
Chapter 8
Powder Forging of Presintered
TRIP-Matrix Composites

Markus Kirschner, Sergey Guk, Rudolf Kawalla and Ulrich Prahl

Abstract This chapter addresses bulk formingprocesses-especially powder forging-
used to produce complex shaped components from presintered TRIP-matrix com-
posites. Based on experimentally determined material and process parameters (e.g.,
shrinkage, Poisson’s ratio, elastic modulus, oxidation behavior), extended process
maps for compressible materials were presented. Subsequently, a characterization
of the material flow as a function of the material conditions was reproduced via the
visioplastic method and metallographic analysis, and then connections were drawn
between the results and the extended process maps. The knowledge gained was used
to develop a powder forging tool for a Gleeble HDS-V40, which was used to conduct
model tests aiming to improve the component properties. The tool was equipped with
compensating gaps to provide better compaction to the components. To find the opti-
mal compaction for the solid material, different variants of compensating gaps were
investigated. The components obtained through this approach were examined on the
basis of their mechanical properties and microstructures. Furthermore, the deforma-
tion of graded components was analyzed in this study. In addition to the formation
of a damage-tolerant interface and the shear strength of the different layers, special
attention was paid to process-relevant parameters, such as themaximum deformation
degree, the tool and specimen temperature and the pressure holding time.
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8.1 Introduction

The integration of various properties and functions in a component or in an assembly
is constantly increasing to shorten productmanufacturing times and enhance resource
conservation. The required high functionality of materials often leads to chemical-
physical requirements that cannot be met by a single material. In some cases, the
use of high-performance materials can lead to compromises. Moreover, the range
of properties of these innovative high-performance materials is often insufficient
to cover all requirements, which is why composite materials are used to provide a
combination of the desired properties.

Powder forging is a combination of sintering and precision forging technology
that blends the advantages of sintering technology in terms of component design
possibilities, good material utilization and narrow tolerances with the high strength
of forged components [1–3]. Powder forging is used to turn pressed and sintered
semifinished products into solid components with outstanding material properties
for use in all types of applications [4, 5].

Therefore, the main task of powder forging is to achieve full density [6]. Based
on the material flow that occurs, two process variants of powder forging exist [3, 7,
8, 9].

– “Hot repressing”: Hot compression without significant material flow, which
corresponds to uniaxial compression.

– “Upsetting” (also referred to as “flow forging” or “powder forging”): Hot forming
process with significant material flow, wherein a preform with a simple shape is
formed into a finished part with a more complicated shape.

The special advantage of powder forging over other compacting processes, such
as hot isostatic pressing, lies in the combination of forging technology with the
advantages of powder metallurgy. Here, the recrystallization to a finer grain structure
and the texture, which is introduced into the component during the forging process,
are decisive advantages over other processes. In addition, specimens with complex
geometries that exhibit excellent mechanical properties can be produced in large
quantities without or with very little further mechanical treatment.

Therefore, powder-forged components are used especially for high dynamic and
vibration loads [10–12]. This approach can also produce graded components, which
means that components can be manufactured with an inexpensive base material by
using a second wear-resistant material for the highly stressed regions [1, 2, 13].

However, this capability is of little use in industry, as the final density of reinforced
components and the distribution of the reinforcement phase after powder forging are
difficult to control [14, 15]. Due to material flow and the forming process, reordering
processes occur in the component that cannot yet be precisely defined. In addition,
an additional phase, especially if it is a composite material of two different material
classes, represents a barrier to compaction in a component during powder forging;
thus, achieving a compact material becomes more difficult [16–18].

This work focuses on the development of basic principles for the production of
compact components with different property profiles from a transformation-induced
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plasticity (TRIP)-matrix composite. The main process used is powder forging in
temperature ranges from 700 to 1100 °C, which follows the sintering process. The
test specimens have a residual porosity and the forming process in the final stage
is characterized as uniaxial deformation with and without lateral material flow. For
this purpose, model compression tests are carried out on the forged specimens in
a closed die in order to make a detailed statement on the rearrangement processes
of ZrO2 particles due to friction with contact surfaces, in which the local material
flow during compaction is analyzed as a function of the geometry of the forming
zone. The challenge here is to investigate the compaction process and the material
flow during powder forging of homogeneously reinforced and graded materials. A
further challenge is investigating the ability to generate a force-transmitting flat phase
boundary via powder forging in the previously designed tool. The technological goal
is to produce axially graded components during forming while retaining the graded
structure when the material flow begins.

8.2 Materials and Methods

The investigated material is a composition of gas-atomized steel powder, which was
austenitic in structure (d10 = 12.4 µm, d50 = 25.9 µm and d90 = 46.6 µm), and
Mg-PSZ ceramic powder (d10 = 0.2 µm, d50 = 4.3 µm and d90 = 30 µm). The
chemical compositions of both the metastable high alloyed TRIP steel (indicated as
X3CrMnNi16-7-6) and the ZrO2 ceramic are given in Table 8.1. The ceramic particle
content was set to 0 vol% (0Z), 5 vol% (5Z), 10 vol% (10Z), 15 vol% (15Z), 20 vol%
(20Z) and a graded layer structure. The structures of these five contents are shown
in Fig. 8.1.

A binder (1.0 wt%Optapix PAF 35, Zschimmer& Schwarz, Burgstädt, Germany)
is used to achieve a more homogeneous density distribution in powder pressing. This
binder is added to the powdermixture of ZrO2 andTRIP steel before powder pressing.

The powder pressing took place at room temperature in a one-sided coaxial press
with a pressing force of 200–600 kN depending on the desired residual porosity; the
specimens used in this process had a diameter of 10 mm and a height of 10 mm. The
individual layers of the graded particle distribution have a height of 2 mm and are
stacked individually, precompressed with a low force, and then pressed as a complete
component. The subsequent debinding and sintering of the specimens after pressing
took place in a furnace (Carbo-Lite/Gero HTK 8 MO/16-1). The debinding was
completed before the actual sintering process started. This process took place at a
heating rate of 300 K/h and a holding time of 1 h at 1100 °C, followed by a cooling
rate of 600 K/h under vacuum (10−6 mbar) until reaching room temperature.

