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Abstract: Powder metallurgy is one way of producing complex, graded structures that could allow
material systems to be produced with properties tailored to individual applications. However,
powder metallurgy requires that the semi-finished products are very similar to the final component.
It is much more economical to produce simple semi-finished products and then combine them by
powder forging and simultaneous compaction than forming complex components with the desired
graded structure. However, it is absolutely necessary that the graded structure of the semi-finished
products is maintained during the forming process. In this study, pre-sintered cylindrical semi-
finished products, consisting of axially graded as well as radially graded components, were produced
by powder forging at 1100 ◦C. The microstructures, densities and mechanical properties of the final
components were investigated to verify the effectiveness of the process route. It was observed that
the components formed solid structures after compaction, in which the reinforcing ZrO2 particles
were fully integrated into the transformation-induced plasticity steel matrix.

Keywords: powder forging; TRIP-matrix composite; axial graded structure; radial graded struc-
ture; forming

1. Introduction

Constant progress, particularly in the automotive and aerospace industries and in
areas such as mechanical and plant engineering, requires materials and components that
can withstand ever-increasing loads. Thus, modern materials are expected to have an
increasing degree of mechanical, tribological, thermal and chemical resistance. A possible
solution for this would be materials with properties specially tailored to the respective
application. Such materials are functionally graded materials, as the properties of the
components could be adapted locally. Due to their graded structure, such components
require functional properties that cannot be achieved by abrupt material transitions. The
aim of research in the field of graded materials is to develop materials in which components
with different properties adapted to local requirements are optimally combined while
avoiding interface problems [1–4].

Powder metallurgy is particularly suitable for the production of such graded com-
ponents [4–7]. Today the most common method used in powder metallurgy to produce
graded materials is layer pressing. These graded structures are built up in layers, and grad-
ually, the concentration or the material properties change within the material system [8,9].
For this purpose, different powder mixtures are filled into the die, layer-by-layer, in the
corresponding increments, either parallel for axially graded structures or perpendicular
to the pressing direction for radially graded structures. The mixtures are then pressed
together and sintered [4,6,8–10]. In this way, however, only a relative density of approx.
90% can be achieved. In order to ensure that the density and thus the property profile is as
close as desired to a solid component, a powder forging step following sintering is neces-
sary [10,11]. To ensure a relative density of 100%, a powder forging process with the lateral
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material flow is used in this paper. In this way, a preform with a simple geometry is formed
into a more complex shape of the finished part while simultaneously compacting it [12–15].
The materials most commonly used in powder metallurgy for graded components are
ceramics and metals [7,16].

Particle-reinforced metal-matrix composites represent a rather smaller part. Particle-
reinforced metal matrix composites are suitable for a number of applications due to their
improved strength associated with a marginal loss of ductility, the higher stiffness, and
the higher wear resistance in comparison to non-reinforced metal [17–19]. In this area,
composite materials made of steels with high-energy-absorbing transformation-induced
plasticity (TRIP)/twist-induced plasticity in combination with transformable zirconia parti-
cles (ZrO2) show great potential [20–23]. This is because the use of metastable austenitic
steels as matrix ensures a deformation-induced increase in both strength and ductility due
to the TRIP effect [24,25], while the reinforcement of MgO partially stabilized zirconia
(Mg-PSZ) particles increases the strength as well as the wear properties of these compos-
ites because Mg-PSZ is capable of undergoing a stress-induced transformation from the
tetragonal phase to the monoclinic phase [26–28].

The evaluation of the state of the art of functionally graded materials shows that most
of the existing investigations on the production of partially particle-reinforced gradient
materials were carried out on axially arranged layers. Very few authors have devoted
themselves to the investigation of powder systems with the concentric (radial) layer ar-
rangement, although interesting scientific questions have arisen both for the manufacture
of semi-finished products and for the subsequent forming of these semi-finished products
in terms of their material flow and compaction properties.

