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Effects of Processing Parameters in P/M Steel
Forging on Part Properties: A Review
Part lll Analysis Methods

R. Duggirala and R. Shivpuri

In the last decade, powder metallurgy (P/M) technology has made marked advances in competitive manu-
facturing. P/M offers design opportunities that are not possible with other methods, as well as significant
cost savings. The processing parameters, material characteristics, individual stages of parts production,
deformation and densification mechanics and tooling, and preform design influence the properties of the
P/M part and related economics. Therefore, a review of the various parameters involved in the different
stages of P/M steel forging in net-shape manufacturing and their implications on resulting properties of
P/M parts is presented in a three-part review. Part I discusses the stages of preparing a sintered compact,
and Part I1 identifies key parameters in forging the sintered compact that influence the properties of the
powder forged part. Part III reviews the different analysis methods available to study P/M processing.

1. Introduction

FORGING of powder metal preforms is currently of considerable
interest due to the increase in such applications. To effectively
forge P/M parts, it is necessary to control several contributing
parameters to ensure uniform densification, avoidance of
cracking, elimination of flash formation, and the required me-
chanical properties. This is achieved by detailed consideration
of die design, preform design and lubrication, and in-depth un-
derstanding of the deformation mechanics during the forging of
P/M materials. The porosity of sintered P/M parts that are
forged causes the behavior of sintered parts to deviate from
those of conventional cast and wrought materials. In the fol-
lowing sections, plasticity theories proposed for porous materi-
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Table1 Processes Combining P/M with Deformation Operations

als based on classical methods, numerical approaches in P/M
forging, and analysis methods for die design in P/M forging are
presented.

There are numerous combinations of powder metallurgy
and deformation processing and some of the key combinations
are listed in Table 1. However, in this review, the focus is on
powder forging. The process of powder forging and the influ-
ence of different parameters during processing on the mechani-
cal properties of the forged part have been reviewed in Parts I
and II in this issue.

2. Plasticity Theory and Yield Criterion for
Porous Materials

In the case of fully dense materials, constancy of volume
during plastic deformation is maintained, and the value of the
plastic Poisson ratio equals 0.5. The effect of hydrostatic stress
in yielding is negligible, if not absent. Porous materials, how-

(1]

Process

Near-net-shape products

Compaction of preform—sintering—precision forging...........coe.ccevcecneeen.
Compaction of preform—sintering—(cold) forging..................
Compaction of preform-—sintering—gear rolling—machining
Can-hot isostatic pressing of preform—Decan—hot forge—machining.....
Semifinished products

Can—hot isostatic pressing—hot WOrk........ccocereecceeerereccnenencrcermnes e cenens

Cold isostatic pressing—vacuum sintering—hot Work .........coccccceeeeneaecene
Controlled spray deposition—hot WOrk ...........ccocencierinciincemnene e,

Compaction by rolling—sintering—hot rolling—cold rolling .........ccccceee.e.
Can—vacuurmn degas—hot press—decan—hot Work ...........c.ccovvvvrvcn e
Cold isostatic pressing—vacuum degas—eXITUde .......cccceerrcemecrreecreaveeene
Vacuum hot pressing—extrude
ContinuOUS fFOMING .....c.cevrveeeereieecereiete st sees e srrseesseseresesereees saensesenes

Material Ref
Net-shape steel part 34
Near-Net-shape part (steel, aluminum alloys) 5,6
Helical gears from sintered steel 7
Near-net-shape part (Superalloys,Titanium) 8
High speed steel 9
Stainless steel 10
High speed steel Il
Stainless steel 12
Low-alloyed steel 13
Nickel-base alloys 14
Aluminum alloys 15,16
Aluminum alloys,metal matrix composites 17,18
Aluminum alloys 19
Aluminum-copper alloys 20
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Fig.1 Comparison of predicted v versus p relationship due to
Greenl¥! with experimental relationship.
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Fig.2 Comparison of theoretical and experimental results for
axial stress in repressing iron powder compacts.[

ever, differ in that there is a change in volume during plastic de-
formation, and the hydrostatic stress component influences
yielding. Yield behavior of other materials sensitive to the hy-
drostatic stress has been studied previously!2-31 for yielding of
soil and loose powder compaction often referred to as granular
media.

