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Abstract Powder metallurgy nickel-based superalloys have
been widely used in high temperature applications. For these
materials, a fully dense and fine-grained microstructure is im-
portant. Full densification can be achieved by a suitable pro-
cessing technique, while the latter can be achieved through
recrystallisation for which valuable guidance is provided by
the information about recrystallisation nuclei. In this study, a
fully dense powder metallurgy nickel-based superalloy com-
ponent has been produced by a new manufacturing method—
direct powder forging—using a single acting hydraulic press
under normal atmosphere. Boundary misorientation of the
produced material has been analysed to determine the degree
of recrystallisation nucleation. A finite element model for di-
rect powder forging has been developed in DEFORM-2D/3D
and validated by comparing experimental and simulated load
curves. The relationship of stress and strain state with densi-
fication and recrystallisation nucleation degree has been
analysed. It was found that the direct powder forged FGH96
alloy has a much higher recystallisation nucleation degree and
more recrystallised sub-grains, compared with those of the hot
isostatic pressed material. Within the forged component, a
higher recystallisation nucleation degree resides in the mate-
rial near the container wall where greater values of shear strain
rate have operated.
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1 Introduction

High temperature structural components are important mem-
bers in advanced gas turbine engines and require excellent
high temperature mechanical properties such as ultimate ten-
sile strength and fatigue resistance, as they operate at high
temperature and are highly stressed. Precipitation-hardened
nickel-based superalloy has been widely used for structural
parts in gas turbine engine applications for more than 50 years
[1-3], and the demand for improved engine efficiency and
higher performance has resulted in continual development of
high strength polycrystalline superalloy [4, 5]. Powder metal-
lurgy (PM) technology was introduced to overcome the severe
segregation that often arose in processing bulk material, as PM
processing can produce a fine, homogeneous and
macrosegregation-free structure. During hot working of PM
nickel-based superalloy, recrystallisation refines the grain
structure which results in improved mechanical properties
[2, 6].

The main production methods for PM nickel-based super-
alloy include hot isostatic pressing (HIP) [7], direct hot extru-
sion, HIP + forging [8], hot extrusion + forging [9], HIP + heat
treatment [10, 11] and HIP + hot extrusion. The most com-
monly used method is HIP since this technique has an im-
mense potential for producing near net-shaped components
with near theoretical full density [12—14]. Nickel-based super-
alloy produced by HIP has highly homogeneous structure
containing fine grains, annealing twins and prior particle
boundaries (PPBs) decorated with the stable oxides (Al,O3
and TiO,) as well as brittle MC (Nb,Ti)C carbides [15, 16].
Subsequent hot extrusion or forging may break and disperse
the PPBs because of dynamic recrystallisation (DRX) which
occurs when deformation is large enough. Figure 1 shows
a nickel-based superalloy powder ingot for HIP process,
and the HIPed component as well as its corresponding
microstructure. The analysis of the misorientation
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Fig. 1 a Powder ingot for commonly used powder consolidation
technique. b HIPed FGH96 alloy component with microstructure and
grain boundary misorientation analysis (dimensions in mm)

Fig.2 Experimental setup for the

constitution of grain boundaries shows that the micro-
structure contains some dynamically recrystallised nuclei
(<10°) and a large number of large-angle grain bound-
aries (>15°) representing PPBs which can be seen clear-
ly from SEM image in Fig. 1.

Recently, a new processing method, direct powder forging
technique, has been reported [17, 18] which was conducted in
normal atmosphere. With a very simple experimental setup
(flat upsetting tools), full density was achieved in the central
part of the powder ingot. The PM nickel-based superalloy
produced by this technique resulted in a significant improve-
ment of microstructure, such as recrystallised structure and
dispersed PPBs, compared with hot isostatic pressing.
However, the forming rate used in the study was 200 mm/s,
which may not be readily available for large tonnage hydraulic
machines used for the production of large components. The
low cost and high productivity feature of this technique,
coupled with the potential for improved microstructure, neces-
sitates further investigation of this method for the production
of fully dense components, particularly for forming rates at-
tainable with common machines.

