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FOREWORD
This document has been prepared for the Engineering Research Center for Net Shape
Manufacturing (ERC/NSM). This center was established on May 1, 1986 and works with
companies interested in advanced manufacturing research. The focus of the center is net
shape manufacturing with emphasis on cost-effective manufacturing of discrete parts.
The research concentrates on manufacturing from engineering materials to finish or nearfinish dimensions through processes that use dies and molds. In addition to conducting
industrially relevant engineering research, the center has the objectives to a) establish
close cooperation between the industry and the university, b) train students, and c)
transfer the research results to interested companies.
This report summarizes the results of the study on warm forging die wear for the Forging
Industry Educational and Research Foundation (FIERF). In cooperation with Hirschvogel
Inc., Columbus, OH, the ERC/NSM was able to predict wear on dies using Finite
Element Analysis for a steel pinion shaft used in the automotive industry. The FEA was
compared to actual dies ran in trials at the Hirschvogel plant. It was found that using
Archard’s wear model the forging die wear can be predicted using FEA. This finding
leads to the belief that design of forging dies can be optimized using computer software
and eliminate a lot of the costly die trials.
For further information or a copy of the report, contact the office of the Director, Taylan
Altan, located at the Baker Systems Engineering Building, 1971 Neil Avenue, Columbus,
Ohio 43210-1271, phone: 614-292-9267 or e-mail: altan.1@osu.edu
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EXECUTIVE SUMMARY
In order for forging companies in developed countries to remain competitive in a global
market, in which the advances in developing countries are undermining the market share
of companies in well-developed countries, they must utilize modern techniques that
increase die life, material yield, and, thus, profitability. Along with using knowledge
based techniques, companies must also utilize finite element (FE) software to shorten
development time and expedite the production process. Accordingly, the main focus of
this research is to prolong die life. Also within the scope of this project is to present a
method in which, using both experimental and FE data, die wear can be predicted, and
subsequently reduced to increase profitability.
Chapter 1 is the introduction and contains the background and problem description of this
research.
Chapter 2 describes the focus and objectives of the study.
Chapter 3 describes the Finite Element Analysis method used to determine process
variables. The process parameters and their effects on the wear are determined using
FEM. The time intervals, billet temperatures, die temperatures, die/billet boundary
conditions, and the parameters needed for the wear model (ie. Pressure and relative
velocity) were all determined.
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Chapter 4 discusses the die trials and analysis. Three die materials were tested and their
life, surface and material hardness, and initial and final die geometries were determined.
The wear depth measured would be compared to the estimated wear profiles.
Chapter 5 discusses and compares the results determined from the simulations of the
forging process and the experimental trials. The procedure to use FEM and experiments
to obtain the constant K, which is the wear constant for a given process and boundary
conditions, is also described. With the K value known, it is then possible to estimate the
abrasive wear of the die.
In Chapter 6, future work is explained.
Finally, Chapter 7 gives a summary of the report, with conclusions.
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1 INTRODUCTION
Forging is an important process used in manufacturing; forged products exhibit excellent
mechanical properties with a small amount or no material being wasted.
Cost of forging tooling has proved to be one of the most important factors in the overall
process cost. Die costs range from 10% to 15% of the whole process cost [Doege, et al.,
1996]. This includes cost of die material, machining the dies and subsequent heat
treatment, when this is applied. Set up times can range anywhere from under 10 minutes
to over 3-4 hours, these practices result in additional direct wages in material handling,
tool rework and other overhead costs. [Babu, 2004]

1.1 Problem statement and description
In comparison to hot forging, warm forging offers advantages due to reduced energy
costs of heating the workpiece to between 600°C and 950°C. Warm forgings also benefit
from no scale formation, tighter tolerances and less subsequent machining [Sheljaskow,
2001.]. Warm forging also requires lower forming loads when compared to cold forging.
Forward extrusion processes are characterized by high sliding velocities and temperature
generation. Very high normal pressures occur at die corner radii where a large reduction
in area of the workpiece takes place. The primary failure mode in this process is generally
abrasive wear. The dies must be removed from service and scrapped once the workpiece
either a) is out of dimensional tolerance, b) exhibits poor surface finish, or c) sticks to the
dies or transfer mechanisms.
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The analyzed operation in this study is a three-step forging process for an automotive
pinion at Hirschvogel Incorporated in Columbus, Ohio, USA, being a fully automated
forging cell is the most important characteristic of the operation; this discards the humanmistake factor that can influence on the analysis.
The so called automated forging cell consists of a pre-coating station, induction heater,
and a mechanical press as shown in Figure 1.1, the transfer system and the lubricant
application are also automated.
An increase in die life in a warm extrusion process for an automotive pinion can be
achieved through computational and experimental techniques. The dies consist of hotwork tool steel inserts which are press-fit into steel containment rings.
The billet is a round cross section drive shaft alloy with a diameter of about 70 mm and a
length of 200 mm. The billet is cold sheared and induction heated to a temperature of
about 950°C. A temperature control system keeps the billet temperature in range.
The press is a SMS Eumuco vertical mechanical press. The forging dies used as default
for this forward extrusion process are made of DIN 1.2367 steel, with composition of
Carbon 0.36, Silicon 0.9, Molybdenum 2.85, Manganese 0.6, Chromium 5.0 and
Vanadium 0.25. The mechanical properties of the billet material are given in Appendix
A.

Figure 1.1: Schematic of a forging cell setup [Sheljaskow, et al. 2001]
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The forging sequence is as follows:
Induction heating: The billets are heated to 960-980°C (≈1760-1800°F)
Station 1: Upon exiting the induction heater, the billet rests at the first station
before being transferred to the next station via the automated transfer system. No
deformation takes place during this time.
Station 2: The majority of deformation takes place in the first extrusion stage,
which is the second press station, to form the stem of the pinion. Figure 1.2 shows
the three reductions to forge the part. Production stoppages are influenced by the
wear that occurs at the die corner radii of Insert 2, Figure 1.2.
Station 3: The workpiece is transferred to the upsetting stage where the head of
the pinion is formed.
Station 4: The final forging station is used for coining the part.
The kinematics of the mechanical press used in this study have to be analyzed; the
driving system is based on a slider crank mechanism that translates rotary motion into
reciprocating linear motion.
According to Altan (1983) the ram velocity can be expressed as:

V

n
h
30

S
1
h

(1)

Where the h is the instant displacement, S represents the press stroke and n is the
flywheel RPM.
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Figure 1.2 Schematic of the Extrusion Die and Insert 2 Detail

The process cycle time and forging loads are available from the press data acquisition
system. There is a need to develop a method with which to predict and estimate die life
and a modeling technique in order to select and compare alternative die materials. The
method used in this study to estimate die wear is given in subsequent sections.