A plasticity theory was proposed by Green!*] for P/M mate-
rials that considers a solid weakened by numerous cracks or
voids. The assumptions made in this theory were that the mate-
tial is isotropic, rigid-perfectly plastic, void growth or decay
occurs isotropically, and that the cavities are more or less
spherical in shape. The above assumptions are reasonable for
deformations that are not too severe, and when elastic effects
are ignored. This results in a yield surface of the form:

’ 2 _sy2
I +oJ 2 =8y

where J; and J, ” are invariants, o and 8 are functions of v, the
void ratio (volume of voids to volume of solid plus voids). The
amount by which the yield stress is lowered due to the presence
of spherical voids in an otherwise solid material was quantita-
tively predicted, and the method of determining yield stress of
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Fig.3 Comparison of theoretical and experimental stress in
plane-strain compression of sponge iron powder.[s]

the porous material is described including yielding due to mean
pressure. A constitutive law of the hypoelastic type was de-
rived. The Poisson’s ratio for porous materials is shown as a
function of instantaneous density in Fig. 1. This approach,
however, overestimates the experimental measurements of
Poisson ratio at low densities and predicts lower sensitivity to
increasing density.

Stress-strain curves in uniaxial compaction of iron powder
were determined and Poisson’s ratio was evaluated by Kuhn
and Downey.!] These results formed the basis for their pro-
posed plasticity theory. In the development of the theoretical
mechanics of plastic deformation of any material, a criterion of
yielding and a flow rule between stress and strain needs to be
established. For a sintered P/M material, hydrostatic stress does
cause yielding, and therefore, the yield criterion must be a func-
tion of hydrostatic and deviatoric stress and it must reflect the
influence of increasing density. These results must reduce to
that for a conventional material as full density is approached.
The proposed yield criterion satisfying the above requirements
is

F=13J) - (1 -2v),1%

where J 2 is the stress deviator, J, is the second invariant of
stress, Vv is the Poisson’s ratio, and f is the magnitude of yield
stress of the material in simple compression. Because cold
working and densification in P/M are not independent, f =Y (d),
where d represents density. The stress-strain relation was ex-
pressed using the normality flow rule proposed by St. Venant
where the plastic strain increment is normal to the yield surface.

Using the above theory, experiments of axisymmetric re-
pressing were conducted and compared with the theoretical
values, as shown in Fig. 2. The results were found to be in good
agreement except at high stresses, which is attributed to errors
in experimental procedures in terms of sintering, shrinkage,
etc. Comparison of theoretical and experimental stresses in
plane-strain compression of sponge iron powder (Poisson’s ra-
tio versus density data were available for this material) is
shown in Fig. 3 which shows good correlation except for high
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Fig.4 Schematic illustration of yield surfaces for porous mate-
rials.[6]

stresses. The work hardening coefficient for a P/M material is
found to be an inverse function of sintered density of compacts,
and work hardening was due to densification and cold working
of material surrounding the pores as opposed to mobility of dis-
locations in conventional material.

In the above two theories proposed for porous metals, the
yield criterion is a function of the first invariant of stress and
second invariant of deviatoric stress, and the stress-strain rela-
tions are of the form:

de, =dh(c; - ¢0 )(i=1.2,3)

where dA is a non-negative constant that is not evaluated.
Therefore, these approaches are used only for simple stress
states such as uniaxial compression and tension or plane-strain
compression and are not satisfactory for the analysis of practi-
cal deformation processes.

Shima and Oyanel%] derived basic equations of plasticity for
porous materials similar to the ones just discussed and applied
the theory to applications such as frictionless closed die com-
pression. The yield criterion for sintered materials

| 1 i
f=[‘.(<51 —02)2+(02—c3)2+(03—01)2}/2+(cm/f)2}

is used where frepresents the degree of influence of the hydro-
static component s,,,. A functionf "’ is introduced where f ' repre-
sents the ratio of apparent stress applied to the porous bodies
and the effective stress applied to the matrix and maybe a func-
tion of relative density. A schematic illustration of the yield sur-
faces for porous materials is shown in Fig. 4. Simple tension
and compression tests of sintered copper were carried out to en-
able determination of f,n, and . These two functions (fand )
were found applicable to sintered iron and aluminum, whereas
the equations derived for copper were found to be applicable to
the results of Kuhn ez al.[>1 by representing:

v=051-%f1(1+%fYH
Yield functions proposed by various researchers are shown

in Fig. 5 and Table 2. The large differences between the various
theories emphasize the need for a yield function for porous ma-