In this study, a PM nickel-based superalloy component has
been produced by the direct powder forging technique, using a
single-acting hydraulic machine in normal atmosphere.
Experimental setup was modified with the tooling shown later
in Fig. 2a to ensure densification of the powder material. The
density and boundary misorientation of the produced powder
ingot have been investigated. A finite element model for direct
powder forging has been developed in DEFORM-2D/3D to

direct powder forging process: a
powder billet geometry

(dimensions in mm) and

protective covers and b direct
powder forging equipment,
tooling and setup
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Table 1 Chemical composition of FGH96 alloy

Element Cr Co Mo W Ti Al C Ni
Content, 1594 1290 4.10 4.00 3.62 2.22 0.042 Remaining
wt%

investigate the relation of stress and strain distribution with
densification and recrystallisation.

2 Experimental setup and method

Argon atomised FGH96 powder with an average particle size
of 30 um was supplied by Beijing Institute of Aeronautical
Materials (BIAM). FGH96 alloy is a PM nickel-based super-
alloy, similar to Rene 88DT. Its chemical composition is
shown in Table 1.

The powder particles were poured into a cylindrical con-
tainer of stainless steel AISI 304 which was evacuated of air to
apressure of less than 1.0x1 0 Pa and the container sealed, in
order to avoid oxidation of the powder at high temperature.
For consistency of the initial powder ingot conditions, the
dimensions of the container used were the same as that shown
in Fig. 1a. The powder filling tube does not affect deformation
in hot isostatic pressing process, but will have some effect on
the direct powder forging process. Previously [17, 18], the
powder ingot was placed horizontally, and fully dense mate-
rial was obtained only in the central part of the ingot. In an
attempt to obtain a fully dense PM superalloy component with
recrystallised microstructure, the container was redesigned
with top and bottom covers, as shown in Fig. 2. The top cover
protects the powder filling tube from deformation and keeps
the ingot temperature more stable for deformation, and the
bottom cover ensures container stability. The protective
covers were also manufactured from stainless steel AISI
304. The geometry of the powder billet, consisting of powder
ingot and top and bottom protective covers, is shown in
Fig. 2a. The total height of the billet was 242 mm, and the
maximum diameter of the end covers was 131 mm, which was
larger than the diameter of the powder ingot to allow some
radial flow. On the other hand, the extrusion cylinder, whose
inner diameter is the same as the maximum diameter of the
end covers, sets a limit for the radial expansion and imposes a
radial stress towards the centre on the powder during forging.
The billet was coated with glass lubricant on its outside sur-
face to reduce friction during deformation.

1 . —1.0147mcef s 1.0147
= - arcsims< €X _— S| ——
77 T0l4r P 20, 2

€ e\1°
0= 0p E—CXp 1_5_ (Whel’lO' > O'p)

P P

(-2 o

Figure 2b shows the direct powder forging equipment
and the tooling and setup. The equipment is a single-acting
hydraulic press with a load capacity of 20,000 kN and a
maximum speed of 20 mm/s. The tooling includes an ex-
trusion cylinder fitted with an extrusion rod and a bottom
die blocking the exit, and was manufactured from H13
steel. The servo-hydraulic machine was connected to an
oscilloscope to record load and stroke during the forging
process.

The powder billet was heated in a furnace to 1070 °C, the
usual deformation temperature for the FGH96 alloy [19, 20],
and soaked for 2 h to achieve uniform temperature distribu-
tion. Then the powder billet was transferred into the tooling
within 40 s and was forged at a speed of 17 mm/s to the final
shape. The whole process was carried out in normal atmo-
sphere, and the total time for the direct forging period was
2.1s.

Electron backscatter diffraction (EBSD) was used to
characterise the grain boundary misorientation of the ma-
terial. The samples for different locations (shown later in
Fig. 5) were longitudinally sectioned, mounted, mechani-
cally polished and then electrolytically polished in corro-
sive solution of methanol and sulfuric acid (4:1 in volume).
EBSD study was conducted on a FE-SEM scanning elec-
tron microscope equipped with HKL Channel 5 software,
with a step size of 1.2 um and an operating voltage of
20 kV. The density of all samples was measured using
Archimedes drainage method.