Manolache et al., for example, reports on the production of a radially oriented layered
composite using the example of a two-layer cylindrical bushing made of sintered iron and
bronze. For this, a tubular preform was first produced from a powder and a resin binder
with high porosity. After placing the manufactured preform in a pressing tool and filling
the remaining cavities of the die with the second powder, a joint pressing, sintering and
calibrating was carried out. Satisfactory part quality was achieved by similar pressing
properties of the two powders used [29].

Büdenbender et al., on the other hand, report that a radially oriented layered composite
is obtained by joining two cylinders with a different material configuration, which were
previously produced by deposition welding. One of these cylinders is a hollow cylinder to
accommodate the second cylinder. In a subsequent hot-forming process, the semi-finished
product is formed into a hybrid component with complex gear geometry [30].

In Bohr et al., a radially graded component is produced by segregation. For this
purpose, an acylindrical matrix was first filled with a binary powder mixture consisting
of aluminum and silicon carbide. After filling, vibration and rotation were applied in a
certain experimental arrangement to achieve segregation and thus a radial gradient. The
entire matrix was then transferred to a press, where the green body was compacted into a
component by pressing the powder and then sintering [31].

Baumann uses powder injection molding technology to produce a radially graded
component. For this purpose, a binder is added to the binary powder system to create a
flowable mass. The material is then injection molded and sintered in several process steps
in different layers in order to get a radially graded structure [32].

The aim of this study was to experimentally determine if the forming conditions
for the production of axially graded components from a particle-reinforced TRIP-matrix
composite using powder forging can be used for the production of axially and radially
graded components. The challenge was to ensure that the graded structure was maintained
during material crossflow while simultaneously compacting the components without
inducing cracks in the sintered parts or fractures during the forming process.
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2. Materials and Methods

The investigated material consisted of a gas-atomized, metastable, high-alloyed
transformation-induced plasticity (TRIP) steel powder, which was austenitic in struc-
ture (with the particle sizes d10 = 8 µm, d50 = 20 µm, and d90 = 127 µm), and a Mg-PSZ
ceramic powder (with the particle sizes d10 = 10.6 µm, d50 = 17.8 µm, and d90 = 29.6 µm).
The chemical compositions of the TRIP steel (indicated as 16–7–6 TRIP steel) and ZrO2
ceramic powders are listed in Table 1.

Table 1. Nominal chemical compositions of transformation-induced plasticity (TRIP) steel and
Mg-PSZ powders.

TRIP
Steel Fe C Cr Ni Mn Si N Al S Mo Ti

(wt%) bal. 0.03 16.3 6.6 7.2 1.0 0.09 0.04 <0.01 <0.01 <0.01

Mg-PSZ ZrO2 HfO2 MgO SiO2 Al2O3 CaO TiO2 Y2O3

(wt%) bal. 1.85 3.25 0.1 1.58 0.06 0.13 0.13

The ceramic particle contents were adjusted to 0 vol% (0%), 5 vol% (5%), 10 vol%
(10%), 15 vol% (15%) or 20 vol% (20%). With these different contents, axially and radially
graded structures were produced, as shown in Figure 1. For this, a hot pressing was
performed to produces semi-finished cylinders with a diameter of 80 mm and a length of
50 mm. The target relative density was set to 90% to simulate the density after sintering
in industrial applications. The hot pressed semi-finished products were manufactured at
the Fraunhofer Institute for Ceramic Technologies and Systems (IKTS, Dresden, Germany).
The arrangement of the layers and reinforcing particles were chosen to resemble a hub or
a gear wheel. This ensured that the simulated manufacturing process of the components
was as close as possible to the actual manufacturing of the industry.
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Figure 1. Types of specimens fabricated.

By subsequent powder forging, the specimens were formed and compacted to 100%
relative density. The specimens were formed using a universal forming press at a specimen
temperature of 1100 ◦C (after being heated for 3 h in a protective gas atmosphere to simulate
the process after the sintering) and a die temperature of 200 ◦C. This happened in order
to simulate the powder forging process in the industry. Boron nitride was used as the
lubricant. The holding time was 10 s, and the pressing force was up to 5 MN. The produced
component had a cylindrical form with a diameter of 120 mm and length up to 17 mm. A
total of five specimens were formed for each condition. The geometry of the die developed
for this purpose was derived from model tests performed using the Gleeble HDS-V40
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system (Dynamic Systems Inc., Poestenkill, NY, USA) and is shown in Figure 2. Further
information can be found elsewhere in the literature [33–36].
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Figure 2. Schematic of the die.

