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Abstract  
 
This work covers both experimental measurements and numerical modelling of powder filling. 
Experimental measurements with digital speckle photography (DSP) are used to study powder flow 
during die filling. DSP measurements are realized by recording the powder filling process with a high 
speed video camera. The image series are then evaluated using an image correlation technique. By 
this, velocity and strain field data during the filling process can be visualised. DSP measurements are 
also supporting the development of a numerical model of the process. In this work the smoothed 
particle hydrodynamics (SPH) method is used to model the powder filling process. The numerical 
results are similar compared to the DSP measurements when comparing velocity fields during powder 
filling. The SPH model is further used to evaluate the density distribution after filling. Experimental 
measurements combined with simulation are powerful tools to increase the knowledge of the powder 
filling process. 
 
1 Introduction 
Powder metallurgy (PM) is the manufacture of components from powder materials without the powder 
passing through the molten state. There are three main stages in the PM process: powder processing, 
powder compaction and sintering. Powder compaction is a complicated process as the behaviour of 
the powder material changes with increasing density. Manufacturers tend to produce components with 
more complicated shapes which demand complex pressing equipment and methods. This implies a 
better knowledge of the material response during the PM process. Mechanical properties of powder 
materials changes dramatically from the beginning to the end of the compaction phase. Previous 
investigations have shown that the powder transfer and die filling processes significantly affects the 
quality of the final product [1, 2]. 
In this work an experimental powder filling rig is used to study the powder material during die filling as 
part of the process in PM. Powder filling experiments are combined with advanced dynamic 
measurements using a digital speckle photography (DSP) equipment to study the powder flow 
behaviour during the die filling process. The aim of using the DSP method is to improve the knowledge 
of the behaviour of flowing powder material during this critical part of the PM process.  
In this work the meshless particle based smoothed particle hydrodynamics (SHP) method is used for 
simulation of powder filling. Simulation of the powder filling process makes it possible to study the 
powder flow behaviour, velocity fields and density distribution during the filling process. It is difficult to 
experimentally determine the density distribution of the powder material in the die, before compaction. 
Simulation gives the opportunity to study the density distribution at this stage and results from 
simulations can be used for optimization of the PM process, resulting in better PM products. 
Results from DSP measurements, including detailed information of the flow fields, support the 
development of numerical models and provides opportunity to validate numerical models against 
experimental results. 
 
2 Experiment 
The powder filling experiments were performed using an experimental powder filling rig, see photos in 
Figure 1. The experimental setup consists of a die and a fill shoe. To facilitate filming of the powder 
filling process the filling rig is cut in half and a glass sheet is mounted where the cut was made. The fill 
shoe geometry is made of plastic in a 3D-printer. An electric linear motor is connected to the fill shoe. 
The motion of the linear motor, and thus the motion of the fill shoe, is controlled by a computer 
program. The filling process was recorded using a high speed video camera. By varying the 
placement of the camera it was possible to study either the fill shoe or the die individually. 
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Figure 1. Photos of the powder filling test rig. (a) Experimental setup with high speed video camera in 
position. (b) Close-up of the 3D printed filling rig, cut in half and with a glass sheet mounted where the 
cut was made. 

 
2.1 Material 
The powder material used in this work is a spherical tungsten carbide (WC) powder, see Figure 2, with 
particle size distribution: d(0.1) = 72 μm, d(0.5) = 99 μm and d(0.9) = 139 μm. WC powder is often 
used in the PM industry, for instance in the production of cutting tools where high abrasion resistance 
and the ability to perform well at high temperatures are essential properties.  
 

 
Figure 2. Photo of spherical tungsten carbide powder. 

 
2.2 Digital speckle photography 
In this study digital speckle photography (DSP) was used to monitor the powder flow during the 
powder filling process. DSP is based on a technique called digital image correlation which is used 
repeatedly during the experiment resulting in information about the powder flow field throughout the 
experiment. The digital image correlation technique compares two subsequent images with random 
patterns, called speckles. The first image is before deformation and the other one is after deformation. 
Each image is divided into sub images, each with a unique pattern due to the randomness of the 
speckles. The algorithm searches for the pattern of each sub-image in the subsequent image by a 
cross-correlation. The correlation coefficient is highest at a particular coordinate; this coordinate is 
taken to be the new position of the original sub-image. The original coordinates of the sub-image are 
known and thus it is possible to calculate the displacements between the original and the subsequent 
sub-image. The results from the individual sub-images are combined and thus the entire displacement 
field can be calculated. The high speed video results in an image series that the correlation algorithm 
can be applied to. By carrying out the correlation multiple times over this series of images the 
evolution of the displacement field over time can be calculated. With the displacement field known it is 
possible to calculate for instance the velocity fields and the strain fields during the powder filling 
process. More information regarding the digital image correlation technique can be found in for 
instance Kajberg and Lindkvist [3]. In this work the DSP measurements were realized using the 
commercial software Aramis v6.2.0-6 [4]. 
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3 Numerical modelling 
For numerical modelling of the powder filling process a continuum approach was used with the mesh 
free particle based smoothed particle hydrodynamics (SPH) method. Detailed information about the 
SPH method can be found in for instance Liu and Liu [5]. When modelling large deformation a 
meshless method such as SPH can be advantageous compared to a mesh based method, such as 
the finite element method (FEM). When a mesh based method is used, large deformation is often 
accompanied with severe mesh distortion. This can be avoided with the SPH method. The continuum 
approach makes it possible to represent a large number of powder particles with much fewer 
elements. 
The numerical simulations were performed using the commercial explicit non-linear solver LS-Dyna 
R8.1.0 [6]. The software enables the user to perform coupled FEM-SPH simulations. In this work FEM 
is used to represent the structure and SPH to represent the WC powder. The FEM-SPH coupling is 
realized via a contact method.  
 
