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Abstract

The aircraft engine disks are highly critical parts. It is required for blade assembly to obtain high quality slots after broaching.
Because of the complexity of the slot shapes, different problems are induced such as the cutting geometry, the broach design and
the difficulties to evaluate the forces applied on the tool. To deal with this problematic, this article presents a geometrical and
mechanistic model taking into account the various geometrical parameters of a form broach (pitch, shift, profiles and cutting
geometry of the half teeth) to determine the cutting forces. The methodology of the cutting edges discretization and an oblique
cutting law have been used. Several simulations made with this generalized model are presented to understand the impacts of the
variation of the tool’s geometrical parameters on the cutting forces evolution in order to improve the broaching of complex shape.
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1. Introduction

Broaching is a process allowing to generate complex shape
with accuracy, good surface integrity and high productivity.
These are the reasons why broaching is used in aerospace to
produce critical part such as turbine disk slots. However, it is a
complex process and only few researches have been conducted
on the subject in the known literature [1]. The main concerns
are the local geometry variation all along the cutting edges
(rake, inclination, clearance angles...), the local forces
magnitude evolution applied on each cutting edge and the
unbalance of the forces applied on the broach, in the case of
angled disks machining. The choice of a suitable broaching
strategy to obtain an optimised process is also not obvious to
determine.

This study presents a parametrized model taking into
account various parameters such as the pitch, the half teeth
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alternation (shift), the orientation of the rake faces and the
directions of the flank faces. The methodology of the cutting
edges discretization with a local cutting law is used to calculate
the local and global cutting forces applied on the tool. This
methodology was made possible by the work of Sabberwal [2]
and is now commonly used for other machining technics [3-6].
Vogtel et al. [7] present results of a model for cutting force
calculation applied to broaching but for rectilinear cutting
edges and only taking into account the rake angle as parameters
of the local geometry. Vogtel et al. [8] made a broach design
software but the methodology is not detailed in this article and
only the cutting force along the broach axis is calculated.

This study has for objective to go further, taking into
account complex shape broaching and considering more
geometrical parameters of a broaching tool. Moreover, the
three cutting forces components are predicted.

Peer-review under responsibility of the scientific committee of The 17th CIRP Conference on Modelling of Machining Operations, in the person of the
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2. Global geometrical parametrization of broaching
2.2. Parametrization

The parametrization of a broaching operation is presented
in Fig. 1. The model may consider an inclination angle (WPi)
between the broach and the part axis. In addition, the number
of half teeth, the variable pitches and the shift are configured.

Nomenclature

Broach parameters:

Tooth or Pair of half teeth: The two half teeth with
symmetrical profiles on both side of the broach.

Pitch: distance between two half teeth on the same side of
the broach (mm).

Shift: Distance between two half teeth of a pair, if the half
teeth are alternated (mm).

Zab: Half teeth of the pair number a (a€[1, 5] in this case), on
the right or left side of the broach considering the
displacement direction (b€[R, L]). The first pair of half teeth
is the first one entering into the part when machining.

WPi: Workpiece inclination angle between the broach and
the part axis (°).

Ve: Cutting speed of the broach (m/min).

RPT: Rise Per Tooth (mm).

Cutting geometry parameters:

vn: Normal rake angle at the considered point (°).

As: Cutting edge inclination angle at the considered point (°).
an: Normal clearance angle at the considered point (°).

yno: Normal rake angle used to define the rake face
orientation (°).

Aso: Cutting edge inclination angle used to define the rake
face orientation (°).

Ag: Angle of the grinding direction between the vertical (Y
axis) and the grinding wheel axis (°).

Af: Angle of the flank face tangential vector (Af) between
the cutting speed of the broach and the displacement direction
of the grinding wheel (°).

Force model parameters:

h: cut thickness (mm).

D:hear: Shear angle (°).

1s: Maximum shear stress (MPa).

Disk
thickness

Fig. 1. Parametrization of a broaching operation.

The study is focused on a finishing operation. The rises per
tooth are considered to be constant and equal to 0.1 mm,
perpendicularly to the final slot profile. All the profiles are
presented on Fig. 2.

v, Y(mm)
e x(mm)
ZSL ZSR
(Final slot (Final slot
profile) profile)

-8
Fig. 2. Superposition of the half teeth profiles. Left and right sides are
considered from the cutting speed direction.