The relative density was determined based on hydrostatic weight measurements,
which were performed in accordance with the DIN 53217 standard. Mini tensile tests
were performed at room temperature according to the DIN EN ISO 6892-1 standard. The
repetition frequency was five times per state, and the specimens were taken parallel to
the functional grading direction. For the numerical simulation, a rotationally symmetric
FE model was set up using “Abaqus/StandardTM 6.14 Explicit Environment” (Dassault
Systems, Vélizy-Villacoublay, France). Light microscopy images and the image analysis
of the specimens were obtained by using a VHX-S660E system (Keyence, Neu-Isenburg,
Germany) and its software while scanning electron microscopy (SEM) was performed on a
GeminiSEM 2 system at 10 kV (Carl Zeiss, Oberkochen, Germany). The microstructures
of the specimens, including their phase composition and the characteristics of the zirco-
nia/steel interface, were analyzed through an EDS attachment for energy-dispersive X-ray
spectroscopy (Oxford Instruments, Wiesbaden, Germany). For the SEM investigations, the
specimens were OP-U polished on a Tegramin 30 (Struers, Willich, Germany). The bulging
tests, to investigate the material flow and the flow behavior of the different structures by
bulging the material under pressure load, were performed on a hot forming simulator
at forging temperature. Theoretically, the flow behavior can be used to set a specific end
structure of the functionally graded material by specific adjustment of defined material
flows while powder forging. For this purpose, the specimens were placed in a cup with
a viewer and then heated up to forging temperature. This was followed by the forming
process. The in situ measurement of the specimen was carried out with an LLT2900-50/BL
(Micro-Epsilon, Ortenburg, Germany).

3. Results

The semi-finished products were cylindrical with a diameter of 80 mm and length of
50 mm. At the beginning of the investigations, bulging tests were performed in order to
obtain information about the material flow and the flow behavior of the different structures
by bulging the material under pressure load, see Figure 3. It should be noted that Figure 3
represents a snapshot during the forming process.
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Figure 3. Bulging behavior of the different graded specimen types at the same way of deformation of about 10 mm.

It can be seen that the axially graded specimen quickly began to bulge at one end of
the specimen. The radially graded specimens, on the other hand, reacted differently, as
they started to bulge in the middle of the specimen. It can also be seen that the radially
graded specimen (1) was already more bulging than the radially graded specimen (2).

The resulting data can be used to calculate radial, tangential and comparative stresses
according to [37,38] shown in Figure 4.
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Figure 4. Axially, radially and tangentially stresses in the specimens at the same pressure load.

It can be clearly seen that the stresses in the respective graded structures were different.
This was also true for axial, tangential and radial stress. The axial graded structure shows
the highest stress in each case, while the radial graded structure (1) lies below. The radially
graded structure (2) had the lowest stress. In addition, the axial stress was highest, the
tangential stress below and the radial stress was lowest.

To analyze the behavior of semi-finished products during forming with simultaneous
compaction, the semi-finished products were formed. To achieve the highest possible
density, different compressive forces for the different specimens were required, as shown
in Figure 5.



Metals 2021, 11, 378 6 of 17

Metals 2021, 11, x FOR PEER REVIEW 5 of 17 
 

 

Axially graded distribution Radially graded distribution (1) Radially graded distribution (2) 

   

Figure 3. Bulging behavior of the different graded specimen types at the same way of deformation of about 10 mm. 

 

Figure 4. Axially, radially and tangentially stresses in the specimens at the same pressure load. 

It can be clearly seen that the stresses in the respective graded structures were differ-

ent. This was also true for axial, tangential and radial stress. The axial graded structure 

shows the highest stress in each case, while the radial graded structure (1) lies below. The 

radially graded structure (2) had the lowest stress. In addition, the axial stress was highest, 

the tangential stress below and the radial stress was lowest. 

