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Abstract 

Tool life during the precision stamping of stainless steel sheet (AISI 301) 

has been studied with particular emphasis on reduction in the punch diameter 

and part hole size due to tool wear. Two analytical models for predicting tool life 

in terms of number of quality parts that could be stamped between two re­

grindings have been proposed using a combination of Archard's wear model and 

punching force. The proposed tool life models have been verified by experiment 

trials with a round M2 punch and die. The trials were carried out on a precision 

progressive die in an industrial environment. 

The first tool life model calculates the pierced hole diameter variation for 

a given tool from sheet material properties and gives an estimation of number of 

parts that could be stamped for a given tolerance on a hole size. The second tool 

life model calculates number of parts with respect to the allowed burr height. Both 

of the proposed models are derived using sheet material properties such as 

sheet thickness, strength coefficient (K), strain hardening index (n) and material 

elongation (A); process parameters such as die clearance and friction coefficient; 

punch characteristics such as normalized wear rate, punch diameter and punch 

edge radius. Finite element analysis was also employed to simulate the hole 

piercing process to predict burr height. The results from the proposed toot life 

models, FE modeling and the experiments are in good agreement. 
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Chapter 1 

Introduction and Objectives 

Metal stamping is a cost-effective process, because it is able to produce 

material-intensive parts at production rates that are much greater than what is 

possible using other traditional methods. Many parts that are being designed to 

undergo other metal fabrication processes, such as casting, die casting, forging 

or machining, could just as easily be designed for stamping. The quality, 

accuracy, function, wear life and appearance of parts can be greatly improved by 

suitably designing them for stamping. Metal stamping allows parts to be made of 

tougher and harder material than other processes allow. Also, deformation (work 

hardening) results in superior mechanical properties of the part. Metal stamping 

dies in many instances cost Jess than other tooling. 

In general, stampings can be classified as precision and non-precision. 

Precision stampings are used in watches, clocks, instruments, electronics, 

computer hardware, aerospace, medical devices, etc., where the part has critical 

engineering fits and tolerances and plays a role in assembly and functioning of a 

particular product. Figure 1-1 shows a precision watch mechanism assembly and 

the sheet metal parts. Non-precision stampings are used in general hardware, 

1 
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furniture, appliances, household, automotive, etc., where the part has general 

tolerances but is not considered to be critical. 

The NOMOS Automatic Mechanism 
~lOI 

Figure 1-1 Watch mechanism having precision stamped metal parts 

[http://www.jardin-d-eden .co. uklacatalog/Nomos _Watches. html]. 
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Metal Stamping 

Process 

Metal stamping is a metal forming process in which flat stock sheet metal, 

formed from metals such as steel, brass, copper, aluminum, zinc, nickel, titanium, 

etc., is shaped into predetermined parts in a stamping press. 

During press operation, the slide, or ram, maintains movement to and from 

a motionless table called a press bed (Figure 1-2). The die, a press tool 

consisting of a specially designed cavity, shapes metal parts from the inserted 

sheet metal. The upper component of the die connects to the press slide, and the 

lower component connects to the press bed. A die component called the punch 

performs the necessary shaping operation by pushing the sheet metal through 

the die. 

The dies are several types such as single station blanking, trimming or 

compound dies; progressive or transfer dies; bending or forming dies. After the 

parts are formed, they are typically subjected to one or more secondary 

processes like deburring, heat treating and plating. Often the secondary 

processes can be reduced in number or eliminated altogether to reduce cost 

even further. 

3 
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Bed 

Figure 1-2 Stamping press [http://www.ugs.com/products/n:xldocs/fs_ 

mach_ series _press.pdf]. 
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1.1.2 Principles of Progressive Dies 

A progressive die is used to transform a flat strip of metal into a completed 

part. This transformation is performed incrementally, or progressively, by a series 

of stations that cut, form and coin the material into the desired shape (Figure 1-

3). The components that perform operations on the material are unique for every 

part. These components are located and guided in precision cut openings in 

plates which are in turn located and guided by pins. 

A typical die cross section is shown in Figure 1-3 (c) and (d). The entire 

die is actuated by a mechanical press that moves the die up and down. The 

press is also responsible for feeding the material through the die, progressing it 

from one station to the next with each stroke. A typical strip layout of a 

progressive die is shown in Figure 1-3 (b). The individual die stations/stages of a 

strip layout would consist of various metal forming operations to shape the coiled 

strip into a final product. Shearing and bending are the two common metal 

forming operations in a high volume production of metal stampings. There are 

various shearing operations and are generally classified as follows: 

• Punching/Piercing - in which a hole is cut in the part and the resulted slug 

is separated. 

• Blanking- in which the slug is the part to be further processed. 

5 
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(a) 
(b) 

(c) 

(d) 

Figure 1-3 Elements of progressive die (a) part, (b) strip layout, (c) die -top half 

and (d) die- bottom half, [http://www.ugs.com/products/nx/docslfs 

mach series proQress.pdfJ. 
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1.2 Tool Life 

The performance of the stamping dies is dependent on several factors, 

mainly: tool design, tool material, heat treatment of tool elements, tool 

manufacturing precision, work material, production conditions and tool 

maintenance. Any deviation in the quality of the above factors will have negative 

effects and results in tool failures. Tools have to be re-sharpened or replaced 

after they are failed to produce quality parts. Therefore, tool life in precision metal 

stamping is attributed by the number of parts stamped between two re­

sharpenings. 

1.2.1 Tool Failures 

Important tool failure mechanisms include plastic deformation, chipping, 

galling and tool wear. 

• Plastic deformation of the tool arises when the blanking force is high 

and the yield strength is locally exceeded. This problem could be 

eliminated either by increasing the hardness of the tool material while 

maintaining the toughness or by reducing the stress on the punch. 

7 
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• Chipping is spontaneous and can not be planned for. Chipping may be 

due to inappropriate heat treatment, in-correct tool making or fatigue. 

• Galling occurs when the work material is soft and adherent. Galling can 

be eliminated or minimized by reducing the friction by using a superior 

lubricant in the stamping process. 

Therefore, plastic deformation, chipping and galling failures are often 

addressed first to improve the production process. 

Tool wear is a process of slow degradation of punch surface caused by 

several mechanisms involved between punch and sheet material. Tool wear is 

the main topic of the present study and is discussed in detail in the following 

sections. 

1.2.2 Tool Wear 

Tool wear mechanisms include adhesive, abrasive, fatigue and 

diffusive wear. Adhesive and abrasive wear are the most common wear 

mechanisms that occur in blanking/piercing tooling when the surface of the 

working material contains hard particles, such as carbides or oxides. These 

8 
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carbides or oxide particles are harder than the punches and will scratch the tool 

when the working material slides over the punch surfaces. Wear takes place on 

the external surface of the punch and causes punch edges to be rounded off 

(Figure 1-4). 

(a) (b) 

Figure 1-4 SEM images of wear in stamping tools (a) adhesive wear and (b) 

abrasive wear [http://www.thefabricator.comffoolandDie 

ffoolandDie_Article.cfm]. 

A review of punch wear is provided as follows [ J. A. Schey, 1983]: 

• The wear behavior at the punch surface considerably influences the 

quality of piercing/blanking. The tribological situation in piercing is typically 

characterized by high surface pressures, low deformation velocities and a 

variety of different friction conditions depending on the lubrication. 

9 



Master Thesis - Abdul Syed McMaster - Mechanical Engineering 

• The wear pattern is significantly affected by the properties of tool material, 

tool hardness, sheet material and clearance between punch and die. 

• Elastic springback of the sheet material increases the pressure acting on 

the punch during retraction and thus increases flank wear, particularly in 

piercing a hole. 

• Lateral or flank wear can be characterized by length or area. Flank wear is 

important because it determines the pierced hole size and punch length, 

which is lost in tool grinding. Its origin is in adhesion and abrasion and 

increases with number of punch strokes. 

• Edge wear, even though it is difficult to separate from flank wear, is 

important in that it determines burr height. Edge wear also increases with 

number of punch strokes and is, at a minimum, at some fairly generous 

clearance (12%). Excessive clearance (17% or more) leads to a large burr, 

but only because the part is finally separated by tensile fracture, and not 

because of wear. 

1.2.3 Tool Materials 

The mechanism of tool wear and tool life in metal stamping is analyzed by 

various researchers and in turn different kinds of tool steels have been developed 

10 
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to reduce the amount of wear. In addition to the development of new tool 

materials, various hard surface coatings are also developed to combat tool wear 

and improve tool life. Over the years, it is well understood that friction and wear 

can be predicted and minimized but can not be eliminated in metal stamping. 

1.2.4. Tool Life in Metal Stampings 

The main result of tool wear is the variation in part quality in terms of 

dimensions. The fits and tolerances in precision parts would be of the order of 

few micrometers and controls the accuracy of the instrument. Due to continuous 

punch wear, the size of the holes pierced by the worn punches becomes 

continuously under sized as the punching continues with the same punch. The 

punches and dies are re-sharpened after a certain amount of wear and until the 

quality of parts is acceptable. 

Therefore, the tool life in metal stampings is expressed in terms of the 

number of parts stamped between two re-sharpenings and driven primarily by 

part dimensional tolerance. Prediction of tool life in terms of number of quality 

parts even before production would be a very useful toot in the present 

competitive environment. 

11 
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1. 3 Objective of Present Research 

The present study is aimed at developing an analytical expression for 

tool life in metal stampings, in order to know the maximum number of stampings 

that can be produced between two re-sharpenings by defining: 

~ A model that quantifies punch wear and its influence on the size variation 

of a pierced hole. 

~ A model that estimates burr height due to punch edge wear. 

A suitable tool life equation can help engineers and tool makers to: 

• Plan tool maintenance schedules for regrinding and spare punches 

even before part production. 

• Predict part dimensional variation in terms of number of strokes even 

before statistical process control (SPC). 

• Determine the critical punches subjected to tool wear and help to select 

the right tool materials, clearances and process parameters. 

• Compute the tool wear individually for every stage in a progressive die, 

• Prepare accurate tooling quotes as this prediction helps to select right 

tool materials, number of regrindings for a given part tolerance. 

12 
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A review of the past work on tool life in precision stamping dies is presented 

in Chapter 2. A new analytical model for tool life is developed in Chapter 3. 

Studies of hole piercing were carried out experimentally and corresponding 

methodology and results are described in Chapter 4. 

FE modeling of hole piercing and simulation results with reference to the 

burr size is presented in Chapter 5. Tool life model predictions, FE simulations 

and comparisons with experimental results are reported in Chapter 6. A 

discussion of these results is presented in Chapter 7. Conclusions of present 

work and suggestions for future work are provided in Chapter 8. Supporting data 

used for ABAQUS/Explicit code is presented in the Appendix. 

13 



Master Thesis - Abdul Syed McMaster - Mechanical Engineering 

Chapter 2 

Literature Review 

2.1 Piercing/Blanking Process 

Hole piercing/blanking operation is an important shearing process and is 

commonly used in progressive stamping dies. Since the beginning of year 1950, 

researchers have been analyzing the shearing process. Table 2-1 summarizes 

some of the previous research work relating process parameters and process 

outcomes on piercing/blanking. 

Author and year Tested parameters Important results 

Chang and Swift, 1950 Clearance, Optimal clearance for 

tool edge radius ductile material 

Johnson and Slater, 1967 Clearance, punch Load-displacement 

speed, temperature diagram 

Johnson, 1973 Clearance Effect of clearance on cut 

edge 

Mielnik, 1991 Clearance, load Reasons for load variation 

diagram 

Hambli, 2002 Clearance, tool wear, Influence of material, tool, 

sheet thickness sources of error 

Table 2-1 Previous research work on blanking/piercing. 
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The behavior of the pierced material during the shearing process can be 

divided into five stages which are illustrated with the typical force- displacement 

diagram [ Johnson and Slater, 1967 ] as shown in the Figure 2-1. 

