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Abstract

This paper numerically and experimentally describes the influence of cold rotary swaging on a pre-sintered
tungsten alloy. The finite element method was applied to describe infeed swaging of 30 mm diameter circular
bar with 30% reduction of cross-sectional area. The numerically studied results were distribution of strain,
distribution of temperature, effective strain rate and material flow during a single pass. To validate the predicted
results, experimental swaging of pre-sintered W-Ni-Co tungsten alloy was realized. The results of strain
distribution were compared with results from microstructure analysis and distribution of microhardness along
the cross section of the swaged sample. Results of mechanical testing showed higher microhardness in
regions near the swaged surface. This fact corresponds to the distribution of strain predicted by numerical
modeling
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1. INTRODUCTION

Rotary swaging is a metal forming process for reducing of cross-sections of bars, tubes and wires via imposing
of intensive plastic deformation. It is suitable for various materials including materials with low formability due
to predominantly compressive stresses [1, 2]. The principle of the technology is in an oscillating movement of
tools, during which the strain is imposed into the material in many small increments. Rotary swaging features
inhomogeneity of deformation along the cross section, since the imposed strain is the highest near the surface
of the sample, especially for low imposed strains. Deformation (in)homogeneity along the cross section can
be evaluated e.g. by microhardness testing [3, 4]. However, a certain inhomogeneity of the imposed strain for
relatively small overall strains is characteristic for many processes imposing intensive plastic deformation into
materials, such as methods of severe plastic deformation (e.g. HPT [5], ECAP [6], TE [7], ARB [8] etc.).

Swaging is often used also for pre-sintered tungsten-based alloys prepared using powder metallurgy.
Tungsten-based alloys usually consist of more or less spherical tungsten grains and a matrix between the
grains [9]. For example, tungsten-based alloys of W-Ni-Co type after sintering and heat treatment achieve up
to 20% elongation and 800-1000 MPa ultimate strength [10-12]. The degree of elongation and strength
properties are primarily dependent on the amount of matrix in the particular structure [10]. However, maximum
elongation decreases and strength increases after cold forming due to strain hardening.

The aim of this work is to perform a numerical modelling of rotary swaging process for tungsten-based alloy
under cold conditions. The predicted results, especially the distribution of strain, are subsequently evaluated
experimentally. The effect of swaging is evaluated by microhardness measurements and microstructure
observations.

2. EXPERIMENTAL

For numerical and also experimental swaging of the bar, four dies are used (Figure 1a). A swaging die is
composed of three zones, reduction, calibration and exit zone (Figure 1b). During the process, all the dies
rotate around the swaging axis after each blow. A manipulator was used for feeding of the workpiece into the
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swaging head; the workpiece was fed to the swaging head when the dies were open. Forging was carried out
at room temperature, temperature of the workpiece and dies was set to 20 °C. Friction between the dies and
workpiece was determined via the Coulomb law with the friction coefficient of y = 0.1. Initial dimensions of the
sample were the diameter of 30 mm and length of 100 mm, the final diameter of the swaged sample was 25
mm and the true strain imposed during the single pass was 0.36.

To describe the flow stress of the 91W-6Ni-3Co pre-sintered alloy, a mathematical model based on stress-
strain curve obtained using a tensile test performed on the experimentally swaged alloy was used. Material for
cold swaging was prepared using the technology of powder metallurgy. Its fabrication involved several steps.
These are mixing of metal powders, cold isostatic pressing (pressure of 400 MPa) and high temperature
sintering (1540 °C) for many hours. Experimental swaging was carried out at room temperature. To determine
the effect of swaging on mechanical properties, samples for analyses were prepared by grinding on SiC papers
and mechanical polishing and subsequently subjected to HV0.1 Vickers microhardness measurements and
microstructure scanning using a Quanta FEG 450 SEM scanning electron microscope.
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Figure 1 (a) Geometry of the assembly; (b) Geometry of a die

3. RESULTS AND DISSCUSION

3.1. Effective strain

The distribution of the effective strain in the longitudinal cross section during swaging shows Figure 2a. During
a pass, the effective strain increases in the reduction zone, while in the calibration zone the effective strain
achieves its final values. The effective strain is higher on the surface, but the effect of deformation can be seen
in the central region, too.
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Figure 2 (a) Effective strain across the central cutting plane; (b) dependence of effective strain on distance
from the surface
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Figure 2b shows the distribution of the effective strain related to the distance from the swaged surface. In the
distance of 2 mm from the surface, the strain is significantly higher, while from the distance of 2 mm towards
the axis of the sample, the strain is more or less homogenous. Another swaging experiment published by
others [13] reported a significantly higher strain in the near-surface area after one swaging pass. For the
reduction of the diameter from 8 mm to 7 mm (true strain of 0.26), the equivalent strain in the center was 0.25
and in the surface area it was 0.45; while for the reduction from 8 mm to 6.6 mm (true strain of 0.38), the
effective strain in the center was 0.3 and in the surface area it was 0.7. The values of the effective strain for
the true strain of 0.38 reported by Rong et al. [13] are comparable to the values predicted in this numerical
simulation for the true strain of 0.36. Mourni et al. [3] documented that swaging with a higher reduction from
the diameter of 1 mm to 0.5 mm (true strain of 1.38) was characterized by inhomogeneous strain, the
equivalent strain on the surface was 1.55 and in the center it was 1.4. A comparison of the distribution of strain
for the presented experiment and swaging with a higher total strain (1.38) shows decreasing strain
inhomogeneity with increasing imposed strain. It can be supposed that increasing imposed strain (i.e. swaging
in multiple passes) would result, for our tungsten-based alloy, in homogenization of the strain across the cross
section, having the value close to the values predicted for the surface areas after the first pass.

