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Many industries such as the food, chemical, agricultural, and pharmaceutical 

industries use powdered material, either as a product, feedstock, or intermediate. 

Compared with liquids and gasses, processes involving powders encompass many 

problems, causing reduced production and unscheduled downtimes. Most problems occur 

in powder transfer processes. The problems stem from a lack of understanding of the 

basic principles of powders.  

Powder flow, which is the deformation of a bulk powder, is one method of powder 

transfer which is not well understood. One specific problem is stick-slip, which is a 

discontinuous or stepwise flow of powder. Stick-slip is a known phenomenon from the 

field of tribology, but there is no understanding of stick-slip in powders. In industry, 

stick-slip can cause structures to vibrate violently, causing noise and structural damage. It 

also causes problems in mixing, creating serious problems in the product quality. 
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This research investigates stick-slip and proposes a mechanism that causes stick-

slip in powders. The influence of particle size, moisture content, and stress is 

investigated. The experiments are conducted with a Schulze shear tester and a newly 

developed uniaxial tester. The performance of those testers is first established by 

measurements and simulations.  

The shear stress during stick-slip is recorded and the magnitude and frequency of 

the signal are calculated. Discrete element modeling is used to simulate powder flow 

processes that are investigated. The results show that powder cohesion and inter-particle 

friction are key factors for stick-slip.  

Stick-slip events prove to have a characteristic length scale, which can be 

correlated with the particle size and cohesion. It is proposed that a slip event is a collapse 

of the structure of the powder. The structure of the powder is built up from clusters of 

particles. The size of these clusters defines the characteristic stick-slip length. The cluster 

size is a function of the cohesion of the powder. The characteristic length is called the 

coherence length. The coherence length is a measure of the sphere of influence of 

individual particles into the powder bulk. It is a parameter that can be used to distinguish 

between the discontinuous and continuous scale of a powder. 
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CHAPTER 1 
INTRODUCTION 

Powder technology is one of the oldest professions in the world. It has been 

developed in the fields of food preparation, ceramics, paint production, and construction 

(Molerus, 1996). Some scientists believe that the great pyramids in Egypt were not built 

by rolling enormous building blocks from quarries to the construction site, but by 

forming the building blocks on-site. For this, granular limestone was poured into a 

rectangular mold and hardened much like concrete.   

It is remarkable that such an old field as powder technology is not developed up to 

standard. Compared with gas and liquid handling, powder technology is far behind and 

often still an art rather than a science. Part of the problem lies in the communication 

between scientists and plant operators. Merrow (1985) linked research and development 

to problems in industry and found that there is an information breakdown between 

operation and basic research and theory building. Most of the problems in industry are of 

a mechanical or physical type rather than a chemical. Therefore, scientists in the field, 

who are mostly chemical engineers, believe that the problems need to be solved by the 

operators. So research money from government or industry is not focused towards 

solving particle problems fundamentally. Problems are often solved with patchwork 

without trying to find a fundamental or permanent solution. 

The stigma that powder technology does not belong to chemical engineering can be 

found back in the curricula of engineering schools. First, not many schools teach particle 

or powder technology to engineering students. When they do offer such courses, it is 
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often taught in the civil engineering or mechanical engineering department. Few 

departments of chemical engineering prepare their students for the problems concerning 

granular material which they will encounter during their professional career. Chemical 

engineers are the ones who design the process plants and often operate them as well. In a 

1994 publication it is stated that this neglect of particle technology in education is 

especially serious in the USA (Ennis et al., 1994). 

In his publication Merrow (1985) showed that the largest mechanical problem 

causing plants to perform below design is failure of solids transfer. There are several 

methods to transfer solids (i.e., particles), depending on the size and form of the solids: 

slurries of solids in a liquid can be pumped, dry powders can be conveyed on belts or in a 

pneumatic system, or can flow under gravity. This dissertation handles the flow of 

powders. It specifically looks at discontinuous powder flow, which is called stick-slip. 

