inconel 718 composition and me-
chanical properties.

The test piece was a disk, similar but smaller than aeroengine turbine disks, 500 mm in external diameter and ¢¥370 mm in
internal one, while thickness was 34 mm. The outer ring holes that can be seen in Fig. 5, guaranteed the stiffness of the part bolted onto
the machine table. In addition, a little wider reference slot must be done to enable the part to return to the initial position on the bottom
of the Z-axis, because broaching only works in one direction (ascending movement, up-stroke).

The testing broaching tool comprised three tool segments, for the initial roughing of fir-tree slots. In roughing, the slot shape was
rectangular. Tools for roughing process are made of cemented carbide or other hard metals, while for finishing, tools in High-Speed
Steel (HSS) are the main option, due to homologation procedures and standards in aircraft components manufacturing. Therefore, to
test at higher cutting speeds, sintered carbide (type S10, grain 0,8-um grain size, 10% Co) tools were used. Compared to high-speed
steel, cemented carbide has significantly higher hardness and heat resistance, which allows increasing cutting speed, but it is very
sensitive to vibrations so it tends to suffer cutting edge breakages, chipping, during machining. In this work, two different types of
sintered carbide tools were tested: two tool segments with a coating (type AlITiN) and a last one without coating.

The cutting speed (V) is the only parameter that can be changed after a broaching tool is manufactured. Here, it was established at
19 m/min to work with straight cutting oil as coolant. Besides, turbine disk fir-tree slots were inclined 15°, typical in many turbine
disks. So that inclination makes the tool engagement into the material to be gradual, but during the broaching process, cutting is
completely orthogonal, since cutting speed is always perpendicular to the cutting edge. It should be pointed out that cutting conditions
were chosen to values where no machine vibration due to natural frequency was found. Relevant information about the coated tool
geometry is shown in Fig. 6. Here, Rise per tooth could be considered equivalent to feed per tooth in other machining processes. Milling
depth and width of cut would be defined by other tooth differences, width change only a little.
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40 mm
a Relief angle 4-6° P Pitch 10 mm r; Gulletround 2-3 mm
y Rake angle 2-3° L Land 1-3 mm r, Gulletround 3-5 mm
h Rise per tooth 50-80 pm H Tooth height 2-3mm 7z Edge radius 20 um

Fig. 7. Geometry and general characteristics of the uncoated broaching tool (Tool C).
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TOOL A [ TOOL B | TOOL C

Fig. 8. Broaching tool assembly and cutting tool. Numbers are for controlled teeth. Cutting starts at the left.

In Fig. 7, general characteristics of the uncoated broaching tool are presented. The two coated tools were the same, with the same
number of teeth, 18 edges. On the other hand, the uncoated tool had 42 edges, so altogether there were 78 cutting edges to analyze.

Fig. 8 shows the total assembly of the segments that complete the testing broaching tool, in a row. For convenience, each segment
will be considered and named as a cutting tool (A, B, C) and 3 teeth (or cutting edges) will be analyzed on each segment to check the
tool condition.

It was decided to use broaching tools with different characteristics to analyze how the signals collected by the devices change.
Therefore, for these experimental trials we had 3 tools with two different typologies:

e Type 1: Tool A and Tool B (Coated cemented carbide tools)
e Type 2: Tool C (Uncoated cemented carbide tool)

Another difference between tools, besides the coating, was the distance between consecutive teeth. From a monitoring point of
view, this means that the frequency at which teeth penetrate into the workpiece, named “tooth passing frequency” or “striking” one,
was different. This factor was very important when choosing the correct bandwidth of the measurements devices to prevent from losing
any kind of information.

Ve 15 —20m/min

Ty =—- = —— """ _ 20.83 — 33.33Hz(ToolA 1
= = TT0 o = 2083 — 3333Hu(ToolA) a
Ve 15—20m/min _
T,,_/z = F = m =20.83 3333HZ(TOOIB) (2)
. 15=2 i
T = Ve _15 = 20m/min _ ., _ 37.03Hz(ToolC) 3)

Py 9—1lmm

For all measuring devices, sampling frequency was at least twice the “tooth passing frequency”. Another relevant difference be-
tween the two types of cutting tools was the number of teeth engaging into the workpiece at the same time. According to [25-27], the
number of effective teeth at the same time increases broaching force proportionally, as may be seen in Eq. (4).

Fe=bxhxK,xZ, (€))
It was essential to estimate the broaching cutting force to avoid overpassing any machine safety limit. For the calculation of effective

teeth (Z,) the thickness of the work-piece (e), the broach pitch (P) and the land of the tooth (L) must be taken into account. The value of
the effective teeth amount is calculated in Egs. (5), (6), (7).
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[ Firsttooth
[l Lasttooth

J L 18 mm

Fig. 9. Evolution of the teeth dimension along tool length: rise per tooth and light width of cut. Section shape is slightly trapezoidal.

b2 = 8.456 mm

127.508 px/m
—TT

(a) (b)

Fig. 10. (a) Tool A, mean width (b) Tool B, mean width (c) Tool C, mean width.

e _ 34mm/cos15°

7 = - =2.93 — 3.52 & dteeth(ToolA
‘= P cos13° = 10— Tamm 93-35 teeth(ToolA) 5
e 34mm/cos15°
Z,y = = = 2.93 — 3.52 = 4teeth(ToolB
S By cosl5? 10— 1z 293 7 352 % dieeth(ToolB) ©
4 15°
Za ¢ 34mm/coslST 4301 ~ dreeth(ToolC) @)

- Ps x cos15° 9 — 10mm

Some three teeth are always cut and sometimes four. The tooth width (b) and Rise per tooth (h) were known values, but it had to be
taken into account that the tooth width varies slightly along with the broaching tool, as is shown in Fig. 9.

