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Abstract  

The paper presents results of numerical FEM analyses of the process  

of broaching the groove using the Explicit module of the ABAQUS program. 

The impact of the blade geometry was presented and of the selected 

technological parameters of processing when cutting the aluminium  

EN-AW 6061-T6 alloy on the load of the broach blade during its 

operation. This article shows influence of value of rake and clearance 

angle onto deformations of the tool’s cutting edge in the transverse 

direction. An interaction between broach blade shape and reduced stress  

in the area of cutting edge was presented. The optimum geometry of the cutting 

tool was proposed. 

 

 

1.  INTRODUCTION 

 

Broaching is a method of the loss shaping of machine parts. This treatment 

involves the removal of the material layer with next blades, which are arranged 

in series. The broach blades, wedge-shaped, perform the rectilinear motion and 

delving into the treated material they cause its separation. This way, the object 

gets the final desired shape and dimensions. Broaching is used especially when 

the processing of parts with other methods is difficult. 

In the works, which were created in the 60s of the XX century (Górski, 1967; 

Monday, 1960), a technology was described, tools and machines used for broa-

ching. In the following years, studies were created on the optimisation of the 

broaching process (Belov & Ivanov, 1975; Kokmeyer, 1984). Scientific works 
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using the finite element method for the analysis of the broaching were created 

during the last two decades, with the development of the numerical 

computational methods. Subsequent citation: Sajeev, Vijaraghavan & Rao 

(2000) in their research performed the analysis of stress caused in the tool  

and the workpiece during the simulated cutting of the single broach blade.  

The cutting model was brought to the issue of free cutting process, also called 

orthogonal cutting, where the width of the tool blade is greater than the width  

of the cut layer of the processed object. The works (Schulze, Zanger & Boev, 

2013; Xiangwei, Bin, Zhibo & Wenran, 2011; Zhang, Outeiro & Mabrouki, 

2015) dealt with the impact of the workpiece’s geometry on the dimension  

and location of the shear plane and on the components of the cutting forces 

during orthogonal machining. A simplified model was adopted for numerical 

calculations, in which the width of the tool was equal to the width of the workpiece.  

One can encounter many publications from recent years (Kokturk & Budak, 

2004; Vogtel, Klocke, Lung & Terzi, 2015 ) on the optimisation of the blade 

shape of the broach, based on the strength calculations. However, the strength 

calculations require knowledge of analytical methods and they assume some 

safety factors, which leads to the increased size and weight of the tool, as well  

as deterioration of the technology of the execution of the broach blade.  

In the present work, the issue of geometry optimisation of the broach blade  

to splineways was undertaken, when the criteria included the improvement  

of performance technology and the reduction of dimensions of the blade cross-

sectional area at its basis, in order to shorten the working part of the broach. 

Decision variables in the computing task include the angles γ and δ, which control 

the dimensions of the cross-section of the working part. The size of the cross-section 

of the broach blade at the base affects the value of maximum reduced stress  

in arrears. The model of orthogonal constrained cutting was used. 

 

 

2. RESEARCH METHODOLOGY 

 

2.1. Workpiece and tool geometry 

 

The research was carried out on numerical models using the finite element 

method in the Explicit module of the ABAQUS program. The dimensions of the 

workpiece and tool were adopted as in figure 1. The scope of the analysed angles 

of the broach blade was presented in table 1. The reference geometry (d) was se-

lected based on literature recommendations by Górski (1967). The material  

of the workpiece was chosen for the research – aluminium EN-AW 6061-T6 alloy 

and the tool material – tungsten carbide (WC) with characteristics given in table 2. 
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Fig. 1. Characteristic dimensions: a) of the workpiece, b) of the tool: 1 – broach blade, 

2 – working part of the broach (excluding the blade) with the chip space 

 
Tab. 1. The values of angles γ and δ of the broach blade defined during numerical analyses  

Angle Values of angles 

γ 0° 10° 20° 

δ 45° 60° 9° 45°  60°  90°  4° 60°  9° 

Symbol a b c 
d  

(reference) 
e f g h i 

 

Figure 2a presents the way of restraining the tool and the workpiece.  