1.2 Die Failure in Forging
Several Factors impact the physical underlying phenomena behind die failure on forging
processes: pressures, sliding velocities, hot hardness and a variety of physical and
mechanical properties. From a process perspective, there are other several variables that
impact die wear and tool failure. These include forging temperature, cycle times, and use
of protective atmosphere during billet heating. [Babu, 2004]
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Some authors have classified die failure mechanisms as follows:
Abrasive wear. Abrasive wear is the removal of material of the die surface caused
by the sliding of a rough, hard surface against a softer material. In hot and warm
forging abrasive wear is compounded by the presence of hard particles in the
interface or variations inherent to the billet. In other words abrasive wear can be
defined as a die failure phenomenon where the die loses its original geometry
over a period of time due to a constant abrasive action of particles across the die
surface under high pressures during forging.
Thermal and mechanical fatigue. Thermal fatigue is defined as the crack
appearance due to the repetitive changes of temperature; specifically the reason is
the temperature difference between the die surfaces and its interior. Any
temperature differences between the surface and the interior results in stress and
strain differential due to thermal expansion; when the resulting stress exceeds the
hot strength of the material, yielding of surface layers is shown. Extended cycling
will result in crack initiation and subsequent growth of thermal cracks.
Plastic deformation. This mode of failure occurs at regions of the die that are
subjected to extreme pressure and temperatures as well as long contact times.
Mechanically speaking the local stresses result on die stresses that exceed the
local hot yield strength of the die material. Typical areas of the die that tend to
show this mode of failure are sharp corners of the dies and thin protuberances that
trap a lot of heat during the forge.
While it is common to have more than one type of failure mechanism occurring in a
single die, wear has been found to be the dominant reason for failure in forging,
accounting for up to 70% of tool failures in production. [Shirgaokar, 2008]

Finite element analysis (FEA) has become a highly useful tool for forging companies that
are in the search of designing and developing new forging processes with little or no trial
and error and significantly decrease lead time. One of the most important applications of
5

FEA in the forging studies is the estimation of die wear, the FEM based prediction of die
wear (fatigue fracture as well) has the following specific advantages [Painter et al.,
1995]:
-

Die changes can be scheduled based on the die life estimation, thus the time invested
on re-setting a machine can be reduced.

-

Forging parameters such as press speed, die materials, workpiece material and die
temperatures can be optimized to increase die life.

-

The effects of die geometry changes on die wear can be rapidly investigated.

Many input variables affect the reliability of the FEA in the study of die wear, including
material properties of the workpiece, die geometry, die-workpiece interface, i.e. friction,
lubrication, and heat transfer, and the characteristics of the forging equipment. Through
computer aided engineering (CAE) and FEA forgers are now able to produce parts with
tighter tolerances and better surface finishes as well as maximize material utilization.
With intense competition taking place all over the world, especially in emerging
economies, forging companies are continuously in search for methods to decrease costs
and increase profitability, with the following objectives: advances in the use of computer
modeling in forging process development, b) advances in equipment design, c) use of
innovative die design techniques for complex forging operations, d) appropriate training
in advanced forging technologies.

1.3 Background on wear models
Die wear during forging requires production stoppage to remove the worn die and replace
it with a new one. This setup can be very time consuming and, thus, costly. Because of
the extreme conditions in the forging of an automotive pinion (high temperatures, high
sliding velocity, and high contact pressures) die wear is affected mainly by abrasion
[Painter, et al, 1995; Dahl et al. 1999a].
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Most predictive wear models are based on Archard’s equation. This rather simple
equation defines that wear (Z) is proportional to the load (Pn), and the relative sliding
distance (s) between the workpiece and die surface, and inversely proportional to local
hardness (H) which is expected to represent a certain resistance to the abrasion, and the
wear coefficient K. This last value is defined in the literature as a dimensionless number
of the order of several times 10-4 [Archard, 1953; Dahl et al, 1999b].

Z

K

Pn s
H

(2)

FE simulations have been used for predicting wear in forging using Archard’s equation as
the starting point. The basic concept is to determine the process conditions from a single
simulation and then use these as an input to the wear prediction equations [Painter et al,
1995]. The commercial code DEFORM™ uses a wear prediction model based on a study
conducted at the Ohio State University on the application of Archard’s equation [Painter
et al, 1995]. The model can be stated as follows:

p a vb
K1
c
Hd
1

Z AB

t

1

1

p a vb
K2
c
Hw
2

Z AD

2

t

(3)

2

Where Z (wear depth, ZAB and ZAD) is divided in adhesive or abrasive according to the
type of wear presented in the material, K1 and K2 are the abrasive and adhesive wear
coefficients respectively, a1, a2, b1 and b2 are experimentally determined coefficients, c1
and c2 are the hardness coefficients, p is the contact pressure, v is the sliding velocity, ∆t
is the time increment (step), and finally Hd (die material) and Hw (workpiece) are the
objects hardness. [Painter, et al. 1995]. It should be noted Hd decreases with increasing
time.
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For prediction of wear, a1, a2, b1 and b2 usually take a value of 1. The abrasive wear on
steel die materials commonly takes a C1 value of 2 and adhesive wear is always C2=1,
although some literature allows the hardness coefficients to vary between 0.5 and 2.5.
Shaw’s methodology [Shaw, 1989] for abrasive wear is developed in terms of specific
energy (lb/in3 or MPa) which is the energy required to remove a unit of material, the
proposed model is summarized in the following equation:

B
P L

(4)

u

Where B is the wear module, P represents the applied load and L is the traveled trajectory
by the abrasive particle, the friction coefficient is defined by μ and u is the specific
energy needed to produce a chip. The specific parameter (B/PL) is proportional to the
ratio of coefficient of friction to specific energy (μ/u), and will generally increase when
the size of the wear particles increase.
More recent studies differ with earlier models on the hardness considerations; the
conventional Archard model defines die hardness only as a function of temperature,
leaving thermal softening effects neglected, it is known that die hardness decreases with
the number of operations in high-temperature forming processes; in order to include the
effects of time and temperature on hardness, thermal softening curves are introduced by
Kang and Behrens. [Kang, 1998 and Behrens, 2008]
Behrens’ model for die wear, given in equation 5, computes wear depth at each forging
cycle. The general formula sums from the first forging until a certain life cycle of the die
(n). σN stands for the contact normal pressure, vrel refers to the relative velocity between
workpiece and tool, and Δt represents one time increment (inc). In this case hardness (H)
depends on temperature and process duration t, k is a wear coefficient that needs to be
calibrated in order to calculate wear quantitatively [Behrens, 2008].
It is important to note that particularly for this proposed model the workpiece
temperatures reach up to 1300°C, which will lead the forging die to a tempering range,
under this statement hardness will be calculated by: first estimating a tempering
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parameter (dependant on time and temperature), and then such parameter will be included
in a quadratic function of hardness for the die material, H(θ,t).
n

w

N

k
inc 1

H ( ,t)

v rel

t inc

(5)

Kang’s model also considers an accurate description of hardness decreasing by operating
time and tempering parameter, as seen in equation 6 where instant hardness H(T,t,winitial)
is distributed by temperature, time of operation and wear depth of the previous cycle
(step), Kang predicted tempering charts for the an H-13 forging tool based on heattreatment cycle experiments for the tempering parameter estimation, this parameter later
would be included into an exponential equation to find hardness (here’s where Kang
differs with Behrens who applied the tempering parameter into a quadratic equation), P
represents the normal local pressure, L is the sliding distance, in this term the sliding
velocity and cycle time are included, H stands for the tool hardness at steady-state
temperatures, and k is the wear coefficient.
For the H-13 forging tool used for Kang’s Model an average wear coefficient of 1.37 x
10-6 is estimated.