2.2. Geometrical modelling

The developed methodology allows, thanks to the
knowledge of the half teeth profiles and the orientation of the
rake faces in particular points, to calculate the local cutting
geometry for each point of the cutting edges. The different
steps of the methodology are presented on Fig. 3. This
methodology has been used by Fromentin et al. [9] for another
machining operation.
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Fig. 3. Methodology used for the geometrical model definition.

This methodology gives a parametrized geometrical model.
The orientations of the rake faces are defined by two angles (yn
and As) in particular points. These points are defined by the
intersection of the median plane of the broach and the half teeth
profiles. The angles are called yno and Ao, they are parametrized
on Fig. 4.

X (mm
( 4)321,9

Pr plane

Z (mm) 0 V -5

Fig. 4. Definition of a rake face. Example with yn and A equal to 10°.
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The grinding process generates plane rake faces. It implies
that the local geometries all along the cutting edges are
different than yno and Aso. Then the half teeth profiles in the
reference plane (Pr), orthogonal to v¢, are projected on the rake
faces along the cutting speed direction. The cutting edges are
obtained on Fig. 5.

Cutting
edge

0
Z (mm)

(mm)

Fig. 5. Definition of a cutting edge. A and B are two reference points
for Fig. 7.

The orientations of the flank faces are defined by the
grinding parameters Af and Ag presented on Fig. 6.

Angle of the flank face
tangential vector

Flank face
tangential vector

Grinding
wheel

Grinding direction
angle (Ag)

Grinding
direction

Fig. 6. Definition of the flank faces.

It is now possible to calculate the local cutting geometry at
each point of the cutting edges according to the standard I1SO
3002. Fig. 7 represents (in black colour) a half tooth profile and
the different angles of the cutting geometry as a function of the
vertical axis of the profile. The local cutting geometry depends
on the rake face orientation (yno and Aso).

Knowing the cutting edge, the rake and flank faces of each
half tooth, it is now possible to design the broach, locating the
half teeth at a distance equal to the different pitches. The
modelled broach is presented on Fig. 8.
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Fig. 7. Local cutting geometry all along a half tooth profile
(Yno = hso =10°, Af = 5°).
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Fig. 8. Modelling of two broaches: without (a) and with (b)
alternated half teeth.

At each broach position step, the location of the machined
disk is calculated. Fig. 9 shows both planes of the workpiece.
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Fig. 9. Location of the part material.

At this point the geometrical model is able to calculate the
local geometry all along the cutting edges of the half teeth and
the engagement of the broach into the material.

3. Mechanistic model of the cutting forces
3.1. The developed methodology

The cutting edge discretization method is used to calculate
the global forces by summation of all the local ones applied on
every segments of the discretization. The different steps to
determine the forces applied on the tool are detailed on Fig. 10.

Geometrical Discretization in segment
model of the half teeth profiles

by,

iz

Geometrical Location of the
model machined disk

Calculation of the cut
thickness all along the
cutting edges at each broach

position
hzi,
Elementary Calculation of the elementary forces at
cutting law each broach position

Foziz Fnziz Fozi,

Calculation of the forces applied on each
half tooth and on the broach at each
broach position

Fyiz,Fyiz,Fziz and Fx ,Fy ,Fz

Fig. 10. Methodology to calculate the forces applied on the tool.
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3.2. Calculation of the cut thickness

The cut thickness is considered to be the distance between
the current point on its half tooth profile to another point of the
half tooth profile that machined just before. The distance is
measured in the reference plane (Pr) and perpendicularly to the
current half tooth profile [10]. This methodology is explained
on Fig. 11.

Y (mm)
= ") X(mm)
-2
~
-4 h
-6
_8 —

RPT direction
Fig. 11. Calculation of the cut thickness (h).

Only a broach for finishing operation is modelled. Thus, it
is necessary to consider the machined profile by the rough
broach. It is the blue profile in the Fig. 12.

Y (mm) Y (mm)

!4 X(mm)

(@)

-8
Fig. 12. (a) Definition of the broached profile before the current broach
(blue). (b) Cut thickness (red) along the profile of one half tooth at one broach
position.

So, the cut thickness is calculated considering the method
presented in Fig. 11. But if the normal distance to the rough
machined profile is shorter, this distance is considered to be the
cut thickness.

