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Abstract

This research is to investigate the deformation characteristics of sintered compacts and the evolution of
voids in the forging process under different frictional conditions. The Gurson—Tvergaard yield criterion was
used to describe the plastic behaviour of porous materials, while the material parameters were empirically
determined.

Experiments and finite element analysis were conducted to examine the processes. The material properties of
sintered preforms were ascertained from both the uni-axial tension and compression tests. The finite element
models were verified with the upsetting experiments under different frictional conditions. A simulation of
forging the gear blank under various contact situations was performed as well. Studies show that voids lead
to the degradation of the strength of the sintered materials. Friction at contact interfaces contributes to the
non-uniformity of deformation and the density variation in the workpiece after large deformation. © 2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Powder forging (P/F) combines powder metallurgy (P/M) and forging technologies and thus
possesses the advantages of both processes that result in stronger yet versatile products with compli-
cated geometry and arbitrary alloy compositions. Preforms are prepared in various steps that involve
powder mixing, compacting, and sintering. The exact shape is obtained from a final forging pro-
cedure. This method results in fewer dies, less material waste, and lower tooling costs. However,
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Nomenclature

() potential function

c macroscopic Cauchy stress tensor

S deviatoric part of the Cauchy stress tensor
I identity matrix

oy hydrostatic stress

G von Mises effective stress

oy flow stress of a fully dense matrix

Ofirst yield first yield stress of the porous materials or a fully dense matrix
Teq equivalent frictional stress

T12 shear stress components

Terit critical stress

P contact pressure

U coefficient of friction

&b effective plastic strain of a fully dense matrix
& effective plastic flow of a fully dense matrix
&r plastic flow of the materials

/ nonnegative plastic flow multiplier
f void volume fraction (porosity)

f total change of void volume fraction
f change of growth of existing voids
f change of nucleation of new voids

q1.2.3 material parameters

qj, temporarily updated value of the material parameters (j = 1-3)

qj, previous value of the material parameters (j = 1-3)

N total number of data for the porous materials at the first yielding state
(64, 1) one set data of the porous materials at the first yielding state (i = 1-N)
k coeflicient in the plastic equation of a fully dense matrix

n strain hardening exponent
E Young’s modulus
v Poisson’s ratio

voids in sintered compacts bear a detrimental effect on the mechanical properties, and the variation
of density may occur in workpieces after large deformation.

After over four decades of development, the elastic—plastic problems of sintered materials have
been widely studied. The expanding literature of relevant subjects is overwhelming. A yield criterion
for porous media was proposed and modified by Gurson [1], Tvergaard [2], Richmond and Smelser
[3], and Goya et al. [4]. The plastic behaviour of porous metals were examined by Kuhn and
Downey [5], Green [6], Oyane et al. [7], Shima and Oyane [8], Doraivelu et al. [9], Hwang and
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Fig. 1. The flow chart of this research.

Kobayashi [10], Mear [11], Lee and Kim [12], Lee and Mear [13], Nagaki et al. [14], Dias and
Schaeffer [15], and Akisanya [16] as well.

The plastic flow and the density distribution in porous materials during deformation were
presented by Mear and Durban [17], Bruhns and Sluzalec [18], Wang and Karabin [19], and
Han et al. [20]. On the other hand, the deformation characteristics and fracture of iron compacts
with different initial porosity were investigated by Spitzig et al. [21], Biner and Spitzig [22],
and Spitzig [23]. The frictional conditions in the working process were analysed by Hartley
et al. [24], Jha and Kumar [25], and Mamalis et al. [26]. In the consideration of the hot work-
ing operation, the effects of temperature on the processing parameters and the deformation be-
haviour of porous metals were studied by Bockstiegel and Olsen [27], Kim and Cho [28], and
Han et al. [29].

Despite the close scrutiny of the plastic behaviour of porous metals, the evolution of voids and the
effects of frictional conditions still elude sweeping generalization. The main purpose of this study,
therefore, is to investigate the deformation characteristics of sintered compacts and the evolution of
voids in the forging process under different frictional conditions (Fig. 1). This study started from
preparing the porous preforms through the P/M steps with the metal powder. The material properties
of sintered compacts were ascertained from the simple tension and compression tests. Then, the finite
element models were established and verified with the upsetting experiments under different frictional
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conditions. At the last step, the simulation of forging a gear blank under various contact situations
was performed as well.