To analyze the behavior of semi-finished products during forming with simultane-

ous compaction, the semi-finished products were formed. To achieve the highest possible 

density, different compressive forces for the different specimens were required, as shown 

in Figure 5. 

 

0

10

20

30

40

0 20 40 60 80 100

L
en

g
th

 [
m

m
]

Diameter [mm]

0

10

20

30

40

0 20 40 60 80 100

L
en

g
th

 [
m

m
]

Diameter [mm]

0

10

20

30

40

0 20 40 60 80 100

L
en

g
th

 [
m

m
]

Diameter [mm]

0
200
400
600
800

1000
1200

0 0.2 0.4 0.6 0.8 1 1.2

S
tr

es
se

s 
[M

P
a]

Strain [-]

Axial stresses axially graded structure Axial stresses radially graded structure (1)

Axial stressesradially graded structure (2) Tangentially stresses axially graded structure

Tangentially stresses radially graded structure (1) Tangentially stresses radially graded structure (2)

Radially stresses axially graded structure Radially stresses radially graded structure (1)

0

2

4

6

8

0% 5% 10% 15% 20% Axially

graded

structure

Radially

graded

structure

(1)

Radially

graded

structure

(2)

P
re

ss
in

g
 f

o
rc

e 
[M

N
]

ZrO2 content

Figure 5. Compressive forces required for different ZrO2 contents and the graded structure to achieve full density.

It can be seen clearly that the pressing force of the specimens with an axially graded
structure required a lower force than the specimens in the radial state. This can be attributed
to the differences in the flow conditions and the properties of the different layers. The
reason that the radially graded structure (1) needed a higher force than the radially graded
structure (2) can be attributed to the particle distribution itself.

Next, semi-finished products after the powder forging are shown in Figure 6
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Figure 6. Specimen with an axially and radially graded ZrO2 distribution.

It can be seen that the surface of the specimen was heavily scaled. However, this did
not pose a problem since the scale layer flaked off slightly with small impacts, exposing
the pure component. Moreover, the die geometry was well mapped in the component.
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Furthermore, cracks were only visible on the surface of the radial graded specimen (2).
These can be explained by the increased ceramic content in the lateral surface of the
specimens of radially graded specimens (2).

These images confirmed that components with axially and radially graded reinforcing
particle distributions could be manufactured by powder forging. To further verification,
the maximum achieved relative density of each specimen and each layer was measured, as
shown in Figure 7. The densities of the individual layers were taken from homogeneous
specimens produced in the same way [39] and are used here to illustrate the results.
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Figure 7. Maximum achieved relative densities of each specimen and layer after the powder forging process.

It can be clearly seen that the relative density of the specimens decreased as the
proportion of ZrO2 increased, as shown in [39]. Furthermore, it should be noted that the
fluctuations in the densities of the radially graded specimens were not more significant than
those in the densities of the axially graded specimens. It is clearly visible that the radially
graded specimens had a lower density than the axially graded specimen. In addition, the
radially graded specimen (2) had a lower density than the radially graded specimen (1).

To investigate the microstructures of the different particle distributions, light mi-
croscopy images were taken, the location can be seen in Figure 8, and analyzed with image
analysis software, as shown in Figure 9.
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Figure 8. Location of the light microscopy images.

The axially graded specimen in Figure 9a shows that the particle distribution was
retained during the forming process, and the layer thicknesses were nearly equal, as already
stated in [39]. The radially graded specimens did not show this type of habit. The radially
graded specimen (1) showed that the ZrO2 poor layers had deformed well, while the
ZrO2-rich layers had hardly penetrated into the forming zone of increased material flow,
shown in Figure 9b. The radial graded specimen (2) showed that the ZrO2 poor layers
started to flow but were blocked by the ZrO2-rich layers, shown in Figure 9c. The reason
for this was that the functionally graded structure of the radially graded specimens had
not expanded further.
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Figure 9. Specimens obtained after subjecting pre-sintered specimens to the forming process: (a) overview of an axially
graded specimen, (b) overview of radially graded specimen 1, and (c) overview of the radially graded specimen (2).