For the tests, cylindrical specimens with a height of 10 mm and a diameter of
10 mm were produced. Forming was carried out in a Gleeble HDS-V40 rolling
simulator from DSI Europe GmbH (path-controlled) at appropriate temperatures,
press forces and deformation degrees. For the desired compression of the specimens,
the following three siliconnitride dies, shown inFig. 8.2,with corresponding tungsten
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Fig. 8.1 Investigated specimens with a homogeneous particle distribution and b graded particle
distribution

Die 1 Die 2 Die 3

(a) (b) (c)

Fig. 8.2 Different die shapes for the investigation of the material flow: a Die 1: without a com-
pensating gap; b Die 2: with lateral compensating gaps; and c Die 3: with upward compensating
gaps

carbide punches were available for forming, in which the specimen was conductively
heated prior to forming.

Boron nitride was used as a lubricant to reduce friction between the die and the
material because carburization may occur during powder forging due to the high
temperatures. To avoid this phenomenon, graphite was not used as a lubricant.

The density was determined by means of a hydrostatic balance at room tempera-
ture. For this purpose, the specimens were placed in distilled water in a water bath
under vacuum for four hours. A magnetic stirrer at the bottom of the water tank
prevented the formation of bubbles and kept the water moving. The mass was then
determined in distilled water and in air by hydrostatic weighing.
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Fig. 8.3 Illustration of the a adhesion test and b the specimens before and after each test

Fig. 8.4 Cross-section
through the failure point in
an adhesion test specimen

During the adhesion test, the two layers of the graded layer structure of the spec-
imens were generated and the adhesion of the two layers was measured, as shown in
Fig. 8.3. The pull-off forces of the individual composite layers were tested in accor-
dance with DIN EN ISO 4624 in an AG-100 testing machine (Hegewald & Peschke,
Siebenlehen, Germany). To check whether the phase boundary of the individual lay-
ers was also tested, a cross-section was made through the failure point. The results
show that the crack did run exactly as desired through the phase boundary of the two
structures, as shown in Fig. 8.4.

8.3 Results

To realize this production path, the process-dependent parameters were first exam-
ined to limit the process window for the model tests. The focus was on the shrinkage,
the density-dependent Poisson’s ratio, the density-dependent elastic modulus and the
oxidation behavior of thematerial and on the creation of processmaps. Subsequently,
model tests were carried out with particular attention to the maximum possible com-
paction as a function of shear strain, elongation and temperature and to the phase
boundary connection between ceramic and steel, which will enable the production
of a compact material with complete particle bonding in the matrix. The mechani-
cal properties were then determined from these specimens. Finally, the graded layer
structures were investigated following the same approach, and thematerial properties
of the graded layer structures were compared to those of the homogeneous material.
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In the following sections, the results of the individual investigations are presented.
Note that the analysis takes place in the Cartesian coordinate system and with the
different ZrO2 contents being represented as percentages.

8.3.1 Determination of Material- and Process-Dependent
Parameters

Various process parameters were analyzed and evaluated to determine the optimum
forging conditions. These parameters include the shrinkage, the density-dependent
Poisson’s ratio, the elastic modulus/density relationship, and the oxidation behavior
of the specimens and process maps. The shrinkage of the components was inves-
tigated to calculate the dimensions of the components after sintering and forging,
which was necessary for the calculation of the dimensions of the final part and the
die dimensions. To consider the density-dependent Poisson’s ratio, it is necessary to
know the ratio of the horizontal to vertical material load direction when the pore den-
sity falls below 10%. The relationship between the density and the elastic modulus
was used to determine the start of deformation or plastic flow under external loads.
The oxidation behavior was analyzed to investigate the time of transfer between the
furnace and the die. Process maps were used to calculate the process window of the
different composite states.

8.3.2 Determination of Shrinkage

For the investigation of the specimens after sintering, the shrinkage behavior of
the individual ZrO2 contents was measured with a caliper; the results are shown in
Fig. 8.5. The density of the specimens after sintering was 7.1 g

cm3 .

The results show that the shrinkage percentage of the sintered specimens reduces
considerably with increasing ZrO2 content. The smallest value of 0.4% can be seen
with 20Z, whereas the highest value is 2.2%with 0Z. The specimens with an increas-
ing ZrO2 content show a decrease in shrinkage. The graded specimen with the value
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Fig. 8.5 Determination of shrinkage after sintering and powder forging
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of 0.7% lies between the specimen with 20Z and the specimen with 15Z. The results
also show that there is a considerable difference in shrinkage between the specimen
with 0Z and the specimen with 20Z. This difference is important because the shrink-
age of the TRIP steel is 2.2%, whereas the shrinkage of ZrO2 is approximately 0%
because the material does not sinter together and is only present as particles in the
matrix. Therefore, the shrinkage values of the specimens with a ZrO2 content are
between the shrinkage values of the pure materials. This finding also shows that with
increasing ZrO2 content, the shrinkage of the specimensmoves from that of the TRIP
steel to that of the ZrO2 in this particular case.

If these data are compared with shrinkage data from other metal matrix com-
posites (MMCs), it is noticeable that the shrinkage of the TRIP-matrix composite
is greater the shrinkage data of other MMCs. For copper matrix composites with a
SiC reinforcement phase, the shrinkage is 0.3% [19, 20]. However, note that these
specimens had a reinforcement phase content of 70%. A shrinkage of 0.75% was
observed in aluminumMMCs, wherein the reinforcement phase was only 0.5% [21,
22]. Thus, the TRIP-matrix composites exhibit greater shrinkage than other particle-
reinforced MMCs. However, compared to pure iron steel specimens without particle
reinforcement, the specimens in this study exhibit significantly less shrinkage. The
high shrinkage in this previous study occurred because a shrinkage of 2.5–3% can
be observed in iron powder [23].

Observations show that, similar to the homogenous specimens, the graded
specimens exhibit isotropic shrinkage.