2. Theoretical review
2.1. Yield criteria and void evolution

The plastic theories of metals have been widely examined. The von Mises yield criterion, which
is based on the shape distortion energy for fully dense media, is presented in the following equation:

D(6)=6—0,=0, (1)

where ¢, is the flow stress of fully dense media,

G=1/38:S8 (2)

is the von Mises effective stress,

S=6-—o0,1 3)
is the deviatoric part of the macroscopic Cauchy stress tensor o,

o= %o i | (4)

is the hydrostatic stress, and I is the identity matrix.

For the yield function of porous media, Gurson [1] proposed a formula based on a rigid-plastic
upper bound solution for the symmetric deformations of spherical voids in a deforming solid. This
criterion combines the effects of both the deviatoric part and the hydrostatic component, and is
represented as follows:

G 3q204

2
Do, f)= () +2q1fcosh< 7

Oy

>—(1+q3f2)=0, (5)

y
where f is the void volume fraction, o, is the flow stress of a matrix, and ¢q,,¢», and g3 are the
material parameters. Originally it was demonstrated that g =g, =¢3 =1 in Eq. (5). Then, the scalar
parameters with ¢;=1.5,g,=1, and g3 =g} were introduced by Tvergaard [2] to make the predictions
of the Gurson model agree with numerical studies. With the value of porosity being given as zero,
f =0, the Gurson—Tvergaard criterion can be simplified to the von Mises formula for a fully dense
matrix.

On the other hand, the plastic flow of the materials is assumed to be normal to the yield surface

o= ;02 (6)
Gl

where 1 is the nonnegative plastic flow multiplier.

The constitutive equation of a matrix is described as ¢ = (&%), where &2 is the effective plastic
strain of the matrix. The evolution of the effective plastic strain in the matrix is obtained from the
following effective plastic work expression:

(1— f)o,&h =0 & (7)
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Observing the deformation mechanisms in porous metals, the total change of the void volume
fraction during deformation arises partly from the growth of existing voids and partly from the
nucleation of new voids, stated as

f=r+r (8)

where fg is the growth rate of existing voids and fn is the change of the nucleation of new voids.
The growth of existing voids is based on the law of conservation of mass and is expressed as

Sy=(0 = f)e":L )
On the other hand, the nucleation of new voids stems from the grain boundaries or decohesion of
the particle-matrix interface in the tensile stress state. Void nucleation at a material point, therefore,
will not be considered in the compressive stress state. The mechanisms of void growth and nucle-
ation during plastic deformation were sequentially reviewed by Goods and Brown [30], Chu and
Needleman [31], Hom and McMeeking [32], and Lee and Zhang [33].

2.2. Frictional conditions

Generally, the frictional conditions at the contact interfaces of the workpiece and the die in bulk
metal forming are essentially complex. In this research, the globally equivalent frictional forces
were approximated to describe the contact situations. A standard Coulomb friction model with an
additional limit on the allowable shear stress was used. It is assumed that no relative motion occurs
if the equivalent frictional stress,

Tog =1/T2 + 13 (10)

is less than the critical stress, 7., which is proportional to the contact pressure, p, in the form
below

Terit = 1D, (11)
where u is the coefficient of friction, based on trial and error in the finite element simulation for

matching the practical results. In addition, 7; and 7, in Eq. (10) are the components of the shear
stress.

2.3. Material parameters

The Gurson-Tvergaard yield criterion was adopted to describe the plastic behaviour of porous
materials in this study. Emphatically, the scalar parameters, ¢;,¢,, and g3, were empirically deter-
mined. The computing loop for fitting the parameters is illustrated in Fig. 2. A least-squares method
was used to formulate the objective function, which is stated as

N
Fun(g;) = [®(e:, [T, j=1-3, (12)

i=1
where 6; and f; are the values of one set of the data, and g, is the scalar parameter from g¢; to
q3. The total amount of the data sets, N, is equal to 45. The initial value of three scalar parameters
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Constitutive equation for porous materials

Data from simple tests o(0,1)= E%Ez +2¢,f COShH@Zih E_ (1 +q3f2):0
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Fig. 2. The computing loop for fitting the material parameters from the experimental data.

was given as 1.0 in the program. This computation recognizes the dependence of the ability of the
loop convergence upon the level of the error tolerance criterion,

s
qj,
where ¢, is the temporarily updated value computed in the current loop for substituting the previous
value, g;,, if the criterion is satisfied. The error tolerance is defined from the user. After the process
of a convergent calculation, the undetermined parameter in the objective function was transferred
from one to another consecutively until the fitting procedures for all parameters were finished. At
the final stage, these optimum parameters were output, and they were quoted in the finite element
model.