The movement of the workpiece was limited in three directions. The movement 

of the tool was limited in two directions, a possibility of blade movement was 

only kept in the parallel direction to the work plane and perpendicular to the cut-

ting edge. A constant thickness of the cutting layer was assumed at 0,25 mm  

and a constant cutting speed at the level of 50 m/min. The width of the cutting 

edge results from the length of the cutting edge of the tool and is 1 mm.  

Geometrical models of the tool and the work piece (fig. 2b) were divided into 

finite cubic elements of the C3D8R type with eight nodes and with the side 

dimension of 0,1 mm. Additionally, at the depth of 0,5 mm from the surface  

a local density was performed for the mesh in the machined layer of the work-

piece to the side dimension of 0,01 mm. 

 

        

Fig. 2. The system of the workpiece (WP) – tool (T):  

a) restraint, b) finite element mesh 

 

a) b) 

a) b) 

T 

WP 

T 

WP 
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2.2. Model of the material 
 

With numerical calculations of the cutting process, the constitutive model  

of the material of Johnson-Cook was implemented (Boldyrev, Shchurov & Niko-

nov, 2016; Grzesik, 2010; Kosmol & Mieszczak, 2009; Zhang, Outeiro & Ma-

brouki, 2015) due to very large plastic deformations in the area of chip forma-

tion. The equations for the material takes the form: 
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  Tab. 2. Matarial properties of workpiece and tool (Boldyrev et al., 2016) 

Property or material coefficient Workpiece Tool 

Density [kg/m3] 2700 15500 

Young’s moduls [Pa] 7·1010 6,5·1011 

Plasticity [Pa] 
A=324,1·106  

B=113,8·106 
– 

 [s-1] 105  

0
 [s-1] 1 – 

Poisson’s ratio 0,33 0,21 

Friction coefficient  0,15 

C 0.002 – 
n 0,17 – 
T0 [°C] 25 – 

Tmelt [°C] 580 – 

m 1,34 – 
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The Johnson-Cook model does not define the beginning of the material 

destruction, hence the need to use the function describing the initiation  

of destruction, as well as knowledge of parameters describing the failure process 

is required. The determination of the five parameters (d1,…,d5) involves a series 

of experimental fracture tests, varying the stress triaxiality, strain-rate and tempe-

rature (Boldyrev, Shchurov & Nikonov, 2016; Grzesik, 2010; Kosmol & Mie-

szczak, 2009; Zhang, Outeiro & Mabrouki, 2015). Destruction parameters are su-

mmarised in table 3, while the ductile fracture model is described by the equation 

(2) below:  
 

   








































0

0
5

0

4321 1ln1exp
TT

TT
ddddd

melt

f








   (2) 

 

where: 

. workpiece theof re temperatumelting

mperature,ambient te

zone, cutting in the etemperatur

rate,strain  plastic equivalent reference

rate,strain  plastic equivalent

logarithm, naturalln

parameter,ty  triaxialistress

,parameters damage,....,

strain, fracture equivalent

0

0

51



















melt

f

T

T

T

dd











  

 
Tab. 3. Parametre values of the failure process initiation, (Boldyrev et al., 2016) 

Parameter d1 d2 d3 d4 d5 

Value -0,77 1,45 -0,47 0 1,6 

 

In numerical calculations the regeneration function of the mesh of the 

damaged elements was not used, which in the case of the conducted calculations 

has got aesthetic qualities and does not impact the results of calculations. 

Moreover, there is a possibility of the destruction analysis when cutting the 

composite materials. Then, one should apply the material model described by 

Dębski & Sadowski (2014). 
 

 

3. DISCUSSION OF THE RESULTS 
 

The applied material model and the destruction model allowed the analysis  

of deformations and reduced Huber-Mises stress in spatial system, which were 

obtained on the cutting edge zone and in the cross-section of the blade of the broach. 

Due to a small value of deformations of the broach blade (fig. 4), their value can 

be regarded as negligible.  

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=Z2GVJvghT3yau3ajUvp&author_name=Debski,%20H&dais_id=18113565&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=Z2GVJvghT3yau3ajUvp&author_name=Sadowski,%20T&dais_id=1000369865&excludeEventConfig=ExcludeIfFromFullRecPage
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Fig. 3. Examples of the MES analysis results showing the distribution of maximum reduced 

stresses: a) in the system the workpiece - tool, b) in the tool (T), c) in the workpiece (WP); 

expressed in Pascales 

 

The reference geometry (d) (fig. 4, 5, 6) of the tool’s blade, with the angles of 

γ = 10° and δ = 45°, was characterised by a deformation in the nodes in the zone 

of the cutting edge at the level of 0,000002 mm, maximum reduced stress in the 

tool’s cross-section base of 2·109 Pa and reduced stress within the cutting edge 

zone of 8·109 Pa. 