During the start of the process, the sheet is pushed into the die and strip 

material is elastically deformed. The process continues and yield strength of the 

strip material is reached, first at the outer fibers and later at all the fibers in the 

zone between the punch and die. Normally the material underneath the punch is 

subject to thinning. Plastic deformation results in a rounding of the edge of the 

slug. 

During this stage, or possibly as early as during the plastic deformation 

stage, damage initiation followed by the nucleation and growth of cracks takes 

place. In most of the conventional piercing/blanking situations, ductile fracture 

occurs after shear deformation. This causes rough, dimpled rupture morphology 

at the fractured surface of the product. Finally, the work done due to friction is 

dissipated when forcing (pushing) the slug through the die hole. 

The quality and accuracy of piercing can be affected by clearance 

between punch and die, mechanical properties of the sheet metal, speed of the 

punch, thickness of the sheet and importantly the state of cutting edges and 

lubrication [ J. A. Schey, 1983]. 
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Blank and die 
Frictional resistance mainly between 
Punch and hole 
Separation of blank from sheet 
Frictional resistance mainly between 
Punch and hole 
Stripping of sheet from punch 

Punch displacement 

Figure 2-1 Example of hole piercing (a) elements of hole piercing, (b) typical 

characteristics of pierced hole and (c) force -displacement curve. 
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2.2 Analytical Models for Piercing/Blanking Process 

Fundamental studies of blanking process have been carried out by many 

researchers, for example [Zunckter, 1963], [Kramer, 1969] and [Ramaekers, 

1986]. 

Zunckter et. al assumed, based on inspection of the blank material that 

the plastic strains and distortions take place in a locaHzed region in a tens shape. 

The shape was used as a boundary condition in which the flow of the material 

was described. However, the clearance between punch and die was not 

considered and the anafysis did not produce any expression for the punch force. 

Further studies were done by Atkins [ Atkins, 1980] and Zhou and 

Wierzbicki [Zhou and Wierzbicki, 1996]. Atkins model was based on the 

assumption of pure shear, while Zhou et. al proposed a tension modet Recently, 

another model has been proposed by Klingenberg et. al [W. Klingenberg and 

U.P.Singh, 2004] while combining shear and bending models of deformation and 

carrying out a comparative study of the above two modefs. Table 2-2 

summarizes previous research work on analytical models of blanking force. A 

brief description of the above models is described in the following sections. 
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Author and year Assumptions Process parameters considered 

for deriving blanking force 

Ramaekers, 1970 Pure shear Ultimate tensile strength, strain 

and 1986 hardening component 

Atkins, 1980 Pure shear and Clearance, strain hardening 

plain strain component, friction factor and 

strength coefficient 

Zhou and Pure tension Strength coefficient, strain hardening 

Wierzbicki, 1996 exponent and shear angle 

Klingenberg and Pure shear and Strength coefficient, strain hardening 

Singh, 2004 pure tension component, clearance, punch 

penetration 

Table 2-2 Previous research work on analyticat models for blanking force. 

2.2.1 Ramaekers Model [1970] 

Ramaekers obtained a simple expression for shear force by assuming a 

relationship between shear strength ( r ) and ultimate tensile strength (a uts ). The 

proportional factor ( S 1 ) was obtained empirically from micro hardness test in 

terms of work hardening index (n) as shown below; 

(2-1) 

Shear force, F, was approximated using the foiJowing equation: 
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F = Asr = (1l'DPizo)x(autsSf) 

where DP = Punch diameter 

a uts = Ultimate tensile strength 

ho = Sheet thickness 

S1 = Proportional factor 

(2-2) 

This approach is limited to the calculation of maximum shear force but not 

the force evolution. 

2.2.2 Atkins Model [1980] 

Atkins assumed a pure shear model and a plain strain condition for the 

blanking/piercing process and proposed the geometry shown in Figure 2-2. The 

main disadvantage of Atkins model is that it assumes only pure shear and the 

existence of compressive and tensile forces are not considered. Atkins model is 

purely geometry dependent, regardless of clearance and punch edge radius. 

Figure 2-2 Geometry of Atkins model {Atkins, 1980]. 
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Atkins proposed the following formula for the blanking force with 

friction f modeled through an assumed proportion of the shear stress. Shear force 

F is expressed as: 

(2-3) 

with (2-4) 

where DP= Punch diameter 

r = Shear stress 

ho = Sheet thickness 

d = Punch displacement 

f = Coeffteient of friction 

c, = Material constant 

Y = Shear strain 

By differentiating equation (2-3) with respect to punch displacement, punch 

penetration (d) and shear strain (y) at maximum force were obtained as: 

n 
d = xh 

peak (l+nXl-2/) o (2-5) 

y = n xho 
peak (l+nXt-2/) m 

(2-6) 

where m is the clearance between punch and die. 
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2.2.3 Zhou and Wierzbicki Model [1996] 

Zhou and Wierzbicki viewed the blanking/piercing process as 

essentially a purely tensile operation, whereby the fibers surrounding the hole are 

stretched according to a certain assumed geometry. The base assumption is 

shown in Figure 2-3. 

An assumption that large rotation of material caused by tension exists 

in the shear zone was made to estimate the plastic behavior and to further 

calculate the shear force, plastic work and the shape of shear zone. 

Neck followed by fracture 

Figure 2-3 Geometry of Zhou et. al model [ Zhou and Wierzbicki, 1996]. 

The shear force was calculated using power taw for material hardening as 

follows: 

(2-7) 
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where Q = Shear force 

K = Strength coefficient 

I m = Correction factor 

u = Punch displacement 

~ = Displacement function 

n = Strain hardening exponent 

The correction factor I m is expressed as a function of material rotation 

(shear) angle r and displacement function ~ as follows: 

(2-8) 

where Yo and y1 are limits of integration. Differentiating equation (2-7) and using 

( d%r = 0 ) gives the following condition for obtaining the maximum shearing 

force: 

(2-9) 

Shear strain ( r c ) is derived as a function of material work hardening index (n). 
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2.2.4 Klingenberg and Singh Model [2004] 

Klingenberg and Singh compared and expanded the models 

proposed by Atkins [ Atkins, 1980] and Zhou and Wierzbicki [ Zhou and 

Wierzbicki, 1996). Klingenberg et al. proposed a model with pure shear 

combined with bending as shown in Figure 2-4, which is still a simplified 

representation of the actual process. 

(a) 

_l_d 

(b) 

1 

r 
y 

X 
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y 

(c) 

X 

Figure 2-4 Geometry of Klingenberg and Singh model (a) pure shear 

with bending, (b) Enlarged bending of the blank and 

(c) Enlarged geometry of bend radius (r). 

It was assumed that as the punch penetrates the blank, the additional 

strain due to curvature increase develops into a circular section shown in Figure 

2-4 (c). After setting the slope of curvature at ~ equal to zero and using the 

coordinates of the points ~ and~ , the radius follows from the geometry of the 

circle as: 

2d 

whereas, the angle a is given by: 
'(iJ 

tana=-­
r-d 

24 
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Klingenberg et al. proposed the following equation for the blanking force: 

F (d)= If/( d) • Fshear(d) (2-12) 

where 

If/( d) is a factor to allow for bending which is a function of punch penetration. 

Fshear is the punch force considering pure shear as proposed by Atkins. 

By considering friction as negligible in blanking, Equation (2-12} was 

written for a round hole piercing/blanking as: 

(2-13) (a) 

where (2-13) (b) 

where, k(d) is the factor by which principal strain is multiplied to arrive at the value 

adapted for bending and given as: 

In-(ar) 
d 5, OJ: k(d)= OJ 

ln~l + y2 

d>OJ: 

and 

In(_!_ 7l' + r -1) 
k(d)= ~2-==-"-

ln~l+ y 2 

where C1 is a work hardening factor. 

(2-14) (a) 

(2-14) (b) 

(2-15) 
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Assuming work hardening occurs according to simple power law, vonMises 

expression for equivalent stress and strain can be adopted for an assumed pure 

shear situation as follows: 

-n 
(2-16) u=C2 & 

u 
(2-17) T= Jj 

- r 
&= J3 (2-18) 

The constant C1 in Equation (2-15) and C2 in Equation (2-16) are related by: 

(2-19) 

Klingenberg et al. used Eq. (2-13) with Eq. (2-14) to (2-19), in order to 

obtain the blanking force in their new model. Klingenberg et al. further compared 

the new analytical model against results from finite element analysis and 

experiments which are shown in the Figure 2-5 and Table 2-3. The model 

predictions were in good agreement with experimental results and were more 

accurate at smaller clearances, for conditions in which shearing becomes 

dominant. 
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Figure 2-5 Comparison of [Klingenberg and Singh, 2004] 
model with experimental results. 

Experiment FEM(ABAQUS) Analytical model 

Material 

Annealed steel, 

h0 = 2.95 mm and 22.9 23.2 20.3 

c=12.2% 

Cold rolled steel, 

h0 = 1.6 mm and 14.3 13.7 12.4 

c=12.2% 

Table 2-3 Values of maximum blanking force (F) for typical 
clearances, [Klingenberg and Singh, 2004]. 
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2.3 Tool Wear Models 

The tool wear resulting from abrasive or adhesive wear has been 

discussed in the previous chapter. Many researchers used the Archard equation 

[J.F.Archard, 1953] to describe tool wear in metal stamping. A simplified 

expression for the volume of abrasive wear is given as: 

V F 
W=-=k­

S 3H 

where, 

w = Wear rate or worn volume per unit sliding distance 

V = Volume of material removed by wear from punch surface 

s = Sliding distance 

k = Wear coefficient 

F = Normal load applied on punch 

H = Hardness of the punch material 

(2-20) 

The wear coefficient k is dependent upon stamping conditions including 

tool and sheet material properties, die clearance, sliding speed, friction and 

lubrication. The value k can be found only through experiments. The wear 

resistance of tool steels is not simply a matter of hardness. Maeda and Aoki [ 

28 



Master Thesis - Abdul Syed McMaster - Mechanical Engineering 

Maeda and Aoki, 1975] heat treated a 12% Cr steel (similar to AISI 02 steel), a 

high speed steel (M2), and a low alloy steel (02) to a common hardness of 61 

HRc and bainitic steel sheets in hardness ranging from 290 to 440 VHN were 

punched. Face wear, which is due mostly to abrasion, was least with 02, greater 

with M2, and greatest with 02. 

It was stated that Rockwell hardness is an inadequate measure of wear 

resistance, essentially because it measures only the matrix hardness H m , 

whereas resistance to wear is affected also by the hardness of the dispersed 

(carbide) phase He, which occupies an area a. An effective hardnessHve, can 

be calculated using the following 'rule of mixture' expression: 

(2-21) 

Bourithis et al, [Bourithis, 2005] compared the wear resistance of two 

commercial cold steels AISI 02 and 01 using pin abrasion tests. Both tool steels 

were heat treated to exactly the same hardness of 700 HV. The volume loss with 

respect to sliding distance at different loads was measured. The result was 

consistent with Archard wear Eq 2-20 as shown in Figure 2-6. For both tool 

steels, the wear rate increased linearly with the applied load. Based on 

normalized wear rates for both tool steels, it was found that 02 steel performed 

two times better than 01 even though they were heat treated to the same 
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hardness. The superior performance of 02 steel is due to the blocky carbides in 

its microstructure, which enhance the wear resistance. The values of normalized 

wear rate are listed in Table 2-4. The Archard Equation 2-20 has been further 

modified as: 

w=K'F (2-22) 

where K' is defined as normalized wear rate and is the slope of the line (Figure 

2-6). 

1.20E-11 

1.00E-11 -E -.., S.OOE-12 E -
~ 
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.· .. •... 
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.. 

•• ••• 
•... ...... ··· 

AISI 01.· 

••• 

AISI 02 .. • 
.. ·• 
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Applied load F (N) 

Figure 2-6 Definition of normalized wear rate [Bourithis, 2005]. 
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Tool steel Hardness (HV) K' (m3 I Nm) Reference 

AISI q 700 1.88 ± 0.08Xl0-13 [ Bourithis,2005 ] 

AISI D2 
700 1.o1 ± o.07Xlo-l3 [ Bourithis,2005 ] 

AISI M 2 
715 1.21 ± 0.3Xl0-13 [ Navas ,2005 ] 

Table 2-4 Normalized wear rate K' for different tool materials. 