3 Numerical modelling
3.1 Material model

Deformation behaviour has often been studied using FEM
with constitutive equations [21]. Both internal variable and
state variable models of flow stress have been used in forging
process modelling [22]. In this study, a viscoplastic constitu-
tive model from [23] was employed. The thermo-mechanical
characteristics of FGH96 alloy were measured from compres-
sion test for the fully dense HIPed material. The material con-
stants were determined from the experimental stress—strain
results. The constitutive equations for the high-temperature
flow stress during work hardening, dynamic recovery and
dynamic softening stages for the Ni-based superalloy can be
summarised as follows:
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Where o and o, represent the flow stress and the peak
stress, respectively, ¢, represents the peak strain, Z is the
Zener-Hollomon parameter, ¢, ¢; and f;, are material constants
for a given strain rate and the deformation temperature and s,
is the initial value for a given deformation temperature.

The material used for the container and the top and bottom
covers was stainless steel AISI 304 and the tooling was steel
AISI H13. The material models for stainless steel AISI 304
and steel AISI H13 were from materials database of commer-
cial finite element software DEFORM-2D/3D.

3.2 Finite element model
A 2D finite element (FE) model was employed because of the

axial symmetry. Figure 3a shows the geometry of the finite
element model of the direct powder forging set-up. The FE

(a) (b)
Top punch
~ T(¢O)
Top cover —j» \ 1070
.
= i
Extrusion ' 1020
cylinder s
Powder ingot 979
Container I
{ 933
Bottom cover / 1070 Max
s ! 933 Min
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Fig. 3 a Geometric model and b thermal analysis result just before the
start of direct forging process (after 40 s transfer period)
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model had seven objects. The powder billet, which included
the powder ingot and the top and bottom covers, was consid-
ered as a deformable body and the die set, which consisted of
the top punch (the extrusion rod), the bottom die and the
extrusion cylinder, was considered as a rigid body in the sim-
ulation process. It is noted that the powder tube of the billet
has been omitted in the geometry model for simplicity, and its
influence on the process is expected to be minor from
experience.

The whole forging process was simulated using de-coupled
thermal and mechanical modelling. First, heat transfer analy-
sis was performed to simulate the temperature drop during
transfer of the powder billet from furnace to tooling, using
DEFORM-2D/Standard. During heat transfer analysis, fixed
boundary conditions were defined on the outer surface of the
powder billet, and a heat transfer with the environment was
defined for all the surfaces. The thermal conductivities of
FGH96 alloy and steels were set to a constant value 28.75
and 22 W/mK, respectively [2]. The temperature distribution
of the powder billet just before the start of direct forging (after
the 40 s transfer period) is shown in Fig. 3b. The temperature
field was then imported into the FE model. The initial temper-
ature and the number of elements of the model objects are
presented in Table 2.

DEFORM-2D/3D provides a facility to treat the powder as
a continuum and output the relative density. An initial relative
density of 0.7 was assigned to the powder for forging simula-
tion. At this stage, the temperature change in the powder billet
and the die set was ignored due to short forging time. The
unified viscoplastic constitutive equations were integrated in
DEFORM-2D/3D via a user-defined subroutine. The velocity
of the top punch was defined as 17 mm/s, the same speed as
that used in the current direct powder forging experiment. The
friction coefficient at the contact interface between the tooling
and the powder billet was an important parameter to define
and was directly dependent on the temperature and lubricant.
The values of the two friction coefficients were determined
through parametric studies for obtaining a close fit between
the experimental and predicted forging load curves, as shown
in Fig. 4. A friction coefficient of 0.3 was used between the

Table 2 Initial temperature and number of elements of the model
objects

Objects Initial temperature, °C Number of elements
Powder ingot 1022-1070 2213

Container 983-1070 4595

Top cover 933-1070 363

Bottom cover 933-1070 396

Extrusion cylinder 400 100

Top punch 20 66

Bottom die 20 60
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Fig. 4 Comparison of experiment record (symbols) and FE result (solid
line) for load variation with time during direct forging process

tooling and the powder billet, which is in the range for heavy
forging process [17, 21], and a friction coefficient of 0.7 was
used at the contact interface between the powder and the con-
tainer which was without lubrication.

The simulated downward thrust force against the top punch
was compared with the experimentally measured force. The
average force after tooling engagement was calculated and
plotted in Fig. 4. It can be seen from Fig. 4 that experimental
and FE simulation results are in a good agreement. The load
increases gradually with the increasing time, and a maximum
load of 17,000 kN was reached at the end of forging process.