For that reason, for average cutting force theoretical calculation, a mean value was used, which corresponds to the middle tooth
width value of each broaching tool. This measurement is shown in Fig. 10.

On the other hand, specific cutting force parameter (Kg) values depend on work-piece material, which for IN718 typical values are
between 3000 and 3200 N/mm?2. So, the cutting force for each tool would be approximately Egs. (8)-(10):

F¢y =by x hy x Ky x Z,; = 5,800 — 8,500V 8)
Fe, = by X hy x Ky X Z,; = 5,400 — 7, 600N )
F¢y =bs X hy x Ky X Zy; = 5,000 —7,200N (10)

This calculation ensures that the maximum cutting force allowed by the machine was not exceeded, which for the Ekin® A218/
RASHEM broaching machine is 70,000 N, so real values would be far from the maximum one.

2.3. Sensors location

It was of utmost importance in order to minimize signals attenuation, to mount sensors close to the cutting zone. In this case, it was
impossible to place the sensors exactly in the cutting area. Therefore, it was decided to place the load cells on the back support between
the workpiece disk and the rotary indexing table. In Fig. 11 the two load cell positions are shown. Two load cells were placed to balance
the measurement during the machining process.

Regarding accelerometers, a similar problem was faced up. Since the broaching machine system have two different parts: a mobile
(onto which piece is located) and a static one (where the tool is fitted), two different sets of accelerometers had to be placed to record
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ACS

Acelerometer
Coordinate System

g Tmsmmm—
2 Tool holder

A1CS
Acelerometer 1
Piece holder

A2CS
Acelerometer 2
Tool holder

D S et T T

Machine
Coordinate
System

Fig. 12. Schematic diagram of the monitoring system: points mark accelerometers in the moving table or in the machine column.

process vibration. Besides, the position of the devices had to avoid the nodes of the column main nodes. Each accelerometer had de
capacity to measure the accelerations in 3 directions, defining a local coordinate system. Since the indexing rotary plate was turned 15°
in Y-axis, at least 2 directions of the accelerometer do not coincide with the machine global coordinate system. Accelerometer locations
are shown in Fig. 12. In order to simplify measurements understanding, all accelerometer signals results were named based on the
machine global coordinate system.

3. Results

In this section, each process output variable is explained. In addition, a correlation between signals and tooth flank wear value is
discussed.

3.1. Tool wear

In the verification testing campaign, the three-tool segment tools machined a total number of 90 full slots, using straight oil (CUT-
MAX S 50259-1) coolant. Tool wear occurs mainly on edge flank surfaces (so-called flank wear VB), but it can also appear on the rake
face as crater wear. Wear causes can be multiple and occur simultaneously. However, the most common one is abrasion. Some amount
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(a) (b)

Fig. 13. Types of wear found during the experimental testing (a) Tooth fracture (b) Flank tool wear, more common (c) Plastic deformation of
the tip.
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Fig. 14. Flank tool wear evolution during broaching, a) Tool A, b) Tool B and ¢) Tool C.
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Fig. 15. Tool wear for each tool last cutting edge after machining 92 slots.

of plastic deformation can also appear at teeth tips. Edge chipping due to unexpected vibrations can also happen. Other mechanisms
more temperature-dependent are not common, because process temperature is kept by coolant oils.

Fig. 13 illustrates different kinds of tool wear recorded during INCONEL® 718 broaching process. Type b) is the usual measured and
included in graphs.

Regarding results, the coated tools showed higher wear than the uncoated tool. Regarding tooth function, it is the third tooth of the
first segment (Tool A) considered the starting one, while the first and the second teeth are only a security distance left to avoid a fatal
collision at the tooth entrance. Tool A showed several tooth breaks in the corner, which appeared specifically on cutting edges number
5, 6, 7 on the right corner of the broach. Due to the 15° inclination (counter-clockwise), the right corner is where the tool starts
engaging the workpiece, with some hits against the disk ring. Besides, all cutting teeth suffered flank wear not very uniform. Because
many teeth were chipped, flank wear values increased in nearby zones. Tool B, on the other hand, did not show any tooth break and
showed progressively uniformly flank wear along the cutting edge, which is interesting for achieving a stable process. Finally, Tool C,
which corresponds to the uncoated tool, also showed flank wear, but lower than the coated tools, with the peculiarity that in some
teeth the corners were more worn out due to possible plastic deformations. As Tool A, Tool C presented one chipped tooth, the last one.
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Fig. 16. Information collected from motor drivers, taking from machine PLC, recording zones for Tools A,B,C are shown. Peaks at time zero is
because initial acceleration without cutting.

Even so, flank tool wear evolution for the 3 tested cutting tools was deeply analyzed to gain knowledge about each tool perfor-
mance. [t was decided to evaluate 3 different sections of the tools to have an average value of the real tool wear. These 3 sections were:
the entry of the tool (engaging zone) into the material, the stable cutting zone (middle zone), and the tool exit (final zone). So, for Tool
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Table 3
Mean values of recorded machine data along the broached length (calculated as 92 slots x disk thickness).
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A and Tool B teeth 6, 12, and 18 were examined, while for Tool C teeth 14, 28, and 42 were examined.

