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Abstract
Hot forging is a manufacturing method that is

applied to a wide variety of high-strength
automotive components.  To satisfy demands for
lower costs and shorter production preparation
times, it is vital that we be able to predict the die
life.  Around 70 % of the die failures that occur in
hot forging processes result from the wear that
occurs as the temperature of the die increases.

In this paper, we describe a newly developed
technology that can be used to predict the
temperature and wear of the dies used in hot
forging.  Through an examination of
axisymmetric dies, we found that the amount of
wear in the dies can be forecast using a model
composed of the cumulative friction work of the

metal flow on the surfaces of the dies and the
yield strengths of the die materials at elevated
temperatures.  We also found that the die
temperature can be predicted by applying a
cooling model that considers the relationship
between the heat transfer coefficient and the
Reynolds number of the lubricant jets that are
generally used in hot forging.  Using the cooling
and die load models, we were able to determine
the hot forging die life with sufficient accuracy at
the process design stage.  We have also developed
a process design CAE system, based on our wear
and cooling models, which is capable of
predicting the die wear life and temperature.

Keywords Hot forging, Die life, Wear, Prediction, Process design, CAE, Jet, Cooling,
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1. Introduction

Hot forging is a manufacturing method that is
applied to a wide variety of high-strength
automotive components such as crankshafts,
connecting-rods, and transmission gears.  There are
two types of hot forging, namely, horizontal (hot
former) and vertical.  The horizontal type is applied
to the high-speed forging of axisymmetric rounded
parts such as gear blanks, while the vertical type is
used for the manufacture of non-axisymmetric
rounded parts such as connecting rods.  In both
cases, 70 % of die failures are a result of wear.1)

Therefore, the prediction of die failure due to wear is
vital to our being able to reduce manufacturing costs
by shortening the production preparation time and
realizing the design of dies with an extended life.

On the other hand, with the progress of numerical
analysis technologies,2) it has become possible to
analyze not only the deformation of materials in hot
forging processes, but also the mechanical and
thermal loads imposed on the surfaces of the dies.
In a previous paper, we described how the surface
damage mode of dies at any given number of forging
cycles can be predicted using CAE to analyze the
loads on the dies in the process design stage.3) That
is to say, wear or other die damage modes can be
forecast by using the method illustrated in Fig. 1,
together with damage data and a database of actual

die material properties.
In this research, a die wear equation was

constructed from the relationship between the
calculated die loads and the degree of wear observed
in actual dies to realize the prediction of the die life
at any given number of forging cycles.

At the same time, through experimental analyses,
the performance of different cooling conditions was
quantified in terms of heat transfer coefficients, so
that the temperature of the dies can be obtained at
any given number of cycles without having to
measure the decrease in the hardness of the die on
the spot.

The results of evaluating the die cooling ability
(heat transfer coefficient) through model-based
experiments are also described, together with a die
temperature prediction system that is related to the
prediction of the amount of wear in the hot forging
dies.  Here, the evaluated jet cooling method is used
for the horizontal high-speed hot forging machines
which were examined in the derivation of the wear
equation discussed above.

2. Prediction of die wear in hot forging

2. 1  Wear model
In recent years, some wear equations for forging

have been proposed,4) but these failed to give the
relationship between the amount of wear and the
number of forging cycles.  To solve this problem, we
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developed a new wear model.
The degree of wear was examined with the

axisymmetric hot forging die shown in Fig. 2.  It
was found that the amount of wear can be expressed
by Eq. (1).

W = (N - Nc) w. . . . . . . . . . . . . . . . . . . . . (1)
Where W is the total amount of wear at
forging number N, Nc is the forging number at
which the die begins to wear out, and w is the
amount of wear produced by each forging
cycle after Nc.

Nc is determined using Eq. (2).  When the
yield strength of the die at an elevated
temperature just satisfies Eq. (2), the
corresponding number of forging cycles is
defined as Nc.

γ = (στ /  3)/τf = 1 . . . . . . . . . . . . . . . . . . . (2)
Where στ is the yield strength of the die
material at the elevated temperature, and τf is
the shear stress of friction.

w is given by Eq. (3).
w = C (Ef ) 

a/ (στ ) 
b . . . . . . . . . . . . . . . . . (3)

Where C, a, and b are constants, and Ef

(cumulative friction work) is given by Eq. (4).
Ef =   µp . vdt . . . . . . . . . . . . . . . . . . . . . . (4)

Where µ is the friction coefficient, p is the
pressure, and v is the sliding velocity.

Before the cooling model was established as
shown in Fig. 3, the temperature rise of the
die was calculated by varying the base
temperature in the steady state from 100 oC to
300 oC while considering the heat transfer and the
heat generation during forging.  The temperature of
a die during cooling was obtained by a linear
approximation method.  The hardness of the
softened die was calculated by integrating the value
of one temperature waveform in the steady state
along the forging number of cycles, whereas the
value of one temperature waveform was computed
using the tempering parameter, λ5) given in Fig. 3.