Journal of Materials Engineering and Performance

180
et 12y )
GREEN KUHN & DOWNEY
120 v20
A=10 b Rs10
2 TR
S osof— o080 SN
~ J—
id “"“‘~».\\ AN ~
. Tl ~ \
040 NI N o4 \o1sd 08
% )
00 \ 0 ]
160
e <) i)
GURSON SHIMA, MORI & OSAKADA
120 120
Az10 R=10
X EBEe==
z =TT 08
osof T TTTm=~-UTC - 080 }—
5 R L T~
e Qs o
AN
00 0a¢ N\
o N\ o8s
1
000 L
%0 T00 7200 300 00 000 00 700 300 00
3y Jyivg
160 160
e (L
SHIMA & DYANE CORAPCIOGLU & UZ
1.20 t20
R=10 R=10
* ="
= 080 080 SN~
™
S — N N
L] | _ ~ \ \
a0l T~ N 040 \
N \ \
Nors Noss \ors \oes
000 1 \ 000 —L
160 160
o O]
UNI-AXIAL COMPRESSION
‘20 CORAPCIOGLU V20 PRESENT STUDY
o R=10 R=10
r Tl - o5
™ D80 o 080
> ~ [
el \\ \
LT AN L2 Sy N
\ors hore \ oss
000 2 000 L kY
000 100 200 300 100 Q00 100 200 300 00
dii¥q AR

Fig.5 Yield functions proposed by various researchers.[”]

terials that is derived from a physically based criterion. It is to
this effort that Doraivelu et al.[’] proposed a new yield function
for compressible P/M materials based on a yield criterion also
postulated by the above authors. The yield criterion for porous
bodies proposed that “homogeneous and isotropic porous ma-
terials begin to yield when the apparent total deformation en-
ergy, considering porous materials as continuous, reaches a
critical value.” The behavior of porous materials is assumed to
be linear up to the yield point with no permanent change in den-
sity, and densification begins only after yielding. The repre-
sentation of yield function in terms of principal stresses is given
as:

2. .2, &2 _R2 —(7p2 2
0] +05+0;-R (0102+0203+c301)_(2R -1y,

R being relative density and Y, the yield stress for fully dense
material. This representation shows growth of yield surface
with densification and eventually becomes independent of the
hydrostatic stress (/1) at fully density. The experiments were
conducted on aluminum alloy X7091, and the function pro-
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Table 2 Yield Functions Proposed by Other Researchers

Reference A, B, and 6 as a function of R 3(1-B) Remarks
e 1) FE D T | . 3 WhenR =1,
S 2 B=0and§=
P 4{in(1 - R)}
1312
5= IR T WhenR =0,5=0,
3-2(1-R)™ andB — e
GUISON[2] ceooiveieiiiire e ettt ce e A=3 3-[38(1 —R2)] WhenR =1,
(1-Ry? B=0andd=1
=78 WhenR=0,8=1,
5=(R2=R+1) & never reduces to zero
Kuhn and Downey[3].......ccoueoriccvncncnncnne A=2+R? A=3(1-B)
(1R 5 8 =1 at density levels
B="— 2+R WhenR=1,B=0
OYANE €7 ALIAT +eeovve e eereeee e A=3/R? WhenR =1,
B 1 5 3 B=05=1
[1-+VR/(1-R)I*R? [1+VR/(1-RY’R* When B =0,
5=R? 8=0andB — oo
Shima and Oyane[5,6]........ccccvrvvvrerenvirinnen. A=3 7.4701-R)*M WhenR =1,
2.491-R)%5™ 3- T B=0andR=0
B= R WhenR =0,6=0,
§=R’ andB=—> o
Shima et al. [5,6] (Referto Appendix A) ...... A=3/(1+W) WhenR =1,
B 3/(1 + ) n=0,A=3,
B+ 1+HL B=0,and
R 6=1
=1Tu
CorapCioglu[7].c.ccee e verrererecenmmecsersceresenene A=3 3-6.27(1-R*/R? 8 =1 at all density levels
B =2.091(1-R)*/R? 0.78(1=R) WhenR =1,
0.26(1—-R) - *—*Rz B=0
_T WhenR=0,B — oo
6=1
Corapciogluand Uz[7] ......ccc.eoevenecvcnvenennnnes A=3 1.083(1—R2) 8= 1 at density levels
g 0361(1-R?) +0.39 (1-R) S WhenR =1,
= 2 B=0
521 R + LAI-R) WhenR =0
- R B-—oo
From Ref. 7.

posed was verified for the density dependence of the yield and
geometrical hardening.

3. Friction in Powder Forging

Friction between the preform and die surfaces during forg-
ing plays a major role in determining the process charac-
teristics. Reducing friction decreases tonnages required for
forging, facilitates easy ejection of the forged part, and im-
proves tool life. It also enables forming of parts with thin and
long sections, improves surface finish, and prevents cracking
and fracture of the part during forging.