The evolution of cutting-edge wear is illustrated in Fig. 14. Firstly, it was observed that wear results were similar to a typical 3-
stages wear pattern evolution (childhood, maturity, old age): The initial rapid wear zone (slot 5 to slot 40), a uniform wear zone
(slot 40 to 80), and in some cases the acceleration wear zone (slot 85 onwards), corresponding to a region of final failure.

As visualized in Fig. 15, the last 3 edges of each broach showed the highest wear, the reason is the trend of Inconel to strain
hardening, each tooth deforms and hardens the machined surface, so the last operation suffered the cumulative strain hardening effect.
It can be noticed that given the same broaching conditions, Tool B — Z18 suffered higher wear than Tool A — Z18, almost 25% more and
3.4 times more than Tool C - Z42.

3.2. Motor driver signal processing

A common practice to determine tool wear is by collecting cutting force. However, this method may not be technically suitable for
the industry. On the other hand, internal signals and machine-tool data are presented as a possible solution to quantify tool wear. As
previously mentioned, the motor drivers lecture was acquired using a Fagor® software program through PLC system. In Fig. 16 all
recorded data from motor-driver is presented.

Signals would be motors active power feedback, rotatory speed, motor temperature, and cutting speed, in the figure the three
segments are shown. The latter did not display the difference between the three tool segments. For the former ones, it can be seen that
signals are divided into an idle time and a machining one. Thus, broaching machining time is divided into three that correspond to each
segment (A,B,C). After classifying which signals provide sensitive information, an analysis was performed in order to relate how signal
values vary according to tool wear. To do so, the following analyses were performed:

- In the time domain, a comparison using the mean and maximum values of power, torque, and electrical current was performed
(using the sum of both servo-motors).

- Motor linear acceleration values were also transformed to the frequency domain through a fast Fourier transform (FFT) algorithm.
The frequency range was half of the bandwidth (250 Hz): 0-125 Hz (so, this included the tooth passing frequency).

In Table 3 the evolution of servomotors power, torque and electric current consumption average values along 90 full slots produced
is shown. Thus, the first row shows the sum of the torque generated by the motors to move the part. This value not only changes
between different tools but also over the lifetime of the tools. At a first glance, for all tools, torque value has a decreasing trend.
However, it is only Tool B that shows a high correlation with tool wear R = 0.608, while Tool A and Tool C show a noticeably smaller
correlation, R = 0.128 and R? = 0.208.

Table 3 next row displays the sum of power consumption of both servomotors. As with torque, power values vary for each tool
position and tool type, as well as, by suffered flank wear. This time, the three tools show different trends, but once again, it was Tool B
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Table 4
Maximum values of recorded machine data along the broached length (92 slots x disk thickness).
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Table 5
Visual relation between relevant motor signals and Tool B flank wear.
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Fig. 17. (a) Motor 01 linear acceleration divided for each cutting tool (b) Motor 02 linear acceleration divided for each cutting tool.

that showed to have the bigger influence by edge wear R? = 0.544, followed by Tool C with a R? = 0.145. On the contrary, power
consumption while Tool A is working remained steady with a correlation value of R? = 0.002. The final row presented the sum of the
electrical current employed by two motors during the broaching process. As far as can be observed, this value does not seem to have a
great influence in describing the Tool Condition, since for all the three tools the values of the electric current of the motors are stable.
The correlations parameters are for Tool A, R? = 0.019, Tool B, R? = 0.132 and Tool C, R? = 0.248.

In Table 4 a similar analysis to the one carried out for the mean values is performed, but on this occasion with maximum values of
servomotors power, torque, and electric current consumption along with the all broaching tests. Maximum values vary according to
the Tool And cutting edge wear range. For the torque feedback case, Tool A shows the highest linear correlation, R = 0.511, followed
by Tool B R? = 0.411 (Table 5).

Nonetheless, Tool C does not present any correlation with flank wear R? = 0.001. When it comes to power feedback, Tool B exhibit
the greatest linear correlation R? = 0.481 and then Tool C R? = 0.1454. Tool A, once again, does not show any correlation with flank
wear, R = 0.001. Similarly to mean values, maximum values of electrical current did not give any information about tool wear
condition, where the linear correlation parameters are for Tool A is R? = 0.001, Tool B is R? = 0.085, and Tool C is R? = 0.001.

All in all, servomotor power and torque values provide valuable information about cutting process performance. On the contrary,
motors electrical current does not shed any light on the tool condition and is therefore not a relevant parameter to monitor. On the
other hand, it seems that these two motor signals do not seem to be able to represent the broaching process when the broaching process
has not yet stabilized. For this reason, the wear of Tool A cannot be well represented only with the signals obtained. At the same time,
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Fig. 18. (a) Linear acceleration of the motor 01 in the frequency domain (b) Linear acceleration of the motor 02 in the frequency domain.

Tool C cannot be also well represented since his flank wear value is too small, around 0.07 mm. Tool B is the only one that was
monitored since the cutting process is stable and the tool wear is notorious, around 0.2 mm.

In order to analyze the existence of any relation between motors acceleration and flank tool wear, more work was needed. Since
time-domain does not offer much information, it was better to evaluate the signals in the domain of frequency, and so look here for any
trend. In Fig. 17 the motor accelerations are presented during each tool working range in the up-stroke vertical movement.