The reduction in shrinkage with increasing particle content in the specimens can
be explained by the particles themselves.Due to the number of particles in the sintered
specimens, there is no specimen shrinkage during sintering because only the matrix
material is sintered. The ceramic particles are simply present in the matrix without
interactingwith thematrix or with each other. Themorematrix there is in a specimen,
the more the specimen can shrink during sintering. Conversely, this phenomenon
means that the more reinforcing particles there are in the matrix (i.e., more of the
matrix is replaced), the less the specimen can shrink, as the ceramic particles prevent
this shrinkage. This phenomenon can be seen in Fig. 8.5, as the shrinkage of the
specimens decreases with increasing ZrO2 content. The linear expansion coefficient
of the matrix is 18.3 × 10−6 K−1, whereas that of ZrO2 particle is 10.5 × 10−6 K−1.

With regard to shrinkage behavior, there are different approaches that describe the
so-called shrinkage parameter. In Fig. 8.6, different shrinkage models are compared
to the measured shrinkage of the TRIP-matrix composites. This figure clearly shows
that the model according to Coble [24] comes closest to the shrinkage of the TRIP-
matrix composite. The value from the Skorokhodmodel [25] after 60min of sintering
time comes close to the value of the composite, even if the value is an overestimation,
whereas the Tikkanen Mäkipirtti model [26] does not show any similarity with the
measured value. Note that in the Coble model, the porosity at a certain time works
in conjunction with various other material constants, whereas the Skorokhod model
and the Tikkanen Mäkipirtti model try to solve the problem via density differences
and sample volume differences, respectively.
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Fig. 8.6 A comparison of different shrinkage models with the measured parameters under the
following conditions: 5% ZrO2 and a residual porosity of 10%

However, in all equations there is no approach for a second material in the equa-
tion, which strongly influences the shrinkage parameter due to a different shrink-
age. Therefore, the following equation was established on this basis for composite
materials:

vs = (−0.13Z + 0.15) · √
t (8.1)

where Z is the volume content of the second material and t is the sintering time.
The equation used here is similar to the equation according to Coble because both
equations are based on the specimen porosity and the sintering time. However, this
equation further discusses the properties of composites, since the amount of the sec-
ond phase in thematrix is also taken into account. Thus, a coefficient of determination
of 0.98 can be achieved.

8.3.3 Poisson’s Ratio as a Function of Density

The Poisson’s ratio was determined by compression tests, which were carried out on
a Bähr MDS 830 testing system. The Poisson’s ratio was determined in accordance
with the literature [27]. The specimen was lubricated with boron nitride, and the
strain was 0.5 at room temperature.

Figure 8.7 shows that the Poisson’s ratio decreases with increasing residual
porosity. This finding can also be found in the literature [27]. The reason for this
phenomenon is the compression of the material during the compression test with
increased residual porosity. The results also show that apart from some fluctuations
in the results within the fault tolerance, there are no deviations from the theoret-
ically determined Poisson’s ratio. The minor deviations are due to measurement
uncertainties.

When considering the dependence of the Poisson’s ratio on the density, it is
noticeable that the Poisson’s ratio increases with increasing density, as shown in
Fig. 8.8. This trend corresponds to the general state of the art [27–29]. Furthermore,
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Fig. 8.8 Dependence of
Poisson’s ratio on density
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the results show that with increasing density, the Poisson’s ratio changes slightly.
This trend can be described using the following equation:

ϑρ = (0.6 · ρ0) + T · 10−4 − a (8.2)

where ρ0 is the relative density, T is the working temperature in [°C] and a is a
material constant. In this case, a is approximated to a value of 0.35. The equation
is an extension equation according to Kuhn and Downey [30]. The equation was
extended by the temperature term and a material constant. Nevertheless, the relative
density plays a more decisive role in the equation than the temperature. This equation
has a determination coefficient of 0.99 with the empirically determined data.

This phenomenon mainly occurs due to the relationship between the elastic mod-
ulus, shear modulus and the Poisson’s ratio. Due to the heating of the material, the
elastic modulus and shear modulus are reduced. As the shear modulus is doubled in
the Poisson’s ratio formula, the Poisson’s ratio increases at higher temperatures.

For upsetting, the ratio of the material flow perpendicular to the pressing direction
to that in the pressing direction can be described with a density-dependent Poisson’s
ratio [8, 30, 31, 32], as shown inFig. 8.9 for thematerial here. Thefigure clearly shows
that with increasing ZrO2 content the density-dependent Poisson’s ratio decreases.
This phenomenonmeans that with increasing ZrO2 content, the ratio of material flow
perpendicular to the pressing direction to that in the pressing direction decreases.
Moreover, this behavior can be explained by the ZrO2 particles, which oppose the
material flow. For this reason, the ratio of material flow in the pressing direction to
that in the pressing direction also decreases.
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Fig. 8.10 Compression ratio as a function of strain over the Poisson’s ratio determined at different
ZrO2 contents

Figure 8.10 shows the dependence of the compression ratio as a function of strain
over the Poisson’s ratio determined at different ZrO2 contents, which was previous
described for iron powder in the literature [33, 34].

In a composite, this relationship can be described using the following equation:

φρ = (
25Z2 − 13.95Z + b

) · ϕ2 + 0.2ϕ (8.3)

where ϕ is the strain and b is a material constant of the reinforcement content. In
this case, b is approximated to a value of 1.9. This equation was derived from the
empirical data to calculate the compression ratio of a composite with a corresponding
strain. For this reason, the volume content of the reinforcement phase and the strain
are also included in the equation. This equation has a determination coefficient of
0.98 with the empirically determined data.

A comparison of the datawith those found in the literature shows that the values for
iron powder are slightly higher than those for the TRIP-matrix composite, whereas
the values for aluminum MMCs are clearly higher than those for the TRIP-matrix
composite. However, note that the reinforcement phase in aluminumMMC is signif-
icantly higher at 70% [21]. The same trend (i.e., the values are higher than those for
the TRIP-matrix composite) applies to magnesiumMMCs that have a reinforcement
phase of SiC, wherein the proportion of the reinforcement phase is approximately
30% [35]. Thus, it can be stated that the iron powder comes closest to the values of
the TRIP-matrix composite.
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8.3.4 Relationship Between Young’s Modulus and Density

To determine the axial component of the Young’s modulus, the formula of Pavlov
et al. [27] was used, which makes it possible to determine the modulus of elasticity
through compression tests,whichwere carried out on aBährMDS830 testing system.

