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Abstract. Process maps according to Parasad et al. are already widely used to make statements about
the formability of materials and their forming energy. However, these process maps only apply to
conventional incompressible materials. At the TU Bergakademie Freiberg, these process maps have
already been extended for particle-reinforced incompressible solid materials with a homogeneous
particle distribution. The next step is to adapt the model for compressible particle-reinforced
matertials so that they can also be used in powder metallurgy. The problem here is that the volume
decreases as a result of compaction during powder forming. In powder metallurgy, however,
compaction plays an important role. On the one hand, the compaction of the components leads to an
increase in the material properties. On the other hand, pores pose a high risk of fractures and cracking.
For this reason, it is the aim of this paper to make the existing process maps for incompressible
materials usable for compressible materials by corresponding adaptations of the models prevailing in
powder metallurgy. Furthermore, the effects of a homogeneous particle distribution and a graded
particle distribution within the TRIP matrix composites on the process maps will be investigated.
For this reason, process maps are produced in the temperature ranges between 700 — 1050 °C, with
forming speeds of 0.001 — 100 s™! and residual porosity of 10 — 30 %. For this purpose, specimens
with corresponding residual porosity and homogeneously distributed ZrO> 5 vol.%, 10 vol.%,
15 vol.% and 20 vol.% as well as a graded layer structure of corresponding ZrO» proportions are
prepared. With the aid of these specimens, flow curves are determined and adjusted at appropriate
temperatures and forming speeds during compression tests. The energy dissipation and an instability
map are then modelled from these flow curves and a process map is derived.

It was found that with increasing ZrO» content in the homogeneous and the graded structure, the areas
that allow damage-free forming become smaller. The same applies with decreasing residual porosity.
Nevertheless, the areas, which allow failure-free forming, are larger than the possible forming areas
of solid components. However, the power dissipation efficiency of incompressible specimens is
significantly lower than that of compressible specimen [1]. In addition, it was observed that with
increasing ZrO; content and decreasing residual porosity, the efficiency of the power dissipation in
the formable areas decreases. It was also found that the distribution of the reinforcing particles has a
significant influence on the flow curves and the associated process maps, then the graded specimen
do not represent a superposition of the individual process maps of the homogeneous specimens.

Introduction

Particle reinforced Metal Matrix Composites (PRMMC) combine the properties of a ductile metal
matrix and functional ceramic particles. Their application is advantageous due to a higher stiffness,
improved strength with a marginal loss of ductility or a better wear resistance in comparison with the
unreinforced metal [2—4]. Exceptional potential lies in the development of composites based on high
energy absorbing TRIP/TWIP steels and transformable zirconia (ZrO,) particles [5—-8]. The MgO-
partially stabilized zirconia (Mg-PSZ) reinforcement is supposed to increase the strength as well as
the toughness of the composite, due to its ability to undergo a stress-induced phase transformation
from the tetragonal to the monoclinic phase [9-11]. However, this mechanism only works up to a
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temperature of 600 °C [12, 13]. Furthermore, the metastable austenitic steel matrix provides a
deformation-induced rise of both strength and ductility, due to the transformation induced plasticity
(TRIP) effect. [14, 15]. This mechanism only works up to a temperature of 100 °C [12, 16].

Since 1982, attempts have been made to describe the deformation energy using process maps. The
beginnings for this can be traced back to Forst and Ashby [17]. The final calculation model that is
used today was drawn up by Parasad et al. [18-23]. At the Institute for Metal Forming of the TU
Bergakademie Freiberg process maps according to the model of Parasad et al. for incompressible
components made of compact material composites from the TRIP-Matrix Composite with a
homogeneous ZrO» distribution have already been created and the influencing parameters have been
examined in detail [1].

However, in order to produce process maps for powder metallurgical production processes that start
from a porous initial state, important adaptations to the recognized process according to Prasad et al.
must be made. Because this model only applies to compact materials [19, 24-26]. Since the same
assumptions as for incompressible materials cannot be made for powder metallurgy components due
to their residual porosity and the resulting compressibility, the model must be adapted to compressible
materials [27].