n
d fin

k P L
H
1 3 H H (T , t , winitial )
fin

(6)

For all the models mentioned the wear coefficient k has to be experimentally estimated
and tuned, so it can be applied on later processes. Literature infers that k value is a tool
material property, so the k value remains the same for the material in any other forging
process, but it is still a matter of discussion how reliable can the estimated wear
coefficient be for operations that involve other process conditions (tool geometry, press
parameters, lubrication modes).
The goal behind including a wear model and prediction method in a commercial FE code
is to enable the engineer to predict die life in the design stage and select the appropriate
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die design and forging process parameters. However, the current prediction technique in
DEFORM™ has the following limitations [Shirgaokar, 2008]:
Wear coefficient K requires calibration: Presently, the wear coefficient K has to
be estimated. The wear coefficient is then calibrated until an acceptable die
surface profile is matched to experimental data for the current process. This is
done by measuring the die wear profile using a CMM and comparing it to that
predicted by DEFORM™. This validated FE model can then be used to modify
the die design and predict die wear (die life) for different design modifications.
Interface conditions: In general the die-workpiece interface conditions are
influenced by the friction, contact pressure, sliding velocity, interface heat
transfer coefficient and the temperatures of the contacting pair. The current
approach of using constant friction and heat transfer thus, affects the accuracy of
the wear prediction technique.
Die hardness: Currently, the hardness of the die material is expressed only as a
function of temperature. The holding time at elevated temperature is not taken
into account in the analysis, i.e. the tempering effect (thermal softening) is
ignored. In order to accurately forecast die life, the tempering curves for the die
material need to be included in the analysis.
Die geometry updating: Updating the tool geometry is not factored into the
current wear prediction analysis since only one simulation is conducted and wear
values are scaled linearly to predict die wear and die life after multiple forging
cycles.
Wear depth is predicted using a modified form of Archard’s equation with hardness
characterized as a function of both temperature and time [Behrens, et al., 2005; Kang et
al, 1999a and b]. While the results from these studies match production data qualitatively,
a consistent quantitative match is not obtained. The wear models are summarized below:
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WEAR MODEL

COMMENTS

Archard (1953)

W
s

K Fn
H

-

K must be determined experimentally

-

Equation not specified for abrasive nor
adhesive

-

Where:

H is a function of temperature for each
material

W= wear volume
s= sliding distance
K=wear coefficient

-

s is sliding velocity multiplied by time

-

F= pressure * area

-

Used by [Doege et al, 1994] for

Fn=normal load
H=yield stress or hardness of the softer
material
Archard (1953):

V

abrasive wear

K q s
H

Where:
V= wear volume
K= wear coefficient
q= normal pressure
s= sliding distance
H= hardness of the worn material
Shaw (1989):

-

Abrasive wear

B
P L

-

U is found from deformation energy

-

P= pressure * area

-

L = velocity *time

u

Where:
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B= wear module
L= distance traveled by abrasive particle
P= applied load
μ= coefficient of friction
u= specific energy to produce a chip
Painter et al. (1995):

Z ab

Kl ( p a V b
H dc

t)

-

Abrasive wear

-

K is experimentally obtained

-

H is a function of temperature

-

Abrasive wear

-

H(T,t,winitial)

Where:
Zab= abrasive wear depth
Kl=experimental coefficient
p= local pressure
V=local sliding velocity
Δt= time interval
Hd=tool hardness
a,b,c= experimental constants
Kang et al. (1999)

n
d fin

kPL
1 3H
fin

H
H (T , t , w initial )

is

a

function

of

temperature, time and the hardness
conditions of the previous layer

Where:
dfin= allowable amount of wear of the dies
H(T,t,winitial)=function

of

H is the hardness under initial
conditions

hardness

-

softening considering tempering parameter
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k is experimentally obtained

H= hardness of the die at steady-state
temperature
k= experimental coefficient
P= local pressure
L= sliding distance
n= number of forging cycles considered
Behrens (2005)
n

w

N

k
inc 1

H ( , t)

vrel

t inc

Where:
w= amount of wear
σN= normal pressure
H= Hardness dependent on temperature, θ,
and time, t
Vrel= sliding velocity
Δt= interval of time
n= number of cycles
inc= time increment
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2 RESEARCH FOCUS AND OBJECTIVES

Warm and hot forging processes subject the dies to extreme temperatures due to heat
transfer between the dies and workpiece. The thermal cycling of the die surface causes
softening in the surface layers of the die, which decreases wear resistance. The dies also
experience mechanical fatigue because of high pressures at the die-workpiece interface.
In forward extrusions, a large reduction in cross section of the workpiece substantially
increases the velocity at which the material is flowing. This velocity, in conjunction with
the pressure at which the material flows, affects the wear rate of the material.
The following focus areas were selected for this research project in cooperation with the
forging industry and Hirschvogel Incorporated:
Determination of interface conditions of the extrusion process during start up and
steady state conditions.
Selection and comparison of alternative die materials to extend die life under the
current process conditions.
Prediction and estimation of die wear using existing wear models and FEM
solutions.
The results of this study are obtained through a combination of computer simulations and
validation from production trials.

14

3 FINITE ELEMENT ANALYSIS OF THE PROCESS

The die assembly in the extrusion process consists of multiple components. The insert
container assemblies are enclosed within a die case. The inserts are assembled into the
containers using a press-fit method on a hydraulic press. The insert-container interface
makes use of draft angles for self-centering and locking. Thus, the die insert is in a
compressive state of stress when the die is put into service at room temperature. The
purpose of designing a shrink-fit die assembly is to exert compressive stresses (both hoop
and radial) onto the die insert in order to counter the tensile stresses generated during
deformation. Although it is necessary to take into account the die assembly process, it is
beyond the scope of this project and, therefore, results are not presented. Nevertheless,
the models from the die assembly simulation were included as a full tool assembly and all
the state variable history from die assembly are utilized in the forging process
simulations.
The process data gathered during production was used as input for analysis of the start-up
and steady-state conditions. The die assembly was modeled as rigid for FEA of the
forging process. The forging simulation consisted of die chill, deformation, dwell
(knockout and part removal), and lubrication stages with cycle-times provided earlier.

3.1 Determination of interface conditions in the existing
process
All data related to cycle time, billet temperatures, and forging loads is gathered during a
production run. The FE simulation strategy to determine the interface conditions for the
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extrusion stage is split into several discrete parts (tf-t0), as shown in Figure 3.1, to account
for die chill time, deformation, dwell time and lubrication spray times.

Forging Cycle
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Figure 3.1: Description of a forging process on a mechanical press

Part location (t0 – ta): The billet is exposed to the environment from the time it
exits the induction heater until it is finally placed on station 2.
Die chill time (ta – t1): Time from when the billet is placed on the die until the
punch (top die) makes contact with the billet.
Deformation time (t1 – t2): Determined to be 0.14 seconds from press kinematics.
Knockout and part removal (t2 – te): Estimated to be a few seconds.
Lube spray (te – tf): The lubricant is sprayed into the upper and lower dies for a
very short time, which is followed by a short dwell until the start of the next
cycle.
The total cycle time for forging in one station is (tf – t0).
The forging load for the first extrusion stage is read from the press data acquisition
system. The temperature of the die surface is measured to be in the range of 150-250 C
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(≈300-500ºF) at steady state. The FE analysis encompasses the forging process only, with
the die heating occurring only through heat transfer during deformation.

