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Abstract: A new linear integration for plastic power was proposed. The effective strain rate for disk forging with bulge was
expressed in terms of two-dimensional strain rate vector, and then its direction cosines were determined by the ratio of coordinate
increments. Furthermore, inner-product of the vector for plastic power was term integrated by term and summed. Thereafter, through
a formula for determination of bulge an analytical solution of stress effective factor was obtained. Finally, through compression tests,
the calculated results of above formula were compared with those of Avitzur’s approximate solution and total indicator readings of
the testing machine. It is indicated that the calculated compression forces are basically in agreement with the measured ones if the
pass reduction is less than 13.35%. However, when the reduction gets up to 25.34% and 33.12%, the corresponding errors between
the calculated and measured results also get up to 6% and 13.5%, respectively.
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1 Introduction

Since friction over the surface of disk forging
lowers the velocity at the surface, causing the center y=0

to move faster with a resultant bulge as shown in Fig.1(a).

Therefore, this velocity gradient from the surface to the
interior brings about a shear strain rate. It is the bulge
that makes the forging more difficult to be analyzed[1].
Numerical methods[2], including FEMJ[3, 4] and
UBETJ5], have been successfully used to solve the
forging with bulge in recent years. Heretofore BARAYA
and JOHNSON]6] ever analyzed bar forging with the
help of triangular velocity field but did not take into
account barreling or bulging. AVITZUR][7, 8] used upper
bound continuous velocity field to determine the extent
of the barreling developed during disk forging. JUNEJA
[9] successtully analyzed the forging of polygonal discs.
In this paper the disk forging with bulge was solved
by so called inner-product of strain rate vector[10,11]
with direction cosines determined by coordinate
increments. The final results of this solution were
compared with those of AVITZUR’s
integration[7,8] and those

compression test.
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2 Deformation power

2.1 Strain rate tensor field

Assuming that v, varies exponentially with the y
coordinate as shown in Fig.1(b), the kinematically
admissible velocity field becomes|7, 8]
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where b is the parameter of bulge.

From Eqn.(1), the strain rate field is obtained as
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Fig.1 Schematic diagram of disk forging with bulge: (a) Bulge;
(b) Disk forging

The detail deduction of above equations can be seen
in Refs. [7,8]. And the ratio of coordinate increments in
Eqn.(2) satisfies the following relationship:
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2.2 Inner-product of strain rate vector

The effective strain rate in the integrand of plastic
power is expressed by inner-product of strain rate vector,
that is
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vector inner-product, we can obtain
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., [, are direction cosines of strain rate vector

where
determined by the ratio of coordinate increments. The
formulae for determination of /; and /, are
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The term by term integration is used for Eqn.(4).
From Eqn.(5) and dI'—andrdy, we can obtain
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where [; and /, are the term by term integrated results
of strain rate vector.

Substituting the above integrated results into
Eqn.(4), we obtain
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2.3 Friction losses
According Eqn.(1), the friction losses is
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3 Total power and minimization

3.1 Total power
Substitution of Eqns.(6) and (7) into J*=Wl- Wy,
the upper bound total power is
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Differentiating Eqn.(8) with respect to b and
equating the derivative to zero, we can obtain the
following equation
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The relationship between b and m is shown in Fig.2.
It can be seen that for different ratios of », to A, the
maximum m occurs with the variation of 5. When the
value of b is less than b (corresponds to the maximum m),
the value of m increases with increase of ry/h or b.
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Fig.2 Relationship between b and m for different ratios of rto

h

When value of b is greater than b, corresponds to
the maximum m, inverse relationship occurs.

3.2 Bulge parameter 5
By the first equation in Eqn.(1), we have
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Because of volume constancy, we obtain
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Notice that Av,| _ =0, then
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Substitution of Eqn.(13) into Eqn.(12) leads to
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Substitution of Eqn. (14) into Eqn. (11) leads to
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Ar is the difference between the measured radii at
the middle and contact surface of the forged disk.

The value of m can be determined by substitution of
Eqn.(15) into Eqn.(10). Substituting the value of m into
Eqn.(9) yields the minimum value of the stress effective
factor. Note that the plastic power is integrated by strain
rate vector inner-product and its direction cosines
determined by ratio of coordinates increments according
to Eqn.(5). This is the main difference between the
present work and Refs.[11, 12].