Navas et al, [Navas, 2005] compared the wear resistance of tool steels 

with AISI M2 and AISI 431. The experimental results were in agreement with 

Archard wear equation. The AISI M2 showed greater wear resistance than AISI 

431 tool steel due to carbides in its microstructure. 

2.4 Punch Wear and Tool Life Prediction Models 

It is well understood that the product quality deteriorates as tool wear 

proceeds. From the production point of view, it is economical to produce as many 

pieces as possible before re-sharpening or replacement of the tool. Thus 

minimizing the cost of tool re-sharpening or replacement and press downtime 

involves optimizing the stamping process. This involves prediction of tool, work 

piece geometry and subsequently establishment of tool re-sharpening schedule 

in advance. Table 2-5 summarizes some of the previous research work on punch 

wear and tool life models and a brief description of the same are described in the 

following sections. 
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Author, year Method Input parameters Output parameters 

k n I (J) K' Rwp b N Shear 

Edge 

Taupin, 1996 FEM Yes Yes - Yes No No Yes No No 

Dae-Cheol FEM Yes Yes Yes Yes Yes Yes Yes Yes Yes 
Ko,2000 
Hambli, 2001 FEM Yes Yes Yes Yes Yes Yes Yes No No 

Hambli, 2002 NNW Yes Yes Yes Yes Yes Yes Yes No No 

Hambli, 2003 FEM Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Table 2-5 Representative tool life and tool wear prediction models. 

2.4.1 Taupin et al. [1996] Tool Life Model 

Taupin et al. [ Taupin, 1996 ] have developed a FEM model using 

DEFORM-20 software to predict ductile fracture and burr height. It was assumed 

that the material has to absorb certain energy first, which was referred to as 

critical damage value, before fracture initiates. The critical damage value was 

calculated and used in the FEM model. The process parameters including die 

clearance and material properties were used in the model to obtain burr height to 

predict tool life. The burr height from the experiments was compared with FEM 

results and was found to be in good agreement. 

The proposed model does not calculate the tool life in terms of number of 

parts that can be produced considering punch wear. In addition, the punch 

material properties such as hardness (H) or wear rate (w) were not taken into 

consideration in the proposed model. 
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2.4.2 Dae-Cheol Ko et al. Tool Life Model [2000] 

Dae-Cheol Ko, [ Dae-Cheol Ko et al. 2000] has also developed a finite 

element scheme for the prediction of the tool wear. In order to predict tool wear, 

Archard's wear model was reformulated in an incremental form and then the wear 

depth on the tool was calculated at each step in the deformation using the result 

of finite element analysis, taking consideration of the sliding velocity and normal 

pressure as shown in Equation (2-23). 

where 

k T 
8w =- Jcrni\.vdt 

Ho 

cr n = Normal stress acting on tool surface 

1\.v = Sliding velocity between tool and workpiece 

T = Total time of deformation 

8w = Wear depth 

K = Wear coefficient 

H= Tool Hardness 

33 
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The wear coefficient was estimated experimentally by using pin-on-disk 

method. The measurement of burr height was used to predict tool life. The results 

from the experimental and numerical analysis were in good agreement as shown 

in Figure 2-7. The burr height measurement technique was not explained in the 

detail which is very critical for the specified value of 4 to 7 micrometers. 
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Figure 2-7 Comparison of (a) FEM and (b) experimental results using 
AISI 4340 as workpiece material [ Dae-Cheol Ko et al, 
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2.4.3 Hambli Tool Life Models [2001, 2002 and 2003] 

Most comprehensive models for punch wear and tool life predictions have 

been developed by Hambli [2001, 2002 and 2003 ] while considering mainly burr 

height and punch edge radius as tool life prediction factors in his studies. 

As a first step, tool edge radius over time was obtained using the wear 

model as shown below in Equation 2-24 combined with a FE blanking model. The 

geometry of the cutting edge is shown in Figure. 2-8. In the second step, tool 

edge radius was used to predict burr height using FEA. Hambli defined volume 

of wear resulting from adhesive wear as: 

(2-24) 

where, V = Volume of wear 

Rwp = Punch edge radius 

R P = Punch radius 

F = Normal force on the punch 

Kus =wear coefficient 

n = Total number of blanking cycles 
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and, sliding length s is given by: 
H 

s==tx-1 

100 
(2-25) 

where t is the sheet thickness and H 1 is the depth of sheared edge. 

Punch 

Sheet 1 

Die 

Figure 2-8 Geometry of the cutting edge [ Hambli, 2002]. 

The results obtained are shown in Figure 2-9 and 2-10. The model 

predictions were in good agreement with experimental results. It was found that 

the burr height increased linearly with increase in punch edge radius. 
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Figure 2-9 Wear profile after 20,000 cycles (a) FEM and (b) Experiment 
[Hambli , 2002]. 
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Figure 2-10 Burr height results from FEM and Experiment [Hambli, 2003]. 
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2.5 Comparison of Tool Life Models 

Most of the tool life studies discussed in the above sections have shown 

that the burr height (b) increases linearly with punch edge radius (Rwp), whereas 

mixed results have been reported on burr height with reference to die clearance 

( m) (Fig. 2-11 ). 

A study by Hatanaka [Hatanaka, 2003] has shown that the burr height 

decreased at the lower clearance value up to 1 0% whereas the clearance 

increased gradually in another study by Hambli [Hambli, 2002]. It is also to be 

noted that burr height was changed in a zigzag manner in another study by 

Rachik [ Rachik, 2002]. 

In general, the burr height is acceptable up to 10% of sheet thickness 

and is measured in micrometers. One reason for getting mixed results could be 

the errors in measurement of burr height. The measurement technique used to 

measure burr height was mostly conventional and it suggests that there is a need 

to evaluate a suitable method of measurement in order to reduce error. The burr 

height also varies from type of die used to produce the part. Most of the precision 

parts are manufactured using progressive dies and few parts are made by 

compound dies or single station dies. The burr on a part generated by a single 

station blanking die is different than a progressive die. Blank is pushed or ejected 

in a single station die; whereas, part is formed at the final stage in a progressive 
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die while it undergoes several cutting, forming and bending operations at 

individual stations. Stripper acts as a blank holder and exerts about 1 0 to 15% of 

total force involved in a progressive die. 

The burr formed in a piercing/notching station gets flattened by the 

stripper at each station and until the final station. This process of burr flattening 

will reduce the amount of burr height on the final part in the progressive die. The 

burr will get reduced further during the secondary operations like heat treatment 

and deburring of the parts. This is the limitation of burr measurement in 

progressive dies to correlate tool life with reference to burr height. Hence, 

measurement of burr on the final part produced using a progressive die doesn't 

reflect the actual burr height, thereby, a different technique is needed to measure 

burr height accurately in the progressive dies if tool life has to be defined using 

burr height. 

On the other hand, the burr on slugs produced during the 

notching/piercing operations does not undergo this kind of flattening or 

deformation in progressive dies. The burr height on slugs could be taken as a 

reference for burr formation on the part whereas the actual burr on the part might 

not be equal to it. More importantly, a proper technique of burr height 

measurement also plays a vital role. A suitable method for burr height 

measurement has been developed in the present work. 
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Figure 2-11 Mixed results on burr height versus clearance (a) Rachik [2002] , (b) Hambli [2002] and (c) Hatanaka [2003]. 
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2.6 Need for an Analytical Tool Wear Model to 

Predict T col Life in Stamping Dies 

With the development of finite element models of tool wear to predict tool 

life by various researchers, important possibilities emerged to model and analyze 

the process in a research environment. However, FE models are less well suited 

for use in a production environment. For real-time monitoring of tool wear and 

tool life, an analytical model could potentially be more efficient and useful. 

On the other hand, prediction of burr height is used as a main factor to 

determine tool life in the various research studies as explained in the previous 

sections. Whereas, tool life in precision stampings is mostly defined either in 

terms of part dimensions or burr height, whichever exceeds the tolerance limit as 

discussed in Section 1.2.4. As the size of the hole is a critical factor in precision 

parts, a study on hole size variation due to tool wear, with an aim to derive an 

equation to predict tool life in terms of number of parts, is very useful. 

In the next chapter, an attempt has been made to derive a new 

analytical model for tool life in metal stampings using punch and sheet material 

properties. 
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Chapter 3 

Proposed Model for Tool Life 

3.1 Tool Life Prediction Based on Modified Wear 

Equation 

Let us consider that a punch is used to pierce a hole in a sheet as shown in 

Fig. 3-1 and the punch is subjected to abrasive wear as discussed earlier in 

chapters 1 and 2. 

(a) (b) 

Figure 3-1 Punch and die elements in (a) open and (b) closed configurations. 

The punch wear is defined by Archard wear equation (Section 2.3 and 

Equation 2-20) as: 

(3-1) 
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Assuming the wear rate is constant for maximum punch force, the punch 

wears by area w for each punch stroke and it produces a variable hole size in the 

part. If A is the initial area of the punch, the wear pattern of punch area can be 

described as follows: 

For stroke 0, the punch area is A 

1' 

2, 

3, 

A-w 

A-2w 

A-3w 

Figure 3-2 Punch wear pattern. 

The above pattern shows that the wear behavior and the resultant punch 

size variation follow an arithmetic progression with a common difference of w. 

Hence, punch area (AN ) after N number of punch strokes (Fig. 3-2) can be 

defined by the n'h term in the arithmetic progression as: 

AN =A-(N.w) (3-2) 
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From Equation (3-2), number of punch strokes (N) required for the punch 

to wear from the initial punch area A to reduced area AN , can be written as; 

(3-3) 

By substituting Eq. (3-1) in (3-3) for wear area w (mm 2 per stroke) 

(3-4) 

While using the Equation (3-4) and assuming punch pierces same size hole on 

the part , one can find the number of parts (N) that could be stamped between the 

initial hole size (A) and the allowed hole size ( AN ) after wear. Following 

conclusions can be drawn from the above new tool life model: 

• The initial punch area (A) and the allowable area (AN) after the punch 

wear for a given shape and size can be obtained by the size and tolerance 

specified on the part. Hence tool life can be defined in terms of number 

parts between two re-sharpenings for a given piercing hole size and 

tolerance. 
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• Number of parts (N), that can be stamped, is inversely proportional to the 

force (F) exerted on the punch in the blanking/piercing. 

The determination of parameters used in the new tool life model, Eq. (3-4), for 

different hole shapes, blanking force and normalized wear rate are discussed in 

the following sections. The normalized wear rate of the punch is assumed as 

constant for a given punch material. 

3.1.1 Geometry of Pierced Holes and Effect of Tool Wear 

Generally, the geometry of the most used piercing operations is circular. 

Often, square and rectangular holes are also pierced for the assembly of bolts 

and nuts. 

D a 

(a) (b) 

Figure 3-3 Geometry of piercing punches (a) circular and (b) square shapes. 
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Two types of piercing punch profiles are studied in the present work as 

listed in Figure 3-3 and Table 3-1. 

Shear length New punch area Worn punch area 

L (A) (AN) 

Circular trD ~tr(D2 ) ~tr(n/) 

Square 4a a2 2 
aN 

Table 3-1 Profiles of punch geometry. 

For a circular hole, the tool life Equation (3-4), using Table 3-1, can be 

expressed as: 

N= tr (nz -D/) 
4 K'F 

For example, if the part has a hole having dimension ¢5.00W·05 mm: 

D= 5.05 mm, will be the initial punch diameter; 

DN = 4.95 mm, will be the allowed punch diameter after wear; 

Similarly, the tool life for a square hole having side a, can be given as: 
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a = Initial length of side of the square; 

aN =Allowed length of side of the square, after wear; 

In general, areas of any given profile can be studied using this concept. 