3.2 Analysis of the forging process

3.2.1 Billet temperature
Material properties for the steel billet (AISI-8620), were obtained from the DEFORM™
database. This data includes properties at various elevated temperatures and strain rates.
The billet is exposed to the environment for several seconds before being placed in the
1st extrusion die. Due to the use of a billet pre-coat, it is expected that the temperature
distribution in the billet would be maintained in this duration. However, in order to
estimate the effect of this change in interface conditions and forging loads, a simulation
was conducted to account for heat-transfer between the billet and the environment during
natural convection.
For the simulation, the billet of 970˚C rested in an environment temperature of 20˚C and
a convection coefficient of 0.02 kW/m2-K (the natural convection of air). The billet was
held in this environment for several seconds. The resulting billet with a non-uniform
temperature distribution (Figure 3.2) was used as the input workpiece for a forging
simulation for comparison with a billet having uniform temperature.
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Figure 3.2: Billet temperature gradient after 13s of exposure to ambient conditions

It was found by FEA that the maximum die surface temperature at the first reduction
increased by 5-7% accompanied by a 10% increase in forging load due to the sensitivity
of the flow stress (billet material) to temperature. The forging load with a uniform billet
temperature was in the range of 235-240 tons, whereas that with a temperature gradient
was between 245-250 tons. This prediction agreed with experimental data. Thus, it was
decided to use a billet with non-uniform temperature distribution for the forging analysis.

3.2.2 Insert temperature distribution

Based on case studies conducted by Shirgaokar [2008], the default interface heat-transfer
conditions during forging (heat transfer coefficient of 11 kW/m2-K) and free-resting (heat
transfer coefficient of 1 kW/m2-K) and the default interface friction conditions (Shear
friction coefficient of 0.25) from DEFORM™ are found to give accurate results. The
friction conditions are based upon experimental data obtained from ring compression
tests.
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A preliminary simulation is conducted with default values for friction and interface heat
transfer, and a convection coefficient of 30 kW/m2-K (during the lubrication process) and
0.02 kW/m2-K (during the resting dwell before the next stroke) [Shirgaokar, 2008]. The
insert temperature distribution at various stages of the forging process is shown in Figure
3.3. Starting at room temperature, a maximum temperature increase of 510°C (950°F) is
observed, at bottom dead center (BDC), on the die corner radius of the first reduction. A
60% drop in maximum temperature occurred during press stroke from BDC to top dead
center (TDC), during which the workpiece rests on the die. Lubrication is predicted to
result in a 70-80% reduction of the die surface temperature (knockout and part removal
are also simulated but results are not shown). Prior to the next forging stroke (2nd
stroke), the die surface temperature is predicted to have a temperature rise of 150% over
the ambient starting temperature (20˚C).

BDC (t2)

TDC (tc)

Lube Spray (te)

Prior to next cycle (ta)

Figure 3.3: Insert (of the tool) temperature distribution at various times during forging stroke

Forward extrusion operations, such as those for pinions and engine valves are
characterized by high sliding velocities under large pressure and temperature generation
leading to die wear. Therefore, an investigation into the effect of interface friction and
extrusion velocity on the interface temperature is needed.
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The steady-state temperatures depend upon the boundary conditions used for simulation
of lubrication. Thus, an FE simulation-based calibration process is also conducted in
order to determine the effect of the boundary conditions on the temperature distribution
of the die insert at the start of each forging cycle. The steady-state temperatures in Figure
3.4 are obtained using a convection coefficient of 30 kW/m2-K for the lubrication spray
(for 1 second) and 0.02 kW/m2-K for dwell before the next part is loaded (for 1.5
seconds) for the current process conditions (billet/environment temperatures, friction
coefficients) and die material.

Figure 3.4: Temperature distribution at first reduction (P2) over 25 cycles.

3.2.3 Boundary conditions for lubrication

A one second spray time is programmed for the lubrication stage; the automated system
was also pre-set for a spray time of one second. The subsequent part location time is
measured as 1.5 seconds. Thus, the only variables in the lubrication process are identified
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as a) the convection coefficient during lubricant spray, b) the convection coefficient
during the dwell time prior to the next stroke, and c) the environment temperature. The
lubricant is assumed to be at ambient conditions.
For the initial FEA of start-up and steady-state conditions, a value of 30 kW/m2-K (5283
BTU/hr-ft2-F) is used for the spray time followed by a value of 0.02 kW/m2-K (4
BTU/hr-ft2-F) for natural convection during dwell (Figure 3.4).
An initial screening analysis is conducted with the existing process design i.e. cycle time
data from production and die insert material for the calibration process. The following
parameters and values are chosen:
Four values of convection coefficient for spray (5, 10, 20, 30 kW/m2-K),
Two values for convection coefficient during dwell (0.02 and 0.04 kW/m²-K) and,
Two values for environment temperature (20°C and 50°C).
This analysis is conducted on the three reductions in the first extrusion stage. However,
results are presented for the first reduction only. The starting FE model for all calibration
simulations is the insert die assembly prior to the lube spray. The insert assembly
includes the temperature distribution from the start-up cycle of the forging process.
Initially, simulations are conducted for spray convection coefficients of 5 and 30 kW/m²K (881-5283 BTU/hr-ft2-F) using the different values of dwell convection coefficient and
environment temperature. The latter two variables are found to have negligible effect (12ºC) on the die surface temperature prior to the second forging stroke. Thus, these two
factors are eliminated from the study and the calibration process focuses on the spray
convection coefficient. Figure 3.5 shows the variation of die surface temperature at the
first reduction (region of maximum reduction) with the selected spray convection
coefficients. The dwell convection coefficient and environment temperature are fixed at
0.02 kW/m²-K (4 BTU/hr-ft2-F) and 20°C (68°F), respectively.
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Figure 3.5: Lubrication calibration curves with various values for the convection coefficient