To evaluate the interfaces more precisely and to analyze the interfacial reactions,
SEM analysis was performed on all specimens. The SEM images show that the ZrO2
particles were embedded within the steel matrix, as shown in Figure 10a. To visualize the
differences in the orientations of the particles and the steel matrix easily these a contrast of
the backscattered electrons image was chosen, as shown in Figure 10b. It should be noted
that the steel matrix had in all specimens an austenitic microstructure and did not undergo
a martensitic transformation during the powder forging process. It must be noticed that the
dark spots and areas in Figure 10b are not pores in the matrix. In fact, these domains would
look like the interfacial reaction products shown in Figure 10a if the grayscale distribution
of Figure 10b were optimized for these phases. The black coloration of these oxide phases
results from their low backscatter coefficient, which in turn was due to the lower average
atomic number of the compound [40]. Furthermore, only a small monoclinic phase fraction
in the particles was visible, as shown in Figure 10b. The monoclinic phase appears brighter
in the image than the initial phase because ZrO2 had a higher effective atomic number
without Mg, which diffused during the powder forging process and destabilized ZrO2.
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products at the interface with steel matrix (magnification: 5000×) [39], (b) characteristic microstruc-
ture of composite (two EDS line scans across the interface are highlighted; magnification: 1500×).
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Two different EDS line scans were performed along the steel/ceramic interface, as
shown in Figure 11a,b. An interface without a reaction layer was detected along line scan
1 (see Figure 10b line 1). The change in the element concentrations at the interface of the
composite constituents in Figure 11a is related to the interface of the specimen in Figure 10b.
It can be assumed that the interdiffusion of the constituent elements did not occur because
Mg did not dissolve in face-centered cubic austenite at these temperatures, and Mn could
only be solved in cubic zirconia at temperatures above 1400 ◦C. Instead, line scan 2 (see
Figure 10b, line 2) clearly showed a newly formed phase at the steel/ceramic interface, and
Figure 11b confirms the interdiffusion of Mn and Mg from both sides into the reaction layer
during the powder forging. This phase was probably related to (Mg1−x,Mnx)2SiO4, which
presented complete miscibility between Mg2SiO4 and Mn2SiO4. Due to the interdiffusion
of Mn and Mg into the interfacial phase, a strong connection between the individual phase
constituents of the composite can be expected.
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Figure 11. EDS line scans shown in Figure 8b: (a) EDS line scan 1 and (b) EDS line scan 2.

On observing the tensile test specimens, it can be seen that the axially graded spec-
imens broke at the head end, while the radially graded specimens (1) broke almost in
the middle. The radially graded specimen (2) broke again at one of the heads ends
(see Figure 12); the head-end had in the axially and the radially (2) graded specimens
the highest content of ZrO2-20%, while the highest ZrO2 content in a radially graded
specimen (1) was in the middle. However, all specimens exhibited a fracture angle of
approximately 45◦.

This fracture behavior was also evident from the results of the tensile tests, which
are shown in Figure 13. It should be noted that the volume amounts of the individual
layers are the same for the tensile specimens. Only the sequence of the layers, as well as the
phase connection between the layers and the density, resulting from the different material
flow during powder forging, influenced the result. The axially graded specimen shows
the highest strain and stress parameters. The radially graded specimens exhibited a lower
strain. It can also be seen in the radially graded specimens that the particle distribution
has an influence on the mechanical properties. While the ZrO2-rich phases were located in
the middle of radial graded structure (1), they were located at the outer edge of the radial
graded structure (2). The specimen with the particle-rich phase in the core of the specimen
has a higher strain than the specimen with the ZrO2-rich phase on the outside. In addition,
these specimens did exhibit a decrease in yield strength and underwent brittle fractures.
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Figure 12. Tensile test specimens with (a) axially graded, (b) radially graded (1), (c) radially graded (2) particle distributions,
(d) light microscopy images of meridian sections of the axially graded specimen, (e) light microscopy images of meridian
sections of the radially graded (1) specimen, and (f) light microscopy images of meridian sections of radially graded
(2) specimen.
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Figure 13. Changes in mechanical properties with ZrO2 distribution.