Typical representations of friction in metalworking applica-
tions are coulomb (friction is directly related to the pressure
normal to the sliding surfaces), shear (friction force is related to
the workpiece shear yield strength), and in recent develop-
ments as a function of relative velocity between the two sur-
faces.!8 The ring test has been used for evaluating friction in

520—Volume 1(4) August 1992

forging of fully dense materials and can also be applied to pow-
der forging.[®! Calibration curves (Fig. 6) are generated from
ring tests[8! for different friction factors, and densities are deter-
mined from changes in the dimensions of the rings in the test.
This figure can then be used to provide a quantitative compari-
son of friction for various lubricants, die materials, surface fin-
ishes, temperature effects, etc.

4. Fracture Mechanisms and Forming Limits in
Forging of Sintered Preforms

Fracture during plastic deformation of fully dense materiais
that are ductile initiates by void formation at inclusions or other
inhomogeneities in the metai matrix. The pre-existence of
voids in material such as in P/M materials, eliminates the need
for void initiation, and only coalescence of voids is necessary
for crack formation.

Journal of Materials Engineering and Performance



=08

1.0 0.9 0.8 1.0
~25

avis
/77
VY4

BORE DIAMETER CHANGE, %
/ANN
N

/1

0.8
\\/ 0.1

0.9
10

— |10

\/
15
1] 10 20 30 40 S0 60

HEIGHT REDUCTION, ¥

Fig. 6 Calibration chart for ring tests on sintered powder mate-
rial. Relative density values are 1.0, 0.9, and 0.8. Note that for
cach friction value the change in bore diameter decreases with
decreasing density (ring proportions OD:ID:H = 6:3:2).18]

o
o)
z 04t ° ./\
= 1800° F -1 601 AB alumioum
B (RT)
; i /GA/
< ° P
E § P
E 02 -~ -
w el a
e 9 - -
= —
(o] - .
[&) | e
o e
) -
ol A A L 1 L 1
0.2 -04 -06
AXIAL STRAIN

Fig.7 Locus of surface strains at fracture during upsetting of
sintered 4620 low-alloy steel powder cylinders. Induction sin-
ter: @ 2350 °F for 3 min, © 2050 °F for 3 min. A Conventional
sinters; 2050 °F 1/2 hr.[10]

Alocus of surface strains at fracture (forming limit diagram)
during upsetting of 4620 steel alloy (Fig. 7) is determined by
measuring the axial and circumferential strain of the bulge sur-
face (Fig. 8). This locus is used as fracture criterion for the
evaluation of the deformation to fracture in more complex de-
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UPSETTING

Fig.8 Circumferential tensile stress and axial compressive
stress at the bulge surface of cylinders compressed axially with
high contact friction.[10]
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Fig.9 Design curves for disk forging to achieve maximum me-
chanical properties (left of solid line) without causing fracture
during forming (right of dashed line).!10]

Fig. 10 Central burst in a forged part consisting of two op-
posed hubs. Grid lines placed on midplane prior to deformation
to permit measurement of internal strains.[10]
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formation processes. The progressing deformation strain paths
in the potential fracture regions of the process under considera-
tion are first determined through plastic analysis or measure-
ments on a model material. These strain paths are then com-
pared with the fracture locus of the material. If the strain paths
cross the fracture locus before the deformation process is com-
plete, fracture is likely. This locus of fracture strain is primarily
for free surface fracture.

An example of methodology of preform design for a disk
forging is presented. This provides for sufficient metal flow to
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Fig. 13 Experimental local hardness distribution in the center
cross section of a bar.[20]

achieve maximum density, but less than that at which fracture
occurs. Given adisk diameter and a height, fracture in upsetting
can be avoided if the expanding free surface of the cylinder
reaches the die sidewalls before the reduction at fracture is
reached. The preform’s aspect ratio versus forged disk aspect
ratio is plotted, as shown in Fig. 9. For a given preform aspect
ratio, the forged disk aspect ratio must be to the left of the solid
line to achieve maximum properties of 50% reduction, and the
forged disk aspect ratio must be to the right of the dashed line to
avoid fracture.

Evaluation of more complex shaped forgings and corre-
sponding fracture criterion are presented in Ref. 8. Figure 10
shows internal fracture occurring in a part. Evaluation of inter-
nal strains enable possible prediction of such failures.

5. Plasticity and the Slab Method Approach

Kuhn and Downey (1973) have derived simple analysis
methods based on the plasticity principles discussed earlier and

Journal of Materials Engineering and Performance



on the slab method approach to frictionless axisymmetric and
plane-strain compression. Analytical approaches for simple
forging such as compression, upsetting, and repressing are dis-
cussed in Chapter 4.I1T of Ref 10, which also includes the fric-
tional effects at the die/workpiece interface, as shown in Fig.
11. Comparison of the analytical results from the slab method
in compression with friction at the die surfaces showed good
correlation with experimental measurements. Densities and
pressures are determined using this method. The above analyti-
cal approaches are applicable for simple shapes, but for com-
plex shapes numerical methods are more effective.