The goal of the calibration process is to compare the steady-state temperature
measurements from production to the predictions from FEA in order to select appropriate
boundary conditions without running numerous multiple cycle forging models. Thus, it is
necessary to project the results from the first cycle over multiple forging strokes. This is
accomplished using two approaches based on a) the temperature trends from the
reference multiple-cycle simulation (Figure 3.4), and b) the correlation between
convection coefficient and temperature.
A convection coefficient of 30-35 kW/m2-K (5283-6163 BTU/hr-ft2-F) projects a steadystate temperature distribution in the first reduction that is comparable to that in
production (80-90°C/170-196°F) [Shirgaokar, 2008.]. Additional validation using
measurements at other locations on the die surface or real-time data using a thermocouple
inserted between the die sub-assemblies is suggested, but found to be impractical. Thus a
spray convection coefficient between 30-35 kW/m2-K (5283-6163 BTU/hr-ft2-F) was
recommended in order to match production measurements in the area of the first
reduction.
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3.3 Determination of parameters for the wear equation
In order to determine wear, several variables which influence wear need to be established
through FEA. As stated in chapter 1, die wear is a function of interface temperature (die
hardness), sliding velocity, and contact pressure. Simulations are conducted to obtain this
data. Figure 3.6, Figure 3.7, and Figure 3.8 display the results from simulation at selected
points along the die surface. Points 2, 4, and 6 are selected due to their location at each
reduction stage. From these results, it can be inferred that the location of extreme wear
occurs at point 2 (first reduction) because it has the greatest amount of reduction in crosssectional area, highest contact pressure, and is exposed to elevated temperatures for the
longest duration. Point 4 (second reduction) experiences the highest sliding velocity and
the highest temperature, thus it is the location of the greatest amount of wear. Point 6 sees
high sliding velocities, but due to the kinematics of the mechanical press, the maximum
velocity at point 6 is lower (≈20%) than the velocities seen at point 4.
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Figure 3.6: Simulation results showing interface temperature values at points 2, 4, and 6

23

Sliding Velocity
Point 2

Point 4

Point 6

Sliding Velocity (mm/sec)

2500

2000

Point 4

1500

Point 6

Point 2

1000

500

0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Time (sec)
Figure 3.7: Simulation results showing sliding velocity values at points 2, 4, and 6
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Figure 3.8: Simulation results showing contact pressure at points 2, 4, and 6
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0.14

Finite element results from DEFORM™ predict the maximum amount of die wear to be
located in the second reduction (point 4), followed by a significant amount of wear in the
first reduction (point 2), and very little wear in the third reduction (point 6). However,
production trials show, in the following section, that the maximum wear occurs in the
third reduction. This may be attributed to the lack of lubrication reaching the area in
question. Either the spray nozzle may be clogged or the nozzle is not aimed in the correct
direction, thus preventing the lubricant to cool the entire die surface.
Since the actual wear occurs in the third reduction, only the final 20mm of the die are
studied. Point tracking within DEFORM™ of the last 20mm of the die (Figure 3.9) is
utilized to obtain the necessary parameters to calculate die wear as mentioned before.

20mm

Figure 3.9: Location of points used to obtain process parameters

The average values of the contact pressure and sliding velocities are used for each point.
The time increment, (Δt=tf-t0), used is 0.059sec. The starting time (t0) is determined to be
the time at which the billet comes in contact with P1; the end time (tf) is set to when the
punch reaches bottom dead center (BDC). The data is gathered and arranged in Excel.
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4 FORGING TRIALS AND MEASUREMENT OF DIE
WEAR
4.1 Die material selection
Hirschvogel Incorporated previously conducted production trials using various tool steels
that are used in other FIERF-sponsored projects. Unfortunately, no significant increase in
die life was observed. Since the failure mode in the forward extrusion die is wear,
alternative die materials should have higher hot hardness, higher hot yield strength,
higher thermal conductivity, and higher tempering resistance than the existing die
material. The candidate die materials selected for this study were matrix high speed steels
(MHSS) from Nachi-Fujikoshi/Walter Metals (DURO-F1™) and Daido/International
Mold Steel (DRM-1™ and DRM-2™). Four sets of dies from DURO-F1™ and one die
each of DRM-1™ and DRM-2™ were used.

4.2 Forging trials
The first die material to undergo testing at Hirschvogel Incorporated for the automotive
pinion is DURO-F1™, material provided by Walter Metals, Inc. These dies are put into
service during the normal production schedule, with no changes to the pre-existing
process. The dies are put into service at room temperature. Employees inspect the parts at
preset time intervals as they are completed. Once the work part is no longer within
dimensional tolerance or the surface finish is no longer acceptable the die is removed
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from service. After completing the trials for the first die material, DURO-F1™, the
following tool life is observed:
Die A: 2200 PCS
Die B: 1800 PCS
Die C: 3300 PCS
Die D: 13000 PCS
The location of the greatest amount of wear on dies A, B, and C is at the third reduction
of insert 2, Figure 1.3. This may be due to the fact that (a) the relative sliding velocity
between the forging material and die surface is maximum at the third reduction.
Furthermore this region of the insert may not have received “good” lubrication as the
upper regions of the insert. Mechanical fatigue at the first reduction is the cause of failure
for Die D. Die D was ignored from the analysis because the failure mode is not wear.
For the dies made of DRM-1™ and DRM-2™, the failure was due to fracture in the first
reduction. These dies were not included in the wear analysis.

4.3 Die coupon analysis from production
In order to properly assess any metallographic properties of the used dies three individual
steps must be carried out:
Preparation of the die coupon (sectioning, machining, etc.)
Polishing (lapping machine) and etching
Microscopic examination (micro-hardness measuring using a Vickers indenter)
Sample coupon plates, i.e. virgin plates that have not been used in production, of all three
die materials proposed for the study (DURO-F1, DRM-1, and DRM-2) were heat-treated
and surface-treated with the production dies in the same lot in order to form a benchmark
for comparison before and after forging.
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Only a small portion of the die is necessary for the metallographic analysis. Using
electro-discharge machining (EDM) it is possible to obtain a usable sample size. The
virgin coupons are removed from the center of the sample plates. The used dies are
machined in such a way as to obtain the coupon samples as shown in Figure 4.1.

I

II
III
IV

V
VI
Figure 4.1: Cross section of the extrusion die from which the die coupon samples are obtained

After being machined into a workable size (sections I, II, III, IV, V, and VI) the die
coupons and virgin coupons are polished using a lapping machine. The polishing
sequence is conducted such that 240-grit sandpaper is first used as an abrasive to polish
the cross section of the die. Subsequent to the 240-grit sandpaper, 320-grit, 600-grit, and
1200-grit sandpaper is used. Finally, a diamond compound, with particle sizes of 6micron, are used on a hard cloth, such as red cloth. Using a hard cloth, rather than one
with a medium length to long nap, ensures that the entire polishing surface comes into
contact with the diamond particles.
Once the final polishing is complete the hardness of the material is found using Vickers
indentation. The first measurement is taken at 40μm from the surface layer and
subsequent readings are taken at small increments (≈30-40μm) up to a depth of 200μm.
Measurements are then spaced apart ≈200μm to a depth of 1500μm. Figure 4.2 shows the
28

change in micro-hardness of the three different materials (DURO-F1, DRM-1, and DRM2) from the surface layer to a depth of 1500μm. The surface treatment increases the HRC
of the materials approximately 15-20% in the first 180-200μm of the surface.
Virgin Die Coupons

Nitrided Surface

Duro-F1

DRM-1

DRM-2

75.0

Hardness (HRC)

70.0

Substrate

DRM-2

65.0

60.0

Duro-F1

55.0

DRM-1
50.0
0

200

400

600

800

1000

1200

1400

1600

Distance From Surface (micrometer)

Figure 4.2: Microhardness values of virgin coupons (before forging) of DURO-F1, DRM-1, and
DRM-2