3.2. Temperature and strain rate

Temperature and strain rate distributions in the central longitudinal cross section are shown in Figure 3. During
the swaging process heat generates as a result of plastic deformation and friction. The initial temperature of
the sample was 20 °C and during swaging it increased to the maximum value of approximately 70 °C. Areas
with maximum temperature were localized at the interface between the reduction and calibration zones, near
the swaged surface. Significantly higher values of strain rate were in the reduction zone near the surface,
where the most significant amount of strain was imposed. The maximum value of strain rate was approximately
5s'. When compared to other forming technologies, the strain rate was quite low since, during swaging, single
blows were characterized by a low deformation degree.
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Figure 3 (a) Temperature; (b) strain rate in central cutting plane

3.3. Swaging force

The force during swaging depends mainly on the flow stress of material, velocity of feeding, friction coefficient
and size of the contact surface between the dies and sample. Evolution of force during a pass is shown in
Figure 4, in which each of the peaks corresponds to a single blow. The force was measured for one die along
Y axis. Due to rotation of the dies, the axis of the die changes in the coordinate system and the values of the
force correspond to reality in every sixth blow (axis of the die corresponds to Y axis). The dependence in
Figure 4 shows that the force depends on the contact surface. The force reaches its maximum when the
sample fills the whole reduction zone and calibration zone. The maximum value of the force is approximately
700 kN.
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Figure 4 Prediction of force

3.4. Material flow

Material flow during swaging is depicted in
Figure 5a. Material flow is evaluated in relation
with the displacement along Z axis. The
displacement increases in the reduction zone
due to reducing cross section. In the calibration
zone, the displacement is constant having the
value of ~ 0.5 mm. Figure 5b describes material
flow using a grid consisting of 1 x 1 mm squares.

3.5. Experimental verification

Deformation under cold conditions is
characterized by strain hardening; hardness and
strength of material depend on the amount of
imposed strain. Figure 6 shows a comparison of
experimentally measured microhardness and
effective strain resulting from the numerical
simulation in the cross section of the sample.
Since the experimental alloy consists of tungsten
grains and a matrix, measurement of micro-
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Figure 5 (a), (b) material flow

hardness was performed for both the phases. Microhardness of both the phases increases in the direction
from the center towards the surface. However, the effect of strain hardening is more significant for tungsten
grains, while hardening of the matrix is not so substantial.
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The effect of swaging can also be observed on images of microstructure (Figure 7). The alloy after sintering
consists of spherical grains of tungsten and a matrix. The structure of pre-sintered tungsten-based alloys after
swaging is typically characterized by elongated tungsten grains (the degree of elongation depends on the
reduction of the cross-sectional area) [14]. However, in the central region tungsten grains can still be spherical,
especially when only a low reduction is applied [4]. Figure 7 shows a comparison of structures from the central
and surface areas after swaging. Due to inhomogeneous strain, more elongated grains can be seen near the
surface of the sample. Figure 7¢c shows the structure from the central area, where the grains are also
elongated, although less than in the peripheral regions.
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Figure 6 Measured microhardness after swaging

Figure 7 Microstructure of swaged sample; (a) surface; (b) between centre and surface; (c) central region

4. CONCLUSION

The FEM analysis performed within this study describes distribution of effective strain within a swaged sample.
The results show inhomogeneity of strain along the cross section, the strain increases in the direction from the
axis towards the surface. Significantly higher values of strain are at the area located 2 mm from the surface.
The maximum swaging force was detected when the sample fills the reduction and calibration zones, in which
the force increases to approximately 700 kN. To verify the distribution of effective strain, microhardness of the
swaged sample was compared with the FEM results. The microhardness along the cross section corresponds
to distribution of effective strain (FEM), microhardness of the individual phases increases towards the surface.
Significant hardening exhibited especially tungsten grains, microhardness HV0.1 was in centre 595 and near
the surface 690. Microstructure images show the tungsten grains to be more elongated at peripheral areas
due to a higher strain imposed into the surface area.
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