For this an adjustment of the flow curve according to Nguyen is applied. According to this, the general
equation (1) of the flow stress for incompressible materials is extended from a POISSON number to
a density-dependent plastic POSSION number [27].

F

ke =

Here F represents the forming force, d the specimen diameter, u the coefficient of friction, h the
specimen height and 9, the density-dependent plastic POSSION number. The density-dependent
plastic POSSION number in turn is as follows [27, 28].

¥, =0,5"pg (2)

Pr 1s the relative density and ¢ a density-dependent function that determines the compressibility of a
material. This function can be assumed according to Kuhn and Downey hot forming of steels with a
value of ¢ = 2 [28]. This results in powder metallurgical steels:

19p = O,5 . plz?o . eZ(pP (3)

Here pg, is the relative density in the initial state and ¢, represents the degree of compaction, which
in turn is defined as [27]:

1
0p = =5 In[pk, —e**(pk, — 1)] 4)

@y, represents the logarthmic deformation degree over the sample height. With this adaptation of the
flow stress model to compressible materials, it is possible to enter corresponding data into the method
implemented by Prasad et al. and to use them further [27].

Powder metallurgical materials cannot only be produced homogeneously, but also as gradient
materials as Figure 1 shows.
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Figure 1: Types of specimens, a) homogenous distribution of ZrO,, b) graded distribution of ZrO»

Here, too, some adjustments must be made to the model of porous material. These include an
adjustment of the friction due to the different material compositions between the specimen foot and
specimen head, the specimen diameter due to the different bulges of the individual layers due to the
different compositions and the associated different stresses in the individual layers, as well as the
different residual porosity in the individual layers. [29]. After corresponding investigations it could
be determined that, the difference of the residual porosities of the individual layers only deviates by
approx. 2 — 3 % with increasing ZrO; content. Therefore, this can be neglected in the adaptation of
the model.

The other two adaptations of the model are directly related. Due to the different ZrO» contents of the
layers of the specimen and the associated different stresses of the individual layers, there is no normal
bulging of the specimens, as is the case with a homogeneous material. The specimen foot with a layer
of pure TRIP steel will first form and bulge than the specimen head. The friction also changes due to
the increase in surface area of the sample foot. This results in an increase of p. If p increases during
upsetting, the yield stress increases during the forming process [29]. Thus, due to the ZrO» content as
well as the bulge, u must be adapted to the sample head and sample foot. Therefore, the following
adjustment of u in the calculation of k; was made:

2h- (21
u= 5‘1_23()) 5)

2

F represents the applied stress [30, 31]. Since the process maps were calculated with the maximum
of krand no complete deformation of the sample has occurred, the coefficient of friction at the sample

head cannot be assumed to be constant with u = 1 due to any changes in the layer. Therefore an
adjustment of p is only necessary at the sample foot. After these additional adaptations to the model
of Parasad et al., the rest of the process maps can still be calculated according to the model of Parasad
et al. [29].

The aim of the present paper is to make the existing process maps for incompressible components
usable by corresponding adaptations of the models for compressible components as they predominate
in powder metallurgy. This is of decisive for further processing and forming. In addition, the effects
of grading within particle-reinforced TRIP matrix composites on process maps will be investigated.

Material and Methods

The investigated material is a composition of gas-atomized steel powder which was austenitic in
structure (dio = 8 um, dso =20 pm and dgo = 127 um) and Mg-PSZ ceramic powder (dio = 10.6 um,
dso = 17.8 pm and dgo = 29.6 um). The chemical composition of both, the metastable high alloyed
TRIP-steel (indicated as 16-7-6) and the ZrO» ceramic are shown in Table 1. The ceramic particle
content was set to 0 vol.%, 5 vol.%, 10 vol.%, 15 vol.%, 20 vol.% and a graded layer structure of
these five contents as shown in Figure 1. The two powder components were mixed and cold pre-
compressed into cylindrical form with a diameter of @ 10 mm x 20 mm at a uniaxial pressure of
130 MPa. Finally these cylinders were sintered under Vakuum at 1100 °C for 60 min. The heating
and cooling rates were 10 K/min, respectively.
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Table 1: Nominal chemical composition of the TRIP steel powder and the Mg-PSZ powder
TRIPsteel | Fe | ¢ | Cr | Ni [ Mn | Si | N | Al | S | Mo | Ti
[wt.%)] bal. | 0.03 | 163 ] 6.6 | 72 | 1.0 [ 0.09 | 0.04 | <0.01 | <0.01 | <0.01