3.1.2 Determination of Normal Force (F) 

The normal force defined in Equation (3-1) is equal to the maximum 

blanking/piercing force discussed earlier in Section 2.2. In this section, four 

different models are discussed for the determination of normal force. Assuming 

precision stampings where the punch and die clearance is below 1 0% of sheet 

thickness, the Equation (2-12) from Klingenberg at al. appears to be most 

promising and is adapted here. Therefore, Equation (2-12) is used in Equation (3-

1) to determine the blanking force as follows: 

F = '1/(d).Fshear(d) = '!f(d)Lr(h0 -d) (3-7) 

where r is shear stress, h0 is sheet thickness, d is punch penetration depth and 

L is length of cut in blanking/piercing which changes from shape to shape of the 

notch contour. The shear length (L) for a circular and square hole was given 

earlier in Table 3-1. 
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The above model accounts for pure shear, bending, process and 

material parameters including sheet thickness, strain hardening index, shear 

strain, depth of punch penetration, die clearance, roll over radius and bending 

factor as summarized below in Table 3-2. 

Parameter Equation Symbols 
name 
Peak punch n n = Strain hardening index 
penetration d- xho f= Friction coefficient 

- (1+nX1-2f) tiT = Die clearance 
Bend angle tiT C 2 = Strength coefficient tana=--

r-d h0 = Sheet thickness 
Bend radius tiT2 +d2 

r= 
2d 

Work Cz 
hardening cl = (v'Jtl 
factor 

Peak strain 
r= n xho 

(1+nX1-2f) m 
Shear stress 7: =Clyn 
Bending factor lfl(d)= (k(d)} 
Principle strain (ar) factor In-

d 5, tiT; k(d) = tiT 
In~1+ y2 

In(~Jr+r-1) 
d > tu; k(d)= ~ 

In 1+ y2 

Table 3-2 List of parameters used in the blanking force model. 

The second option for blanking force may be taken from Ramaeker's 

model discussed in the Section 2.2.1 and Equation (2-2) as: 
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(3-8) 

This is a simple model which can be used for calculating normal force (F) 

using ultimate tensile strength (o-uts) of the sheet material and a proportion factor 

( s 1 ) between shear strength and ultimate tensile strength. 

3.1.3 Final Tool Life Prediction Using Punch Wear 

Models 

For a circular hole, the tool life in terms of number of parts for a given 

tolerance can be obtained by substituting blanking force Equations (3-7) and (3-

8) in equation (3-5). 

Tool life model- 1: 

Using Equation (3-7) in (3-5) gives: 

N = _!!_x (np 2- DN 2) 
4K' '!f(d)Lr(ho -d) 

Tool life model- 2: 

Using Equation (3-8) in (3-5) gives: 

(3-9) 
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(3-10) 

For a square hole, tool life can be obtained by substituting blanking force Eq (3-7) 

and (3-8) in (3-6). 

Tool life model- 3: 

Using Equation (3-7) in (3-6) gives: 

1 (aP2-aN2) 
N= 

K' lf/(d)Lr(h0 -d) 
(3-11) 

Tool life model- 4: 

Using Equation (3-8) in (3-6) gives: 

(3-12) 

The proposed Equations (3-9) and (3-1 0) for a round punch are tested and 

analyzed in the next chapter to obtain a better model. 

50 



Master Thesis - Abdul Syed McMaster - Mechanical Engineering 

3.1.4 Tool life model using piercing hole size 

Assuming that the size of the pierced hole is equal to the punch. It is also 

possible to find out the hole size reduction due to punch wear with respect to 

number of punch strokes/parts. For a round hole, the Equation (3-5) can be 

written as; 

(3-13) 

This model can be verified by finding and comparing the hole size on the 

part from the experiment as discussed in the next chapter. The above Equation 

(3-13) is quite general and can be applied to any hole profile. 

3.1.5 Determination of Punch Normalized Wear 

Rate in Abrasion ( K') 

The normalized abrasive wear rate is expressed from equation (3-1) as: 

K'=I_ 
Fs 

(3-14) 
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The volume loss ( V) of the punch can be found experimentally by 

measuring the punch weight before and after stamping as: 

V=m-mN 
p 

where m = Punch weight before stamping 

mN = Punch weight after N number of punching operations 

p = Density of punch material 

s 

Figure 3-4 Punch sliding length (S). 

(3-15) 

If punch sliding length for every stroke isS, then total sliding distance (s) 

after N number of punching operations (Fig. 3-4) can be defined as: 

s=SN (3-16) 
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By combining Eq. (3-14), (3-15) and (3-16), we can obtain normalized wear rate 

in abrasion as: 

(3-17) 

Normal force (F) can be defined from Eq. (3-7) or (3-8). Normalized wear 

rate (K') can be found using Eq. (3-17) for a given stamping condition. 

3.2 Tool Life Prediction Based on Burr Height 

Let us assume that the punch and die clearance ( m) is set to an optimum 

value according to the required cutting edge quality and punches are sharpened 

to the minimum edge radius (R) at the beginning of production (Fig. 3-5) 

Let J(x) be the burr height at the beginning of punching which is primarily 

dependent on the initial clearance and punch edge radius. Therefore; 

f(x) ex: (m + R) (3-18) (a) 
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The punch edge radius starts increasing due to punch wear (Fig. 3-5), which 

in turn increases the burr (in addition to the initial burr J(x)). Many studies have 

found that the burr height increases linearly with punch edge radius and is 

approximately considered as equal to the punch edge radius. 

R 

Shear length L 
.......... 

I 

-·--··-··-··-'! 
-··-·· I 

D I 

I 

I 

Figure 3-5 Enlarged view of punch edge wear 
(Half section with plan and elevation). 
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Accordingly, additional burr height, J(y), is due to increased edge radius (RN), 

can be written as: 

(3-18) (b) 

Hence, the total burr height (b) during stamping can be defined by 

combining initial burr heightj(x)and the burr height due to edge wear J(y) as: 

b oc f(x)+ f(y) (3-19) 

Finally, the burr height (bN) after N number of punching strokes using Eq. 

(3-19) can be written as: 

(3-20) (a) 

(3-20) (b) 

where C is a constant, whose value is to be found through experiment. 
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As per the model in Eq. (3-20), it is possible to calculate the burr height ( bN) 

during production if the value of edge radius ( RN ) is known with reference to the 

number of punch strokes. The determination of punch edge radius due to punch 

edge wear is discussed in the next section. 

3.2.1 Determination of Punch Edge Radius ( RN ) 

The punch edge wear is mainly due to adhesive wear and can be 

determined using Archard's equation as: 

VN =sK"F (3-21) 

where K" is normalized wear rate due to adhesive wear and s is punch sliding 

distance which is equal to the depth of punch penetration (d) (Fig. 2-1) at each 

punch stroke as: 

s=Nd (3- 22) 

The punch edge wear volume ( vN) at N number of punch strokes can be 

calculated using Fig. 3-5 and 3-6 as below: 
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A 

2RN l 
I 

-----~ ...... --- --, .,. .... ~ i '..,, I 

/~"' '', : 
I \I 

• 
··-··-1-··-··-·l­

B C 

• 
II 
II 

'' I 
' I 

I 

Figure 3-6 Enlarged view of punch edge radius 

The punch edge area (ABC) may be calculated using the Fig 3-6 as: 

Area of ABC = .!_ (Area of square - Area of circle) 
4 

(3-23) (a) 

(3-23) (b) 

(3-23) (c) 

Finally, the edge wear volume ( VN) using area ABC can be calculated as: 

VN = Shear length X Area of ABC = r( 1-; )RN 
2 (3-24) 

where L is the shear length as given in Table 3-1. 
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By combining Equations (3-21), (3-22) and (3-24), the edge radius (RN) 

can be calculated as: 

NdK"F (3-25) 

3.2.2 Final Tool Life Model Based on Burr Height 

By substituting Eq. (3-25) in (3-20) (b), the burr height (bN) at N number 

of punching strokes can be written as: 

Tool life model 5: 

(3-26) 

The tool life model in Equation (3-20) and (3-26) have been tested 

experimentally and results are discussed in chapter 4. General trends of the 

proposed tool life models are further discussed in chapters 5 and 6. 
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Chapter 4 

Experimental Methods and Results 

4.1 Production Process 

Experiments were conducted at OPPLAST Inc. on a precision part (U­

Ciip) which has been used in the present research to study the punch wear 

process to verify the proposed tool life models discussed in the previous chapter. 

The press used for the experiments was a custom made C-type hydraulic press. 

The progressive die was mounted on the bed which moved up and down with a 

maximum speed of 50 strokes per minute. The press was equipped with 

automatic coil feeder. A photograph of the setup is shown in the Figure 4-1. 

Press Progressive die Coiled Strip 

Figure 4-1 Production setup used at OPPLAST Inc. 

59 



Master Thesis - Abdul Syed McMaster- Mechanical Engineering 

4.2 Part Details 

4.2.1 Part Description 

The part produced from the progressive die discussed in Section 4-1, is 

a U-Ciip as shown in Figure 4-2. 

(a) 

(b) 

Figure 4-2 Part details (a) final part and (b) blank development 

(Dimensions are in millimeters.) 
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4.2.2 Sheet Material Chemical Composition 

The sheet material was austenitic stainless steel AISI 301 having 

material composition as given in Table 4-1. 

Material Chemical composition 

grade %C %Si %Mn %Cr %Ni %P %S 

AISI301 0.15 1 2 18 8 0.045 0.03 

Table 4-1 Sheet material composition (wt %). 

4.2.3 Sheet Material Properties 

Standard tensile tests were performed to obtain the material properties. 

The test samples were prepared as per the ASTM E 8M-04 standard and tests 

were conducted in the Laboratory. The test details are listed in Appendix-A. An 

average value for 3 replicates is reported in Table 4-2. These material properties 

are typical of AISI 301 used in stamping. 

Material Thickness UTS K n 

(mm) (MPa) (MPa) 

AISI301 0.4 1325 1160 0.288 

Table 4-2 Sheet material properties from uniaxial tensile test. 
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4.3 Die Details 

4.3.1 Strip Layout 

The part was produced using a progressive die as per the strip layout 

shown in Figure 4-3. A round punch was selected to observe the wear behavior 

and the details of the punch are listed in Table 4-3. The material composition of 

the punch material AISI M2 is given in Table 4-4. 

Punches---+ 

(a) 

(b) 
Stages~ 1 2 3 4 

• 

(c) 
Round punch observed for 

5 

·\ I 
I I 

6 

Figure 4-3 Strip layout (a) Front view (b) Plan (c) Isometric view. 
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Die Stage Number Operation performed 

1 Piercing 

2 Lancing 

3 Lancing 

4 Piloting 

5 Notching/parting 

6 U- Bending 

Table 4-3 Strip layout - list of stages. 

4.3.2 Punch Details 

The punches and die inserts were procured from a standard tooling 

supplier. The tool characteristics and material composition were obtained from 

EXACT A and are given in Tables 4-4 and 4-5. 

Material Hardness (HV) Piercing Diameter(mm) 
AISIM2 700 cp5±0.03 

Table 4-4 Punch characteristics. 

Material Chemical composition 
grade 

%C %Si %Mn %Cr %Mo o/oW o/oV 

AISIM2 0.85 0.35 0.3 4.2 5.1 6.3 2 

Table 4-5 Punch material composition (wt %). 
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A set of punches are coated with MoS2 as shown in Table 4-6, at ION 

BOND Inc [www.ionbond.com) to study the wear behavior. 

Coating type Coating Thickness Coating Hardness 
MoS2 

3-5 micrometers 2000 HV 

Table 4-6 Details of surface coating on punches [www.ionbond.com]. 

4.3.3 Determination of Normalized Abrasive Wear 

Rate (K') 

To find out normalized abrasive wear rate, the weights of the punches 

were measured before and after the experiments and are given in the Table 4-7. 