3.3. Cutting law and force calculation

Initially a mechanistic cutting law with two force
components has been used in the chip flow plane. The
equation (1) law is chosen because it takes into account the
local cutting geometry (y, and o) and allows to separate the
forces linked to the edge and cut effects. This law is inspired
by the work of Altintas [11]. The edge effect corresponds to the
forces produced by the friction between the flank faces and the
part and also the forces due to the edge radius. The cut effect is
produced by the chip flow on the rake face (cf. equation (1) and
Fig. 13).

The experiments have been done at constant speed. The
cutting speed effects are taken into account by the constant
parameters of the cutting law coefficients of equation (1).

The coefficients are determined thanks to experiments
conducted during orthogonal cutting of the nickel based super-
alloy.

F, = b(koy + kapan + kny (1 + kypyn)h)
= v,edge + Fv,cut
Fh = b(k()h + kahan + khh(l + k}/hy‘n)h)

= Fh,edge + Fh,cut

€]

/

Fig. 13. Parametrization of the cutting forces for an orthogonal cutting
operation.

However, each segment of the discretized cutting edges is
not considered in orthogonal but in oblique cutting. A
mechanical transformation described by Altintas [11] is used to
transform the two components law to a three components one,
considering the cutting edge inclination. Only the cut effect part
of the law is affected (cf. equation (2) and Fig. 14 (b)).

Fv = Kv,cut (yn! As) b h + Fv,edge (an)

F, = Kh,cut(yn: As).b.h + Fh,edge (an)
F, = Ko cut (YnsAs).b.h

2

The hypotheses are the following:
e s equals the chip flow angle,
®  Vn, obliqgue = Yn, orthogonal,

L4 (Dshear, oblique = (Dshear, orthogonal,
Ts, oblique = Ts, orthogonal (Ve and h unchanged).

() (b)
Ytool

Rake face

Local forces

Fig. 14. Oblique cutting parametrization (a). Application to a half teeth
profile (b).

Thus, for each segment of the discretized cutting edges, the
width of cut, the chip thickness and the cutting geometry are
well defined. Thanks to the cutting law equation (2), the forces
applied on each segment can be determined in a coordinate
system linked to the segment orientation for each position step
of the broach (cf. Fig. 14 (b)). A change of basis is necessary
to have all the local forces in the same basis linked to the tool
coordinates system (cf. equation (3)).

Then, the forces applied on each segment of each cutting
edge are summed on equation (4).

Discretized profile
Segments limits
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Fx,is,iZab Fv,is,izab
Fyisizap | = Myiz,, | Fhisizap (3)
Fz,is,iZa_l7 Fo,is,izab

Where:

e Mi;za: the transformation matrix,
e is: the segment index,
e iZy: the half tooth index.

FX.iZab Number of segments Fx,is,iZab
F, ViZap | = F. Vis,iZqp (4)
Fz,iZab is=1 Fz,is,izab

To obtain the forces applied on the tool for each step of
position, the forces applied on all the half teeth are summed on
equation (5).

Number of half teeth [F

Fx XiZgp
(Fy) Y Fyizay ©)
Fz iZap Frizan

4. Results of the parametrized model
4.1. The results of the model

The cutting forces simulation results of a broaching
operation are presented on Fig. 15. The parameters are:

o Yno = 10° and 7\.50 = 100,

e Af=5° Ag=10°and 70°,

e  Shift = 0 mm: not alternated,

e Pitchl =7 mm and Pitch2 =14 mm,

o WPIi=15°

e Disk thickness = 10 mm.

Force (N)
S =50 /\La0_ 2 HoV - 10 +- Position (mm)
—~5000 ° Fx, tool ref
L4 Fy, tool ref
410000
—
Ve -15000

Fig. 15. Results of the modelling.

The software used is Wolfram Mathematica 11.1. The
calculation time (for geometrical and mechanistic model) is
around 10 minutes with 100 elements on each half teeth profile.

The results show that the force on the X axis is not equal to
zero and the sign changes during the broaching operation. This
is due to the angle between the tool axis and the part axis. The
pairs of half teeth do not enter into the material at the same
time. The value of the pitch has an impact on the magnitude of
Fy and Fz forces. The first pitch which is the shorter implies
higher values than the second one. It depends of the number of
half teeth simultaneously inside the part.

4.2. Global parameters effect

Three other simulations are presented in Fig. 16 with a
smaller rake face orientation to present the global parameters

effects. The workpiece inclination induces unbalance forces
along the X axis. If the inclination is equal to zero, Fx equals
to zero during broaching as shown on Fig. 16 (a) and (b).