MgO-PSZ | ZrO: | HfO: | MgO | SiO: | AzOs3 | CaO | TiO2 | Y203
[wt.%] bal. | 1.85 | 3.25 | 0.10 | 1.58 | 0.06 | 0.13 | 0,13

The workability and flow behavior of the composite was investigated by uniaxial compression tests.
The simulation of the powder forging process were carried out at a servo-hydraulic hot deformation
simulator. Therefore, the specimens were putted into a breaker heated up all together in a furnace.
The temperature range was from 700 °C to 1050 °C. Afterwards, the breakers were putted into the

hot deformation simulator at forming speeds of 0.001 — 100 s™. In order to reduce friction, a graphite
lubricant was used.

The following numerical analysis was carried out in MathLab. Therefore, flow curves were
determined at appropriate temperatures and forming speeds. The energy dissipation and an instability
map were modelled from these flow curves and a process map is derived. The grey areas of the maps
corresponds instable deformation. The numbers at the isolines represent the efficiency of the
dissipation process. One part of the energy used for the forming process is lost, for example, through
heating. Therefore, it is no longer available for closing pores, dynamic recrystallisation, etc. The

figures are therefore the values for the efficiency of the power dissipation under corresponding
transformation conditions.

Results

For specimens with different ZrO, contents and different residual porosities, powder forging was
simulated in order to specify more precisely the material flow and to analyse the degree to that the
composite material can be formed. Therefore, the temperature range 700 — 1050 °C was examined.
Out of that data the following process maps can be calculated:

2

27w —
\10 A5 ’g/ » / l m’
15 AB 15 15 w 9§ e 2
© h
1 S
0513 G 05 K 05 Fy
0 b \/

WSN

Bl 5 4 «‘a’
15 15 Q

2 -2
-2 5 25 /

E °

L 3 £75 3

700 800 850 900 950 1000 1050 700 750 800 850 900 950 1000 1050 700 750 800 850 900 950 1000 1050
Temperatur [°C] Temperatur [*C] Temperatur [*C]

Figure 2: Process maps with 0 vol.% ZrO, and a residual porosity of 10 % (a), 20 % (b), and 30 % (c)
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Fore pure TRIP steel in Fig. 2 it can be observed that new the isolines appear and existing isolines
shift strongly, starting from a residual porosity of 30 % to a residual porosity of 10. The amount of
power dissipation is from 5 % to 20 %. Furthermore, it can be seen that the only area that does not
allow forming is between the forming speeds of log2 —log1 s at all temperatures. In addition,
component failure occurs at forming speeds of log 0,5 —log 0 s and log —1 —log —1,5 s! within a
temperature range of 750 — 800 °C and 900 — 950 °C. In addition, it can be observed that with residual
porosity increase, the proportion of areas in which forming without failure is possible, increases. For

this reason, the area in which cracks and internal stresses occur during production drops from 11.8 %
to 8.4 % to 2.6 %.
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Figure 3: Process maps with 5 vol.% ZrO» and a residual porosity of 10 % (a), 20 % (b), and 30 % (c)

With a ZrO: content of 5 % it can be seen in Fig. 3 that the isolines of energy dissipation narrow from
a residual porosity of 10 % to 30 % and the peaks become clearer. However, the values of the isolines
of the efficiency of the power dissipation are raising with the residual porosity. It can also be noticed
that component failure occurs at high forming speeds independent of temperature. In addition,
component failure occurs at forming speeds of log —0,5 — log —2 s! within a temperature range of
800 — 1000 °C. The surface area in which cracks and internal stresses occur during production is
around 21 % for all three residual porosities.
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Figure 4: Process maps with 10 vol.% ZrO> and a residual porosity of 10 % (a), 20 % (b), and 30 % (c)