When looking at the hardness values, it is also noticeable, as in the tensile tests, that
the radially graded structure (2) has the lowest mechanical properties as shown in Figure 14.
In contrast, the axially graded specimens showed the highest hardness, while the radially
graded structure (1) fell between the other two curves. It can also be seen that the hardness
of the layers, regardless of the structure of the specimens, increased with increasing ZrO2.
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Figure 14. Changes in hardness with ZrO2 distribution.

4. Discussion
4.1. Bulging Tests

The reason that the axially graded specimen already began to bulge at one end was
due to the predominant hydrostatic compressive stress components in each layer. The
hydrostatic compressive stress component decreased with increasing ZrO2 content, as
shown in Figure 15. For a more detailed discussion of the dependencies of the hydrostatic
stresses, see [41].
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Figure 15. Calculated hydrostatic stresses in each layer of the specimens at the same pressure
load [41].

This was caused by the reinforcing particles. This was because they generated a stress
field in the matrix. This stress field is opposite to the hydrostatic stress field and reduces
formability. This is because the stresses in the matrix caused by the reinforcing particles
inhibited the flow of material and material flow occurred later in particle-rich phases than
in particle-poor layers [42–44].

The fact that this phenomenon did not occur in radially graded specimens is due to
their structure. Because the layers are parallel to the pressing force, all layers must start
flowing at the same time. This resulted in a bulging in the middle of the specimen, as
described in the literature. The axially graded specimen behaved as already described and
predicted in [35]. Thus, the measurements in Figure 3 validate the assumptions in [35].

In Figure 3, one can also see that the radially graded specimen (1) was already bulkier
than the radially graded specimen (2). This can also be explained by the structure of the
specimens. Since the ZrO2-richest layer is on the outside, this layer has a higher proportion
of the total volume than any of the other layers. Therefore, the whole specimen started to
bulge only when the layer with 20% ZrO2 started to flow. Since the layer with 20%, ZrO2
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resisted the deformation the most, as described above and in Figure 14, and the proportion
of 20% ZrO2 was higher in relation to the other specimens, the bulge started later.

The reason why the axially graded structure and the radially graded structure (1) had
higher stresses than the radially graded structures (2) can be explained by the internal
stresses due to the reinforcing particles. Since the amount of 20% ZrO2 was higher in
comparison to the other specimens due to the construction of the structure, the internal
stress field was larger than in the other structures. Since this internal stress field was
opposite to the other stresses, it reduced them [42–44].

4.2. Compressive Forces

The fact that the specimens with a radially graded structure required a higher force
than those for the specimens the axially graded specimens can be attributed to the differ-
ences in the properties and flow conditions of the individual layers. The reason that the
radially graded structure needed a higher force than the axially graded distribution can be
attributed to the particle distribution itself [39]. This is mainly due to the fact that radially
graded specimens do not bulge out from the beginning like axially graded specimens, as
described in [35]. This is because axially graded specimens will first deform the ZrO2
poorest layer, and afterward, the ZrO2-richer layers will follow because the ZrO2 poor
layers have a lower pressing force for complete compaction than the ZrO2-rich layers (see
Figure 5). In addition, the ZrO2 poor layers were subject to more stress than the ZrO2-rich
layers, as can be seen in Figure 16. This ensured a material flow from the beginning. This is
not the case with the radially graded specimens. Because of their structure, all layers must
start with the material flow at the same time, which increases the force required.
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Figure 16. Pores generated within the matrix of the 20% ZrO2 layer owing to particle cluster
formation [39].