4 Validation

The disk compression tests were performed on 200
kN universal material testing machine in State Key
Laboratory of Rolling and Automation NEU. The
dimensions of three groups of disks before and after
compression, and the indicator readings of the machine
are listed in Table 1. The ram speed was 30 mm/min.

Table 1 Disk dimensions before and after compression and

indicated pressure

No. hymm dy/mm h/mm d,/mm d/mm F,/KN
1 1034  41.48 8.96 4475 4416 39.0
2 1527 4146 1140 4835 4740 495
3 20.08 4148 1343 5125 4999 512

Taking disk No.l1 (Table 1) as an example, the
calculating procedure is given in detail as
4 44.75-44.16

b= X =0.0569
41.48/2 2

According to Eqns.(6) and (10), we obtain
%0 =2.006, &1.006 5, 8=-2.0191

Therefore
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m=0.25.
Then substituting the data into Eqn.(9) leads to
n,~=1.19.

From the measured data, we have

= A—h =13.35%
hO
3 3
=2 :ﬂlnu —005195"!
t 1.38 8.96

According to the value of & and &, it can be
checked out ¢,=21.10 MPa[13]. Then the total compre-
ssion force can be obtained:

F:%x 44.16% x1.19% 21.10 =38 5kN

The error between the calculated and measured
force in Table 1 1s A=—1.28%.

With the same procedure, the calculated results for
specimens 2 and 3 are listed in Table 2.

Table 2 Calculated results of three group disks

No. &% ro/h n, F/kN FJ/KN A%
1 1335 2.006 1.19 385 39.0 -1.28
2 2534 1358 1.137 5248 49.5 6.03
3 3312 1033 1.104 58.11 512 13.50

From Table 2 we can see that the calculated results
for groups No.1 and 2 are basically in agreement with the
measured ones, and that when the pass reduction is less
than 25.34% the relative error between them is less than
6%. However, when the pass reduction is up to 33%, the
reach 13.5%, engineering

error may exceeding

permissible error.
5 Discussion

Regarding Eqn.(9), AVITZUR’s approximate
solution is[7, 8]

s1pimn P\ (16)
+

By Eqn.(16) the calculated results for the three
groups of disk are also obtained and listed in Table 3.

From Tables 2 and 3, it can be seen that the results
by Eqn.(9) and Eqn.(16) are basically in agreement.

Let m=0.1-0.85 and ry/h=1, 2, 3, the calculated
stress effective factors n, by Eqns.(9) and (16) are
compared in Fig.3.

Fig.3 shows that the value of stress effective factor,
n,, increases with increasing m value for the same

Table 3 Calculated results by Eqn.(16)

Sample No. N, F /KN Foe/ KN A%
1 1.1851 38.30 39.0 -1.79
2 1.1342 52.36 49.5 577
3 1.101 7 57.97 512 13.23
2.0
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Fig.3 Comparison of stress effective factor by Eqns.(9) and

(16)

geometry ro/h, but the results by Eqn.(9) are a little
higher than those by Eqn.(16). For a given friction factor
m, the n, increases with increasing value of ro/h. This
trend for disk forging is similar to the basic rule
exploited by Slab method[14,15], Upper-bound and
UPET][16], as well as FEM[3].

It should be pointed out that the stress effective
factor of previous example can also be checked out
immediately with the calculated curves by given m and
ro/h, as illustrated in Fig.3.

6 Conclusions

1) When direction cosines are determined by the
ratio of coordinate increments, the plastic power
integrated by strain rate vector inner-product satisfies
Eqn.(6), stress effective factor satisfies Eqn.(9), and
nonlinear relation between bulge parameter b and friction
factor m satisfies Eqn.(10).

2) With compression tests, the stress effective
factors and total pressures are calculated by Eqns.(9) and
(16), respectively. The calculated results are basically
consistent. The stress effective factor n, increases with
increase in both friction factor m and geometric
parameter ro/h.

3) When reduction in pass is less than 25%, the
relative errors between calculated and measured total
forces are less than 6%, and when reduction in pass gets
up to 33.12%, the errors are more than 13%, which
already exceeds engineering error limit of 10%.
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