— 1| < Error tol., j=1-3, (13)

3. Experimental procedures
3.1. Specimens preparation

The porous specimens used in the experiments were prepared from the water-atomized pure iron
powder. The constituents and the distributions of particle size are demonstrated in Table 1. The
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Table 1
The powder constituent and the particle size distribution

The properties of water-atomized iron powders (KIP 301A)

Chemical analysis Screen analysis

Constituent % Mesh Particle size (pm) %

Fe Bal. +60 +250 —

M. Fe — +80 +180 <2
C < 0.01 +100 +150 <15
Si < 0.05 +150 +106 10-30
Mn 0.10-0.25 +200 +75 10-40
P < 0.025 +250 +63 <25
S < 0.025 +325 +45 5-30
(0] <025 —325 —45 10-30

Fig. 3. The scanning electron micrograph of the water-atomized iron powder.

irregular particle shape (Fig. 3), which increases the mechanical locking between powders, can en-
hance the green strength of the compacts and reduce the volume contraction during the sintering step.
Various compacting pressures and the floating die method were utilized to prepare the billets with
different green densities. The compacted billet is 12.5 mm in diameter, and the height is controlled
by weight to make the aspect ratio (the height-to-diameter ratio) < 1.5 to prevent the specimens
from buckling in the compression tests.

It is a well-known fact that the die compaction of powders results in the anisotropic compacts,
which may cause the non-uniform concentration of volume and the shape distortion of the preforms
in the sintering step. Furthermore, the anisotropic distributions of voids in the workpieces yield
the non-uniform deformation and reduce the forging capability. In this study, the lubricant that
dissolves 100 g of zinc stearate in 11 of acetone was used to improve the lubricating conditions in
the compacting step.

All the compacts were sintered in dry hydrogen at 1200°C for 1 h and then cooled down in the
furnace to room temperature. In order to determine the mechanical properties of the matrix, some
specimens were fully densified by rolling. Since the microstructure plays a significant role on the
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Fig. 4. The optical micrograph of: (a) the porous pure iron; and (b) the fully dense matrix.

plastic behaviour, the process of recrystallization in dry hydrogen at 600°C for 10 min was needed
to dispel the hardening induced in the rolling process. The microstructure of the porous compacts
and the fully dense matrix are demonstrated in Fig. 4, where the grain size in the matrix after
recrystallization is similar to that in the porous metals.

3.2. Simple tension and frictionless compression tests for material parameters

The material properties of the sintered preforms were ascertained from both the uni-axial tension
and compression tests. In the tension tests, the specimens were made of the fully densified sheets.
They measure 50 mm in gauge length, 12.5 mm in width, and 2-3 mm in thickness. The material
constants, Young’s modulus, Poisson’s ratio, the first yield stress, and the plastic behaviour of the
matrix were obtained. A strain gauge and an extensometer were utilized to monitor the deformation
in the axial and transverse directions. The tensile true stress-strain curve of the fully dense matrix
is demonstrated in Fig. 5, where the first yield stress is found to be 126 MPa. The plastic behaviour
of the matrix reveals a power-law relation, ¢ = k(&?)", where the coefficient £ is fitted at the value
of 543.63 MPa and the strain hardening exponent » is about 0.3.
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Fig. 5. The tensile true stress—strain curve of the fully dense matrix by experiment.
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Fig. 6. The construction of the diameter gauge in the compression tests.