Figure 8.11 clearly shows that the modulus of elasticity increases with increasing
ZrO2 content. Moreover, the modulus of elasticity decreases with increasing resid-
ual porosity. This finding is particularly evident at ZrO2 contents of 15 and 20%.
Although the values are almost identical for ZrO2 contents of 0 and 5%, an increase
in themodulus of elasticity can already be seen in the specimenwith 10%. The results
also clearly show that the specimens with a graded layer structure have a modulus
of elasticity between the elastic moduli of the specimens with 10 and 15% ZrO2. In
addition, it can be clearly seen that the measured values of the modulus of elasticity
are the same as the values calculated according to the Tsai–Halpin mixing rule [36].

In this composite, the modulus of elasticity can be described using the following
equation:

E = 90Z + 170ρ0 (8.4)

For simplification, an equation has been derived from the empirical data that
agrees with the mixing rule according to Tsai–Halpin. The reinforcing phase and the
relative density are included. Here, the relative density plays a larger role than the
second phase. This equation has a determination coefficient of 0.95.

Figure 8.12 shows the relationship between the elastic modulus and density. This
figure clearly shows that the modulus of elasticity decreases with increasing temper-
ature. Furthermore, the modulus of elasticity increases with increasing density, as
described in the literature [37, 38].

The decrease in themodulus of elasticity at elevated temperatures can be described
by the temperature dependence of the bonding conditions. Due to the decreasing
bonding forces in the matrix, the material flows more quickly. This explains the
drop in the modulus of elasticity at elevated temperatures [38]. This change can be
described by the following equation:
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Fig. 8.11 Change in the modulus of elasticity with different residual porosities
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Fig. 8.12 Dependence of
the modulus of elasticity on
the density of the material
with 5Z
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E = 214ρ0 − 0.0002T 2 − 0.1T (8.5)

This equation was derived from the empirical data for calculating the Young’s
modulus of a composite at a certain temperature and relative density. For this
reason, the density of the specimen and the temperature are also included in the
equation. Moreover, the relative density plays a more decisive role in the equation
than the temperature. This equation has a determination coefficient of 0.99 with the
experimentally determined data.

8.3.5 Oxidation Behavior

For the experimental determination of the scale layer and the associated oxidized
specimens were annealed at 1000 °C for 1 h in an inert gas atmosphere and subse-
quently oxidized in air at intervals of 0, 10, 30 and 60 s. These time periods reflect the
transfer times from the furnace to the die in the industry. The oxidation states were
then frozen andmicrosections weremade. In addition, calculations of the scale thick-
ness were carried out. This approach was done to simulate the process in industry,
where powder forging is usually carried out directly from the sintering furnace. The
tests were carried out on compact specimens and porous specimens with a relative
density of 80%.

The compact material in Fig. 8.13 shows an average oxide layer of approximately
22µm. In addition, the scale thickness calculations clearly show that there is a slight
difference in the scale thickness of the specimens with 0 and 5% ZrO2 and that of
the specimens with 10 and 20% ZrO2. In addition, the results show that there is no
difference between the sampling times of 0 and 10 s. The first difference observed
in the scale thickness of the specimens occurred at a sampling time of 30 s. Here, it
can be seen that the specimens with a high ZrO2 content have a thicker scale than
the specimens with a smaller ZrO2 content. This phenomenon becomes clearer with
a sampling time of 60 s.

The porous material in Fig. 8.14 shows an average oxide layer of approximately
66 µm. In addition, the calculations of scale thickness show that there are clear dif-
ferences between the specimens with 0% ZrO2, the specimens with ZrO2 contents
of 5, 10, 20% and the graded structure because the latter are already higher than the
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Fig. 8.13 Oxidation behavior of compact material: a scale thickness and b micrograph
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pure steel at the beginning of oxidation. In addition, there is no difference in speci-
men oxidation between the removal times of 0 and 10 s; the first notable difference
occurred at a sampling time of 30 s. This phenomenon becomes clearer at a sampling
time of 60 s. Here, it can be clearly seen that the specimens with ZrO2 have a larger
scale thickness than the specimens without ZrO2.

This finding means that the different ZrO2 contents have different scale constants
(Km), as shown in Fig. 8.15; these constants were calculated with the Wagnerian
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Fig. 8.16 Measured scale thickness at 1000 °C with different ZrO2 contents (C—calculated and
M—measured data)

Fig. 8.17 Temperature
dependence of the scale
constants
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scale theory (parabolic scale growth). The scale constant shown here corresponds
to that in the literature [39, 40]. This figure clearly shows that the scale constant
increases with increasing ZrO2 content.

With this scale constant, it is possible to calculate the scale thickness of the individ-
ual ZrO2 contents, as shown in Fig. 8.16. This figure clearly show that with increasing
time, the scale layer increases significantly, as reported in the literature [40]. More-
over, with increasing ZrO2 content, the scale thickness increases. In addition, the
simulated values correspond to the measured scale thicknesses.

The results also show that the scale constant is temperature dependent, as previ-
ously described in the literature [39, 40]. Figure 8.17 shows that the scale constant
behaves linearly at all ZrO2 contents. In addition, as the ZrO2 content increases, the
curve of the scale constant moves farther away from that of the TRIP steel without
ZrO2.

The oxidation behavior of the specimens generally shows that the scale thickness
increases with increasing ZrO2 content; this phenomenon occurs because the closed
surface structure is broken up by the ZrO2 particles on the surface. This broken
structure has more points of attack for oxidation than a closed body. However, note
that the porosity of each specimen on the surface is the same as that in the core. The
same applies to the values of the porous specimens. Compared to a closed surface, this
irregular, porous surface provides a larger area of attack for oxidation. In addition,
there is a time factor. Because the porosity increases the area of attack, the more
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time there is to oxidize the porous surface, the higher the scale thickness, as shown
in Fig. 8.15.

For the same reason, eachZrO2 content has its own scale constant, which increases
with increasing ZrO2 content in the specimen. The different scale thicknesses can
easily be explained by the different scale constants and the different temperature
dependencies.

It should therefore be noted that the optimum time for introducing the semifinished
products from the sintering furnace into the forging tool is up to 10 s. As previously
mentioned, there are no significant deviations in oxidation from a removal time of
0 s in either the nonporous or porous material. Due to the rapid and large formation
of oxide layers, it is not advisable to allow for insertion times longer than 10 s.