2. 2  Predicted wear values
The constants of the wear equation were obtained

by applying regression analyses to the degree of
wear and analytical load values at four different
locations on the No. 1 die.6) A comparison of the
measured and calculated amounts of wear, for given
numbers of forging cycles and four different dies, is

illustrated in Fig. 4, along with the wear equation.
For all the four dies that we examined, although
there is a maximum gap of about 0.2 mm between
the calculated and measured values of Nc and w, the
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tendencies of the die lives appear to be in good
agreement.

A feature of the present wear equation is that the
amount of wear at an arbitrary point on a die can be
calculated, thus making it possible to obtain the
distribution of the amount of wear over the surface
of a die.

3. Prediction of die temperature

3. 1  Cooling model
The lubricant jet conditions for mass production

dies were expressed in terms of the Reynolds
number and reproduced with the experimental jet
model illustrated in Fig. 5.  The Reynolds number
(Re) is expressed by Eq. (5).

Re = D V/υ . . . . . . . . . . . . . . . . . . . . . . . . . . . . (5)
Where D is the diameter of the jet nozzle, V is the
velocity of the jet at the nozzle exit, and υ is the
kinematic viscosity.

3. 2  Measuring the cooling ability of a jet
The jet perpendicular to the surface of the die was

taken as the standard case to be discussed.  The
effect of the distance from the jet striking point on
the heat transfer coefficient was also investigated.

Thermal analyses of the jet cooling model were
carried out using commercial software, MARC, for a
variety of heat transfer coefficients on the surfaces
of the die.  The correct heat transfer coefficients for
different cooling conditions were determined by
comparing the calculated and measured temperatures
1 second after the start of the jet at a position 0.5

mm below the surface of the die.
3. 3  Measured jet cooling ability results
An example of a measured cooling curve and the

corresponding heat transfer coefficient, as
determined by the above method, are illustrated in
Fig. 6(a), together with the experimental conditions,
where water at 25 oC (acting as a lubricant) was
sprayed onto the model die which was preheated to
300 oC.  The temperature measured 1 second after
the start of the jet was used to determine the heat
transfer coefficient to ensure a steady heat transfer
state and thus obtain the heat transfer coefficient in a
short time.  If, therefore, the results are arranged as
shown in Fig. 6(b), the heat transfer coefficient can
be acquired immediately for any given cooling
condition.

In this research, we noticed that the distance from
the jet striking point and the die temperature had
relatively little effect on the heat transfer coefficient.

The cooling abilities of different nozzle diameters
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were arranged in terms of their Reynolds numbers
and flow rates, as illustrated in Fig. 7.  It is obvious
that the cooling abilities are expressed well by the
Reynolds numbers, but not by the flow rate when the
nozzle diameter changes.

The relationship between the heat transfer
coefficients and the Reynolds numbers is
summarized in Fig. 8 for all the investigated cooling
conditions, which also include the different kinds,
and temperatures, of lubricants.  From Fig. 8, it can
be seen that there is a good correspondence between
the heat transfer coefficients and the Reynolds
numbers.  When the temperature of the lubricant was
changed, the heat transfer coefficients were no
longer related to the flow rate due to the change in
the kinematic viscosity.

The surfaces of dies were classified into two basic
shapes: plane and curved.  For these two different
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types, the difference in the relationship between the
heat transfer coefficients and the distance from the
jet striking point was also examined.  The results are
shown in Fig. 9.  At the jet striking point, the heat
transfer coefficient for the curved surface was
greater than that for the plane surface.  With the
increase of the distance from the jet striking point,
the heat transfer coefficient for the curved surface
decreased rapidly, while that for the plane surface
decreased slowly.  The effect of the inclination angle
of the jet from the perpendicular direction was also
investigated and it was found that the heat transfer
coefficient tended to increase together with the
inclination angle.7)

4.  System for predicting the temperature and
wear amount of dies

The prediction system was constructed according
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to the flow chart shown in Fig. 10.  The temperature
and the amount of wear in the dies could be
predicted successfully under a range of cooling
conditions during the process design stage.

With the aid of the present system, it is not only
possible for us to predict the temperature and life of
dies under the current production conditions, but we
can also determine the design of optimum cooling

conditions for extending the die life.  Therefore, we
should be able to reduce the amount and duration of
trial production, as well as the costs incurred for
dies.

5. Conclusions

A new CAE system was developed that can be
used for predicting the amount of wear and the
temperature of dies under the influence of a jet
cooling system in the process design stage.  The
results of this research are summarized as follows.

(1) An equation defining the amount of wear in the
forging dies was constructed based on the amount of
friction work imposed acting on the surfaces of the
dies and the yield strength of the softened dies
caused by repeated processing.  The proposed
equation proved to be useful for the design of hot
forging processes.

(2) The cooling abilities of a range of cooling
conditions involving different die and lubricant
temperatures were expressed in terms of the
corresponding Reynolds numbers, in which the
temperature dependence of the kinematic viscosity
was also considered.

(3) It proved possible to design the cooling
conditions for an expected control target of die
temperature and die life.
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