6. Thermal Analysis

In hot forging of P/M parts, transfer of heat from part to dies
and the surrounding atmosphere occurs, as well as heat gain by
part due to deformation. Localized chilling at die/workpiece
contact areas produces poor properties in the forged part. Sig-
nificant temperature gradients within the workpiece could re-
sult in residual stresses and distortion. Dimensional changes
occur due to shrinkage and expansion. Therefore, analysis
methods need to be applied to determine the above effects prior
to forging. Several analytical tools exist for determining heat
transfer, gain, and loss that occur during P/M forging by con-
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Fig. 14 Prediction of relative density distribution of solid cyl-
inder at 12.9% (0.4478), 25.8% (0.5256), 38.7% (0.6363), and
51.6% (0.806) reductions in height (average compact density)
with double-action press.[24]

Journal of Materials Engineering and Performance

duction, convection, and radiation. Some of the thermal proc-
esses are discussed in Ref 8.

7. Simulation of P/M Forging—Numerical
Methods

In the area of modeling of metal forming processes, finite
elements methods have been applied successfully. User-ori-
ented rigid viscoplastics finite element method codes have fur-
ther made these methods easier to use and more efficient. The
applicability of these methods has been extended to the area of
powder metal fabrication where the material model includes
the behavior of porous metals.

Oyane et al. derived plasticity equations from the yield
function proposed by Kuhn. Based on these equations, slip-line
field solutions and upper-bound solutions applicable to porous
metals were derived.l!1"14) These researchers extended the
above theory in developing the rigid plastic finite element
method of analysis of metal forming.[14]

Im and Kobayashill3] developed a formulation somewhat
different, although based on the same principle as the above
theories. The governing equations for the boundary value prob-
lem were derived for porous metals as:
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Fig. 15 Prediction of mean stress (MPa) distributions of solid
cylinder at 12.9% (0.4478), 25.8% (0.5256), 38.7% (0.6363),
and 51.6% (0.806) reductions in height (average compact den-
sity) with double-action press.
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Fig. 16 Prediction of relative density distributions of solid cyl-
inder at 12.9% (0.4478), 25.8% (0.5256), 38.7% (0.6363), and
51.6% (0.806) reductions in height (average compact density)
with single-action press.[24]

Equilibrium conditions: S, ;= 0
Compatibility: €= 0.5(U; ;+ Uj,i)
Flow rules: €= OF / Scij A

o;; and g;; are apparent stresses and strain rates, respectively,
considering porous metal as a continuum. Boundary conditions
are next set up for the boundary surface, S = §; (traction) + S,
(velocity) + §,. (tool/workpiece interface) and #; is the unit out-
ward normal to surface. The yield function and flow rule are
then defined where the effective strain-rate is defined accord-
ing to Hili'’6} and Johnson and Mellor.[!7] The variational form
of equilibrium equations used for discretization is derived.

The material properties are defined by the apparent yield
stress, ¥, and relative density R7] discussed in an earlier sec-
tion. The effects of strain, strain rate, and temperature on the
yield stress are also included as Y}, Y, (€, €, T3), with b denot-
ing the base metal.

Discretization is accomplished by using an isoparametric
quadrilateral element with a bilinear distribution function, and
stiffness equations are derived that are nonlinear. The Newton-
Raphson method is used for solving nonlinear equations. The
treatment of the rigid zone is based on the magnitude of the pre-
vailing strain rate and expressing stress-strain rate relation-
ships accordingly. Relative density is updated by relating volu-
metric strain rate to relative density. The function boundary
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183.7

Fig. 17 Predicted pressure (MPa) distributions along die walls
and punches of solid cylinder com[pacts (left) and schematic dia-
gram of experimental observation 241 (right) for (a) double-ac-
tion press and (b) single-action press.[24

condition is represented by a velocity-dependent frictional
stress, expressed as:

f=mk{2/man"'[[Vdw| /a] |

where k is shear strength, Vdw is the relative velocity of work-
piece material with respect to die, a is a constant several orders
of magnitude smaller than the die velocity, and m is the friction
factor, varying from 0 to 1.