8.3.6 Process Map Extension for Compressible and Graded
Materials

Prasad et al. [41] developed a process map that is helpful in characterizing forma-
bility, optimizing the hot forming process and controlling the microstructure of the
materials. The only disadvantage is that this process can only be used for incom-
pressible materials. For this reason, this procedure is not applicable to compressible
materials such as those used in powder metallurgy. However, in order to create pro-
cess maps for powder metallurgical production processes that assume a porous initial
state, important adjustments must be made. However, powder metallurgical materi-
als can be produced as both homogeneous materials and graded materials. Hence,
some adjustments must be made to the compressible material model for the creation
of process maps. These modifications include adjustments of the friction due to the
different material compositions between the specimen foot and the specimen head
and adjustments to the specimen diameter due to the different bulges in the individual
layers, which result from differences in composition, stresses, and residual porosity
in the individual layers.

Powder forging was simulated on specimens with different ZrO2 contents and
different residual porosities. Therefore, the temperature range 700–1050 °C was
investigated. The following conclusions can be drawn from Fig. 8.18.

For TRIP steel, it can be observed that the energy dissipation, starting from a
residual porosity of 30% up to a residual porosity of 10%, creates new isolines and
strongly shifts the existing isolines. Moreover, the solid material contains consider-
ably fewer isolines than the specimens with residual porosity. In addition, the power
dissipation of the compact material is significantly higher (between 15 and 40%) than
the power dissipation in the specimens with residual porosity (between 5 and 20%).
Furthermore, the only range that does not permit forming is between the forming
speeds of 10 and 1 s−1 at all temperatures. In addition, component failure occurs at
forming speeds of 10−1 s−1 and 0.1–0.01 s−1 in a temperature range of 750–800 and
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Fig. 8.18 Process maps with 10 vol% ZrO2: a a solid specimen and specimens with residual
porosities of b 10%, c 20% and d 30%

900–950 °C. In addition, as the residual porosity increases, the proportion of area
where deformation can occur without failure increases.

The unstable area in the upper left corner of all process maps is due to the forming
speed. At high forming speeds, the material has no time to absorb the resulting high
stresses and subsequently flow. This phenomenon leads to cracking under further
external loads. At higher temperatures, the yield strength of the material decreases
to such an extent that, despite the rapid deformation, there is greater material flow.

The differences in power dissipation can be explained by the compaction process.
Instead of converting energy of the forming process into another form, such as heat,
the energy is used to compact the specimen. Therefore, the power dissipation also
increases with decreasing residual porosity until reaching a maximum value in the
solid material. Detailed and further information can be found in the literature [42].

8.4 Model Experiments on Powder Forging

For the simulation of powder forging and for the verification of the previously
obtained data, model experiments of powder forging are presented. Powder forg-
ing using the visioplastic method was carried out to investigate the dependence of
the shear strain percentage on the compression ratio and the associated mechanical
properties. To check the theoretical pore closing behavior during powder forging,
metallographic images were examined in various forming stages. In addition, this
method was used to investigate the phase angle and boundary between ceramic and
steel in order to determine whether the reinforcing particles are firmly embedded
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in the matrix and contribute to the mechanical strength. In addition, the relation-
ship between strain and temperature was analyzed to determine the minimum strain
required for complete compaction and the temperatures at which optimum and rapid
compaction occurs. At the end of powder forging, relative densities of 99.9% were
achieved.

8.4.1 Visioplastic Method

The visioplastic method was used to determine the material flow and the associated
compaction. For this purpose, cylindrical specimens with a diameter of 10 mm were
separated along the sagittal plane and a grid was applied to the inside with a laser
(Lasonall XS25, Östling, Solingen, Germany), as shown in Fig. 8.19. The grid mesh
was 1 mm, and the depth of the grid was 0.1 mm.

The specimens were recombined. The specimens were compacted in a Gleeble
HDS-V40 (Dynamic Systems Inc.,Weissenhorn, Germany) (path-controlled) rolling
simulator at appropriate temperatures and pressure and in dies 1–3. The temperature
was set to 1000 °C, and the strain rate was set to 1 s−1. After forming, the specimen
halves were separated from each other again and the grid distortion was measured.
Subsequently, with the help of the AutoGrid system (Vialux, Chemnitz, Germany),
the major and minor strains were determined.

When considering the residual porosity as a variable parameter, the results show
that the strain decreases with increasing residual porosity, as shown in Fig. 8.20.
However, the deformed area increases with increasing residual porosity.

This finding can be explained by the increasing compression of the compressible
material with increasing residual porosity: with higher residual porosity, there is
more volume in the specimen that must first be compacted. This phenomenon leads
to very early deformation and to distortion of the applied grid. In contrast, with a low
residual porosity (i.e., a small pore volume), the deformation of the component only
occurs later because the component exerts a counterforce against the deformation;
thus, lower degrees of deformation occur in the samples with low residual porosity.
This assertion is confirmed by considering the effective strain. Here, the results show
that with increasing residual porosity, the degree of effective strain decreases slightly,
whereas the deformed area exhibits a relatively strong increase. This behavior is also

Fig. 8.19 Half of a
specimen used for
visioplastic analysis after
grid preparation
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Fig. 8.20 Comparison of effective strain with different residual porosities: a 10% residual porosity,
b 20% residual porosity, and c 30% residual porosity

Specimen Major strain distribution Shear strain distribution

Fig. 8.21 Major strain and shear strain for the specimens in die 1

attributed to the compression of the residual pore volumes in the specimens with
increasing residual porosity.

If the different dies (dies 1–3) with their different arrangements of compensating
gaps are regarded as variable parameters, then the following information can be
determined:

The results show that the major strain is found mainly at the outer corners and in
the center of the specimen, as shown in Fig. 8.21. In addition, the specimen shear
strain in die 1 is lower than that in the dies, and this shear strain only occurs at the
outer corners and in the center of the specimen.