4 Results and discussion
4.1 Densification and stress distribution

Figure 5 shows the longitudinal section of the powder billet
after forging. Because of the protection of top and bottom
covers, the powder tube was not damaged, indicating that
probably, a vacuum had been maintained in the capsule during
forging. Distortion of top and bottom covers was small.
However, because of the gap between the container and the
inner wall of the extrusion cylinder, and the higher tempera-
ture of container and powder particles than the top punch and
the bottom die, the side of the container flowed into the gap
forming a flange at mid height. As a result, a certain degree of
radial flow was achieved for the powder particles.

The minimum requirement in the hot forming of powder
material is densification of the particles. Thirty samples
(10x10x10 mm) were cut in the longitudinal section of the
powder ingot and sequentially numbered (no. 1 to no. 30), as
shown in Fig. 5. The experimentally measured density of all
the samples from the powder forging was between 8.341 and
8.348 g/em’, achieving the theoretical density of the alloy.
Some feature samples covering most regions of the powder
ingot and located in the horizontal centre line (nos. 3, 8, 18 and
28) and both top and bottom lines (nos. 16, 26, 20 and 30)
were selected for further analysis.

Top cover

Powder tube

Container <_|

Forged alloy

Bottom cover

Fig. 5 A longitudinal section of forged powder billet and location of
samples

Figure 6 shows the simulated evolution of relative density
with time. Each curve represents the result of the centre loca-
tion of the corresponding sample in the FE model described
above and is labelled with prefix L. It can be seen that the
densification trends for different locations had some differ-
ence, but they all reached almost the same relative density at
t/t;=0.95 and full densification at the end of the process. The
relative density of sample 18 and sample 28, located in the
horizontal centre line and away from the container, increased
rapidly up to #/£,=0.7 and then increased more slowly, while
the relative density of samples 3, 16, 20, 26 and 30, located
near the container wall, increased slowly before #/£,=0.6 and
then increased rapidly. The relative density of sample 8, which
sits on the horizontal centre line but not far from the container,
was between the two trends mentioned above. The reason for

1.0

o
©
)

Relative density
o
i

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 6 Evolution of simulated relative density during direct powder
forging process
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the different behaviour is due to the different stress state at
these locations, which will be discussed later. It is noted that
the behaviour of L16 and L20 is very similar, which is to be
expected because of their similar but opposite location relative
to their neighbours. Similar behaviour was also observed for
L.26 and L30.

The predicted final relative density in Fig. 6 is in agreement
with the experimentally measured values. Together with the
good consistency of the experimentally measured force and
the FE simulated force, it can therefore be assumed that the FE
model developed in this paper is representative of the direct
powder forging process and could be used to predict the rela-
tive density distribution of forged powder ingot produced by
the process.

Figure 7 shows the evolution of effective stress and mean
stress of the indicated locations as well as their distribution at
different times. The effective stress (Ogfreciive) and the mean
stress (0nvean) are calculated according to the following equa-
tions:

1
OEffective — ﬁ \/(Ux7Qx')2 + (U)/709)2 + (0'970')()2 + 6(7—.\'}'2 + Tv@z + Txﬁz)
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Fig. 7 Simulated evolution of a effective stress and b mean stress during
direct forging process
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where o, 0, and oy are the stress components along radial,
height and azimuthal directions respectively, 7,, 7y9 and 7y
are the shear stresses and o, and o, are the maximum and
the minimum of the principal stresses. In the present study,
09=0x, T,0=Txo=0.

As shown in Fig. 7a, the samples located on the horizontal
centre line and the samples at both top and bottom lines of
powder ingot displayed two different trends for effective
stress. The effective stresses at samples on the horizontal cen-
tre line increased to between 80 and 100 MPa very quickly
and then increased slowly. The effective stresses at top and
bottom lines reached about 70 MPa initially and then in-
creased slowly at first then with an accelerated increasing rate
until #/¢,=0.95. After #/t,=0.95, the effective stresses started to
decrease when the relative density at all locations reached a
value close to 1 (see Fig. 6), and the differences between
normal stress components became small. Figure 7b shows
the evolution and distribution of the mean stress. The negative
value of the mean stress of all samples during the whole period
indicates consolidation and pore closure process, and the dra-
matic increase in the magnitude of the mean stress after
t/t,=0.9 is an indication that the powder compact was close
to full density and had much stronger resistance to further
consolidation.