Equation (3-17) was used to calculate normalized abrasive wear rate. An 

accurate digital balance available at McMaster (SARTORIUS), with 0.00001 g 

resolution was used to measure the weight of the punches. The calculated 

normalized abrasive wear rate was found to be very close to the value derived by 

L.Bourithis, 2005. The calculated values, shown in Table 4-7, were used in the 

proposed tool life models. The density of M2 tool steel material was taken as 7.8 

glee. 

Punch Weight (in 'gms') Force No of Punch K' 

size Before After (in 'N') strokes travel (mm3 I Nmm) 

Test-1 cj>4.998 31.68456 131.66162 2.8675 47000 10 1.53776 E-09 

Table 4-7 Calculation of normalized wear rate ( K' ). 
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4.3.4 Normalized Adhesive Wear Rate ( K") 

Previous studies [Bourithis, 2005] have found that the normalized wear 

rate due to adhesion ( K" ) is less than abrasive wear under the same conditions. 

In the present study, it was assumed as: 

K"=~K' (4-1) 

4.4 Test Matrix 

The experiments were conducted using the above discussed U-clip 

progressive die. The test matrix is listed in Table 4-8. 

Punch size Die size Clearance Punch edge 

(%) Radius 

(mm) 

Test-1 cp4.998 <j)5.080 10% 0.025 

Test-2 <j)S.OOO <j)5.080 10% 0.025 

Test-3 cp4.998 <j)5.080 10% 0.025 

Test-4 cp4.969 <j)5.080 17.5% 0.050 

Test-S <P 5.005 (Coated) <j)5.080 10% 0.025 

Table 4-8 Test matrix. 
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Three samples of each part and round slug were collected after every 

10,000 punching strokes. The parts were cleaned with acetone and stored in 

separate small plastic boxes. 

4.5 Measurement Methods 

4.5.1 Parameters Measured 

The following parameters listed in Table 4-9 were measured on each 

sample from every test. 

Item Parameter Device 

measured used 

U-clip(part) Hole size Mitutoyo- CNC Quick Vision 

Zygo - Optical profiler 

Round slug Burr height Mitutoyo - CNC Quick Vision 

Zygo - Optical profiler 

Round Punch Punch diameter ZEISS-CMM 

Table 4-9 Parameters measured and devices used. 

4.5.2 Device Used for Burr Height Measurement 

The importance of burr height measurement was discussed in section 2-

5. The accuracy of the experimental results is dependent on the accuracy of 
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measurement; hence a suitable measuring device has to be selected. Mostly, 

conventional and optical measurements were used for burr height in the studies 

discussed in the section-2. In the present study, following two different devices 

were examined and finally the best one was selected. 

4.5.2.1 ZYGO Optical Profiler 

The ZVGO optical profiler (Figure 4-4), available at MMRI, is a powerful 

tool for characterizing and quantifying surface roughness, step heights, critical 

dimensions, and other topographical features with excellent precision and 

accuracy. All measurements are nondestructive, fast, and require no sample 

preparation. lYGO delivers 0.1 nanometers height resolutions, for a range of 

surface texture, magnification, or feature height, all in a single scan. 

Figure 4-5 shows the result of round slug burr height measurement using 

ZYGO. The scanning was done across the burr on the round slug to find out burr 

height. The 30 graph shows that the scanning could not pick up the burr properly 

due to sharp features of burr. Hence the ZYGO device is not the right device to 

measure burr height. 
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Figure 4-4 ZYGO optical profiler. 
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Figure 4-5 Burr height measurement using ZVGO. 
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4.5.2.2 Mitutoyo CNC Quick Vision System - ELF 200 

The CNC quick vision system as shown in Figure 4-6, is an optical 

measuring device with crystallized glass scale with a resolution of 0.02 

micrometers. The device can be used to measure step heights, critical 

dimensions, and other topographical features with excellent precision and 

accuracy. like ZVGO optical profiler, all measurements are nondestructive, fast, 

and require no sample preparation. 

The optical scan generates a view as shown in Figure 4-7. The height 

measurements were carried out by clicking the mouse on a desired burr surface 

on the image. The CNC system focuses on selected point and calculates the 

highest point from the reference plane. A large number of points were measured 

and the highest value was selected as the maximum burr height. 

The CNC quick vision system turned out to be a better measuring 

device for burr height. The hole diameter of the U-clip was also measured using 

this device. The results are discussed in the next section 
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J 

Figure 4-6 Mitutoyo CNC quick vision system. 
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Figure 4-7 Measurement screen of Mitutoyo CNC quick vision system­

Image of slug and burr height measurement points. 
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4.6 Experimental Results 

4.6.1 Punch Wear 

The punch diameter was measured before (D ) and after (DN) the 

test as listed in Table 4-10. The difference in punch diameters (D-DN) was 

utilized to obtain punch wear. The image of the worn punch with flank and edge 

wear is shown in Figure 4-8. The SEM images were taken before punching as 

shown in Figure 4-9 and show the sharp punch edge. The punch edges became 

dull during punching due to wear as shown in Figure 4-10. 

Initial punch Number of Final punch Diametrical 
diameter Punching diameter Wear 

D Strokes DN D -DN 
('mm') N ('mm') ('mm') 

Test 1 ¢4.998 100,000 rjJ 4.951 0.047 

Test2 q,5.ooo 43,000 cp4.980 0.020 

Test 3 cp4.998 60,280 cp4.971 0.027 

Test4 cp4.969 42,725 cp4.949 0.020 
Test 5 rjJ 5.004 (Coated) 10,000 rjJ 5.000 0.005 

Table 4-10 Punch wear results. 
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(a) 

(b) 

Figure 4-8 Images of a worn punch with flank wear 

(a) Microscope image (5X) and (b) SEM image (7X). 
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/Sharp 

lmm 

Figure 4-9 SEM images of punch edge before punching. 

Dull edge 

Figure 4-10 SEM images (10X) of punch edge after 100,000 punching. 
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4.6.2 Burr Height (b) 

Burr height on the round slug was measured using Mitutoyo CNC 

vision system as discussed in the section 4.5.2.2 and the summary of results are 

listed in Table 4-11 (Details are listed in Appendix B). The images of slugs after 

various punching strokes are shown in Figure 4-11 and 4-12. It is clear from the 

results and images that the burr height (b) is increased gradually with the number 

of punching strokes (N). 

Test 1 1 2 3 4 5 6 7 8 9 
N 5.4 12 19 27 37 53 59 76 85 

(in '000') 
b 75 79 83 90 96 108 116 121 127 

(in 'pm ') 

(a) 

Test4 1 2 3 4 5 6 7 
N 0 4.7 12.2 20 26.3 32 42.8 

_{in'OOO') 
b 97 108 119 122 124 136 142 

(in 'pm ') 

(b) 

Table 4-11 Burr height measurements- experimental results of 

(a) Test 1 and (b) Test 4. 

75 

10 
100 
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Increased burr 

Figure 4-11 Slug images (10X) after different number of punching. 
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(a) Burr height after 27,000 stampings 

~-----~ 10Dun 

(b) Burr height after 76,000 stampings 

OOum 

. 
(c) Burr height after 100000 stampings 

t-----------7 1 a um 

Figure 4-12 SEM images of burr (300X) after different number of punching operations. 
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4.6.3 Pierced Hole Diameter (nN) 

Hole size on the U-clip was measured using Mitutoyo CNC vision 

system and the summary of results are listed in Table 4-12 (Details are listed in 

Appendix B). It is clear from the results that the hole size is decreased gradually 

with the number of punching strokes (N). 

Test2 1 2 3 4 5 6 7 8 
N 0 4.2 10 20 26.8 34.5 40 43 

(in'OOO') 

DN ~.996 ~.994 ~.990 ~.987 ~.984 ~.98 ~.978 ~.977 

(in 'mm') 

Test4 1 2 3 4 5 6 7 
N 0 4.7 12 20 26.3 32 42.8 

(in'OOO') 

DN ~.959 ~.957 ~.952 ~.95 ~.948 ~.942 ~.939 

(in 'mm') 

Table 4-12 Hole size results. 

(a) 
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(b) 

Figure 4-13 U-Ciip with hole (a) whole part 

(b) partial part prepared for measurements. 

4. 7 Summary of Experiments and Results 

The objective of conducting experiments as discussed in the present 

Chapter 4 is to validate the new analytical tool life model proposed in the present 

study (Chapter 3). The measurement technique used in the present study is a 

novel attempt to obtain accurate results when compared to previous works 

discussed in the Chapter 2. The experimental results of burr height and wear are 

compared with the analytical model in Chapter 6. In addition to experimental work, 

an attempt is made to compare the new tool life model with a FE model, which is 

presented next in Chapter 5. 
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Chapter 5 

FE Modeling of Hole Piercing 

In the last few years, simulation methods based on finite element analysis 

have lead to a better understanding of the metal forming process and can 

improve product and tool design. The aim of FE modeling in the present study is 

to understand the influence of punch edge radius and clearance on burr height 

and to compare the results with the proposed model and experiments discussed 

in chapters 3 and 4 respectively. 

Finite element method is generally composed of three basic steps, 

namely: preprocessing of input data, computational analysis, and post­

processing of data to obtain relevant results. The input data includes the blank 

geometry, development of a suitable mesh for the blank, selection of a yield 

criterion and hardening law, definition of the contact, boundary conditions, 

applied loading and incorporation of a strain based criterion for fracture for 

models involving material separation. Computational analysis involves solving a 

large set of equations arising from assembling a large stiffness matrix of the 

deformed body (blank). The solution of equations provides displacement field and 

thus the deformed shape of the blank at various stages of piercing process. The 
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displacement along with stress and strain in the part can be visualized or 

extracted during post-processing. Post processing is a final step to obtain results 

from simulation runs and provide predicted shapes as well as stress strain data. 

In this chapter, details of all the three steps of FE modeling are presented. 

5.1 Input Data 

5.1.1 Analysis Type 

5.1.1.1 Implicit versus Explicit 

Implicit and explicit analyses are capable of solving a wide variety of 

problems. The characteristics of implicit and explicit procedures determine which 

method is appropriate for a given problem. Implicit analysis solves for equilibrium 

at the every time step ( t + Ill) whereas, explicit method solves for equilibrium at 

time t by direct time integration. Implicit method but may have difficulty 

converging because of contact or material complexities, resulting in a large 

number of iterations. Such analyses are expensive because each iteration 

requires a large set of linear equations to be solved. Explicit method determines 

the solution without iterating by explicitly advancing the kinematic state from the 

previous increment. Another advantage of explicit method is that it requires less 

computer disk space and memory than implicit method for the same simulation. 
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In the present study of hole piercing, ABAQUS/Explicit FE code along with 

"Explicit Dynamic", analysis was used in the rate independent plasticity model. A 

brief description of this method is discussed in the next section. 

5.1.1.2 Explicit Dynamic Finite Element Method 

A nonlinear structural problem is one in which the structure's stiffness 

changes as it deforms. All physical structures are nonlinear. Linear analysis is a 

convenient approximation that is often adequate for design purposes. It is 

obviously inadequate for many structural simulations including manufacturing 

processes, such as forging or stamping; and analyses of rubber components, 

such as tires or engine mounts. 

The explicit dynamics method was originally developed to analyze high­

speed dynamic events that can be extremely costly to analyze using implicit 

programs. As an example of such simulation, the effect of a short-duration blast 

load on a steel plate can be analyzed. Since the load is applied rapidly and is 

very severe, the response of the structure changes rapidly. Accurate tracking of 

stress waves through the plate is important for capturing the dynamic response. 

Since stress waves are associated with the highest frequencies of the system, 

obtaining an accurate solution requires many small time increments. 
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At the beginning of the increment the program solves for dynamic 

equilibrium, which states that the nodal mass matrix, M, times the nodal 

accelerations, ii , equals the total nodal forces ( the difference between the 

external applied forces, P, and internal element forces, I): 

Mii = P-1 (5-1) 

The summary of the explicit dynamics algorithm is given in the Figure 5-1. 