Applying the above principles and modifying existing com-
puter software ALPID, to include compressibility of material,
Ohl!8 modified the code and tested by analyzing compression
of cylindrical porous material. An element with relative density
(R =0.999) was considered fully dense to stabilize conver-
gence of solution. Performing volume integration by Gaussian
quadrature and using reduced integration for volumetric strain
rate were found to be efficient.
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Fig. 18 Comparison between relative density distributions of
simulations (left) and that of experiments[zu (right). Compact
height to diameter ratios (initial H/D ratios of simulation) of (a)
0.42 (0.9), (b) 0.79 (1.6), and (c) 1.66 (3.1).[24]

Ring compression and axisymmetric forging were two ex-
ample problems analyzed. In the above analysis, isothermal
conditions were assumed. Figure 12 shows densification for
two friction conditions, and Fig. 13 represents the experimental
local hardness distribution for the same, which compares with
the density distribution. Im and Kobayashil!l developed a re-
meshing program based on the area-weighted-average tech-
nique and tested by simulating forging of the flange-hub shape.
An analysis using this technique was performed for the forging
of a pulley blank. The remeshing procedure may be subdivided
into the following steps:

1. Generating anew mesh system

2. Determining the values (apparent strains and relative densi-
ties) of the nodal points in old mesh
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Fig.19 Comparison of ALPID-P versus experimental bulk den-
sity (g/cm3) estimated at sections A-A and C-C.{30]

Al

Vg = 0 Vg 2 0
V» = PUNCH VELOCITY
Yy 7 DIE Waul VeLociTy

= INTERNAL PREFORM VELOCITY
Vo= KNOCKOUT VELOCITY
7%= FRICT{ON FORCE OF
DIE ON PREFORM

8)

V= 172 Vp NG 172 Vo

)

1
W= Ve 'v"’ W= Vp

Fig. 20 Effect of die wall velocity on interface friction.[30]
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3. Determining the values (nodal velocities, apparent strains,
and relative densities) of the nodal points in the new mesh
system by interpolation

4. Determining apparent strain and relative densities at the cen-
ter of each new element, checking the boundary condition,
and generating the new element connectivity if the number
of elements is changed.

The detailed deformation characteristics for the different
preform shapes under two frictional conditions were obtained.
It was demonstrated that the program could be used in preform
design in P/M forging and that remeshing is an indispensable
tool for simulating metal flow involving complex geometries
and large deformations.

Im and Kobayashil?? enhanced their formulation by ac-
counting for the effect of temperature, and the modified pro-
gram was applied to plane-strain compression of sintered iron
powder bar. The formulation used a phenomenological ap-
proach for the deformation analysis, in which the yield stress is
determined from the yield stress of the base material and the
relative density of the workpiece, as described earlier. This is an
extension to the coupled analysis of transient viscoplastic de-
formation and heat transfer by Rebelo and Kobayashi.[21]1 A
simple linear relationship between thermal conductivities of
the powdered material and the base metal was derived and used

as a first approximation in temperature calculation. The cou-
pled analysis of deformation and heat transfer determined the
dimensional changes, densification, stress and strain, strain
distributions, temperature distributions, and material flow dur-
ing forging. It was found that the effect of friction is significant
in the deformation analysis (fracture at free surface occurred
for large friction rather than for small friction), but negligible
for the temperature calculation. Good correlation of computa-
tion results to experiments confirmed the validity and capabil-
ity of this program.

Oh and Gegel!!® and Oh et al. [22)have presented the imple-
mentation of the P/M constitutive equations proposed by Gegel
et al.!7) as discussed earlier, into the general purpose finite ele-
ment method code ALPID to simulate P/M forming processes.
A variational functional of the rigid viscoplastic porous mate-
rial was derived based on the above constitutive equations. So-
lutions determined using the formulation for simple compres-
sion and die pressing with different frictions were compared
with experimental measurement and found to be in good agree-
ment.

Hwang and Kobayashi developed a plasticity theory for a
powdered metal compact.!?3] The yield criterion used for sin-
tered powder compacts was modified for describing the asym-
metric behavior of green powder compacts in tension and com-

LEGEND
10.0
I I - /2 v,

9.0] CZZ 71 w=0
" CIITTT1 vy= —Vp
% 8.01 B
E %
w70l A
L
: 6.0 L d
- %
® 501 %
W)
° a0
< 401

3.0

2.0l

Lol

5 10 15 20 25 30 35 40 45
STEP

Fig. 21 Effect of die wall velocity on densification uniformity.[30]