At a ZrO; content of 10 % in Fig. 4, the isolines of energy dissipation do not pull together as with the
specimens with 5 % ZrO; and become clearer with increasing residual porosity, but the isolines
become wider and enlarge their area. However, it is clear to see that the areas become larger with
increasing efficiency of power dissipation. Furthermore, you can see that at high forming speeds of
log 1 s! no forming without component failure is possible. The same applies in the temperature range
between 700 — 950 °C and forming speeds of 0.001 — 0.1 s'. Here, only a forming with component
failure is possible. It can also be realized that as the residual porosity decreases, the proportion of
areas in which forming is possible without failure decreases. The area in which cracks and internal
stresses occur during production increases from 35.5 % to 37.3 % to 39.5 %.
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Figure 5: Process maps with 15 vol.% ZrO> and a residual porosity of 10 % (a), 20 % (b), and 30 % (c)

With 15 % ZrO; it can be seen that, starting from a residual porosity of 30 % to a residual porosity of
10 %, new isolines appear and existing isolines shift strongly. In addition, the efficiency of the power
dissipation increases rapidly from 20 % to 35 %. It can also be observed that the areas into which
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deformation is damage-free are strongly shifted. The area in which component failure occurs changes
from 40.3 % to 42 % to 44 % with decreasing residual porosity, as with the specimens with 10 %
ZrOs. Only the range between 900 — 1050 °C at a forming speed of log 1 — log -1 s™! is constant. As
well as the range between 700 — 1000 °C and a forming speed of log —1,5 —log —3 s7!.
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Figure 6: Process maps with 20 vol.% ZrO; and a residual porosity of 10 % (a), 20 % (b), and 30 % (c)

With a ZrO: content of 20 % in Fig. 6 it can be observed that the isolines of energy dissipation hardly
change. They remain almost identical to the other specimens. The small amount of power dissipation
that changes, however, behaves as in the specimens with 5 vol.% ZrO2. Furthermore, it can be seen
that the only area that allows forming is between the forming speeds log —1,5 —log0 s at all
temperatures. Except for a residual porosity of 10 %. Here the temperature window is between 750 —
1050 °C. In addition, with increasing residual porosity the proportion of areas in which forming
without failure is possible increases. The area in which cracks and internal stresses occur during
production drops from 58 % to 55.8 % to 53.4 %.

The area, which allows damage-free deformation, is nearly the same for all residual porosities in the
specimens with 5 vol.% ZrO». This can be explained by the fact that at a ZrO; content of 5 vol.% the
particles do not strongly impede the matrix flow. Therefore, even with an increasing residual porosity,
which requires a higher forming for compression and deformation, no difference to a low residual
porosity can be determined.

With an increasing proportion of ZrO., the formability decreases. The same applies to a decreasing
proportion of residual porosity. This can be explained by the fact that the particles represent a barrier
against the flow of the matrix. The hydrostatic stress field generated by the accumulation of particles
in the matrix counteracts the material flow. On the one hand, higher forces are required to make the
material flow. On the other hand, slight cracks develop during the forming process, as cracks are
easily initiated at stress fields, which usually occur at the poles of the particles, when the material
does not flow despite of increasing hydrostatic stresses [32]. The reason for the decreasing proportion
of formable areas within the process maps between the different residual porosities can be explained
by the residual porosities themselves. As the residual porosity decreases, the areas in which forming
without component failure is possible also decreases. This is due to the fact that with a high proportion
of residual porosity, the sample is first compressed even further. A specimen with only 10 % residual
porosity cannot be compacted as far by the material flow as a specimen with 30 % residual porosity.
Therefore, the area for forming is larger for these process maps.