Once all the acceleration signals were recorded, the analysis started by applying a Hanning window filter to apply the Fast Fourier
Transformation (FFT) and obtain the harmonic frequencies during each pass of the broaching cycle. On this occasion, there was no
need to apply any low pass filter, after all, the acceleration signals from two motors were acquired at a very low frequency, with a band
frequency of 125 Hz and therefore a sampling frequency of 250 Hz. In Fig. 18 each motor acceleration is converted in the frequency
domain

So, both servomotors have two main harmonic frequencies for each broaching tool, which are regular multiples of the tooth passing
frequency for each tool. The amplitude of each harmonic frequency could not be an absolute value, but they may be linearly related to
the actual motor linear acceleration. By monitoring these amplitudes as cutting tools suffer from wear, it is possible to find a correlation
for tool performance monitoring. Thus, in Table 6, Table 7, and Table 8 the evolution of harmonic frequency amplitudes of servomotor
01, servomotor 02, and the sum of both during broaching tests are presented. Table 6 displays the motor linear acceleration evolution
while Tool A is working. As Tool A is the first tool to enter the workpiece, the material cut is not stabilized, so the values of the
frequency amplitudes do not provide any relevant information. The best linear correlation parameter obtained was for motor 02, tooth
passing frequency R? = 0.517. Table 7 exposed the same information, but for the cutting Tool B. When Tool B is working, the process
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Table 6
Tool A harmonic frequency amplitude evolution during broaching process.
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Table 7
Tool B harmonic frequency amplitude evolution during broaching process.
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can be said to become stable, so that signal values obtained are more significant.

This is shown by the values in Table 7, where almost all of the natural frequencies amplitudes show a certain relationship with tool
wear, especially the signal from servomotor 02. This may be due to the gantry system that moves the workpiece to produce the
machining. Although the two motors are synchronized, one motor works harder on the upstroke (broaching) and the other on the
descent (no working). The best linear correlation parameter obtained was with motor 02, second harmonic frequency of tooth passing
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Table 8
Tool C harmonic frequency amplitude evolution during broaching process.
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Fig. 19. Tool B last cutting edge: flank wear evolution and relevant harmonic amplitude evolution of servomotor 02.

frequency R? = 0.540. Finally, Tool C, which has the least wear at the end of the tests, has the lowest linear correlation of the three tools
due to the fact that the cutting edges have not yet been worn out too much. This fact can be seen in Table 8, where the best correlation is
obtained with motor 01, using the second harmonic frequency amplitude evolution, with an R? = 0.389.

In light of the result achieved, Tool B is the only one with some correlation with a) the signals acquired from the linear acceleration
of the motors, especially motor 02 and b) flank wear, as it is shown in Fig. 19, where f1 refers to tooth passing frequency and f2 and f3
to the two harmonic frequency. However, it should be noted that for this occasion the sampling frequency was limited to 250 Hz, so
some process information may be missing. Therefore, it is necessary to contrast these data obtained with other equipment providing a
higher sampling capacity, such as accelerometers, which directly measure the vibration in situ, without the noise generated by the
machine electronics, and with a higher acquisition frequency.

3.3. Accelerometers signal processing

This section analyses the signals obtained with a measurement device with a higher sampling frequency, two ICP® triaxial
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Fig. 21. Frequency spectrum of acceleration for each cutting tool corresponding to the machine coordinate system (MCS).

accelerometers. Monitored signals are shown in Fig. 20. As the broaching process is considered an orthogonal machining process but
workpiece is mounted inclined, it was convenient to obtain the signals based on the X, Y, and Z components. In broaching, the cutting
direction is machine Z-axis, and the thrust direction is given by the normal of machined surface (machine Y-axis).

For a better study of the relationship between acceleration and wear, signals were analyzed in the frequency domain. Besides, a
Hanning window was applied to use the Fast Fourier transform- Also some low-pass filters were used to find the position of high peak
acceleration behavior in the spectrum. A normalized acceleration spectrum of acceleration versus frequency can provide useful in-
formation about tool condition. The spectrums were referenced to the machine axes of accelerometers 1 and 2 and they are shown in
Fig. 21. The signals obtained from Slot 20 applying a low-pass filter of 2000 were taken as a reference, this was in the slot where a
higher slope wear growth was denoted, as evidenced in Fig. 21. The vibrational spectra obtained from accelerometers 1 and 2 show
different behavior. This is due to the stiffness at the points where the accelerometers influenced vibration values. Nevertheless, the
behavior of the accelerations is similar between the 3 broaching tools in the X, Y, and Z components. The signal noise of accelerometer
1 is noticeable in the X component from frequency 1200 Hz onwards and in the Y component in the frequency threshold from 1000 to
1600 Hz. On the other hand, the noise is large in the Y component along the whole vibration spectrum, but its magnitude is smaller
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Fig. 22. Characteristic frequencies in the different broaching cutting tools for machine coordinate system (MCS): (a) X-component (b)

Y-component.

than the noise presented in accelerometer 1.

Special attention was paid to vibration in the main and thrust cutting directions (Y-axis and Z-axis machine respectively) because it
influences accuracy and surface quality. Therefore, from this point hereinafter, interpretations are based on these components. The
main frequencies obtained from accelerometer 1 are presented in Fig. 22, applying a low pass of 1000 Hz. For tools A and B, the
characteristic frequencies of the broaching process were around 28, 57, 86, 115 and 490 Hz in the X component and 28, 57, 86 and 115
Hz in the Z component respectively. The signal in the Y component does not offer relevant information. On the other hand, for Tool C,
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Table 9
Provides the labels assigned to the data obtained from the accelerometers, Figs. 21-27.