Nodal calculations: 

I Step -1 r • Dynamic equilibrium 

• Integrate explicitly through time 

Element calculations: 

• Compute element strain 
I Step- 2 r • Compute stress 

• Assemble nodal internal forces 

Set time increment ( t + M) to t, and 

I Step-3 r return to step-1 

Figure 5-1 Explicit dynamic algorithm. 
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5.1.2 Geometry Modeling 

Hole piercing process was treated as a 20 or plane strain process in the 

modeling. The punch, die and stripper were represented as rigid materials. The 

model geometry is shown in Figure 5-2. In ABAQUS, each of the tools can be 

represented as analytical rigid surfaces. Each of the rigid surfaces is associated 

with a reference node (RF) on which boundary conditions specifying tool motion 

and constraints are applied. 

i ® Punch (moving) 
Stripper (fixed)® 

i 
! 
I ./ 

i Sheet (moving) -..J ( ® I Die (fixed) 
I Clearance ( 
I 

Q9- RFpoint 

Figure 5-2 Model Geometry. 

5.1.3 Material Modeling 

The material behavior is represented in terms of elastic (Young's modulus 

and poisons ratio) and plastic properties in terms of stress-strain data. These 

material properties in FE analysis are needed to construct the constitutive matrix. 
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The material is considered as elastic, isotropic and rate independent. The effect 

of anisotropy is neglected in the analysis. The various material parameters used 

as input to the model are presented in Table 5-1. 

Property Sheet Tooling 

Material AISI301 Steel 

Density (Kg I m3
) 7800 

Young's Modulus (GPa) 193 GPa 200 GPa 

Poisson's ratio 0.33 0.33 

Yield Stress ( MPa) 1300 -----
Coulomb's friction coefficient 0.3 

Table 5-1 Material definition in ABAQUS. 

5.1.4 Tool-Sheet Contact 

Contact problem is perhaps one of the most critical in the modeling of hole 

piercing process because it concerns many issues including surface property 

definition for the tools and new contact generation as the tools come in contact 

with the blank. A "contact pair" is defined in ABAQUS to establish the contact 

between deformable blank and rigid tools. For hole piercing, three contact pairs 

are possible as shown in Figure 5-3. 
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A contact pair consists of a master surface, normally a rigid surface and a 

deformable slave surface. Definition is mainly based on the strength or hardness 

of the material. In general, master surface has a higher strength (Young's 

modulus) compared to the slave surface. 

The contact and sliding between the master and slave surfaces is mainly 

controlled by friction, since there is always normal pressure from a master 

surface, and a relative movement between a contact pair. Due to the complexity 

and limited study on this subject, in current model, only a constant frictional 

coefficient was considered. 

I Punch Stripper 

~; 
Sheet 

Die 

Figure 5-3 Contacts of tooling and sheet. 
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5.1.5 Boundary Conditions and Loading 

Two types of boundary conditions were used in modeling. "Displacement" 

option was set to die and stripper, which were fixed in all directions. "Velocity" 

option was set to punch and defined as constant in "y" direction, but was 

restricted in "x" direction. Rotation of the punch was also fixed. Sheet was free to 

move in both directions. The boundary conditions were shown earlier in Figure 5-

2 and 5-3. 

5.1.6 Meshing 

A fracture criterion was implemented in the FE model to simulate the 

material separation process. For this purpose, the sheet was partitioned into 

three zones as shown in Figure 5-4. In central area, a fine mesh of 50 x 50 

elements and a coarse mesh in the slightly deformed (and therefore less 

important) regions of the blank was used. Since quadrilateral (4-noded) element 

gives better accuracy than the triangular element, CPE4R (a quadrilateral plane 

strain element in ABAQUS) was used in the present study. 
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Punch Stripper 

Die 

Figure 5-4 A sketch illustrating partition in the mesh used. 

5.1. 7 Fracture Criterion and Element Deletion 

Method 

Two popular methods often used in FEM software to handle material 

failures are: nodal separation and element deletion. Taupin [Taupin, 1996] 

proposed "element deletion" technique. Element deletion method is good choice 

since it is easier to handle. Damaged element was removed when a critical value 

of damaged parameter was reached as shown in Figure 5-5. This mechanism 

provided a promising approach to approximate the shape of cut edge. 

However, element deletion approach has some shortcomings. Firstly, an 

element deletion does not have any physical meaning because of a loss in mass 

continuity. Secondly, the shape of the cut edge and accuracy of load calculation 
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are largely influenced by mesh size. Thirdly, element deletion does not stand for 

crack propagation; removal of elements using the element deletion methodology 

modifies the effect of the crack tip. But, not all these disadvantages are 

formidable. A mass loss and mesh size should not be a problem. If a fine mesh is 

utilized. Deleted elements constitute just a small portion. A large number of 

element and a fine mesh are now viable due to increased computational 

efficiency of recent years. Insufficient representation of crack propagation still 

remains to be a problem. 

ABAQUS/Explicit can handle element deletion and was used in the present work. 

For a shear failure, the following syntax was used in ABAQUS/Explicit. 

Shear failure = Y1 , element deletion = yes 

In the present work, the fracture strain was obtained from numerical 

prediction proposed by Atkins et al. (equation 2-6). The same value was also 

used in the proposed new analytical tool wear/life model in the present work. 

ABAQUS/Explicit input code for hole piercing simulation is presented in Appendix 

C for test matrix-1. Results of simulations are presented in the next section and 

compared with the new analytical tool life model and experiments in chapter 6. 
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PE, Max. I n - Plane Principal 
(Ave. Crit. : 75 %) 

+6 . 709e-Ol 
+6. lSOe- 0 1 
+5. 591e-01 
+5.032e-01 
+4. 473e-01 
+3. 914e-01 
+3. 3 55e- 01 
+2.796e-01 
+2 . 236e-01 
+1. 677 e - 01 
+1. llBe- 01 
+5 . 59l e- 02 
+0. OOOe+OO 

PE, Max . I n-Pl ane Principal 
(Ave. Crit.: 75%) 

+B. 272e-Ol 
+7. 582e- 0 1 
+ 6. 893e- 0 1 
+6. 2 04e- 0 1 
+5 . 514e-01 
+4 . 825 e -01 
+4. 136e-0 1 
+3 . 447e- 01 
+2.757e-01 
+2. 06Be- Ol 
+ 1. 379e- 0 1 
+6 . 893e- 02 
+0. OOOe+OO 

Figure 5-5 A sketch illustrating element deletion method in ABAQUS 

(a) beginning and (b) end of element deletion process. 
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5.1.8 Tool Set Configuration 

Simulations with four different tool configurations (Table 5-2}, same as in 

the experiments, were carried out. The results are given in the next section. The 

burr size from the simulations is compared with the new tool life model and 

experiments in the Chapter 6. 

Punch size Die size Clearance Punch/die edge 
Simulation (mm) (mm) (%) radius (mm) 

1 0.025 
2 <j)4.998 <!>5.080 10% 0.100 
3 0.050 
4 <j)4.969 <j>5.080 17.5% 0.110 

Table 5-2 Tool set configuration for FE simulations 

5.2 FE Simulations and Results 

5.2.1 Simulation of Hole Piercing 

An advantage of FE analysis lies in its ability to provide a snap shot of the 

deformation process and the material flow pattern through the thickness that can 

not be captured in experiment. Simulation results in the form of punch load 
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versus punch displacements were extracted from FE simulations for tool set 

configuration-1 and are shown in Figure 5-6. 

0 

r 
Force 

(N) 

A 

1200) B 

1CXXX> 

a:mA 

D 

0 0.00 0.1 0.15 0.2 

Punch displacement (Sec) 

B 

c 

D 

E 

0.25 0.3 

E 

s, Mises 
(Ave . Crit.: 75%) 

+1. 574e+03 
+1. 443e+03 
+1. 312e+03 
+1. 181e+03 
+1. 049e+03 
+9.183e+02 
+7. 872e+02 
+6. 561e+02 
+5. 249e+02 
+3.938e+02 
+2.626e+02 
+1. 31Se+02 
+3. 539e-01 

Figure 5-6 Typical stages of hole piercing process in FE ~imulation. 
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The progress of hole piercing process during the simulation is 

shown as images depicting rollover, sheet indentation, fracture initiation, 

propagation through thickness and hole formation. The presentation is similar to 

the earlier discussion presented in the Section 2-1 of Chapter 2 (Literature 

review). The results of simulations shown in Figure 5-6, follow the same 

sequence (stages from 0 to E) as in the Figure 2-1, discussed in the literature 

review. The colour matrix in the sheet represents various stress levels as per the 

scale shown in Figure 5-6. The red colour zone represents higher level of stress 

which was dominant during sheet indentation stages A to C; where as blue colour 

represents lower level stress which was dominant during sheet fracture initiation 

and propagation (stages from 0 to E). 

5.2.2 Bending of Sheet 

One of the important assumptions made in the new analytical model 

proposed in the chapter 3 was the sheet bending during piercing operation. The 

results from FE simulation confirms that the sheet was subjected to bending 

before punch penetration. The angle of bend was increased from 1· to 2· with the 

increase in clearance from 10% to 17.5% as shown in the Figure 5-7 which is in 

good agreement with the model proposed by Klingenberg et al. 
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Often, springback of sheet was noticed in piercing process due to the 

bending which in turn is responsible for the hole size variation after piercing. The 

effect of springback and amount of hole size variation is one of the important 

parameters in the present study and is discussed in detail in the next section. 

Figure 5-7 shows the strain contours for two different clearances values (10% 

and 17.5%). The stresses are more uniformly distributed in the clearance region 

for a clearance of 17 .5%. Also, there is an increased bending of the material 

underneath the punch at the larger clearance 

s, Mises 
(Ave. Crit.: 75%) 

+1. 143e+D3 
+1. 050e+03 
+9. 569e+D2 
+8.641e+D2 
+7. 713e+D2 
+6. 785e+D2 
+5.857e+D2 
+4.929e+D2 
+4.001e+D2 
+3.072e+02 
+2.144e+02 
+1. 216e+02 
+2.880e+Ol 

Sheet bending (1 °) 

Punch 

Clearance (10%) 

Die 

94 

(a) 



s, Mises 
(Ave. Crit.: 75%) 

+1. 456e+03 
+1. 334e+03 
+1. 213e+03 
+1. 092e+03 
+9. 706e+02 
+8.494e+02 
+7.281e+02 
+6. 068e+02 
+4.856e+02 
+3. 643e+02 
+2.431e+02 
+1. 218e+02 
+5.238e-01 

Sheet bending ( 2 o) 
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(b) 

Clearance (17.5%) 

Die 

Figure 5-7 FE simulation showing bending of sheet with different 

punch/die clearance of (a) 10% and (b) 17.5% 

(at same punch displacement). 
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5.2.3 Burr height 

Results from FE simulation have shown that burr height has increased 

with increase in clearance from 10% to 17.5% as shown in Figure 5-8 . 

..--clearance -10% 

TBurr height- 0.080 mm 

Clearance- 17.5% 

T Burr height- 0.090 mm 

Figure 5-8 Burr height results from FE simulations. 
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5.2.4 Punch Force 

FE simulations have shown that the change in maximum punch force was 

not significant with the change in clearance from 10% to 17.5%. But, the punch 

displacement has increased sharply for all the stages of piercing with the 

increase in clearance. 

12CXXl 

1c.xxx:l Clearance- 17.5% 

r 00::0 Clearance -1 0% 

Force 
(N) am 

4000 

2CXXl 

0 0.05 0.1 0.15 0.2 0.25 0.3 

Punch displacement (Sec) ----. 