For the frictionless upsetting tests, the porous billets with various initial relative densities were
tested under compressive loading, and Teflon sheets were used as a lubricant to maintain the uni-
form deformation of these specimens. Because of the compressibility of porous materials, the current
cross-section of the billets during deformation cannot be determined by the relation of the incom-
pressible volumetric plastic strain in the classical plasticity theory. Based on the assumption of the
homogeneous distribution of voids in the billets, the average porosity evolution can be measured
with the total change of the volume of the specimens in the frictionless upsetting. The diameter
gauge, as shown in Fig. 6, was constructed to detect the current diameters of the billets during the
uniform deformation, which is something imperatively needed to calculate the current area by the
assumption of the circular cross-section. Therefore, the true stress in the material during the tests
could be computed by dividing the current area into the axial load. On the other hand, the instanta-
neous heights of the billets were measured by the extensometer. Meanwhile, the void evolution was
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Fig. 7. Comparison of the first yield stress—porosity data by experiment and the non-linear curve by fitting.

ascertained from the total change of the volume of the billet, where the volume was calculated by
multiplying the current area and the instantaneous height together.

For each frictionless upsetting test, the first yielding point is identified via the intersection of the
true stress—strain curve and the line that shifted 0.2% off the elastic region. The first yield stress-
porosity data, determined by upsetting the billets with various initial relative densities, are given in
Fig. 7. A third order polynomial function was used to fit these data, and the empirical curve was
obtained as follows:

Gfirst yield = —126.31 + 482.66 f — 692.70 /> + 389.14 /7, (14)

where i yiera 18 the first yield stress and f* is the porosity at the first yielding state. The fitting
curve meets the vertical axis at —126.31 MPa, which resembles the first yield stress of the fully
dense matrix in magnitude (Fig. 5). On the other hand, this curve indicates that the first yield stress
approaches zero as the porosity increases to 0.62, which is close to the apparent relative density of
this iron powder. The strength of the sintered materials with the densities approaching the apparent
density of metal powders is insignificant.

In consideration of the Gurson—Tvergaard yield criterion, each of the material parameters con-
tributes different effects to the plastic behaviour of porous materials. In this study, these scalar
parameters were ascertained from the experiments by fitting the non-linear polynomial function,
Eq. (14), into Eq. (5). The calculating loop for these parameters is presented in Fig. 2 and this
program was written using the symbolic computation package Macsyma. The values of Young’s
modulus, E, Poisson’s ratio, v, the first yield stress of the matrixX, 6.y yiers, and the scalar param-
eters of the porous metals are demonstrated in Table 2, where the parameters, ¢;,q,, and g3, are
similar to the values that Tvergaard proposed via the numerical results.

3.3. Frictional upsetting tests

Upsetting experiments without Teflon sheets were made to perform the frictional compression of
porous billets, and the load—displacement curves with various initial relative densities were obtained.
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Table 2

The material constants

Matrix property Porous parameter

E (GPa) v Ofirst yietld (MPa) q1 Q2 UE
180 0.27 126 1.81 1.00 2.80

The billets bulge out at the equatorial surface because the frictional forces inhibit the deformation of
materials at contact interfaces of the billets and the flat die. The tension and compression tests were
conducted using the MTS 810 material testing system, and the experiments were compared with the
finite element analysis.

4. Verification of finite element analysis
4.1. Model construction

ABAQUS/Standard [34] was used to model and analyse the forging of the porous compacts. This
program is developed based on the implicit code; therefore, Newton’s iteration process is needed.
The material properties and the deformation characteristics are very complicated in real cases, and
some reasonable assumptions were made to simplify the analysis:

1. The distribution of voids is homogeneous in the specimen.
2. The matrix is perfectly bonded and incompressible.
3. The cylindrical billets are uniformly deformed in the frictionless upsetting.

The finite element mesh and the boundary conditions of the billet in the open flat die upsetting
analysis are illustrated in Fig. 8. Because of the axisymmetric profile, only a quarter of each billet
and die were modeled. The boundary conditions were specified on the line of symmetry. The dis-
cretization was biased toward the outward region to account for the larger amounts of deformation
and the contact situations. The 8-node reduced-integration quadratic axisymmetric solid element was
used for the billet, and the rigid surface was used for the flat die.

4.2. Upsetting simulation under frictionless and frictional conditions

In order to verify the finite element results with the experiments, the upsetting simulation with
two different frictional conditions was considered. The coefficient of friction was given as zero in the
frictionless analysis, which preserved the uniform deformation of the billets. The results were used
to examine whether the inputted experimentally determined material data truly represented the actual
bulk material behaviour. Then, the frictional upsetting analysis was carried out with an equivalent
coeflicient of friction, 0.3, which provided a similar bulged profile in loading history to the specimens
from the experiments.