3.1 Modelling and characterization of metal powder 
In this study the WC powder is modelled with a Drucker-Prager [7] material model, commonly used to 
model various granular materials. The Drucker-Prager model is an elastic-plastic material model with a 
pressure dependent yield surface. One benefit of the model is that it requires few material parameters 
as input. The required parameters are bulk density, two elastic parameters and the slope of the yield 
curve. The yield function, f, is described by 
 

 
 

(1) 

 
where I1 is the first stress invariant, J2 is the second deviatoric stress invariant and k is the slope of the 
yield curve. The slope of the yield curve can be interpreted as the internal friction of the powder.  
The bulk density of the powder was measured by filling and weighing a small container of powder. The 
internal friction coefficient k was determined using data from funnel flow experiments and inverse 
modelling.  
A funnel flow experimental setup is used to determine the flow properties of powder materials. The 
experimental setup consists of a conical container with a circular outlet. A certain amount of powder is 
put into the container and the discharge time is measured. The experimental setup is illustrated in 
Figure 3. 

 
Figure 3. Equipment used for funnel flow experiments. 

 
3.1 Modelling of die filling 
2D and 3D models of the powder filling rig were created to simulate the powder filling process. The 
powder filling rig structure is represented using FEM and the powder material using SPH. The 
coupling between FEM and SPH was realized via a penalty based contact algorithm. Illustrations of 
the 2D and the 3D models are presented in Figure 4 and Figure 5. In the 2D model the powder 
material is represented using 51 179 SPH elements with 0.25 mm as initial radial distance between 
SPH elements. In the 3D model 324 800 SPH elements are used to represent the powder, with 0.5 
mm as initial radial distance between SPH elements. 
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Figure 4. 2D model used for simulation of the powder filling process. The fill rig structure is 

represented using FEM and the powder material using SPH. 

 

 

Figure 5. 3D model used for simulation of the powder filling process. The fill rig structure is 
represented using FEM and the powder material using SPH. 

 
4 Results and discussion 
The results from the numerical simulations of the powder filling process were compared against 
results from the DSP measurements. In Figure 6 and in Figure 7 the horizontal and vertical velocity 
fields are compared at two stages during the powder filling process. Vertical and horizontal velocity 
fields compare well against experimental results. In the 2D model a plane strain SPH formulation was 
used, thus assuming infinite thickness for the die. This is a simplification but it enables the use of a 
finer discretization. Comparing the results from the 2D and the 3D models it is observed that results 
from the 2D model corresponds better to the experimental results. This is likely due to the finer 
discretization used in the 2D model. With the 3D model it is possible to represent the geometry of the 
die and fill shoe more accurately but the drawback is that it requires a significantly higher number of 
SPH elements, even though a coarser discretization is used. The computational time for the 2D model 
was 10 hours and for the 3D model 11 days. Both simulations were done on a computer cluster with 
16 CPU:s. 
From the simulations it was possible to study the density distribution in the die when the filling was 
completed. The density distribution was simulated using the 2D SPH model since it corresponded 
better to experimental results, compared to the 3D model. A density increase in the bottom of the die 
to the right and a region of lower density in the top layer of the die was observed, see Figure 8. Higher 
density in the bottom right of the die is expected due to the nature of the filling with the filling rig used 
in this study. At start of the filling, powder flows into the die diagonally from left to right. As the fill shoe 
moves back over the die after the first passage the powder material is disturbed in the top layer. This 
is likely to affect the density distribution in the top layer. 
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Figure 6. Velocity in the horizontal direction during powder filling. Results from DSP measurement in 
(a), results from the 2D SPH simulation in (b), results from the 3D SPH simulation in (c). 
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Figure 7. Velocity in the vertical direction during powder filling. Results from DSP measurement in (a), 
results from the 2D SPH simulation in (b), results from the 3D SPH simulation in (c). 

 

 
Figure 8. Density distribution after filling, from 2D SPH simulation. 

 
5 Conclusions 
In this study experimental measurement on the powder filling process using DSP has been carried 
out. The DSP method was successfully used to measure field data of the powder flow during the 
filling. Flow field measurements are valuable for validation of numerical models. A numerical model of 
the powder filling process was developed. In the numerical model the SPH method was used and the 
WC material behaviour was described with a Drucker-Prager material model. Material parameters for 
the Drucker-Prager model were determined by inverse modelling.  
DSP measurements and simulation of the powder filling process gave similar results when the velocity 
fields were compared. Using the SPH model, the density distribution was calculated at the end of the 
die filling process. This gives insight in this critical stage of the PM process. The combination of 
experimental measurement using DSP and simulation using the SPH method is a powerful tool for 
increasing the knowledge of the powder filling process. More knowledge of the process gives wider 
opportunities in future improvement of the industrial powder filling process. 
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