Broaching tool segments

Tool A Tool B Tool C
Accelerometers 01 Machine coordinate reference (MCS) X-axis X A Accl X B Accl X C Accl
Y-axis Y A Accl Y B Accl Y. C Accl
Z-axis Z A Accl Z_ B Accl Z_C Accl
02 X-axis X A Acc2 X B Acc2 X CAcc2
Y-axis Y A Acc2 Y B Acc2 Y C Acc2
Z-axis Z A Acc2 Z B Acc2 Z_C Acc2

the relevant frequencies were 31, 63, 95, 126 and 490 Hz in the X component; and 28, 57 and 86 Hz in the Y component, while for the Z
component there was no interesting information.

Fig. 23 shows the maximum accelerations of each broaching tool (A, B, C) in their respective components or axes for each of the
accelerometers. The maximum acceleration for each slot was taken as a reference to observe its behavior. It can be noted that there is
no general trend pattern, but the sensitivity exhibited by each component and each accelerometer can be distinguished. First, the X-
component has higher acceleration amplitudes than Y and Z axes, with the Z component having the lowest acceleration values of all the
components. Second, in general, accelerometer 1 has higher sensitivity than accelerometer 2 except for the signals acquired from the Z-
axis (Fig. 23c), where it is observed that the vibrations of Tool A, B and C of accelerometer 1 are similar in the range of 0.01 to 0.02 m/
s2 and are higher than the Z component of the Tool C of accelerometer 2 (Z_C_Acc2); on the contrary, they are lower than the remaining
components (Z_A_Acc2, Z B_Acc2) by approximately one third. An inspection of all the lines representing the maximum acceleration
signals shows that most of them have a negative slope to varying degrees apart from the signals in the X component of accelerometer 1.
Knowing that the average wear rate (VBa) has a positive slope (Fig. 19); then, one could relate the evolution of accelerations to that of
the wear rate.

Table 9 provides the labels assigned to the data obtained from the accelerometers, referring to the cutting tool and the direction in
which the acceleration was measured by the accelerometer in question.

Fig. 24 shows the Pearson correlation coefficients for all acceleration signals concerning VBa. Pearson correlation coefficient is a
dimensionless index, between —1 to 1, which measures the degree of linear correlation between two variables. It can be a strong direct
(1), strong inverse (-1) or null (0). It is an index of easy execution and interpretation that is used in several fields of knowledge as an
initial inspection technique between variables such as in engineering [28]. Overall, the best correlation found was in the Y-component
of accelerometer 1 (Fig. 24b), which corresponds to the normal direction of the machined surface. A high average correlation is also
evident in the X-component of accelerometer 2 (Fig. 24d) which corresponds to the radial direction of machining. In the case of the Z
component, different behavior is noticed, obtaining a high average correlation only in Z_C_Accl and Z_C_Acc2 corresponding to the
Tool C of accelerometer 1 and the Tool B of accelerometer 2 respectively. This gives us the idea that the vibratory behavior depends a lot
on the work performed by each broaching Tool, and its specific function (roughing, finishing, front face slot cutting, side face slot
cutting).

A second acceleration-wear correlation analysis was carried out based on maximum values at each running frequency listed above.
Figs. 25 and 26 show the best results of Pearson’s correlation coefficient for accelerometers 1 and 2 with their respective components.

According to Fig. 21, the maximum acceleration values are concentrated between the frequencies 1200 and 1400 Hz in the Y
component and less than 500 Hz for the Z component; therefore. Three to four maximum characteristic process frequencies were taken
according to the behavior of the signals in each axis. The correlation results of the signals obtained from accelerometer 1 are shown in
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Fig. 24. Correlations between maximum acceleration per slot versus average wear VBa.

Fig. 24. In general, the existence of an inverse correlation is denoted, being this correlation stronger for the Z component and to a lesser
degree for the Y-component. Differentiating between the three tool sections, Tool B obtained a higher correlation than Tool C and Tool
A respectively. This degree of correlation is similarly seen in both the Y and Z axes.

From the data in Fig. 26, it can be seen that the correlations for each of the stroke or process frequencies are distinct and particular.
This goes back to the results presented in Figs. 23-24 where the acquired signals are different for the 2 accelerometers. However, for
certain frequencies there is a high correlation; therefore, this is a possibility to look for acceleration tracking frequencies that allow
monitoring of the wear progress. An example of this can be seen in Fig. 26¢, which corresponds to Tool C in the Y-component.
Similarly, in Fig. 26e, a strong correlation is evident for brush B in the Z-component.

3.4. Load cell signal processing

Throughout cutting, tool edges suffer from cumulative flank wear, as a result, cutting force increases proportionally; so the
measurement of cutting force is the general way of monitoring cutting tool performance. However, introducing load cells into an
electromechanical broaching machine was never been done before, so it was necessary to test the load cells sensitivity. In Fig. 27 a
scheme of how the cutting force is divided in the machine coordinate system is presented. With 15° counter-clockwise inclination, tool-
piece engagement starts to the right.

Since the testpiece disk is inclined 15° and load cells measure in their main axis, it was necessary to make some trigonometric
calculations to obtain the orthogonal cutting forces from measurements from the two load cells, shown in Fig. 27.

Fig. 28 shows how both force cells do not display the same value for broaching process, so an average of both values was calculated.
Besides, the force component resulting from the non-cutting and rotating movements of the indexing table is eliminated, to only show
the forces related to the metal cutting.