The fact that the force of the radial graded specimen (2) was higher than that of the
radial graded (1) could be explained by the amount of ZrO2-rich layers. Since the ZrO2-
richest layer was on the outside, this layer had a higher proportion of the total volume
than any of the other layers. Therefore, more force was needed to transform the specimen
because the ZrO2-rich layers generate a larger stress field, which was opposite to the
hydrostatic and deviating stress component. This was confirmed by the poor formability of
the edge layers of the radially graded specimen (2) in Figure 4 and the bulging behavior in
Figure 3. Since the hydrostatic and deviating stresses in the ZrO2-rich layers were smaller
than in the ZrO2 poor layers, the formability was also worse, as already seen in Figure 15
and discussed in [33,36].

4.3. Relative Density

The reason for the different relative densities of the individual layers was due to
hydrostatic stresses. Because the reduced formability and the resulting reduced material
flow led to different compaction in each layer, as discussed in detail in [33].

However, despite the measurement error, the specimens did not achieve a relative
density of 100%. The reason for this was the reinforcing particles themselves. A higher
number of reinforcing particles increased the probability of cluster formation in the speci-
men, as shown in Figure 16. It could be observed how one of the reinforcing particles was
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exposed and had a large pore around it, while the other exposed particles were completely
enclosed within the matrix.

That the relative density was higher in the axially graded specimens could be ex-
plained by the structure of the specimens. While in the case of the axially graded specimens,
the forming and compacting of the layers took place one after the other, as described in [33].
In the case of the radially graded structure, it took place simultaneously, as can be seen in
the simulations in Figure 17.
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It can be seen that with the same strain, individual layers of the axially graded
specimens were already formed and hence compacted. This continued layer-by-layer until
the whole specimen was compacted [33]. In the radially graded specimens (1), forming
started at the outer edge and proceeded to the center. Therefore, it was not possible
to condense all spots equally. Especially the edge areas in the middle of the specimen
were not be compacted due to the lack of stress and the high resistance offered by the
20% ZrO2 layer, which was why the relative final density was lower in this structure
than in the axially graded specimen. This was because it was not possible to introduce
an adequate hydrostatic and deviating stress component in all areas of the specimen to
achieve full compaction [45–47]. Since a high hydrostatic stress ratio was required for
optimum compaction [46,47], the compaction was lower in the radially graded specimen.
Thus, more pores remain. The same was true for radially graded specimens (2). Only
with the difference that here it was not the central areas that were not compressed, but
the outer mantle surface with high ZrO2 content. In the radially graded structure (2), the
forming process starts in the middle of the specimen and proceeds outwards. Since the
stress field generated by the ZrO2 particles counteracted the forming and compression, the
outer surface was not completely compacted. Since the volume fraction of the surface with
the ZrO2-rich layer was larger than in the other graded structures, the relative density was
lowest in this graded structure.

Because of these aspects, the relative density in the axially graded specimen had
a higher relative density than the radially graded specimens, and the radially graded
specimen (1) had a higher relative density than the radially graded specimen (2).

4.4. Light Microscopy Imaging

The clusters in Figure 16 can be explained as follows: Clusters increase the local
stresses in the matrix. These local stresses are opposing the stress caused by the material
flow, which is essential for the compaction and integration of the particles into the matrix.
Due to the incipient material flow during the forming process, smaller clusters can be
dissolved. However, this material flow was not strong enough to break up larger clusters
completely and distribute the particles in the matrix. The material flow in the clusters
can even come to a complete halt [38,48]. As a result, complete compaction is no longer
possible in this area, which is why the samples with a ZrO2 content of 20% did not exhibit
the desired relative density (see Figure 5).
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4.5. SEM Imaging

The oxides in Figure 10 can be explained as follows: Originally, these oxides were
formed from the native oxides present on the surfaces of the steel powder particles. Since
interfacial reactions take place between the steel matrix and the ZrO2 particles, the oxides
were mainly manganese silicated (Mn2SiO4) [49]. The main elements involved in these
reactions were Mn, Cr and Si from the steel matrix and MgO from the zirconium oxide
particles. Furthermore, Al2O3 impurities from ZrO2 powder production were also involved
in the reaction. When the partially stabilized zirconia was forged in the phase field of
tetragonal ZrO2 and MgO [50], at 1100 ◦C, the solid zirconia solution decomposed, and the
MgO diffused to the interface. Due to this destabilization process, only small monoclinic
zirconia crystallites were generated at the edges of the reinforcing zirconia particles, while
the rest of the particles remain in the initial phase [51]. This means that the transformability
of the reinforcing ZrO2 phase and the TRIP effect of the matrix was maintained even after
powder forging.