For all ZrO; contents, a high forming rate of 100 — 10 s™! leads to temperature-independent cracks in
the component. At high forming speeds of 10 — 100 s!, the particles act as an obstacle to matrix flow,
as the particles have no time to flow with the matrix. This leads to hydrostatic stress fields, which are
generated by the particles in the matrix. These counteract the material flow and thus the crack-free
forming process. At lower forming speeds, however, the material has enough time to flow and the
particles float in the matrix. As a result, no or only very few and small hydrostatic stress fields are
generated. As the matrix can flow uninhibited and the particles are only a small obstacle to the
material flow during slow forming, there is no crack initiation due to the forming.
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With decreasing residual porosity, the efficiency of the power loss in the formable areas decreases.
This can be explained by the fact that with a high residual porosity more energy is required to close
the pores. Therefore, the loss of efficiency of the power loss is greater with increasing residual
porosity.
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Figure 7: Process maps with graded ZrO; layer structure and a residual porosity of 10 % (a), 20 %
(b) and 30 % (c)

With a graded layer structure, shown in Fig. 7, it can be noticed that the power loss, as with the
previous specimens, ranges between 5 % and 25 %. However, this is primarily between 5 % and 10 %
and there are also fewer isolines than with the homogeneous specimens, which overall means that
only a very small amount of the energy, which is applied for forming, is lost.

Furthermore, it can be seen that the range which allows forming is between the forming speeds
log—0,5-1og 0,5 s at all temperatures, with the exception of the temperature range between
800 — 920 °C. This is instable regardless of the forming speeds. With this value, in which forming
without distortion is possible, the forming rate lies exactly between the values of the homogeneous
specimens.

The surface area in which cracks and internal stresses occur during production is around 40 % for all
three residual porosities and lies exactly between the values of the homogeneous specimens with a
ZrO7 content greater than 5 vol.%.

In addition, it can be observed that the instable areas in which forming is not possible without failure
of the component, cannot be compared with the areas of homogeneous particle distribution. However,
similarities can be found. As in the upper areas on the left and right. In these areas no forming is
possible for all specimens. The area in the middle of the process map for the graded components can
only found for specimens with a ZrO> content of 5 vol.%. The same applies to the unstable forming
area in the middle of the process map at the bottom. This is only found in specimens with a ZrO»
content of 15 vol.%. The unstable area on the lower left is found on all process maps with a ZrO»
content of more than 5 vol.%. Thus, it can be recognized that the process maps are not a superposition
of the individual process maps in which the ZrO» particles are homogeneously distributed, but form
their own structure. However, there are similarities with the process maps of the homogeneous
specimens.

These are then spread over all compositions as already described. All this can be explained above all
by the different hydrostatic stress fields within and between the individual layers. As a result, the
forming speeds and formable areas of the inhomogeneous specimens are similar to the homogeneous
specimens and the parameters do not exceed the defined limits of the homogeneous specimens.
However, these graded specimens form an independent forming system with their own hydrostatic
stresses and flow conditions.
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Conclusion

In the present work, the hot formability of a 16-7-6 CrMnNi TRIP steel with different distributions
of ZrO, was examined in compression testing between 700 — 1050 °C, with forming speeds of
0.001 — 100 s and residual porosity of 10 — 30 %. Out of this, process maps were produced to find
out to what extent the composite material can be formed or how large the material flow can be before
cracking occurs. Some major conclusions can be drawn:

- Process maps of the graded specimens do not represent a superposition of the individual
process maps of the homogeneous specimens, but form an independent system, although
similarities to the process maps of the homogeneous specimens can be recognized.

- The area, which permits forming without damage, is the same for all residual porosity as for
the specimens with 5 vol.% ZrOs,.

- The area, which permits forming, becomes smaller with decreasing residual porosity.

- The area, which allows a forming without damage, becomes smaller with increasing ZrO>
content in the matrix.

- For all ZrO; contents, a high forming speed of 100 — 10 s! leads to cracks in the component
independent of temperature.

- With increasing ZrO» content as well as with decreasing residual porosity, the efficiency of the
power loss in the formable areas decreases.

- The process maps have a close relationship with the forming rate, the ZrO; content and the
residual porosity. Ultimately, the desirable temperature and forming rate to work on 16-7-6
CrMnNi TRIP Matrix Composites is 950 — 1050 °C and between 0,3 — 10 s,
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