As can be observed in Fig. 29, cutting forces are in agreement with the calculated cutting force range values in the setup experi-
mentation, and variations depending on the number of teeth engaged into the material (3 or 4 simultaneously) that explain the
oscillation in values. Peaks are 18 or 42 depending on the teeth total number of each segment However, the value of each force shows
different values during the same experimentation. This phenomenon may be due to the 15° inclination of the disk. As the workpiece is
rotated, the cutting force is not applied at the same distance from the two cells, cell 01, receives more pressure. Since load cells are
specifically designed for impact force measurements and when the teeth enter into the part, it is always broaching the tool right side
that first is engaged into cutting, so load cell 2 receives a higher impact than load cell 01. In Fig. 30 this circumstance is explained in
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Fig. 25. Correlations between the maximum accelerations at each characteristic frequency per slot and VBa for accelerometer 1: (a) Tool A, (b) Tool
B, (c) Tool C for Y component and (d) Tool A, (e) Tool B, (f) Tool C for Z component.

more detail.

So, during broaching process, the right tool edge zone works in harder conditions than the left side, until the last tooth left side exits
from the slot. This phenomenon is observed in Fig. 31, the slope depends on the inclination angle (15° in this case). Here a zoom of each
force oscillation is shown; a little peak can be due to a small backslash phenomenon. Therefore, it takes significant importance where
do we place the measurement devices, since load cells only measure compression forces in the Z-axis.

4. Discussion

In this research work, broaching process monitoring was presented. Both, time and frequency domain output signals showed that
there is a wide variety of methods for tool condition monitoring in broaching. Recorded signals can lead to the key characteristics of
signals that can be correlated to the condition of broaching tools.

4.1. Machine internal data

The information collected by the servomotors drivers was the first choice to broaching monitoring. So, process power and torque
have shown significant enough to monitor tool flank wear, presenting an acceptable linear correlation. However, it has several lim-
itations, the first one regarding the stability of the broaching process itself; since the broaching process is fast, and the length of the first
tool is small, broaching does not stabilize quickly enough to obtain data of any interest. However, once cutting becomes stable, it is
possible to conclude process data. In this work, the relation between power and torque with tool wear is negative or decreasing. In
other words, the more the tool wears, the lower power is consumed and the lower torque servomotors need to generate the cutting
movement. The only way this can be understood is that as tooth tool tip wears, tool teeth cut less and less material reducing chip
section. From a quality point of view, this means that after a certain amount of wear, the component would be out of tolerances. It
remains to be analyzed in the future to determine the percentage by which the teeth are reduced and how their evolution produces a
part that is out of tolerances. In industry, all people know that broaching machine and tool must be as stiff as possible, and tools as new
and sharp as possible.

The carriage linear acceleration, when it goes up, has also shown interesting results when analyzed in the frequency domain. Even
at the low sample frequency to record servomotor data, it was possible to achieve two harmonic frequencies of each tool segment, in
addition to the tooth passing frequency. It has to be mentioned that harmonic frequencies during the experimentation were not the

22



A. del Olmo et al. Mechanical Systems and Signal Processing 172 (2022) 109003

Adee? ._h_"rrn 287Hz &2 490Hz - f3 980Hz Adec? H\i""” 287Hz & f2 490Hz & 3 980Hz dec2 C¢* 1 252Hz —-» - f2_438Hz 4 532Hz
T " —e—Vba 76 —e—Vba_z12 —e—\Vba_718 T '—e—Vba_6 —e—Vba_z12 —e—\Vba_718 T —e—Vba_77 —e—Vba_719 —e—Vba_742
0,014 0,20 0,014 T 0,25 _ 0,020 0,08
0,012 Fo,012 ]
£ 0010 015_| | E 0,010 020 _ I'Eo01s 0,06 T
E0 El T, 015 £ | &
50008 010E § 0008 " E 80010 o0 E
€ 0,006 £| | E 0006 ow0g E s £
3 0,004 005> | | @ 0004 005~ | T 000 S A 0,02~
) [ g
3 0,002 8 0,002 4 g
0,000 0,00 0,000 0,00 0,000 0,00
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Slot number Slot number Slot number
Pearson f287 f490 1980 Pearson f287 f490 f980 Pearson f252 1438 f532
Vba_76 0,09 0,16 -0,12 Vba_76 0,10 0,02 0,44 Vba_7Z7 -0,60 -0,67 -0,81
Vba_Z12 -0,02 0,28 0,00 Vba_Z12 0,14 -0,50 0,07 Vba_Z19% -0,74 -0,58 -0,75
Vba_718  -0,06 0,36 0,04 Vba_718 0,03 -0,16 0,35 Vba_Z42  -0,82 -0,60 -0,92
a) b) ¢)
dec? Az e f128Hz = 2 57Hz = 3 26Hz dce? Bz -e-f1.28Hz e 12 5THz e 3_86Hz ce? Coe-fL3MHz o 2 63Hz —o13 95H2
—e—Vba_26 —e—Vba_212 —e—Vb3_718 —e—Vba 76 —e—Vba 712 —e—Vba 718 T —e—\ba_77 —e—Vba_719 —e—Vba_742
0,070 0,25 0,070 0,08
5 2070 020130060 * o 0,060
o 0,060 a > T 0,20 ™
% 0,050 0,15 - Eoos0 T E 0,050 0,06 £
=" E | 0,15 =
§ 0,040 o10E | §00% E | 5000 004 E
£ 0,030 05 8 0,030 b o 0‘105 g 0,030 _e-;
5 0020 e = 005> |g 0020 e — % 0,05 ] 0,020 oiaaess e 0,02
S 0,010 S B & 0,010 « d £ 0,010 =
0,000 0,00 0,000 0,00 0,000 0,00
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Slot number Slot number Slot number
Pearson f28 f57 f86 Pearson f28 f57 f86 Pearson f31 fe3 f95
Vba_Z6 0,09 -0,14 -0,36 Vba_Z6 -0,09 -0,75 0,78 Vba_Z7 0,30 -0,08 -0,56
Vba_Z12 0,07 -0,11 -0,52 Vba_Z12 0,24 -0,90 0,94 Vba_Z19 -0,12 -0,19 -0,63
Vba 718 -0,11 -0,06 -0,50 Vba 718 0,08 -0,79 0,82 Vba_742 -0,07 -0,01 -0,41

d) e) f)