4.6. Tensile Tests

The graded specimens broke during the tensile tests on the ZrO2-rich phases, as can
be seen from the meridian sections of the specimens. It can be clearly observed that the
specimens did not crack at the interfaces between the individual layers but above the
phase boundary between the 15% and 20% ZrO2 layers. The reason for this is the particle
distribution. Therefore, it can be assumed that the failure at these locations was caused
by the pores remaining in the clusters, as discussed above. These pores acted as crack
initiation sites due to the notch effect [41,52,53]. Hereafter, the cracks migrated from one
reinforcing particle to the next, which caused the cracks to propagate very quickly due to
the small particle spacing in ZrO2-rich phases, as described in the literature [54–58]. This is
the reason brittle fracturing was observed. This can be confirmed from the image given in
Figure 18, which shows the propagation path of a crack.
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In addition, it can be seen that the particle distribution had an influence on the
mechanical properties of the radially graded specimens. While the ZrO2-rich phases were
located in the middle of radial graded structure (1), they were located at the outer edge
of the radial graded structure (2). These ZrO2-rich phases represent the weak points in
the component, as already shown in Figure 10. Since the structure of radially graded
specimen (1) contained a relatively smaller amount of ZrO2-rich phase than of radially
graded specimen (2), the retention of pores and thus component breakdown was more
likely. This could also be seen in the density of the specimens because the density of radially
graded specimen (1) was higher than the density of radially graded specimen (2). Due
to the lower density, more pores remained in the material, which reduces the mechanical
properties of the TRIP-matrix composite.
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4.7. Hardness Tests

The observed increase in the hardness with the ZrO2 content can be explained by
the reinforcing particles. The particles counteract the deformation-induced during the
hardness test, as reported previously [39].

The reason for the lower hardness of the radially graded specimens was due to the
structure of the specimens and the compaction. Because of the structure of the radially
graded specimens, the specimens were less dense, as already described above and shown
in Figure 7. This caused pores to remain in the specimens. However, the pores and thus the
relative density had a significant influence on the mechanical properties of components [59].
This, in turn, led to a lower hardness, as also reported in a previous study [33].

5. Conclusions

In this study, we experimentally determined if the forming conditions for the produc-
tion of axially graded components from a particle-reinforced metal matrix composite using
powder forging can be used for the production of radially graded components. The main
conclusions of the study can be summarized as follows:

(1) The powder forging conditions allow compressing specimens with an axially graded
particle distribution and at the same time to obtain a local homogeneous particle
distribution;

(2) The powder forging conditions do not allow under the same parameters as for axially
graded specimens in order to compress radially graded specimens and at the same
time to obtain a local homogeneous particle distribution;

(3) With regard to the bonding of the reinforcing particles, the powder forging conditions
allow in all cases their complete incorporation within the TRIP steel matrix, resulting
in a solid compound;

(4) The configuration of the radially graded specimen structure has a strong influence on
its macroscopical density and mechanical properties;

(5) The layers with high ceramic particle content were the critical regions of the graded
specimens, leading to the crack initiation and propagation there;

(6) The achieved yield strength shows a dependence on the configuration of the radially
graded specimen structure;

(7) The reinforcing particles generate a stress field, which increases with the increasing
content of reinforcing particles, in the matrix, which is opposed to the hydrostatic
stress field and inhibits forming and compaction;

(8) The bulging model of axially graded specimens described and predicted in [35]
was experimentally validated. The results showed a very good agreement with
experimentally determined values;

(9) The TRIP effect in the steel matrix as well as the tetragonal structure of ZrO2 remained
even after powder forging and forming. Thus, no premature phase transformations
that negatively influence the properties of the components occur during the manufac-
turing process.
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