This result reflects the general representation of a forging cross. The creation
of the forging cross can be explained simply by Schmid’s shear stress law. This
phenomenon occurs because the greatest shear stress in a body is at a 45° angle to
the main stress axis. For this reason, the largest plastic deformation in the matrix
occurs at a 45° angle from the corners of the specimen, which results in a forging
cross in a real specimen. Because there are no compensating gaps in die 1 and the
material is only compressed and compacted, a significant shearing of the component
occurs. The typical bulging of the specimen during the formation of the forging cross
is prevented by the die. The very slight shear strain is due to compression and the
associated material flow during compression.
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Specimen Major strain distribution Shear strain distribution

Fig. 8.22 Major strain and shear strain for the specimens in die 2

With die 2, the major strain is highest and can be found nearly exclusively at the
level of the compensating gap. Thematerial that has not flowed into the compensating
gap shows nearly no deformation compared to the rest of the specimen, as shown
in Fig. 8.22. A shear strain analysis shows that the specimen shear strain in die 2 is
higher than that in the other two dies. Moreover, the highest shear strain is found in
the area of a compensating gap, whereas there is approximately no shear strain in
the area without a compensating gap.

This findingmust be explained in terms of thematerial flow into the compensating
gapduring forming.When thematerial flows into the compensatinggap, the specimen
is subjected to a large shear, which results in a large deformation of the specimen and
a very high major strain distribution. This phenomenon is verified by the proportion
of shear strain in the specimen, which can also only be found in the area of the
compensating gap. Due to this shear and the material flow, a forging cross is not
formed. However, a high shear strain rate results in a strong compression of the
specimen, as is the case in theory.

The specimen strain in die 3 is between that in dies 1 and 2. In addition, the largest
major strain can also be seen at the outer edges and in the center of the specimen.
With this die, the proportion of shear strain is concentrated primarily on the center
and on the tips of the outer edges, whereas in other areas, there is approximately no
shear strain, as shown in Fig. 8.23. Detailed and further information can be found in
the literature [43].

On the one hand, this behavior can be traced back to the forging cross, which
forms in the center of a body during compression. The high shear rates at the outer
corners of the specimens are due to the shear of the specimenmaterial with the punch,
as the material flowed into the compensating gap at the desired points. However, note
that the shear strain experienced by the material in this way is substantially lower
than the shear strain produced by the structure of die 2. Thus, the density of the test
specimens from die 3 is also lower than that of the test specimens from die 2.

If the relative density is nowcomparedwith respect to the selected die and theZrO2

content, it can be seen that the highest relative density was achieved with the dies
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Specimen Major strain distribution Shear strain distribution

Fig. 8.23 Major strain and shear strain for the specimens in die 3

Fig. 8.24 Comparison of
relative densities with
different dies and ZrO2
contents
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with compensating gaps. In addition, as the ZrO2 content increases in the specimens,
the relative density of the final components decreases, as shown in Fig. 8.24. The
change in theoretical density with increased ZrO2 content was taken into account.

The large difference in the maximum relative densities achieved can be explained
by the dies and the associated forming conditions. With pure compression without
transverse flow, die 1 represents pure repressing. The state of the art is in agreement
that with pure repressing only, relative densities up to a maximum of 95–96% are
possible [1, 12, 44, 45, 46, 47, 48]. Therefore, the values measured here are in a very
high range with respect to the achieved densities. Dies 2 and 3 have compensating
gaps and should achieve a relative density of 100% due to the transverse flow of the
material. This relative density was nearly achieved in some of the specimens in die 2.
However, for die 3, the relative density of 100% was not reached due to the high
stress on the matrix in the shear zone. Due to this stress, new pores and cracks occur
within the specimen, as shown in Fig. 8.25. For this reason, complete compaction of
the material is not possible in die 3.

The decreasing final density of the specimens with increasing ZrO2 content is due
to the increasing hydrostatic stresses in the matrix of the material, which increase
due to the increasing number of reinforcing particles. These hydrostatic stresses
oppose the yield stress, thereby inhibiting the material flow. However, shear strain
and the associated material flow are the main mechanisms for the compression of
compressible bodies. Thus, a compression of the specimens with a high ZrO2 content
is not exactly given, as with specimens with a low ZrO2 content.
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Fig. 8.25 New pores and
cracks that appear during
forming in die 3

Fig. 8.26 Effective strain at
different ZrO2 contents in
die 2
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Fig. 8.27 Relationship
between compression ratio
and relative density for a
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An examination of the effective strain with variable ZrO2 contents from die 2
shows that with increasing ZrO2 content, the effective strain decreases strongly, as
shown in Fig. 8.26. In addition, the deformed surface remains nearly constant.

These findings lead to the conclusion that as the ZrO2 content increases in the
samples, the hydrostatic stresses in the sample volumes increase due to the particle
reinforcement and thus a material flow is inhibited. Thus, the force required for the
same degree of deformation is increased accordingly. Hence, the particle amplifica-
tion represents an obstacle for the material flow and generates a hydrostatic stress
field that counteracts the stress field of the flowing material and brings a portion
of the material to a standstill, which makes a postcompaction of the compressible
material into the compact state more difficult or impossible.

Note that the presence of compensating gaps and a high effective strain lead to
a high relative density and that the arrangement of the compensating gaps plays an
essential role in the compaction, as shown in Fig. 8.27. The results clearly show
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Fig. 8.28 Influence of the
strain on the density during
powder forging with the
different dies at a working
temperature of 1000 °C and
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that dies 2 and 3 achieve a higher relative density than die 1 at the same degree of
compression.

Thus, the arrangement of the compensatinggaps plays a decisive role. The arrange-
ment of the compensating gap must ensure that the greatest possible shear strain is
generated in the component and that the greatest possible material flow is achieved.
This influence of the compensating gap arrangement is demonstrated by the fact that
the compaction in die 2 is greater than that in die 3, although both have compensating
gaps.

The relationship between strain and temperature is investigated to find the mini-
mum strain required for complete compaction and at which temperatures optimum
and rapid compaction occurs.

To find the die with the best compression properties, the individual relative den-
sities of the specimens were compared with the matrices depending on the strain.
Figure 8.28 shows the influence of the strain on the relative density in labor tests
with the different dies.

In addition, the results show that from a strain of 0.5, no significant compaction of
the specimen occurs. Overall, the maximum achievable density is highest for die 2 at
99.8%, followed by die 3 at 96.3%, and finally by die 1 at 94.6%; note that die 1 was
designed without a compensating gap and represents a pure postcompaction. The
case of die 1 represents the worst compaction to solid material. From this finding,
it can be deduced that the matrices with compensating gaps have a higher density
than the matrices without compensating gaps. Thus, a higher density is achieved if
transverse flow or shear strain occurs in the material.