Figure 8 shows the Evolution of o,, 0,, 73, and the stress
triaxiality of different locations of the powder ingot during
direct forging process. Due to the designed gap between the
powder ingot and the external cylinder, radial flow into a
flange occurred. Initially, there was little resistance to radial
flow at Samples 3 and 8. Therefore, Samples 3 and 8, espe-
cially Sample 3, had very low magnitude of o, during the
majority part of the forming process. However, Sample 3
showed markedly faster increase than other samples in the
magnitude of o, from around ## = 0.85, probably because
the container had come into contact with the internal wall of
the extrusion cylinder. The trend of 7, for all the samples were
different, but in general 7, in the corresponding samples at the
top and bottom lines showed similar magnitude with opposite
sign because of the outward flow of loose powder near the
centre line towards the cylinder. The stress triaxiality of all the
samples remained negative during deformation, so pore clo-
sure would be promoted [24—26]. Further work will be needed
to quantify the relation between stress state, density and
microstructure.

4.2 Recrystallisation and Strain Distribution

The second requirement in the forming of the powder material
is to acquire a fine and recrystallised structure [27, 28].
Figure 9 shows EBSD results of the grain boundary misorien-
tation for different samples of the directly forged powder in-
got. Compared with the results for HIPed material in Fig. 1D,
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the relative frequencies for boundary misorientation of <10°
and 10-15° had a substantial increase in direct powder forged
samples while that for >15° had a marked drop. Boundary
misorientation <10° represents recrystallisation nucleation de-
gree and that of 10-15° represents sub-grains which have un-
dergone recrystallisation, while boundary misorientation >15°
indicates a large-angle boundary with PPBs. Therefore the
current results show that the direct powder forged material
has a much stronger tendency to recrystallisation than HIPed
material. Among different locations of the direct forged ingot,
samples near the container (No. 3, 16, 20, 26 and 30) had
higher relative frequencies for boundary misorientation of
<10° indicating that these samples may have some favourable
conditions for the driving force of recrystallisation nucleation.
On the other hand, samples in the central part (No. 8, 18 and
28) had slightly higher relative frequencies for boundary mis-
orientation of 10-15°, indicating more recrystallised sub-

f

grains. So it could be conjectured that the accumulated strain
energy was lower in these samples. During subsequent heat
treatment these samples may not have sufficient energy for
recrystallisation nucleation and may induce abnormal grain
growth [6, 29, 30].

Recrystallisation nucleation occurs when a certain strain
amount requirement is met. Figure 10 shows the evolution
and distribution of effective strain for different locations of
the powder ingot. The effective strain (¢ggecive) is calculated
according to the following equation:

2
E Effective = T\[\/(Exig}’)z + (‘%’759)2 + (59753()2 + 6<’ny2 + ’Yyﬂz + erz)
(11)
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Fig. 10 Evolution and distribution of effective strain during direct
powder forging process

Yx¢ are the shear strains. In the present study, eg=¢,,
Vo ="Vx0 = 0.

During the forming process, the effective strain of all the
samples increased gradually and continuously. Samples 8, 18
and 28 in the central part increased more rapidly and had
higher final effective strain values. However, a lower
recrystallisation nucleation degree was observed in these re-
gions. Nevertheless, slightly higher relative frequencies for
boundary misorientation of 10-15° occurred in these regions,
indicating that some recrystallisation nuclei had grown to sub-
grains because of their higher effective strain throughout the
process. Samples at the top and bottom lines (No. 16, 20, 26
and 30) had lower effective strain but higher recrystallisation
nucleation degree, which could be related to their rapid in-
crease in effective strain in the later stage of the process. On

the other hand, Sample 3 had high final effective strain and
high recrystallisation nucleation degree. These results show
that the final effective strain is not a sufficient condition for
recrystallisation nucleation which is related with the rate of
strain accumulation [31, 32].