Force (N)
-60f -50/1£40 1 ol/ —10 | ] osition (mm)
(a) -5000
-10000
WPi = 15°
Shift = 0 mm ~15000
ve ~20000
— Force (N) )
Z60 50 140 L3020 10| | "osition (mm)
(b) -5000]  ® Fy to0l ref
® |:y, tool ref
£10000
WPi =0°
Shift = 0 mm +15000
Ve
-20000
Force (N)
—
-60 - —4 30 Y Position (mm)
c
( ) —+5000
£10000
WPi =0°
Shift = 3.5 mm 15000

Fig. 16. Influence of the workpiece inclination and the half teeth shift.
Constant parameters: Disk thickness = 10 mm,
Pitchl = 7 mm, Picth2 = 14 mm, y = 5° and Ag = 5°.

It is possible to adjust the half teeth shift value to increase
the cutting continuity. Fig. 16 (c) shows that Fz force variation
are limited compared to Fig. 16 (b). Nevertheless, it induces an
unbalance of Fx force due to the shift between the half teeth of
each pair.

4.3. Cutting geometry effect

Four simulations are presented in Fig. 17 and Fig. 18 to
show the influence of the variation of the rake face orientation,
i.e. the change of the yno and A values. Fig. 17 presents the
effect of the rake face orientation on the cutting geometry
variation.

) o o o
8 3 Tre——g oin ) 5 T _}-'s()
: ,/ e :,-':-"‘-
. 3 : W 4
Cutting | - :
part of == 4 . /."\\ 4
the profile 3 N \4.'
)
° - "’g-r\
7 e =~
8 — K g
......... Yo=1°  Ag=1 | 25 == y0=10° ,29=10" ,
- = = mo=1l" ,A=10", | Profile (no scale)

= . = 10=10° ,Ap=1", |

Fig. 17. influence of the variation of the rake face orientation on the local
cutting geometry of a half tooth profile
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The shape and values of the local geometry essentially
depend on the rake face orientation and the cutting forces as
well, as shown on Fig. 18.

max |Fx|
™) -1%
3000
-30% -33%
2500
2000 Ao = 10°
’ ~ ho=1°
1500 Yno=1 Yno =10
max | Fy|

+660%

™) +780
3000

2000

-70%
1000 — Aso=10°
-o | 0= 1°
0 Yno=1 Yno =10
max |Fz|
N)
21000 -10% 2%
19000 _15%
17000 Aso = 10°
ho=1°
19000 tno=1° Tno =107

Fig. 18. Effect of yn0 and Ay 0n the cutting forces. The reference of the
percentages is yno= 1° and Agq = 1°.

The case yno =10° and As =1° induces negative y, angles on
a part of the cutting edge. The cutting law coefficients have not
been identified on this range. The results given are an
estimation.

Fig. 18 shows that if yno and Ao increase, the Fz cutting force
decreases. It is consistent with the experimental results.

The impact of yno and As are different on Fx, Fy and Fz
forces. A change of the yno value has an important impact on Fy
but not on the other components. This can partly be explained
by the increase of the As angle on the half teeth sides, which are
also the main portions of the cutting edges that cut, when the
vno angle increases (cf. Fig. 17). Fx and Fz are more influenced
by the As increase because it implies higher y, values on the
half teeth sides (cf. Fig. 17).

5. Conclusion

This article presents a methodology that allows to model the
cutting geometry of a broach with complex shape and to
estimate the involved cutting forces.

The geometrical parameters of the proposed generalized
model are numerous to adapt the calculation to various broach
design:

e Final slot profile,
o Rake face orientation (with yno and Aso),
e Flank face definition (with Af and Ag),

e Two different pitches,
e Alternation or not of the half teeth.

The first results allow to understand the effect of the rake
face orientation on the local cutting geometry and on the cutting
forces. The three components of the cutting forces are not
influenced in the same way by the change of yno Or Aso angles.
In our example the change of the yn angle will have a
significant effect on the Fy force but not on Fx and Fz. The
modification of the Ao angle will have an opposite effect. The
choice of the rake face orientation on a production broach
results of a compromised.

Some outlooks could be the definition of non-constant rise
per tooth all along the cutting edges and the study of the global
chip flow directions.
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