It was noted that along with the change of angles γ and δ a change of reduced 

stress took place in the cross-section of the broach blade at the base and in the 

zone of the cutting edge (fig. 5 and fig. 6). There has been a simultaneous impact 

of the pair of the studied angles on the value of reduced stress. With the angles 

γ=0° and δ=45° the maximum reduced stress in the blade’s cross-section reaches 

the lowest value from all analysed cases. With these geometry, the cross-section 

area of the blade at the base is the largest of the contemplated combinations  

of pairs of angles.  

 

T 
WP 

b) c) 

a) 
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Fig. 4. The curves of maximum deformations of the tool’s cutting edge in the transverse 

direction to the cross-section, in the cutting path function for different angles  

of the tool’s working part 

 

Taking into account the producibility of the performance of the working part 

of the broach, the best structural solution seems to be the set of blade’s angles  

γ = 0° and δ = 90°. This would allow a considerable shortening of the working 

part of the tool. However, Lipski et al. (2002) says, that with these parameters an 

adverse build-up edge phenomenon occurs, as well as the rise of temperature on 

the blade due to the intense chip friction on the tool face. Therefore, one should 

carry out further explorations of the optimal geometry of the broach blade. 

Taking into account the above observations, one can conclude that the 

optimal solution is a pair of angles of the reference geometry (d). Given that the 

change of the angle δ from 45° to 90° will increase the stress in the blade’s 

cross-section by 50%, while the producibility of the tool will be improved, and 

its length will be reduced, this type of compromise is worth noticing, especially 

for the machining of the aluminium alloy, due to low cutting forces. 
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Fig. 5. Curves of the reduced Huber-Mises stress course in the tool’s blade cross-section  

in the function of the cutting length for different angles of the tool’s blade 

 

 

 

Fig. 6. Curves of the reduced Huber-Mises stress course in the zone of the cutting edge  

in the function of the cutting path for different angles of the tool’s blade 
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3. CONCLUSIONS 

 

On the basis of numerical analyses and literature review one can draw the fo-

llowing conclusions concerning the analysed geometry of the blade of the broach. 

1. Distribution of the deformations and stress in MES models is in line with ex-

pectations, as assessed on the basis of gradient maps, obtained for the model  

of the workpiece and for the tool. 

2. According to the assumptions of the numerical analysis, the processed 

material underwent the plastic deformation of high intensity and elastic 

deformation, and moreover, there were numerous failure areas of the finite 

elements and their permanent deformation. 

3. The reference geometry (d) of the tool’s blade, with the angles γ = 10° and δ = 45° 

was characterised by a deformation in the cutting edge nodes at the level of 

0,000002 mm, maximum reduced stress in the tool’s cross-section of 2·109 Pa 

and reduced stress in the zone of the cutting edge of 8·109 Pa. 

4. Some of the analysed pairs of angles of the working part of the broach exhibit 

better properties in terms of ultimate strength on the complex condition  

of stress created in the studied cross-section of the tool during the process  

of spatial broaching with the carbide blade into the groove of the aluminium 

EN-AW 6061-T6 alloy. 

5. The analysed geometries of the broach’s blade (e), (f), g), (h) and (i) show 

worse properties in the aspect of ultimate strength to the complex condition 

of the stress formed in the studied cross-section of the tool during the broa-

ching process. 

6. Given the aspect of producibility of the performance of the working part of 

the broach, the geometry, which γ = 0° and δ = 90°, seems optimal, as it 

allows for a significant reduction of the total length of the broach, by 

reducing the length of its scale.  

7. Reviewing the literature on the subject, the reference geometry, which  

γ = 10° and δ=45°, is the best solution, taking into account the strength of the 

tool’s blade and the processes occurring in the cutting zone, such as the built-

up on the blade. 

8. The presented numerical model of broaching the splineways can be of practi-

cal use when designing tools and planning of waste machining. 
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