Fig. 26. Correlations between the maximum accelerations at each characteristic frequency per slot and VBa for accelerometer 2: (a) Tool A, (b) Tool
B, (c) Tool C for Y component and (d) Tool A, (e) Tool B, (f) Tool C for Z component.
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Fig. 27. Diagram of reactions and cutting forces of the broaching process and load cells, C1 and C2.

same due to electric noise in the data logger recording system, but compared to the cost of other acquisition systems with higher
resolution and sample frequency, it was not a bad approximation. Fig. 32 shows how the tooth passing frequency (fundamental fre-
quency) and two harmonic frequencies of both servomotors vary for each tool. It is so from Tool B, which shows that the second
harmonic frequency offers the greatest relationship with tool wear growth (Fig. 33).

4.2. Accelerometers

Accelerometers offered a greater range of sampling frequencies, besides frequencies could be measured in multiple directions. Not
all machine-tool directions offered good monitoring information. Thus, it was observed that the machine column and toolholder did
not offer relevant information, and only the moving part of the machine, the carriage and rotary table where the testing part is
clamped, gave us useful tool condition information. The accelerometer raw signals did not offer much information; however, it can
detect unexpected interferences between tool and machine, which are represented as high peaks in the time domain.

Analyzing accelerations, Fig. 23 showed a high inverse correlation between Y-axis acceleration with wear, and acceleration in the
X-axis with wear for accelerometers 1 and 2 respectively. In the first case, it corresponds to the normal direction to machined surfaces

23



A. del Olmo et al. Mechanical Systems and Signal Processing 172 (2022) 109003

. CELL 01 ORIGINAL [N] 000 CELL 02 ORIGINAL [N] 12000 CELL SUM ORIGINAL [N]
i
Iy iy
4000 ll’lm ‘”\ Hv‘ 7000 - |J||v‘w ’-‘m 12000 J 'fﬂm'[
— A — - Il
z Z 6000 | A Z 10000 "
g 3000 ! 3 [ g |
s | | 5 5000 | M 5 8000 [ I
|
2000 | 4000 [ § 6000 { |
1000 L 3000 4000
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time [s] Time [s] Time [s]
oo CELLO1Z[N] ) 2000 _CELLO02Z[N] , CELL SUM Z [N]
‘ v o v - ' [ U Il W] Hh‘ [
4000 I'W‘W' m 7000 ”1’ N 10000 “ ] 1
= |' oA = Jv Wil - I
] " £.6000 f £ | 4
@ 3000 w 8 1 8 8000 |
5 5 5000 - | 5
w | L w w '
2000 | 000 | | 6000 |
1000 L 3000 4000
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time [s] Time [s] Time [s]
10 CELL 01 X [N] CELL 02 X [N] — CELL SUM X [N]
2000 F
Il W\WM |Il1f”‘ﬂ'" I o o
i Ju iy
z Z 1600 | Z 2500
g " 1 3 | ! 8 \
[ - L = \
£ 600 { | ik | H S 2000 ‘ I
400 | | 1500 “ t
) 1000 £ B
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time [s] Time [s] Time [s]

Fig. 28. Cutting force results for Tool B. The X component is absorbed by rotary table carriage guides.

and column, which means that this signal would be related to process vibrations (even onset of chatter). In reference to the inverse
correlation, it coincides with several studies showing a decrease in process vibration as the flank wear increases (due to the so-called
process damping). Many studies focused on turning and milling processes where cutting is continuous in time, cutting speed is
relatively higher and cutting width is small; unlike the broaching process, between slots there is a dead time or lapse when broach
interaction is interrupted until the next cycle, the cutting speed is lower, and cutting edge width large. However, studies are reporting
that tool flank wear plays an important positive damping role in vibration at both high and low speeds, and some reported that cutting
edge width may be independent of this damping [27,29]. Chatter in broaching can be very interesting, and it will need further
investigations.

In the second case where the vibration of accelerometer 2 in X-axis has an inverse correlation with wear, it could also complement
case 1 or provide information about lateral vibrations.

Finally, process damping is mainly attributed to the cutting-edge microgeometry. In the worn-out zone (Fig. 13), the tool rubbing
due to natural wear could have influenced the reduction in the vibration amplitude.

In the analysis of tooth passing frequency (Fig. 25) concerning vibration, two situations stand out. First, the inverse correlation
between wear and acceleration in the Y-axis is confirmed with small differences in behavior between the three broaches. To correspond
to what was said above, this may be due to the tool edge radius which is different between Tool A, B and C. The second aspect is that
small gaps were found in the frequencies of each slot. This may be due to the process dynamics, causing small amplification or damping
in the acceleration of the next slot.

Vibrations signals, especially in the Y-axis, can give information about the progress of tool wear as well as process stability, which
needs to be further investigated. The vibration signal in X on the column (accelerometer 2) gives a high inverse correlation, which can
give valuable process information as well. Finally, acceleration signals are feasible for monitoring the process and predicting tool wear
increment.