Since the location of maximum wear is located in the third reduction, microhardness
measurements were taken only on the bottom-most die coupon, (zone VI in Figure 4.1).
The insert in Figure 4.3 displays the three locations where microhardness readings are
taken: 3mm (Point Z), 8mm (Point Y), and 18mm (Point X) from the bottom of the die.
Figure 4.3 shows the microhardness values for dies A and B (DURO-F1) measured at
point Y, the most critical region of the die surface.
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Figure 4.3: Microhardness values of DURO-F1 virgin coupon, die A, and die B measured at point Y
(see inset)

Micrographic analysis is conducted in order to visualize the nitrided depth. The virgin
coupons are further polished, using first 1μm diamond and then 0.05μm Gamma-Alumina
abrasives, before being chemically etched using Nital. Nital is used to distinguish the
nitrided surface from the die substrate. Figure 4.4 compares the different surface
penetrations of each virgin coupon (DURO-F1, DRM-1, and DRM-2) prior to forging.
The nitrided layer was etched dark.
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Figure 4.4: Micrographs of all three die materials showing the nitride penetration into the substrate

The micro-hardness analysis indicated that the nitrided layer on the die surface is
depleted during the forging process. This was observed in the drop in hardness of the die
surface layers in Figure 4.3. The micrographs indicated that the nitrided depth
corresponded to the micro-hardness measurements of the die samples.

4.4 Actual die wear depth determination
Several options are explored to measure the worn profile of the dies after they are
removed from service. Methods considered are using a low-melt alloy, such as cerro
alloy, a 3-D laser profilometer, or a coordinate measuring machine (CMM). A CMM with
a laser scanning head is selected because of its low operating cost and ease-of-use.
A Helmel Microstar CMM (model #325-202) with a laser scanning head is used to
measure the worn die profile. The machine’s specifications are as follows:
Scanning range:
o x-direction: 25” (625mm)
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o y-direction: 30” (750mm)
o z-direction: 20” (500mm)
Resolution: 0.5μm
Repeatability: 3μm to 5.6μm
Volumetric Accuracy: 11.2μm to 18.3μm
Linear Accuracy: 5.0μm + L / 125μm, L in mm
The CMM is servo-driven and uses GEOMET software to scan, read, and analyze the
measured data. To operate the machine, it is first necessary to obtain five scans of the
calibration sphere. Once complete, the standard deviation of the measurement must be
less than 25μm to ensure reliable scans. The used DURO-F1 dies (die A and die B) are
scanned one by one. They are placed on the smooth granite surface and the laser scans
the surface. Multiple scans are needed, each time scanning from different x, y, and/or z
positions until a useable profile is obtained, i.e. there are no vacant spots in the location
of maximum wear.
The GEOMET software supplies the scan data as a set of x, y, and z coordinates. This
data is manipulated in MATLAB. First a reference point and the axis of symmetry are
established. Points are then selected along a profile of the die and used as the benchmark
for die wear. This process establishes the actual wear profile of the die, Z, from equation
2. From previous sections, the sliding velocity, contact pressure, and hardness are found.
Obtaining the wear coefficient K is achievable through the use of a wear model.
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Figure 4.5: Scan data obtained from CMM on DURO-F1, die A
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5 PREDICTION OF DIE WEAR
Now that the information from the finite element model has been analyzed along with the
experimental data collected from the CMM laser machine, a die wear profile has to be
defined for die A and die B (from DURO-F1).
As reported by Hirschvogel Incorporated and seen in the Die A and Die B specimens for
DURO-F1 material the maximum abrasive wear is located at the bottom of the die insert
2 as shown in Figure 4.1 denominated as zone VI, it corresponds to the third extrusion
reduction, in Figure 4.5 it is shown as the scanned inner diameter of the last 2 cm of the
zone F given in X, Y and Z coordinates with the default point of origin of the CMM
machine.
A tuning procedure was then necessary in order to transport from the CMM machine
coordinates to the symmetry axis of the die, considering as well the 7° inclination of the
die when it lays parallel to that axis (horizontally to the CMM machine bed), MATLAB
manipulation was applied to achieve the conversion. In Figure 5.1 describes the wear
profile was obtained for both Dies: A and B.
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Figure 5.1: Plot showing the original die geometry and measured real die wear profiles, Die A and B

5.1 Theoretical procedure
In chapter 1 it is pointed out that wear models are based on Archard’s wear model. In this
study, the total wear depth is expressed as the integral function, Equation 7, with respect
to time (t).
c

W(c)
j 1

P
K
H(j)

a

vdt

(7)

Where W(c) is the wear depth at the forging cycle (c), K is the abrasive wear coefficient,
P is the normal pressure on the contact surface, H(j) is die hardness at the forging cycle
(j), v is the sliding velocity at the contact surface, c is the number of total forging cycles,
and a is an experimental constant.
The unit of Hardness (H) has to be the same as the unit of local pressure (P). For
example, if the unit of the pressure (P) is MPa, Hardness (H) should be MPa. The
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pressure and hardness dimensions and their exponents are the same. This will allow for K
to be a dimensionless number.

Figure 5.2: Methodology for the wear model application in abrasive wear prediction

Figure 5.2 describes the methodology used for the wear prediction; a forging stroke is
analyzed through FEM from where normal pressure and sliding velocity are collected
from every nodal point on the contact surface of the workpiece and the die and every step
during the whole forging stroke, each point registers a normal pressure and sliding
velocity value and these properties change with the interval of time dt, for this reason,
time also has to be collected in every step, the steps defined in the DEFORMTM
simulation are used for this division.
According to normal pressure and sliding velocity, there will be a matrix of values
depending on the location along the die surface and the time, the total wear amount of
each nodal point at each forging step can be calculated, using Equation 7 by summing up
the wear quantity from each forging step.
Since only initial and final hardness values are made available through microhardness
testing of the virgin and used die coupons, the hardness is said to be a function of the
number of cycles a die is subject to. Also the change in initial hardness to final hardness
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is assumed to be linear. These hardness assumptions are valid since the process is a warm
forging operation and the dies will never reach a temperature in which thermal softening
would play definite and important influence on the wear model. The value of hardness
then will be introduced by means of a linear equation which is dependant on the number
of cycles, with every forging stroke the hardness will decrease a certain amount, starting
with the hardness value of the virgin coupon until it reaches the level of hardness of the
worn die in the last forging cycle (total cycle life).
The life cycle c of the die A is an experimental data provided by Hirschvogel
Incorporated. It is the number of cycles that the die withstood until its inner surface was
worn enough to be considered a mode of failure, that means that the forged pinions were
out of tolerance. The life cycle c is an approximated constant; the production line at the
press is inspected every 20 minutes where the forged parts are measured. If they come out
of tolerance or with significant wear marks then the dies will be changed and a cycle life
n is determined. Finally, the experimental wear depth at each of the 20 points calculated
in sections 4.4 and 5.1 is introduced in the model.

