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Abstract

The ever-increasing demand for weight reduction of manufactured parts is leading to the replacement of steel
with light metals such as aluminum and magnesium. However, light metals are at times unable to withstand
high tribological, thermal or mechanical loads. This leads to an application of metal-matrix-composites (MMC)
that possess the advantages of light metals (low weight and high ductility), as well as the characteristics of the
reinforcing phase (high hardness, high strength and good wear resistance). To manufacture the MMC
components, metal powders were shaped in a pressing process and further densified during a subsequent
sintering phase. The residual porosity within the produced parts can be reduced by means of a subsequent
sinterforging operation.

In this paper, cylindrical partially particle-reinforced specimens, with a radially layered structure, were
manufactured by two-sided powder pressing and sintering. A subsequent forging operation was carried out to
eliminate the minimal porosity. Different process parameters (forming temperature, true strain and dilation rate)
were varied to investigate their effects on the density and structural bonding of the partially particle-reinforced
material system. Therefore, the sinterforging process upsetting was carried out. Subsequently, the particle-
reinforced parts were characterised by metallographic analysis and hardness measurements. The results show
that cracks and defects in the layer system of partially particle-reinforced powder compacts can be repaired
using sinter forging.
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1. INTRODUCTION

Due to steadily rising material costs and demands on the global market, manufacturing companies are
constantly trying to optimize their production processes. Alternative methods are investigated to gain better
material properties, weight or cost reduction.

1.1. Powder metallurgy

Powder metallurgy (PM) competes directly with manufacturing processes such as casting, forming and
machining. The powder metallurgy enables variable alloy formations and component design, not feasible with
melt metallurgical processes [1]. It offers high material utilization, net-shape parts and low energy consumption
[2,3]. Furthermore, PM processing is a very efficient way for mass production of small structural components
and provides a wide range of different industrial applications. Common fields for PM components are
aerospace, automotive, medical technology, household and sports equipment [4,5].

The most frequently used industrial process for shaping sintered components is die pressing [4]. The cohesion
of the pressed powder is achieved by mechanical clamping and cold welding of individual powder grains [6].
After filling the matrix, grains are compacted. First, the particles are rearranged, resulting in the collapse of
bridges and filling of cavities. With increasing pressure, particle contacts increase due to the plastic
deformation of powder grains. With further increase in pressure, particles whose deformation capacity is
exhausted are broken and fill cavities, thus achieving a relative density of more than 90 %. The relative density
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Prer is defined as the ratio of the density of porous material pyor to the density of fully compacted material po as
provided in equation (1).

P
Pu="" ()

0

The so-called green compacts retain their shape due to clinging and cold welding of the powder grains to each
other [7]. In order to facilitate the sliding of individual powder particles, the so-called pressing aids, such as
waxes, are added to powder before pressing. They enable a strong compaction of the powder when pressing
the green compact and thus lower the porosity of the components [4,8].

1.2. Metal-Matrix-Composites

Another advantage of PM is the possibility of adding reinforcement elements such as ceramic particles (e.g.
SiC, TiC) or short fibres to improve mechanical attributes of the produced parts. These so-called "Metal-Matrix-
Composites" (MMC) enabled the production of high strength and rigid materials, which also possess
comparatively low density. Further advantages result from increased wear resistance even at higher
temperatures [9, 10]. In addition, the reinforcement material can be placed in the desired area, providing
increased functionality while saving resources. Due to resulting lightweight construction potential, these
materials are mainly used in the aerospace and automotive industries [11]. However, the manufacturing of
such functionally reinforced materials by conventional powder pressing and sintering can lead to an undesired
density distribution and locally increased residual porosity.

1.3. Sinterforging

A significant reduction of porosity in the PM-components can be achieved by sinterforging, i. e. post-
compaction of sintered bodies at elevated temperatures. Thimmler already presented this process in 1972 as
hot post-pressing [12]. With strong plastic deformation of sintered components, 100 % theoretical density can
be reached. By increasing material density, clear improvement of the mechanical characteristics is achieved.
Sinterforging of partially reinforced PM-parts raises different challenges, and therefore there is only a handful
of studies in this field [13]. In particular, a coaxial arrangement of the different phases results in both axially
and radially varying densities and has not yet been investigated. Thus, the aim of this study is to investigate
the specific forming behaviour and the mechanical material properties of partially reinforced parts during sinter
forging in order to be able to produce flawless components with a radially graded material system and adequate
mechanical properties.

2. PRODUCTION AND FORGING OF THE SEMI-FINISHED WORKPIECES

For the experimental investigation, spherical shaped Alumix 123 (aluminum powder with 4.5 wt% copper,
0.6 wt% silicon and 0.5 wt% magnesium) was used as matrix material. Milled titanium carbide (TiC) powder
was used as reinforcement phase. Compared to metallic materials, TiC has a particularly high hardness of
3200 HV and a high melting temperature of 3160 °C. Its density is given as 4.9 g/cm3 [14]. The particle size of
titanium carbide proves to be fine-grained and the particle shape is sharp-edged due to the manufacturing
process. Compared to the average particle size of matrix material of 60 uym, TiC particles with 20 ym are
significantly smaller. The material properties of the powders are displayed in Table 1.