4.3. Load cells

Load cells, like accelerometers, are a source of a lot of information, because the high sampling rate allows them to capture any
anomaly that occurs during the cutting process. In this case, it allows to understand how the piece/table inclination affects. Fig. 31
shows how, as a tooth enters, the force gradually increases, and when the stability zone should be reached, there is a little disturbance
with a negative peak. This phenomenon does not occur systematically, but rather randomly. Signals matching machine tool fre-
quencies must be disregarded because the amplitudes are affected by dynamic amplification [26,27].

Aircraft engine components are known for their high quality and cost, one of them can reach around 75,000-100,000€. Therefore,
predicting tool failure and avoiding wrong parts is a considerable saving. Furthermore, with proper monitoring system it is possible to
rescue the tool and re-sharpen (and re-shape) it for re-use. Broaching tools are around 5000 € (in 2022) for the roughing set alone.
Compared to these numbers, a simple monitoring system is very cost-effective to implement on the machine. For example, collect the
motor driver signals does not require for any device, so do not have any additional cost. Implementing accelerometers (700 €) or load
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Fig. 29. Coated (Tool A and B) with 18 peaks, and uncoated cutting tool (Tool C) with 42 peaks, force in Z-axis. Three teeth are always in cut,
sometimes four, due to disk thickness, see Egs. (5)-(7).

cells (400 €) requires a higher investment, because a signal acquisition system is also necessary, which ranges from 3000 to 10,000 €,
depending on the model. To these raw values, it would be necessary to add the hours of calibration and testing. But one or two pieces
saved and ready to fly are equivalent to the investment in a monitoring system, by far.

Once the capabilities of the monitoring methods available are better understood, they could be implemented in a closed-loop
system to determine whether the tool must be resharpened. Fig. 34 shows a possible application in a real industry, in this case, to
allow a replacement policy with broaching tools. Broaching tools can be re-sharpened, from 4 to 8 times.

5. Conclusions

In this paper, the data recording system of an electrically-driven broaching bench is presented. This work aims to obtain a reliable
way of extracting data from broaching and uploading it to the cloud, in an organized way to be useful for future applications based on a
machine learning approach, where cutting process data and part quality measurements could be merged. The main conclusions derived

from this work are cited:

- Regarding the motor drivers, only the power and torque feedback signals can monitor the broaching process in the time domain. In
addition, to do this efficiently, the cutting process must reach a stable condition; otherwise, the values do not show a clear trend.
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Fig. 31. Evolution of the cutting force during the entry of the teeth. Slope depends on the inclination angle, 15° in this case.

- Servomotor electrical current does not offer any information either from the cutting process or from cutting tool performance.

- The linear acceleration values extracted from the drivers are capable of sensing some degree of variation in the frequency domain.
However, due to electrical noise and very small sample frequency, only two natural frequencies were recorded, with the second
frequency showing the highest correlation with tool wear.

- Accelerometer signals give information related to broaching tool wear. In particular, the highest sensitivity was obtained for the X

component for both accelerometers 1 and accelerometer 2, with slight differences in behavior between broach segments A and B.

Notable differences and correlation results were obtained for the Y component of the accelerometer signals. For accelerometer 1

there were very high correlations for Tools A and B and medium correlation for C. On the other hand, based on the results obtained,

the low correlation obtained in the Y component of all broaching tools is due to the high noise in the signals of this component.

- The maximum frequencies per slot can indicate worm-out tools. This information is very well complemented by the analysis of the
tooth passing frequency.

- Accelerometers placed on the machine rotary table have better sensitivity than accelerometers placed on the machine column.

- According to the inverse correlation results for most frequencies, this indicates that the acceleration is high at the beginning of

broaching and decreases as the broach wears progressively. In this particular case, it is reflected in the initial and final machined

slots, and the main cause can be the increased damping of the process due to tool wear.

In this work, load cells were only used to confirm that the cutting force was inside a secure range for the safety of the machine, but it

offers interesting values about the performance of each cutting tooth, so it is possible to perceive any variation in the geometry of

each of them.

- Besides, load cells were also valuable resources to understand how the multiple edge cutting tool works when the piece is inclined.

Finally, the monitoring system is able for industrial production, in which internal motor signals on one hand, and not too many
additional sensors are a reasonable solution. However, there is still further work to do:
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Fig. 32. Tooth passing frequency (fundamental frequency) and two harmonic frequencies measurement of both servomotors difference, for each
tool along testing.

e In our tests, not all broaches reach their end of life, none reaches 0.3 mm of flank wear. Further machining should be done with Tool
C, to check that process signals evolve in the same way as Tool B.

e Rubbing effect at tool tip can be studied using ideas coming from burnishing processes [30], because slot internal surfaces can be
affected regarding residual stresses.

e The load cells were only used to check force maximum magnitude. In future tests, it is planned to check how the cutting force
evolves as the broaching tool wears, based on analyzing load cell signatures.
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Fig. 33. Plotting of 30 maximum acceleration points of Tool A in the Y-axis for slots 10, 20, 30, 40, 50, 50 and 60.
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Fig. 34. Flowchart to avoid waste of time and money in broaching of turbine critical systems.

e Regarding the accelerometers, it would be interesting to carry out further tests by moving the position of accelerometer 01 along the
machine column. To see if signals with a higher correlation with the wear of the process are captured in another position.

e Broaching tool skew angle was cero, but in future, some tools can be manufacture and tested with a skew angle similar to the
inclination angle (15°), to have a constant chip section during one tooth edge cutting. This can help to avoid edge chipping on the
teeth right side due to hits at tool engagement.
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