5.2 Optimization of Wear Parameters
For prediction of total wear profile, it is necessary to obtain the wear parameters, K (wear
coefficient) and a (experimental constant). The wear parameters have to be optimized
according to the predicted wear profile from the DEFORMTM simulation results and
measured real die wear profile obtained from CMM scans of DURO-F1 die A and B.
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Figure 5.3: Flowchart for the optimization of wear parameters, K and a-value

Figure 5.3 describes the flowchart used for the optimization of wear parameters (K and avalues). The tool wear simulation was performed using DEFORMTM. The normal
pressure, the sliding velocity for all nodal points, the time increment, initial K and avalues, and the incremental change in hardness values for each stroke are inserted into
Equation 7 to predict the wear profile. Then K and a-values are tuned by comparing the
prediction of wear profile and the real wear profile and keeping a minimum difference
between the two. Finally, Wear coefficient (K) and experimental constant (a) are
determined for the die material DURO-F1. Then the following steps are conducted.
a) Calculate the unit normal vector
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Figure 5.4: Illustration of wear depth and wear profile of a nodal point
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Wn y )

(8)

Figure 5.4 shows the wear depth and the wear profile of a nodal point; the wear profile
has the magnitude of the wear depth and the direction of the normal vector. The wear
profile was expressed as Equation 8. For calculation of the wear profile, it is necessary to
obtain the unit normal vector of the nodal point, as shown below and in Figure 5.5.

Figure 5.5: Illustration of the unit normal vector of a nodal point
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Figure 5.5 shows the unit normal vector of a nodal point. The point, A, B, and C, are the
nodal points on the contact surface of the workpiece and the die. Normal vector (N) of
the nodal point (B) is perpendicular to the vector (AC). The unit normal vector was
expressed as Equation 9.

Figure 5.6: Unit normal vector of every nodal point on the contact surface

Figure 5.6 shows the results of the calculated unit normal vector of every nodal point on
the contact surface of the workpiece and the die
b) Define the function for die hardness

Figure 5.7: The function for die hardness according to forging cycle

Figure 5.7 shows that the die hardness is defined as a function of the number of forging
cycles. The change in initial hardness to final hardness is assumed to be linear.
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H(c) H1 s(c 1)

(10)

Where H(c) is a function for die hardness with respect to forging cycle (c), H1 is the
virgin die hardness, Hcn is the used die hardness at the forging cycle (cn), s is the slope,
and c is the number of forging cycles. The function for die hardness is expressed as the
linear function, Equation 10. And slope (s) is calculated by method of least mean squares.

s

cn
H cn

Σ(cn 1)(H cn H1 )
Σ(cn 1) 2

(11)

c1 , c 2 , c3 
H c1 , H c2 , H c3 

Figure 5.8: Illustration of the error sum of squares (E) for method of least squares

The sum of the squares of errors (E) is given by:

E (H(c1 ) - Hc1 ) 2 (H(c2 ) - Hc2 ) 2 (H(c3 ) - Hc3 )2 
E

(H(cn ) - Hcn ) 2

(12)

Figure 5.8 shows the difference between the function for die hardness and the measured
hardness of each forging cycle. Substituting Equation 10 into Equation 12 for (H(cn)):

E

(H1 s(cn -1) - Hcn ) 2
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To calculate the slope (s) that minimizes the error sum of squares (E), the partial
derivative of the sum of squares (E) with respect to the slope (s) is taken. Solving for the
slope, the optimized slope is shown in Equation 13.

E
s
s

2(c n 1)(H cn s(cn -1) - H cn ) 0
Σ(cn 1)(H cn H1 )
Σ(cn 1) 2

(13)

Table 5.1: Die hardness on the surface of DURO-F1

Forging Cycles

HRC

HV

Hardness(MPa)

Virgin Die

-

68.7

971

9516

Die A

2200

64.8

827

8105

Die B

1800

60.2

701

6870

Figure 5.9: Variation of die hardness of DURO-F1 in function of forging cycles

The virgin and used die hardness are presented in Table 5.1. The function for die
hardness (H(c)) can be expressed as the equation in Figure 5.9
c) Calculate total wear depth
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The wear depth of the first forging cycle (W(1)) is shown as Equation 14. Considering
thermal softening of the die hardness, the wear depth of the last forging cycle (c) can be
obtained as Equation 16.
a

P
K
vdt
H1

W(1)

a

m

P
K i
H1
i 1

W(1)

H(c)

v i Δt i

step(i 1,2, , m)

(14)

H1h(c)
s
(c 1)
H1

h(c) 1

c

W(c)
j 1

c

W(c)
j 1

P
K
H(j)

1
h(j)

a

(15)
a

vdt

P
K
H1

a

vdt

c

h(j) -a W(1)

W(c)
j 1

cycle(j 1,2, , c)

(16)

d) Optimize wear parameters
For optimization of wear parameters, K and a-values, it is necessary to define the
objective function that defines the difference between the prediction of wear profile and
the real die wear profile. The real die wear profile of die A and B was obtained as seen in
Figure 5.1. The prediction of wear depth is calculated with Equation 16, by inserting the
initial estimate for the K and a-values. For comparing the real die wear profile and the
prediction of wear depth, the predicted wear depth has to be added to the original die
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profile. The predicted wear profile is calculated using Equation 8, and hence the
predicted wear profile is defined as Equation 17.

Figure 5.10: Illustration of the wear depth change to function of wear profile

Figure 5.11: Illustration of error sum of squares (E)

Die profile(Z)

(R k , Zk )

R

(17)

(R1 , Z1 ), (R 2 , Z2 ),, (R m , Zm )

(18)

m

E

(R k

Die_profil e(Zk )) 2

(19)

k 1

Where Die profile(Z) is the function for the prediction of the wear profile according to
coordinate of height direction(Z). R is the coordinate of the radius direction, (Rk,Zk) is the
real die wear profile, m is the number of real die profile data points, and E is the error
sum of squares function.
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Figure 5.10 shows the wear depth change to the wear profile as given by Equation 17.
The real die wear profile can be expressed in coordinates (R, Z) as Equation 18. Figure
5.11 shows the difference between the real die wear profile and the predicted wear
profile. And the objective function can be defined as the error sum of squares, Equation
19.
By considering Die A and Die B, the objective function can be defined. The real die
profile of Die A and Die B can be expressed as the following equations.

(R DieAk , ZDieAk )

(R DieA1 , ZDieA1 ), (R DieA2 , ZDieA2 ),, (R DieAm1 , ZDieAm1 )

(R DieBk , ZDieBk )

(R DieB1, ZDieB1 ), (R DieB2 , ZDieB2 ),, (R DieBm2 , ZDieBm2 )

The objective function considering two dies can be expressed as Equation 20.

E

normalized (E DieA ) normalized (E DieB)

E

1
m1

m1

R DieA k

k 1

1
m2

m2
k 1

Die profile DieA (Z DieA k )
R DieA k

R DieBk

2

Die profile DieB (Z DieBk )
R DieBk

2

(20)

Finally, the wear parameters, K and a-values, are determined by minimizing the objective
functions defined as Equation 19 and 20. And the results of the estimated wear
parameters are shown in Table 5.2.
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Figure 5.12: Plot showing optimization result for Die A

Figure 5.13: Distribution of the objective function value according to wear parameter values to
optimize the Die A parameters
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Figure 5.14: Plot showing optimization result for Die B

Figure 5.15: Distribution of the objective function value according to wear parameter values to
optimize the Die B parameters
Table 5.2: The results of optimization of wear parameters, K and a-values

Real die profile (number of
cycles)

Optimized wear parameters
K
a

Die A (2200 cycles)

4.42E-6

0.155

Die B (1800 cycles)

1.58E-6

0.078

Die A and Die B

2.84E-6

0.099
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The range of K values is from a minimum value of 1.58E-6 to a maximum value of
4.42E-6, and the range of a-values is from a minimum value of 0.078 to a maximum
value of 0.155. By considering Die A and Die B, the optimized K and a-values are found
to be 2.84E-06 and 0.099. For the die material DURO-F1, estimated K and a-values are
2.84E-06 and 0.099. The next step in the study is to corroborate and tune this value by
applying the wear model to the dies.