Table 1 Properties of the powder material

Material Density Production Hardness Particle Size Shape
Alumix 123 2.8 g/cm?® Gas atomized 100 HV 60 pm Globular
TiC 4.9 glcm?® Milled 3200 HV 20 pm Sharp-edged
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For manufacturing of the powder compacts, a two-sided uniaxial pressing tool-system was used. It consists of
an upper and two lower stamps, which enable the pressing of radial reinforced powder compacts. The upper
stamp and the outlying lower stamp have a diameter of 36 mm. The inner lower stamp has a diameter of
24 mm. For carrying out the pressing process the hydraulic multi axis press HPM 200 E2 was used
(manufacturer: SMS-Meer). For performing the compaction of the radial reinforced powder compacts at first
the outlying stamp was used as a die, the other stamps were pre-compacting the Alumix 123 powder.
Afterwards the outlying stamp was moved downwards and the resulting space was filled with Alumix 123
powder or reinforced MMC-powder (TiC weight-proportion of 5 wt%, 20 wt%). The final compaction movement
was carried out by moving all stamps inwards. Finally, the radial partially reinforced compact was ejected. The
powder pressing process stages are shown in Figure 1.
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Figure 1 Stages of the powder pressing process

Sintering was carried out following the pressing process. For this purpose, the compacts were heated to 590
°C for 20 minutes under vacuum conditions. Subsequently, the sintered cylindrical radially reinforced work
pieces were forged with material flow by an upsetting process on a servo-hydraulic forming simulator
(manufacturer: Instron). The parameters of the forging operation are shown in Table 2.

Table 2 Parameters for the sinterforging operation

TiC phase (wt%) Temperature (°C) True strain Dilation rate (1/s)
0,5, 20 300 0.6 10

3. CHARACTERISATION OF THE FORGED WORKPIECES

The results presented below focus on investigations with the following forging parameters: a temperature of
300 °C, a dilation rate of 1 s** and a true strain of 0.6.

Metallographic images were used to investigate the material properties of the sintered concentric components.
Therefore, the samples were cut in the middle before and after the upsetting process. The metallographic
images enable an evaluation of the influence of the sinterforging process on sintered powder compacts.

In Figure 2, the metallographic images of specimen without reinforcement are displayed. On the left, the
sintered green part is shown. Here a side effect of this newly developed powder pressing process becomes
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apparent. An inhomogeneous powder pressing process caused cracks to form in the sintered parts. Finally,
the outer powder was compacted and exerted pressure on the inner pre-compacted powder, which was
thereby narrowed.

Figure 2 shows on the right side the sinterforged specimen. Due to the powder-metallurgic process route, the
gap between the aluminum and the particle-reinforced could be closed completely by the upsetting operation
at 300 °C. Furthermore, a transition zone within this specimen was undetectable in metallographic
investigations following the forging operation, which suggests very good material cohesion.

Specimen with 0% TiC

e s - =

Figure 2 Metallographic analysis of specimen with 0 % TiC before (I.) and after (r.) sinterforging at 300 °C

Figures 3 and 4 show specimens with 5 wt% and 20 wt% TiC reinforcement before and after sinterforging. On
the left side a crack produced in pressing process is visible. It was possible to close the crack by means of the
pressing process at 300 °C. Metallographic pictures show clear phase transitions between the core and the
reinforced part of the specimen.

Specimen with 5% TiC

Figure 4 Metallographic analysis of specimen with 20 wt% TiC before (I.) and after (r.) sinterforging at
300 °C

After sinterforging operation, the unreinforced areas seemed to be mostly homogeneous, i. e. they were almost
free of pores. In comparison, the reinforced areas were permeated with irregularities, which were partly TiC
particles, but also pores. Especially the area reinforced with 20 wt% TiC showed a significant increase in
quantity and diameter of visible pores and defects.
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4. MATERIAL PROPERTIES OF THE SINTERFORGED COMPONENTS

Due to influences on the material properties, an investigation of the porosity was carried out. Based on the
metallographic analysis the pore volume was measured with a Matlab-based software. This software allocates
the metallographic images to the different areas aluminum, TiC and pores based on an optical inspection. Five
determined areas were investigated as shown in Figure 5. Area 1 represents the middle of the specimen with
the lowest expected porosity. Area 2 and 3 represent the not reinforced area next to the transition phase of
the specimen. Area 2a and 3a represent the reinforced part.
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Figure 5 Reinforced Specimen before (l.) and after (r.) sinterforging

Figure 6 shows the existing porosity within the specimens before and after sinterforging according to the
division areas shown in Figure 5. The sample without particle reinforcement had an initial void volume fraction

of about 2 % before sinterforging. After the upsetting process, the investigated areas showed a nearly complete
compaction of under 1 % porosity.

Samples with particle-reinforcement also showed significant reduction of porosity after sinterforging. Within
the aluminum phase, a significantly fewer porosity occurred before and after sinterforging. Since the reinforcing
phase acts as an obstacle and cavities form around it, it can be argued that the addition of reinforcing particles
(i.e. TiC in this case) led to a higher porosity. Therefore, a content exceeding 20 wt% TiC should to be avoided.

Specimen with 0% TiC Specimen with 5% TiC Specimen with 20% TiC
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Figure 6 Porosity of the specimens before and after sinterforging

5. CONCLUSION AND OUTLOOK

Within this study, sinterforging of cylindrical radially reinforced powder compacts produced by two-staged
powder pressing was investigated. For the semi-finished work pieces, aluminum with and without radially
reinforcement of ceramic powder (TiC) content was pressed followed by sintering in vacuum at a temperature
of 590 °C for 20 minutes. Subsequently, semi-finished work pieces were forged at varying temperatures with
a material flow by an upsetting process.
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The results of the investigations prove that it is possible to manufacture radially reinforced compacts by
conventional powder pressing. Cracks occurring during powder pressing can be repaired in sinterforging.
Sinterforging also allows the porosity to be decreased significantly.
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