526—Volume 1(4) August 1992

Journal of Materials Engineering and Performance



pression and the finite element formulation derived.[?4] An
isoparametric quadrilateral element with a bilinear shape func-
tion is used for discretization. To handle regions of the body
that become rigid without solution instability, a strain-rate off-
setis used at the rigid regions. The deformation is characterized
by determining the parameters o, p, and apparent effective
stress, OR as a function of relative density R. The parameters
were determined from the behavior of sintered powder com-
pacts and from the relationship between green strength and
relative density for powder metal compacts.[231GR is expressed
in terms of R and Rc (critical density close to the tap density),
the parameter o in terms of R, and p in terms of o, oR, and the
green strength ot. Also, the coulomb friction law was used to
represent friction, because it was found well suited for repre-
senting powder metal-die wall friction.[25-27]

This method was applied to the compaction of solid cylinder
and cylindrical rings of copper powder. The predictions show
that the relative density distributions are similar to the mean
stress distributions, suggesting that powder consolidation is
primarily dependent on the mean stress, especially at low com-
pact densities, as shown in Fig. 14 and 15. The trends expected
in densification patterns in single-action and double-action
compaction were predicted by the simulation, as shown in Fig.
14 and 16. The load-stroke curves indicated slightly higher
loads required for single-action press versus double-action
press.

Figure 17 shows comparison of pressure distribution of pre-
dicted and experimental valuest?8)in cases of double- and sin-
gle-action pressing. The authors claim good agreement, but it is
not clear what the details of the experiment were, because Fig.
17 does not show a good match of the pressure distributions, es-
pecially on the punches. Similar incompatibility of simulated
results versus experimental values(?”] of relative density distri-
butions are shown in Fig. 18. Whereas these comparisons were
performed for simple compression of cylinders and rings, it is
difficult to predict the quantitative validity of the model to more
complex powder metal compaction processes.

Die

—-4

I

Porous Core Specimen Die

Fig.22 Flat tool cogging process and specimen.[31]
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Ranek et al. analyzed the powder forging process for con-
necting rods.[3% Figure 19 shows the comparisons of bulk den-
sities at various sections of the connecting rod derived by simu-
lation with values derived from powder forged rod. Also, die
wall velocities were varied and simulations were performed to
determine the effect of die wall velocity on interface friction, as
shown in Fig. 20. Figure 21 depicts the relative density grada-
tion in the sections when different die wall velocities were used
as fractions of punch velocity at various stages of the deforma-
tion simulation. Step 45 denotes the final stage of the process.
The results indicate that density variations in the section may
be reduced by using a floating die mechanism, thereby impart-
ing some velocity for the die wall (preferably the same as that
of the punch).

Void consolidation in forgings made from large ingots have
been investigated.[3!] Nakajima ez al.[3%) experimented with
plasticine specimens to simulate void consolidation. Sun et
al.1331 and Tanaka et al.13*) analyzed the void shrinking condi-
tion by the three-dimensional finite element method. However,
the artificial defects introduced to study the deformation were
too large compared to the dimension of the specimen, and the
variation in the geometry of the defects was not considered.
Therefore, Sun et al.[33] presented a new model for simulation
of void consolidation in flat tool forgings. A simplified three-
dimensional finite element method was used for modeling the
flat tool forging of mild steel specimens with sintered powder
metal in their core and for predicting the density change repre-
senting the effect on void consolidation. Figure 22 shows the
cogging process and the specimen.

T = 0 hours T = 4 hours

Fig. 23 Packing of glass spheres before (a) and after (b) 4 hr of
sintering. The spheres were 140 mm in diameter and were sin-
tered at 1273 K.[35]

(A) (B)

Fig. 24 Truss before and after 4 hr of sintering, fw = 0.038.135]
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Fig. 25 Relative area density as a function of time.[351

(c) (d)

Fig.26 Axial view of die loading and stresses. (a) One-piece
die. (b) Die insert with one stress ring. (¢} Die insert with two
stress rings. (d) Ribbon-wound or wire-wound die insert.[39]

This finite element method approach used a simplified
eight-node element and the yield criterion of Doraivelu et al.[7]
at any material point. The velocity component in the fransverse
direction of the porous part is limited to reduce errors and for
simplification. The results of this method showed good agree-
ment between theory and experiment when bite ratios were
greater than 0.7. A criterion E, for the evaluation of void con-
solidation, was proposed where if Yis positive, a larger value of
E implies better consolidation.