The increase in density in die 3 is weaker than that in die 2, which is due to the
arrangement of the compensating gap and the associated different shear deformation.
In die 2, thematerial shears the specimenby a transverse extrusionprocess,whereas in
die 3, there is a pure upsetting first and then shearing at the punch edges. According
to the state of the art, the decisive factor for compaction is the hydrostatic stress
component; however, for optimum full compaction, a certain mixture of hydrostatic
stress component and shear strain is more suitable. Based on the available data, it can
be assumed that the shear strain must correspond to the hydrostatic stress to achieve
full compaction and that the shear strain should not begin subsequently as with die
2. Therefore, the arrangement of the compensating gaps in the die plays a decisive
role in compaction.
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Fig. 8.29 Influence of the
strain on the density in die 2
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Figure 8.29 shows the influence of the different ZrO2 contents and the strain on
the density during powder forging with die 2. Note that the possible compaction
decreases with increasing ZrO2 contents. However, a higher density can be achieved
overall with die 2 (i.e., with compensating gaps) than with die 1. In addition, from a
strain of 0.5, no significant compaction of the specimen takes place. The increase in
density from a strain of 0.5 is greater in die 2 than in die 1. In the case of specimens
with a ZrO2 content of 15 and 20%, the compaction is even less. Additionally, this
phenomenon can be traced back to some measuring tolerances in the determination
of the density. A maximum density of 99.8% can be achieved with a ZrO2 content
of 5%.

The differences in compaction between the individual ZrO2 contents are due to
particle reinforcement. With increasing ZrO2 content in the specimens, the initial
density of the specimens decreases. As previously stated, the stress field emanat-
ing from the reinforcing particles works against the hydrostatic stress component
required for compaction. Since the ZrO2 cluster formation additionally reinforces
the stress fields, the material flow and the subsequent compaction nearly comes to a
standstill. The reason that a higher compaction is still possible with these high ZrO2

contents in die 2 lies in the previously described compensating gaps and the breakage
of particle clusters due to shear strain. These phenomena allow material flow and
compaction. However, from a ZrO2 content of 20%, the stress field of the particles
seems to be so large that even the shear strain is not sufficient to overcome it.

Furthermore, the specimens do not undergo significant compaction after a strain
of 0.5. This finding could be explained by the fact that the material has already
undergone full shear deformation in the compensating gaps; thus, a sharp increase
in density has already occurred. Therefore, the specimen is now compressed and
compacted only by postcompaction and no longer by shear strain. This compression
only has a slow increase in relative density, which explains the slow increase in
density from a strain of 0.5. Detailed an further information can be found in the
literature [49].
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8.4.2 Metallographic Examination

Toexamine themicrostructure,metallographicmicrosectionswere carried out at each
strain and the microstructure was analyzed. The images were taken at the forging
cross of the specimens from die 2, as shown in Fig. 8.30. In this case, the specimen
contains only 5Z. The residues on the specimens originate from V2A etching.

The metallographic examination (Fig. 8.31) shows the microstructure and some
artifacts of the V2A etching, which are marked here as gray areas. Moreover, it is
clearly visible that at a strain of 0, the individual grains of the TRIP matrix and the
reinforcing particles are still visible.With increasing strain, the holes are compressed
and stretched, as described in the literature [27, 50], until a large pore becomes many
finely distributed pores. These pores are compressed and distributed by the beginning
material flow, as observed in the microstructure of the specimen with a strain of 0.3.
Moreover, the microstructure of the specimen with a strain of 0.3 is finer than the
individual powder particles in themicrostructure with a strain of 0. This phenomenon
becomes very clear at a strain of 0.5. The results show that the material recrystallizes
during powder forging. However, this recrystallization process is not accelerated or
excited by the reinforcing particles since these particles are above a particle volume
fraction-to-particle size ratio of 0.2 µm−1; therefore, according to some authors, the
particles do not support recrystallization [35, 51]. The grain size at the beginning
of powder forging, measured via laser granulometry, was 37 µm, whereas the grain
size after powder forging was only 19 µm, which confirms recrystallization.

For the analysis of the surfaces of the individual layers of the graded layer structure
after forming, metallographic images of the surfaces of the individual phases were
made according to different strains. These images were taken because these areas

Fig. 8.30 Illustration where the microstructure of the specimens from die 2 were recorded

Fig. 8.31 Microstructure at the corresponding strain at the center of the specimen
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that are most susceptible to interference (i.e., weak spots) in graded layer structures.
These locations are particularly susceptible to interference due to the different stress
fields in the individual layers. To fully utilize the mechanical properties of these
components, a good connection of the individual phases is very important.

At the interface of the individual layers of the graded layer structure, no special
features in the sense of defects can be recognized; however, the different ZrO2 content
is clearly recognizable, which distinguishes the layers from each other. Figure 8.32
also shows the bulging structure in the graded specimen at a strain of 0.4. This
bulging structure deviates from the symmetric barrel-shaped bulge of homogeneous
specimens. This deviation was taken into account when calculating the process maps
of compressible graded materials; this phenomenon was mathematically described
in that section.

8.4.3 Formation of the Interfaces of Phases

For the analysis of the ceramic/steel interfaces, metallographic images were taken
both in the shear zone (Fig. 8.33) and in the forging cross (Fig. 8.34) of a specimen
from die 2 after powder forging at 1000 °C.

Fig. 8.32 Micrograph through the different layers of a graded specimen

5 Z 10 Z 15 Z 20 Z

Fig. 8.33 Ceramic/steel interface in the shear zone with corresponding ZrO2 contents
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5 Z 10 Z 15 Z 20 Z

Fig. 8.34 Ceramic/steel interface in the forging cross with corresponding ZrO2 contents

Fig. 8.35 SEM image of the
interphase ceramic/steel at a
ZrO2 content of 10% (HV:
20 kV; WD: 10; and Mag.:
2000)

Themicrostructures in the shear zone of the specimens show a fixed bond between
the reinforcing particle and the matrix for the specimens with 5, 10 and 15% ZrO2.
In addition, no pores or cracks are visible. In the specimen with 20% ZrO2, pores
or holes in the steel matrix are visible at the poles of the particles. Thus, there is no
100% binding of the reinforcing particles to thematrix. Smaller and isolated particles
are fully bound to the matrix, whereas large particles or whole particle clusters show
corresponding pores in the matrix.