The compressive true stress—strain curves and the true stress—porosity curves with the initial relative
densities of 0.6897, 0.8071, and 0.9058 in the frictionless upsetting are demonstrated in Figs. 9 and 10.
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Fig. 8. The finite element mesh and the boundary conditions of the cylindrical billet in the upsetting analysis.
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Fig. 9. Comparison of the true stress—strain curves under frictionless conditions by experiment and FEM.

The results indicate that finite element simulations closely match the measured data with slight
discrepancies. Fig. 9 depicts that the yield strength and loading capacity of the workpiece deteriorate
with the voids. In Fig. 10, the curves reveal the evolution of porosity during the frictionless upsetting.
Void reduction is governed by the volumetric plastic strain, which is caused by the hydrostatic
pressure. Errors between the finite element results and the experiments are < 5%, which may have
been caused by the slightly non-uniform deformation of the billets in the tests and Luders band right
after the first yield that is not modeled in the finite element analysis.

From the analysis, it can be found that the material parameters in the Gurson—Tvergaard yield
criterion exercise a distinct influence on the mechanical properties of porous media. The plastic
behaviour of the porous materials is dominated by ¢;, which deteriorates both the stress—strain and
stress—porosity curves in the compressive loading. On the other hand, the parameter ¢,, which weighs
the effect of hydrostatic stress, bears a strong influence on the stress—porosity data. In addition, the
finite element results show the insignificance of g;.
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Fig. 10. Comparison of the true stress—porosity curves under frictionless conditions by experiment and FEM.
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Fig. 11. Comparison of the load—displacement curves in the frictional upsetting by experiment and FEM.

As another example of validation, the same upsetting process with frictional conditions was com-
puted. The load—displacement curves of the billets with the initial relative densities of 0.6772,0.7898,
and 0.9143 by experiment and simulation are compared in Fig. 11. Voids decrease the strength of
the workpiece. Friction at contact interfaces leads to the non-uniform deformation of the workpiece,
while the significant variation of the stress field is induced. The finite element results of the cor-
responding true stress versus true strain at the core of the billets in the frictional upsetting are
demonstrated in Fig. 12. On the other hand, the contours of the relative density in the deformed
workpiece are shown in Fig. 13, where the lower density exists at the equator of the bulge surface.
This phenomenon is conclusively consistent with the previous investigations. Furthermore, the finite
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Fig. 12. The true stress—strain curves at the core of the billets in the frictional upsetting by FEM.
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Fig. 13. The contours of the relative density in upsetting the billet under frictional conditions (coefficient of friction
1n=0.3).

element models, verified with the upsetting experiments under different frictional conditions, were
then applied to perform the powder forging of a gear blank.

5. Powder forging of the gear blank
5.1. Construction of the model

Bulk forming effects complicated deformation, which dominates the evolution of voids in the
porous materials. In this study, we assume that the change in the void volume fraction is brought
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Fig. 14. The finite element mesh of the billet and the profile of the die in forging the gear blank.

2,950

about by the variation in existing voids and that the nucleation of new voids in the tensile stress is
negligible.

As a practical application, powder forging of the gear blank was simulated using the results of
this study to show the plastic flow characteristics of the sintered metals. The profiles of the porous
billet and the forging die are illustrated in Fig. 14, where the billet is 12.5 mm in diameter and 6 mm
in height, and the die is 27.5 mm in diameter. It was difficult to analyse the contact situation by
using the 8-node quadratic solid element. The 4-node bilinear axisymmetric solid element, therefore,
was used for the billet, and the 2-node linear axisymmetric rigid element was used to construct the
die. Because of the axisymmetric profile, only a quarter of the billet and die were modeled, and the
boundary conditions were also specified on the line of symmetry. The discretization was made finer
in the middle region of the billet to account for the larger amounts of deformation. The material
parameters in Table 2 were inputs as well.

5.2. Forging of the gear blank under various frictional conditions

In this analysis, the globally equivalent frictional conditions were approximated to deal with the
contact situation between the workpiece and the die. In order to investigate the effects of friction
on the bulk-forming process, the simulation with various frictional conditions was performed. These
load—stroke curves under different coefficients of friction in forging the gear blank are demonstrated
in Fig. 15.