The compaction of metal powders has been studied widely
under the framework of classical rate-independent plastic-
ity.3%) Sintering phenomenon have been analyzed using nu-
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Fig. 27 Schematic view of die loading in powder compaction.
Radial pressure Py is less than axial compaction pressure p.139]

merical methods. Most of the models described for sintering
are unit models (two-sphere models, spherical pore models,
etc.), which are successful in characterizing only the latter
stages of densification where porosity is close to zero. Dawson
et al.13%! have enhanced these unit models by representing a
framework of links, where each link corresponds to an interpar-
ticle contact and the nodes correspond to particle centers. The
model is based on the principle of virtual work, and the details
of the derivation may be found in Ref 33. This model was ap-
plied to sintering of a two-dimensional packing of glass spheres
(Fig. 23) corresponding to an experiment conducted by
Liniger./38]

In the example considered, the large void grows although
the rest of the body shrinks during sintering. Material constants
T and h were determined by fitting the results of the unit prob-
lem for contact area by sintering, with the experimental values
for particles in the packing having only one contact each. The
other unknown factor in the experiment was the wetting of the
particies to the substrate (graphite). Because initial simulations
using the model with no wetting predicted higher sintering
rates than observed, viscous friction between the particles and
the substrate was introduced by using a wetting factor, fw; if
there was no friction fw = 0 and if the friction with the substrate
was the same as that with a neighboring particle, then fw = 1.
Figures 24 and 25 show simulation resulis. It has been shown
that the model just described can be applied by varying appro-
priate parameters to predict observed sintering behavior.

8. Analysis Methods in P/M Forging for Die
Design

Application of compaction and repressing fo larger parts
and harder powders increases the required outer dimensions of
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die assemblies and may exceed the die space available in some
presses. Therefore, application of shrink rings as shown in Fig.
26 can be used to provide more efficient utilization of material
and reduce the die size required for a given pressure and part. A
schematic view of die loading in powder compaction is shown
in Fig. 27, indicating that the radial pressure P, is less than the
axial pressure P for porous materials.

Kuhn!3%ldiscussed some techniques for optimum die design
based on two-dimensional theory of thick-walled cylinders and
derived corrections for actual radial pressure and the constrain-
ing effect of unpressurized die sections. Efficient design meth-
ods consist of: simultaneously reaching failure at the bore of
the die insert and the inside radius of stress ring where stresses
are largest. Tungsten carbide inserts and segmented dies should
be designed such that the hoop stress is always compressive or
zero at the die insert bore, and yielding is imminent at the inside
surface of stress ring. The stress ring outside radius should be
minimized to reduce the required die space.

Based on above findings, criteria charts and design curves
are derived for optimum stress ring dimensions and the re-
quired interference fits. In addition, methods for estimation of
radial pressure during compaction and for the extra constraint
provided by unpressurized die sections above and below the
compaction region are discussed for the single stress ring, two
stress rings, and ribbon-wound die configurations. Increasing
die insert constraint increases the limiting pressure and de-
creases the outside dimensions of the die assembly. Substantial
material savings are possible considering the actual radial pres-
sure Py, rather than assuming P = P. The constraint provided
by unstressed material above and below the powder compac-
tion zone has negligible effect on the die design and may be ne-
glected for practical purposes.

Rafanell er al.0) studied the deformations of different
shaped dies on compacting of P/M parts using analytical tech-
niques (thick cylinder theories) and photoelastic methods for
oblong or square dies with complex stress distributions, using a
computer and applying finite element method techniques. For
cylindrical dies, the optimum ratio of diameters of the die and
shrink ring was approximately 3, and a linear relationship be-
tween ring and die outer diameter and the part size was found to
exist. The results were more accurate for two-dimensional
cases.

9. Conclusions

In the analysis of simple P/M forging processes, slab
method analysis can be applied, as shown by Kuhn.!5! Several
yield criteria have been proposed for characterizing sintered
powder metal behavior and the one most popular appears to be
that of Doraivelu et al.l”] Sources of other yield criterion were
also presented. Friction models for representing friction condi-
tion between tool/workpiece were presented including meas-
urement techniques such as the ring test. The concept of form-
ing limit diagrams for analysis of fracture has proved to be
practical in upsetting of powder billet.

Numerical methods are applicable also to more complex ge-
ometries and forging conditions, notably the work of Ko-
bayashi ef al.13:19:29] who developed finite element codes as
an extension of the rigid viscoplastic code ALPID by including
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the compressibility of material. This code has been successful
in predicting density distributions and the effects of die wall
friction and die velocities during forming operations.(19:20.301
The models developed for compaction show some promise for
practical use, although currently predicted results deviate from
observed behavior in some cases (for example, Fig. 8). Dawson
et al13%) has worked on extending the unit model approach to
represent growth of voids by modeling the sintering mecha-
nisms. Future work should perhaps include prediction of the
densification during compaction of the green compact besides
the densification produced during forming of the compact.

Approaches to die design for P/M tooling have also been
presented, primarily by Kuhn.(3%) Some of the latest develop-
ments in P/M analysis include CAD/CAM approaches to pre-
form and tooling design and the use of expert systems. (8]
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