Many researchers have reported the importance of -y, for
the recrystallisation behaviour [33, 34]. Figure 11 shows the
evolution of €,, &,, and +y,,, for the feature samples of the pow-
der ingot. The samples can be divided into two groups accord-
ing to their £, and €, behaviour: the samples located in the
horizontal centre line and the samples at the top and bottom
lines. Samples 3, 8, 18 and 28 located in the horizontal centre
line had higher magnitudes of €, and ¢, than samples at the top
and bottom lines, but their recrystallisation nucleation degree
was not always higher, as presented earlier. Sample 3 had
higher €, and ¢, and also higher recrystallisation nucleation
degree. There was negligible change of €, for Sample 3 from
t/t;= 0.9 onwards, possibly because the gap between the con-
tainer and the extrusion cylinder had been filled and the radial
movement had been blocked. Meanwhile, o, for Sample 3
increased dramatically from this time as shown in Fig. 8.
Also from #/t,=0.9, there were marked changes in the evolu-
tion of +y,,, for the outer samples of the powder ingot (samples
3, 8, 16 and 20).

Based on the results presented above, the whole deforma-
tion process may be divided into two stages by #1,=0.9.
Table 3 shows the values of ¢,, €, and +,,, as well as the strain
rates for all the feature samples of the powder ingot for the two

0.0

Fig. 11 Evolution of ¢,, €, and
Yy of the indicated samples of the 0.3
powder ingot during direct
forging process
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Table 3 ¢, ¢, and ~,, and their strain rates for each sample of the powder ingot
At (s) Sample |Ae,| s |Ae,| 6 (™) [ A Sy 57
1.89 3 0.190 0.101 0.639 0.338 0.043 0.023
0.285 0.151 0.794 0.420 0.015 0.008
16 0.009 0.005 0.268 0.142 0.083 0.044
18 0.195 0.103 0.658 0.348 0.016 0.008
20 0.004 0.002 0.293 0.155 0.103 0.054
26 0.025 0.013 0.343 0.181 0.022 0.012
28 0.113 0.060 0.535 0.283 0.003 0.002
30 0.034 0.018 0.375 0.198 0.026 0.014
0.21 3 0.001 0.005 0.107 0.510 0.039 0.186
0.017 0.081 0.050 0.238 0.037 0.176
16 0.001 0.005 0.096 0.457 0.007 0.033
18 0.004 0.019 0.026 0.124 0.017 0.081
20 0.001 0.005 0.094 0.448 0.006 0.029
26 0.008 0.038 0.074 0.352 0.005 0.024
28 0.005 0.024 0.054 0.257 0.003 0.014
30 0.008 0.038 0.064 0.305 0.005 0.024

Notes Bold is used for samples near container wall (3, 16, 20, 26, 30)

stages. In the first stage, the strain rates of ), for samples 3,
16, 20, 26 and 30 near the container wall were all greater than
0.01 s™' and they had higher recrystallisation nucleation de-
gree. It is also noticed that for these samples except sample 3,
the v, values were greater than €,. For sample 3, the value of
Y« Was less than the €, since the gap between the container
and the inner wall of the extrusion cylinder allowed more
radial movement of sample 3 with low magnitude of o,. In
the second stage with very short time interval, no regular pat-
tern has been found.

In summary, recrystallisation has a complicated relation-
ship with the strain. It appears that samples with higher effec-
tive strain increment rate at later stage of the process and with
shear strain rate greater than 0.01 s ' have higher
recrystallisation nucleation degree. Other factors particularly
temperature will have an effect on recrystallisation, but it is
beyond the scope of the current study since a stable tempera-
ture field is assumed during the rapid forging process.

5 Conclusions

In this study, a PM nickel-based superalloy component was
produced by direct forging of encapsulated powder on a
single acting hydraulic press. A finite element model for
the direct powder forging process has been developed in
DEFORM-2D/3D and validated by comparing the experi-
mental and simulated loading curve. The relation of stress
and strain state with densification and recrystallisation

nucleation degree has been analysed. The following con-
clusions can be drawn:

1. Direct powder forging, with a tool setup based on an ex-
trusion cylinder and an ordinary single-acting hydraulic
machine, can produce powder components with full den-
sity. The actual forging time was only 2.1 s.

2. Compared with HIP process, the material produced by
direct powder forging has a substantially higher
recystallisation nucleation degree and recrystallised sub-
grains.

3. Within the forged component, a higher recystallisation nu-
cleation degree resides in the material near the container
wall. In general, material that had higher recrystallisation
nucleation degree also had greater values of shear strain
rate (>0.01 s ).

4. A finite element model for the direct powder forging of
FGH96 alloy has been developed in DEFORM-2D/3D
and the simulated downward load agrees very well with
the experimentally measured force. The model is able to
predict the evolution of the relative density and its distri-
bution during the forging process.
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