Figure 5-9 Blanking force comparison - results from FE simulation. 
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5.3 Summary of FEA Results 

FE simulations using ABAQUS FE/Explicit code were studied to analyze 

hole piercing process with respect to sheet bending, punch penetration, punch 

force and burr formation. The parameters were simulated with two different tool 

set configurations having different clearances and punch/die edge radius. The 

results are compared and discussed in chapters 6 and 7 with reference to the 

new analytical model and experimental results. 
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Chapter 6 

Model Predictions and Comparison with 

Experimental and FE Modeling Results 

6.1 Punch Wear 

The experimental results and theoretical predictions based on punch 

wear are given in Table 6-1. The punch used in Test-1 has produced about 

100,000 parts from its beginning size of lj>4.998 mm. The punch size at the end of 

punching after the test -1 was lj>4.954 mm. The prediction from tool life model-1 is 

about 94,536 parts which is less by 5% from experiment. The experiments were 

repeated with new punches on the same U-clip progressive die for the 

repeatability. The maximum and minimum difference between experiments and 

model prediction is about 8% and 5% respectively. 

Number of punching (N) Difference 
Test Model {%) 

Test 1 100,000 94,536 5 
Test2 43,000 39,501 8 
Test 3 60,280 57,224 5 
Test4 42,725 39,500 8 

Table 6-1 Punch wear- comparison of test and model predictions. 
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6.2 Burr Height 

The results of burr height from model and experiments are shown in 

Table 6-2 and Figure 6-1. The clearance and punch edge radius in the model and 

experiment for Tests 1 and 4 were 10%, 17.5% and 0.025, 0.05 mm respectively. 

The experimental results and model predictions are in good agreement. The 

results show that burr height has linearly increased in the model as well as in the 

experiments with an increase in punch edge radius and clearance. The value of 

burr height was more in T est-4 than in Test 1 due to higher initial values of punch 

edge radius and clearance. 

Sample Burr height (b)( in' f.011 ') Difference 
Test Model (%) 

Test 1 1 75 81 7 

2 79 91 13 

3 83 99 16 

4 90 106 15 

5 96 113 15 

6 108 124 13 

7 116 127 9 

8 121 136 11 

9 127 141 10 

10 138 147 6 

Test4 1 97 100 3 

2 108 118 8 

3 119 128 7 

4 122 137 11 

5 124 142 13 

6 136 147 7 

7 142 153 7 

Table 6-2 Burr height- comparison of model with Test 1and 4. 
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(a) 0.100 

0.140 

0.120 

Burr 0.100 

(mm) 0.000 • Model 
o.cro • + Test 1 

0.040 

0.020 

O.CXX> 

No. of punching strokes (N) 

(b) 

0 .180 

0 .100 

0 .140 

0 .120 
Burr 

(mm) 0 .100 

0 .080 

• Model 
0 .080 

• Test4 
0 .040 

0 .020 

0.000 

50 4730 12180 20066 26300 32025 42725 

No. of punching strokes (N) 

Figure 6-1 Burr height on slugs- comparison of {a) Test 1 

and (b) Test 4 results with new tool life model predictions. 
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6.2.1 Comparison with Results from FE 

Simulations 

The results from FE simulation on burr height were compared with the 

results from the new tool life model and experiment as shown in Table 6-3. The 

burr height was increased with increase in clearance in all cases. This shows that 

the new model is in good agreement with experiments and FE modeling. 

Test 1 

Test4 

Sample Clearance Edge radius Burr height (b)( in JD11) 

(%) (mm) Model FEM Experiment 

1 10% 0.025 81 80 75 

1 17.5% 0.050 100 92 97 

Table 6-3 Burr height- comparison of new model with 

results from FE simulation and experiments. 
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6.3 Hole Size 

The results of pierced hole size from model and experiments are 

shown in Table 6-4 and Figure 6-4. The results show that the hole size has 

decreased linearly in the model as well as in the experiments due to punch wear. 

However, the actual hole diameter was found to be less than the predicted value. 

The difference in hole size between model and Test 4 was more when compared 

to Test 2. The experimental results and model predictions are in good general 

agreement. 

Sample Hole size (in mm) Difference 
Experiment Model (%) 

Test2 
1 ~.994 ¢5.000 0.12 
2 ~.992 ~.998 0.12 
3 ~.990 ~.995 0.10 
4 ~.984 ~.990 0.12 
5 4.980 ~.986 0.12 
6 ~.975 ~.983 0.16 
7 ~.973 ~.980 0.14 
8 ~.971 ~.978 0.14 

Test4 
1 ~.959 ~.969 0.20 
2 ~.957 ~.967 0.20 
3 ~.952 ~.963 0.22 
4 ~.950 ~.960 0.20 
5 ~.948 ~.957 0.18 
6 ~.942 ~.954 0.24 
7 ~.939 ~.949 0.20 

Table 6-4 Hole size- Comparison of tool life model with Test 2 and 4. 
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5.010 

5.CXX> 
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4.970 
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70 4200 0000 2f.X1Jl 26835 34479 39005 ~ 

No. of punching strokes (N) 

00 4~ 12100 2!Xl56 263X) 32025 42725 

No. of punching strokes (N) 

Figure 6-2 Hole size results - Comparison of models with_ Test 2 and 4 
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6.4 Tool Life Model Predictions 

The major trends and observations from new tool life model are given 

below. 

• Blanking force (F) is decreased with a higher clearance (Fig. 6-3 (a)). 

• Tool life is increased with a higher clearance ( m ). This is due to reduction 

in punch wear which is proportional to blanking force (Fig. 6-3 (b)). 

• Tool life is decreased with an increase in material strength coefficient (K). 

This is because of increased blanking force which in turn causes the 

punch wear to increase (Fig. 6-3 (c)). 

• Tool life is decreased with an increase in punch normalized wear rate ( 

(a) 

K' ) which in turn increase the punch wear (Fig. 6-3 (d)). 
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Figure 6-3 Trends from the tool life model. 
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6.5 Summary of Comparisons 

The new analytical tool life model was compared in terms of burr height, 

hole size reduction and punch wear with the results from experiments. Also, the 

results from FE model were compared with the new analytical model in terms of 

burr height. The results are discussed in detail in Chapter 7. In addition to the 

comparison of results, the trends from the new analytical tool life model were also 

listed in terms of blanking force, clearance, material strength coefficient and 

punch normalized wear rates. 
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Chapter 7 

Discussion 

7.1 Piercing/Blanking Force (F) 

Two blanking force models were considered in determining tool life as 

discussed in Chapter 3. The model predictions and experiment results are given 

in Table 7-1. The blanking force model proposed by Klingenberg and Singh I is 

used in the tool life model-1 whereas Ramaekers model is used in the tool life 

model-2. 

Tool life model Tool life equation Dp DN Tool life(N) 

Model-1 1r (n/ -D/) cj>5.00 <jl4.950 94,536 
-X 

4k' lfJ'(d)Lr(h0 -d) 

Model-2 " (n/ -D/) cj>5.00 <jl4.950 35,783 
-X 
4k' LhoautsSJ 

Experiment Test -1 cj>5.00 cj>4.954 100,000 

Table 7-1 Comparison of blanking force models and experiment. 

Table 7-1 clearly shows that predictions from model-1 are closer to the 

experiment than that of model-2. Hence, it is more appropriate to use 

Klingenberg and Singh's model to define blanking force which takes into account 

process parameters such as die clearance, friction and bending. 
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7.2 Pierced Hole Sjze 

The new punch wear model predicting punch size reduction with reference 

to number of punching strokes is in good agreement with experiment as 

discussed in Chapter 6. However, the pierced hole size was measured less than 

the punch size as shown in Figure 7-1. 

(a) 5.01 

5 

4.00 
Dia 

(mm) 4.00 

4.97 

4.00 

4.95 

70 4200 ~ 2!DJ1 26835 34479 :BD5 4300) 

No. of punching strokes (N) 

(b) 4 .98 

4 .97 

4 .96 

4 .95 

Dia 4.94 

(mm) 
4 .93 

4.92 

4 .91 
50 4730 12180 20056 2B3(X) 32025 42725 

No. of punching strokes (N) 

Figure 7-1 Comparison of punch and pierced hole size (a) Test 2 and (b) Test 4 
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7.2.1 Springback of Sheet after Punch Withdrawal 

Elastic spri11gback of the sheet material after _punch withdrawal from the 

pierced hole is the main reason for hole diameter being measured less than the 

pierced punch. This was evident from the bending of sheet in the pierci11g 

process throu_gh FE simulations as discussed in Chapter 5 (see Fig 5-7). The 

amount of bending and sprin_gback was dependent on the clearance between 

punch and die. The difference between punch and hole size increased with an 

increase in clearance. 

The amount of hole size variation due to springback of sheet may be 

included as a correction factor in the new tool life model (Fig 7 -2). The correction 

factor may be dependent on the sheet thickness, sheet material properties, 

punch and die edge radius and the clearance. The latter can be decided by the 

accuracy and precision required by the user. The correction factor needs to be 

worked out according to the stamping environment and should be a subject of 

future study. 

Spring back 

Figure 7-2 Change in hole profile due to springback. 

110 



Master Thesis - Abdul Syed McMaster - Mechanical Engjneering 

7.3 Burr Width 

In addition to the increase in burr height due to _punch ed_ge wear, it is 

observed that the burr width was also increased on slug as shown in Figure 7-3 

and 7-4. In general, the increase in burr width is termed as 'hard' burr which is 

very difficult to remove by any deburring process. One reason for increased burr 

width could be the increase in punch ed_ge radius due to wear. Hence, there is a 

need to quantitatively measure the burr width changes in addition to burr height. 

Change in burr width 

Figure 7-3 Change in burr width on sll!g/blank. 
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Clearance 

Burr width 

Clearance - 10% 

Edge radius- 0.025 mm 

(a) 

Clearance - l 7 .5 % 

Edge radius - 0.10 mm 

(b) 

Figure 7-4 Results from FE simulation - change in burr width with clearance. 

7.4 Burr Height (b) 

The experimental results have shown that burr height was influenced 

by clearance as well as punch edge wear. HoweverJ the tool life models in the 

literature have mostly utilized either the punch edge radius or the clearance. The 

new analytical tool life model proposed in the present study was defined by using 

the initial clearance as well as punch edge radius. Hence, the predictions from 

new tool life model are better compared to other tool life models. 
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7.5 Fatigue Failure 

In the _present study, the wear behavior under abrasion and adhesion 

conditions was considered and inco(porated in the new tool life model. However, 

due to continuous _punching, fatigue failure may be dominant after certain number 

of _punch strokes which is not considered in the new model. A SEM ima_ge of 

punch edge with fati_gue failure is shown in the Figure 7-5. The new analytical 

model can not be used to predict tool life where fatigue is a frequent cause of tool 

-failures. 

Figure 7-5 SEM im~ge showin_g fatigue failure ofpunch ed_ge (300X). 
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7.6 Application of Surface Coatings in Hole 

Piercing Process 

Experiment with a MoS2 coated punch was carried out to understand the 

effect of coatings on wear behavior in the hole piercing process. The selection of 

MoS2 coating was done considt3ring its latest application in stamping over other 

existing coatings. The coating layer of 5 micrometers remained adherent up to 

10,000 punching strokes. It was observed that the coated surface was failed 

mainly due to crack and chip off (Figure 7-6). 

Figure 7-6 Chip-off of surface coating. 

114 



Master Thesis - Abdul Syed McMaster- Mechanical Engineering 

7. 7 Wear on Bending Punches/Dies 

In bending dies, the adhesive wear is dominant over abrasive wear [ J. A. 

Schey, 1983]. The proposed new tool life model used to determine the wear on 

punch edge radius can be modified to suit process involving bending. Especially, 

the new model can be modified to determine tool wear in V- type bending dies 

(Figure 7-7). However, an additional research study is necessary to modify the 

new tool life model accordingly. For bending dies, earlier Equation (3-16) can be 

modified as: 

where 

Sheet 

(7-1) 

Vh = Volume loss due to wear in bending punch/die 

s =Total distance traveled by bending punch/die 

K" = Normalized adhesive wear rate in bending 

Fh = Bending force 

Punch I 
.············ · · ·····~ 

........................................ ..... ............ ~ 

····· .... ·······/ 

Surfaces subjected to 
adhesive wear 

Die 

Figure 7-7 Wear on bending dies. 
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7. 8 Differential Wear Rate on Punch 

All of the tool life models discussed in literature review have used a 

single value of normalized wear rate. In general, the punch is subjected to 

adhesive wear near the edge and abrasive wear on the flank as discussed in 

Chapter 1. In the present study, a new analytical model has been defined using 

both wear processes using normalized wear rate in abrasion ( K') and adhesion 

(K"). 