5.3 Validation of wear parameters
The wear parameters, optimized K and a-values, are used to estimate the wear profile of
Die A and Die B, being an automated process the operation conditions in forging are
exactly the same, and the values of local pressure and sliding velocity remain the same.
Figure 5.16 shows the results of applying the optimized K and a-values.

Figure 5.16: Plot showing estimated results (a) estimated wear using the optimized parameters from
Die B, (b) estimated wear using the optimized parameters from Die A.

Figure 5.16 presents the estimated wear profiles of Die A and B. The estimated wear
profile is obtained by applying the K and a-values from the optimization of Die B to Die
A. Then the optimized parameters from Die A are used to predict the wear of Die B.
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Figure 5.17: Plots showing estimated results applying the combined optimized K and a-values

Figure 5.17 presents an accurate estimate of die wear profile for Die A and Die B. The
difference in the prediction of wear profile between real die wear profile is small. It is
seen that the optimized parameters from the combined Die A and B data is a more
accurate estimate. Therefore, the optimized K and a-values can be applied for this
material in this extrusion process.
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6 DIE STRESS ANALYSIS
Though the object of this report was to predict die wear in warm forging of pinions,
another interesting die failure was observed. The failure of DRM-1™ and DRM-2™
were found to be fracture. These two dies were harder than the DURO-F1TM and were
found to last quite a bit longer before failure (DRM-1TM: 15000 parts, DRM-2TM: 9100
parts), than the DURO-F1TM which lasted from 2000-13000 parts in four trials.
Life of the die is limited by several factors, which are the dimensional error caused by
macro-wear or the overstress caused by stress concentration, and the fracture caused by
fatigue. The factors widely known to affect the die life are generally mechanical and
thermal fatigue failures, wear, plastic strain, surface welding, etc. The main factor for the
fatigue fracture seems different depending on the forging conditions. Therefore, in this
chapter, for the estimated fatigue fracture, elastic analysis of the die is conducted.

6.1 Boundary conditions
Figure 6.1 shows the boundary conditions for the FE analysis of the dies. The object
types are defined so that the workpiece is plastic, the punch is a rigid body, and the dies
are elastic. The material of the extrusion insert die is applied three different types,
DRM1, DRM2, and DURO-F1. The bottom surface of die is fixed boundary condition in
the height direction (VZ=0), and the right side surface of die is fixed boundary condition
in the radial direction (VR=0). The temperature condition of the dies is applied as a quasisteady-state temperature obtained from analysis of 25 forging cycles in DEFORMTM
Multi-Operation.
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Figure 6.1: Illustration of boundary conditions for the FE analysis of the dies

6.2 Results of die stress analysis
The FE analysis of stress on the forging die was performed using the DEFORM TM
system.
Figure 6.2 shows variation of die stress during the forging process. The total deformation
time during forging is 0.128 sec. It is seen that the extrusion insert die has the highest
effective stress; therefore the stresses in the extrusion insert die have been investigated in
further detail.
The factor widely known to affect the fatigue fracture is the tensile principal stress;
therefore the maximum principal stress in the extrusion insert die in the forging process
needs to be investigated.
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Figure 6.2: Distribution of effective stress at stroke times in the forging process, material DURO-F1

Figure 6.3: Distribution of the position and the direction of the maximum principal stress in the
extrusion insert die, die material DURO-F1

Figure 6.3 shows the position and the direction of the maximum principal stress. It is seen
that in the region of the first extrusion reduction (A or B), the max. principal stress is
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362MPa and the stress direction is along the Z-axis. This maximum stress occurs during
the first reduction of the billet at the time of 0.029 seconds, after deformation starts.

Figure 6.4: The maximum principal stress according to the forging stroke time, die material DRM1

Figure 6.4 shows the maximum principal stress in function of time, after deformation
starts. At 0.015 sec. Figure 6.4 (A), the workpiece makes contact with the die at the lower
surface and the maximum principal stress is increased, then the lower and upper surfaces
are contacted and the maximum principal stress increases significantly until the
maximum is reached (Figure 6.4 B and C). The maximum principal stress then decreases
as the stress and billet contact are distributed over a larger die area (Figure 6.4 D).
Figure 6.5 shows the experimental dies and the results of the die stress analysis (FEM) of
each material, DRM1, DRM2, and DURO-F1. It is seen that the maximum principal
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stress and the fatigue fracture of the experimental dies are in the same region. It should
also be noted that the propagation direction of the crack is perpendicular to the direction
of the maximum principal stress, for each die material.

(a) The die material DRM1 (15,000cycle)

(b) The die material DRM2 (9,100cycle)
Figure 6.5: The results of die stress analysis
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(c) The die material DURO-F1 (13,300cycle)
Figure 6.6: The results of die stress analysis

55

7 SUMMARY AND CONCLUSIONS
The main focus of this research is to understand die wear and prolong die life. Thus, the
objective was to present a method in which, using both experimental and FE data, die
wear can be predicted and subsequently reduced.
The contribution of this research study to forging industry can be summarized as follows:
Determination of the die-workpiece interface conditions at start-up and at steadystate by considering the total forging cycle times over single and multiple cycles.
Understanding of the effect of die material properties on die life.
Cooperation between industry and university to develop and apply accurate and
practical methods to predict and estimate die life to improve the competitiveness
of a forging company.
Through FEA, the sliding velocity, contact pressure, and time increment have been
estimated. These parameters, along with the change in hardness and experimentally
determined wear depth, are used to obtain experimental wear parameters K and a, used in
the wear equations. These optimized parameters can be applied to the other dies (same
process and geometry) to predict wear. Predicting die wear will be feasible by utilizing
both experimental and simulation results.
As follow up to this study a robust and practical method can be developed to predict in
forging practice which die material and which hardness level while avoiding premature
fracture, due to low cycle fatigue.
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Appendix A

Properties of the Billet Material
www.efunda.com
Category Steel
Class Alloy steel
Type H-steel
Common Names Nickel-chromium-molybdenum steel
Designations United States: ASTM A304 , SAE J1268 , UNS H86250
Element
C
Mn
Cr
Ni
Mo
P
S
Si

Weight %
0.22-0.28
0.60-0.95
0.35-0.65
0.35-0.75
0.15-0.25
0.035
0.040
0.15-0.30

Properties

Value

Density (×1000 kg/m3)
Poisson's Ratio
Elastic Modulus (GPa)

7.7-8.03
0.27-0.30
190-210

Conditions
T (°C)
Treatment
25
25
25
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