The images in the forging cross of the specimens show that the specimens with
ZrO2 contents of 5, 10 and 15% also exhibit a firm bond between the reinforcing
particle and the matrix. The specimen with 20% ZrO2 also shows pores in the matrix
and in the shear zone. However, the pores are more frequently found in the matrix
than in the shear zone.

Images from a light microscope indicate that the specimens with a low particle
content show a good phase bonding between matrix and reinforcing particles. This
good phase bond is also visible during scanning electron microscopy (SEM) obser-
vations, as shown in Fig. 8.35. This finding confirms the assumptions from the light
microscope images.

However, fewer pores are present in the specimens in the shear zone than in the
specimens in the forging cross. This discrepancy can be explained by the hydrostatic
stress field and the yield stress. As the ZrO2 content increases, stresses form in the
matrix that counteract the hydrostatic stress, thereby preventing the specimen from
compacting. These yield stresses become particularly large in clusters of reinforcing
particles. These stresses can become so great that they completely stop the flow
of material. The difference in the residual porosity between the shear zone and
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the forging cross is mainly to be found in the forming or the material flow. Since
the specimens in the shear zone undergo a large deformation due to the shear and
the associated shear strain, there is a greater yield stress in this section, as shown
in Sect. 8.4.1; thus, a greater material flow occurs due to the compression of the
specimen. In the case of the specimens in the forging cross, no correspondingly high
shear strain occurs due to the lack of a strong material flow, which can also be seen
from the only slightly distorted grid on the specimen in Fig. 8.21. As a result, the yield
stress is sufficiently large to counteract the hydrostatic stress field and to subsequently
counteract full compaction. This assertion is supported by the increased occurrence
of pores in places where many particles meet. Detailed and further information can
be found in the literature [52].

8.4.4 Mechanical Properties

When considering the hardness distribution within the different dies, as shown in
Fig. 8.36, the highest density is achieved in die 2, whereas die 1 produces the lowest
hardness.

These results can be explained by the density of the specimens. The higher the
density of the specimen is, the better the mechanical properties and the higher the
hardness of a powder-forged specimen. The highest compaction was achieved in die
2. The hardness measurements showed that the hardness of the specimens increased
with increasing ZrO2 content. This increase in hardness can be explained by the
fact that the reinforcing particles counteract the deformation caused by the hardness
tester.

It is possible to calculate the tensile strength of a material from the hardness of
the material [53]. According to this model, the data from Fig. 8.37 were collected.

Fig. 8.36 Hardness
distribution at different ZrO2
contents in the different dies

Die 1 Die 2 Die 3
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Fig. 8.37 Hardness and
tensile strength after powder
forging in die 2
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8.4.5 Shear Strength of the Layers with a Graded Layer
Structure

The adhesion of the layers of the graded layer structure was measured in the graded
material systems to determine the shear strength of the individual layers and to be
able to make possible predictions for the failure location. When measuring the shear
strength of the individual layers, it was found that with increasing ZrO2 content in
the individual layers, the shear strength generally decreases, as shown in Fig. 8.38.

With increasing ZrO2 content, the shear strength decreases on average by 17%
with increasing ZrO2 content, both in forged and sintered specimens. In addition,
the shear strength of forged specimens is significantly higher than that of sintered
specimens. On average, the shear strength of forged specimens is 72% higher than
that of sintered specimens.

This phenomenon can be explained by the increase in reinforcing particle fractions
and the fact that as the number of particles contained in the matrix increases, the
amount of matrix present at the interface of two layers decreases. Similarly, the
poles represent flaws where crack initiation begins. These flaws also increased with
increasing ZrO2 content.

When comparing the shear strength of the individual layers with data from similar
cladding processes used to coat materials onto a steel sheet, the values of the layers
of the graded layer structure appear to be on the same level or higher than the values
in the literature, as shown in Fig. 8.39. Only the stainless steel cladded on a steel
sheet achieved an adhesive strength of 200 MPa [54–56].
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Fig. 8.38 Adhesion of individual layers before and after powder forging
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Fig. 8.39 Shear strength of materials cladded on a steel sheet

The shear strength in relation to the compaction ratio, as shown in Fig. 8.40,
indicates that the shear strength of the layers increases with increasing compaction
ratio. In addition, increasing the compaction ratio increases the shear strength of the
forged specimens more than that of the sintered specimens. This phenomenon can
be described by the following equation:

S = �ρ(c · ρ0) (8.6)

where c is a material constant with a value of 2013 and ρ0 is the relative density.
Due to the differences in density between powder-forged and sintered specimens,
the relative density of the specimen plays a decisive role in the equation, as does
the compression ratio. This equation has a determination coefficient of 0.98 with the
experimentally determined data.

These results can be explained by the compression itself. In the case of the spec-
imens prior to powder forging, only sintered necks hold the specimen together,
whereas the powder-forged specimens have a microstructure. The force required
to break a sintered neck is much less than the force required to introduce sufficient
energy into the matrix to maintain crack initiation and propagation.

Fig. 8.40 Comparison of
adhesive strength and
compaction degree
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8.5 Conclusions

In general, this study showed that ZrO2 particle-reinforced TRIP steels can be pro-
duced via the powder metallurgical route and that the produced samples achieved
solid material densities and exhibited enhanced mechanical properties.

In addition, this same production approach can produce components with graded
particle reinforcements and compact the components to a density of solid material
without losing the graded structure. The following process parameters were the most
successful for the process route. The highest obtained density was achieved in dies
with compensating gaps, inwhich shearg occurred immediately during forming. If the
compensating gaps are arranged in such a way that only a pure compression followed
by shear occurred, a compact material was not produced; the same phenomenon
occurred when no compensating gaps were used. In addition, the highest densities
were achieved at a temperature of 1000 °C and a strain of 0.5 in the same die.
In addition, up to a reinforcement particle content of 10%, excellent bonding was
observed between the reinforcement particles and the matrix.
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