7. 9 Material Elongation Constant (C) 

The piercing or blanking process is mostly defined by ductile fracture 

as indicated by several studies. The burr height is also dependent on ductility of 

the material apart from clearance and punch edge radius. Hence, the material 

elongation constant C was incorporated in the new tool life model. The value of 

material constant C was assumed as 0.9 in the present study and the 

experimental results were in good agreement with the value assumed. The tool 

life models discussed in the literature do not consider the material elongation 

factor. 
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Chapter 8 

Conclusions and Future Work 

8.1 Conclusions 

• A new and improved analytical tool life models based on punch wear and 

burr height has been developed. Many of the factors that contribute to 

punch wear and burr height were studied. The proposed analytical tool 

life model to predict punch wear is a new way of defining tool life in 

stamping dies and different from the toot life models discussed in the 

literature review. 

• The proposed tool life model combined with Klingenberg et.al [2004] 

blanking force model are in good agreement with experiments as 

discussed in Chapter 6. 

• The tool life models predicts punch wear accurately and can be used to 

establish the need for tool regrinding by finding the pierced hole size 

variation. 

• Burr height is in good agreement with new tool life model. 

• FE modeling of piercing process was carried out. The results are in good 

agreement with the proposed analytical model and experiments. 
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8.2 Future Work 

Several suggestions for future work are summarized below: 

• Experiments should be carried out on different punch shapes, punch 

materials and sheet material to validate and improve the new analytical 

modet 

• The burr width factor discussed in section 7-3 has to be studied further to 

incorporate into the new tool life model. 

• The effect of increase in clearance due to punch wear should be studied 

further to improve the new tool life model 

• The concept of differential normalized wear rate incorporated in the new 

tool life equation should be studied further. 

• The punch speed should be considered to extend the usage of proposed 

tool life model to high speed stamping. 

• The clearance starts increasing as the punch starts to wear in the 

production process. The effect of this increased clearance is not taken into 

account in the new tool life model. Further research is recommended on 

this subject. 

• Applicability of new model to bending dies should be studied. 
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Appendix A 

Material Data 

A.1 Uniaxial Tensile Test: 

Engineering strain was obtained by dividing the extension at each step by 

the original length 32 mm (Eq. A-1 ). Engineering stress was calculated by 

dividing the load by original area 6 mm x 1 mm (Eq. A-2). True strain and true 

stress were calculated using Equations (8-3) and (8-4). 

(30) 

Fl 
0 
·H 
0 

I 

L/") 
0 
0 
-H 
lO 

.32±0.1 

40 

1 00±0 1 

(30) 

I 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

Figure A-1 Uniaxial tensile test sample as per ASTM EBM-04. 
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A.2 Calculation of Plastic Strain for FE Modeling 

Plastic strain and true stress are required in ABAQUS/Explicit FE code for 

material property definition. Total True strain was further divided into elastic and 

plastic parts using Equation A-5, also shown in Figure A-2. 

(A-5) 
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Figure A-2 Strain components. 
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A.3 Input file of Tool Set Configuration 1 (Table 5-2) 

for AISI 301 SS Material 

(Run in ABAQUS/Explicit 6.5) 

*Heading 
•• Job name: nt-11 Model name: Model-1 
::reprint, echo=NO, modei=NO, history=NO, contact=NO 

**PARTS 

*Part, name=Die 
*End Part 

*Part, name=Punch 
*End Part 

*Part, name=Sheet 
*End Part 

*Part, name=Stripper 
*End Part 

**ASSEMBLY 

*Assembly, name=Assembly .. 
*Instance, name=Die-1, part=Die 
*Node 

1, 15., -5., 0. 
*Nset, nset=Die-1-RefPt , internal 
1, -
*Surface, type=SEGMENTS, name=RigidSurface_, internal 
START, 5.08, -5. 
LINE, 5.08, -0.42 
CIRCL, 5.1, -0.4, 5.1, -0.42 
LINE, 15., -0.4 
!igid Body, ref node=Die-1-RefPt_, analytical surface=RigidSurtace_ 

*End Instance 

*Instance, name=Punch-1, part=Punch 
*Node 

1, 2., 5., 0. 
*Nset, nset=Punch-1-RefPt., internal 
1, 
*Surface, type=SEGMENTS, name=RigidSurface_, internal 
START, 5., 5. 
LINE, 5., 0.02 
CIRCL, 4.98, 0., 4.98, 0.02 
LINE, 0., 0. 
!igid Body, ref node=Punch-1-RefPt_, analytical surtace=RigidSurtace_ 
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*End Instance 

*Instance, name=Sheet-1, part=Sheet 
*Node 

1, 5.25, -0.400000006 
2, 5.25, 0. 
3, 4.80000019, 0. 

462, 2.13171291, -0.20047377 
463, 1.29797995,-0.205483243 
464, 4.73837233, -0.25988695 

*Element, type=CAX4R 
1, 1, 9, 135, 74 
2, 9, 10, 136, 135 
3, 10, 11, 137, 136 

408,439,450,458,449 
409,462,123,124,463 
410,453,457,454,464 

**Region: (Section-1:Picked) 
*Eiset. elset= _PickedSet2, internal, generate 

1, 410, 1 
**Section: Section-1 
*Solid Section, elset= _PickedSet2, materiai=SS301 
1., 

*End Instance 

*Instance, name=Stripper-1, part=Stripper 
*Node 

1, 15., 5., 0. 
*Nset, nset=Stripper-1-RefPt_, internal 
1, 
*Surface, type=SEGMENTS, name=RigidSurface_, internal 
START, 15., 0. 
LINE, 5.1, 0. 
CIRCL, 5.08, 0.02, 5.1, 0.02 
LINE, 5.08, 5. 
!igid Body, ref node=Stripper-1-RefPt_, analytical surface=RigidSurface_ 

*End Instance 

*Nset, nset=Sheet, internal, instance=Sheet-1, generate 
1, 464, 1 

*Eiset, elset=Sheet, internal, instance=Sheet-1, generate 
1, 410, 1 

*Surface, type=NODE, name=Sheet_CNS_. internal 
Sheet, 1. 
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*Nset, nset= _PickedSet12, internal, instance=Die-1 
1, 

*Nset, nset= _PickedSet13, internal, instance=Punch-1 

1' 
*Nset, nset= _PickedSet14, internal, instance=Stripper-1 

1' 
*Nset, nset=RF-P, instance=Punch-1 
1, 

*Nset, nset=RF-S, instance=Stripper-1 

1' 
*Nset, nset=RF-D, instance=Die-1 
1, 

*Nset, nset= _PickedSet18, internal, instance=Sheet-1 
7, 8,125 

*Eiset, etset= PickedSet18, internal, instance=Sheet-1 
385,386 -

*End Assembly 

**MATERIALS 

*Material, name=SS301 
*Density 
7.8e-06, 
*Elastic 
197000., 0.3 
*Plastic 
1450.3, 0.0 
1470.4, 0.105 
1500.3, 0.125 
1600.5,0.170 
1623.4, 0.2 
1635,0.3 
1635.75, 1.0 
1636.5, 2.0 
1638.75, 5.0 

*Shear Failure, Element Detetion=yes 
2.8 

**INTERACTION PROPERTIES 

*Surface Interaction, name=Friction 
*Friction 
0.3, 

: STEP: Piercing 

*Step, name=Piercing 
Piercing 
*Dynamic, Explicit 
'0.4 
*Bulk Viscosity 
0.06, 1.2 

**BOUNDARY CONDITIONS 

**Name: Die Type: Displacement/Rotation 
*Boundary 

PickedSet12, 1, 1 
=PickedSet12, 2, 2 

PickedSet12, 6, 6 ** Name: P-Down Type: Velocity/Angular velocity 
*Boundary, type=VELOCITY 
_PickedSet13, 1, 1 
_PickedSet13, 2, 2, -1 
_PickedSet13, 6, 6 
**Name: Sheet Type: Displacement/Rotation 
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*Boundary 
PickedSet18, 1, 1 

*• Name: Stripper-1 Type: Displacement/Rotation 
*Boundary 

PickedSet14, 1, 1 
- PickedSet14, 2, 2 
:::PickedSet14, 6, 6 .. 
** INTERACTIONS 

** Interaction: D-SH 
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*Contact Pair, interaction=Friction, mechanical constraint=KINEMATIC, cpset=D-SH 
Die-1.RigidSurface_, Sheet_CNS_ 
** Interaction: P-Sh 
*Contact Pair, interaction=Friction, mechanical constraint=KINEMATIC, cpset=P-Sh 
Punch-1.RigidSurface_, Sheet_CNS_ 
** Interaction: S-SH 
*Contact Pair, interaction=Friction, mechanical constraint=KINEMATIC, cpset=S-SH 
Stripper-1.RigidSurface_, Sheet_CNS_ .. 
**OUTPUT REQUESTS 

*Restart, write, number interval=1, time marks=NO 

**FIELD OUTPUT: F-Output-1 .. 
:?utput, field, number intervals=100 

*Node Output 
A,RF, U, V 
*Element Output 
LE,PE,PEEQ,S,STATUS 
*Contact Output 
CSTRESS, 

:HISTORY OUTPUT: H-Output-1 

*Output, history 
*Node Output, nset=RF-P 
RF2, 
*Node Output, nset=RF-S 
RF2, 
*Node Output, nset=RF-D 
RF2, 
*End Step 
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Appendix B 

Measurements Data using CNC Vision 

8-1 Output file for Hole size 

(Table 4-13, Test -2 ) 
Element Actual (TP Dev) 

Circle: hole21 (ID: 11, From 7 Pls.) 

Diameter= 4.994 

Circular.= 0.040 

Circle: hole22(1D: 12, From 11 pts.) 

Diameter= 4.992 

Circular.= 0.086 

Circle: hole23(1D:13, From 10 Pls.) 

Diameter= 4.990 

Circular.= 0.024 

Circle: hole24(1D:14, From 7 Pls.) 

Diameter= 4.984 

Circular.= 0.015 

Circle: hole25(1D:15, From 7 pts.) 

Diameter= 4.980 

Circular.= 0.018 

Circle: hole26(1D:16, From 11 pts.) 

Diameter= 4.975 

Circular.= 0.036 

Circle: hole27(1D:17, From 10 Pls.) 

Diameter= 4.973 

Circular.= 0.046 

Circle: hole28(1D:18, From 16 Pls.) 

Diameter= 4.971 

Circular.= 0.016 
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Output file for Burr Height 

(For Burr sample 1 in Test 1) 

(Shown in Table 4-11) 

Element Actual Nominal Deviat. (TP Dev) 

Distance: (ID:21) between BURR411(1D:1) and BURR412(1D:2) 

DZ = -0.051 

Distance: (ID:22) between BURR411(1D:1) and BURR413(1D:3) 

DZ= -0.057 

Distance: (ID:23) between BURR411(1D:1) and BURR414(1D:4) 

DZ = -0.067 

Distance: (ID:24) between BURR411(1D:1) and BURRB416(1D:6) 

DZ= 0.057 

Distance: (ID:25) between BURR411(1D:1) and BURR417(1D:7) 

DZ= -0.075 

Distance: (ID:26) between BURR411 (ID: 1) and BURR418(1D:8) 

DZ= -0.065 

Distance: (ID:27) between BURR411(1D:1) and BURR419(1D:9) 

DZ = -0.068 

Distance: (ID:28) between BURR411(1D:1) and BURR421(1D:11) 

DZ= -0.071 

Distance: (ID:29) between BURR411 (ID: 1) and BURR422(1D: 12) 

DZ= -0.068 

Distance: (ID:30) between BURR411(1D:1) and BURR423(1D:13) 

DZ= -0.072 
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