Studies show that when the coefficient of friction used in the simulation is lower than 0.04,
Newton’s iteration process fails to converge. The on—off situation occurs repeatedly at the contact
interfaces near the convex end of the die during the simulation. Perhaps the refined mesh in this
region or the explicit code could solve this problem. On the other hand, the different coefficients of
friction, which are equal to or larger than 0.04, have little effect on the load—stroke curves, while



504 C.-C. Huang, J.-H. Cheng/ International Journal of Mechanical Sciences 44 (2002) 489-507

Stroke [mm]

-5 -4 -3 -2 -1 0
. : : . : . 0

120
J-40
g 1-60
- > 1 80
J-100
J-120
J-140

— Frictional coeff. p=0.03 1160
N A Frictional coeff. p = 0.04 J1.180
\

L »4 —— Frictional coeff. u = 0.1
Frictional coeff. p = 0.3

T T T
point 1\\$
point2-__

-_poi nt4
- \

Forging load [KN]

] -200
J-220
| . | . | . | . i 2240

Fig. 15. The load-stroke curves in forging the gear blank under different coefficient of friction (the labels for points 1
through 4 are used in Fig. 16).

these curves almost overlap with each other. For this reason, the coefficient at a value of 0.1 was
implemented into the subsequent analysis. In addition, the initial relative density of the billet was
given at 0.86 for the precision forging modeling.

Moreover, the load—stroke curves in Fig. 15 also show three deflection points, which demonstrate
the greatly increasing loads. In particular, the forging loads increase sharply as the die cavity is
completely filled with the materials, inducing the hydrostatic pressure in the matrix. On this curve,
with the coefficient of friction at 0.1, points 1-4 correspond to the strokes of 2.48,3.15,3.91, and
4.19 mm, respectively. The contours of the von Mises effective stress and the relative densities at
those corresponding strokes are demonstrated in Fig. 16, where the contours of the effective stress
are placed on the left side and the relative density variations are presented in the right column. A
comparison of Figs. 15 and 16 makes it clear that every deflection point on the load-stroke curve
indicates an instantaneous increase in the contact area:

Point 1 on the curve announces that the upper-right corner of the billet starts to touch the die
surface, as shown in Figs. 16(1a) and (1b).

Point 2 indicates that the upper-central region starts to touch the die surface, as shown in
Figs. 16(2a) and (2b). Nevertheless, the deflection at this point is not so obvious as that at points
1 and 3.

Point 3, then, indicates that the billet starts to touch the side surface of the die, as shown in
Figs. 16(3a) and (3b), where the die is almost filled with the materials.

At the final stage, the die is completely filled with the materials at point 4 of the load—stroke
curve in Fig. 15. It can be observed that, in Figs. 16(4a) and (4b), the effective stress distributes
homogeneously and the relative density approaches the value of 1, suggesting that the voids are
reduced by the hydrostatic pressure. Also, the strength of the gear blank is greatly enhanced by the
forging step.
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Stroke U=-2.48 [mm] (corresponding to point | in Fig. 15)
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Fig. 16. The contours of the von Mises effective stress, (1a), (2a), (3a), and (4a), and the contours of the relative density,

(1b), (2b), (3b), and (4b) in the deformed gear blank at various forging steps (coeflicient of friction u
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6. Conclusions

Powder forging techniques enhance the dimension precision and the strength of products. Upsetting
simulation helps understand the deformation characteristics of sintered preforms. The simulation of
forging the gear blank under different frictional conditions is presented as well. From the results, we
draw the following conclusions:

(1) The simulation of the upsetting tests, verified with the experiments, is achieved by using the
Gurson—Tvergaard yield function for porous media.

(2) The plastic behaviour of the porous metals is dominated by the parameter ¢; in the Gurson—
Tvergaard criterion. The parameter ¢, bears a strong influence on the evolution of voids. In
addition, g3 is relatively insignificant.

(3) Voids lead to the degradation of the strength of the sintered materials.

(4) Friction at contact interfaces contributes to the non-uniformity of deformation and the density
variation in the workpiece after large deformation.

(5) Different coefficients of friction have little effect on the forging loads during the working process.

Through the computer simulation of the forming process, we can apply the powder forging
techniques with an arbitrary metal powder in complex forging applications, such as connecting
rods, ratchet wheels, etc. Such capability would be helpful in optimizing the geometry of sintered
preforms and forging dies. In addition, it also requires an effective fracture criterion to evaluate the
forming limit of workpieces, to which we will devote ourselves in the future.
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