Solids Handling Problems in Industry 

The study by Merrow was performed in the 1980’s and shows that plants handling 

solids materials perform much worse than plants handling gasses and liquids (Merrow, 

1985, 1988). About two thirds of the plants in the study operated at less than 80% of the 

design and one third operated at less than 60% of the design. The average for the solids 

handling plants was 64% of design capacity, compared to a 90 to 95% industry standard. 

The plants also needed much longer startup times than anticipated. Figure 1-1 shows the 

planned and actual startup times for plants with different feedstocks. Plants with a liquid 

and/or gas feedstock producing solids needed a marginally longer startup time than 

planned. A feedstock of refined solids, meaning the solids have undergone some type of 

prior processing, show a startup time that is more than twice the planned time. When the 

feedstock consists of raw materials, e.g., minerals, this worsens to an actual startup time 
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of 18 months, more than three times the planned time. Each month a startup slips behind 

adds an average of $350,000 to the capital cost (in 1988). The actual cost of the delays 

will be higher due to capital appreciation and market loss. 
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Figure 1-1: Comparison of planned and actual startup time for solids handling plants with 

different types of feedstock (Merrow, 1988). 

The study above is twenty years old and some of the data used in the study are 40 

years old. After publication of the study more research money has been allocated towards 

particle technology in the USA. A second study in 2000 showed that 15 years later there 

had been some improvement (see Figure 1-2) (Merrow, 2000). The data in the Figure are 

for plants starting up between 1996 and 1998. It is still apparent that plants handling 

solids perform worse and need more startup time than plants handling liquids and gasses. 

It should be noted that the 1985 study was for 40 plants in the USA and Canada while the 

2000 study included 287 solids handling plants from around the world. 

For solids handling plants basic technical data such as heat and mass balances are 

often not available. Even if this information is available from other plants, it turns out 

that it is difficult to transfer this process understanding from one plant to the other. There 
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is a lack of fundamental understanding of particle and powder behavior, which makes it 

difficult to extrapolate knowledge from one facility to the other. 
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Figure 1-2: Average startup time (left) and performance (right) of plants handling only 

solids and gasses (1), solid intermediates or products (2), refined solids feed 
(3), and raw solids feeds (4) (Merrow, 2000). 

Scientific Approach to Powder Technology 

The key in solving problems in particle technology lies in understanding the basics. 

When the fundamental behavior of powders is understood, reliable process and product 

design is possible. In a recent paper, Leuenberger and Lanz (2005) review the state of the 

art in the pharmaceutical powder technology. They state what has been known for some 

time: Powder technology has to move from art to science. This is visualized in the 

pyramid of knowledge (see Figure 1-3). Product and process design, as well as process 

and quality control, have to move forward from a trial-and-error approach towards design 

based on first principles. Therefore, research should be focused on the understanding of 

first principles. For this it is often necessary to first understand the mechanistic behavior.  

To work towards fundamental understanding Professor Scarlett initiated and 

promoted the 4M business for particle technology (Scarlett, 2002). The four M’s consist 
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of Making, Measuring, Modeling, and Manipulating. Measuring and modeling are tools 

to design and control products and processes, which we want to make and manipulate. In 

industry the focus is on making products or equipment to handle these products. 

Manipulation of these products and processes can optimize them. The tools to do this are 

measurements and models. As said, these models should be built upon first principles. 

The input data for the models have to be measured with reliable testers. Therefore, the 

development of models and measurements needs to go hand in hand; better 

measurements make better models and better models make better measurements. 

DATA DERIVED FROM
TRIAL -N -ERROR EXPERIMENTATION

DECISIONS BASED ON
UNIVARIATE APPROACH 

CAUSAL LINKS
PREDICT PERFORMANCE

MECHANISTIC
UNDERSTANDING
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1st
Principles

 
 
Figure 1-3: Pyramid of knowledge (Leuenberger and Lanz, 2005). 

To be able to use the 4M business properly, a systems approach needs to be used. 

Every system has its own time and length scale. From bottom up we can for example 

recognize atoms, molecules, particles, powders, process equipment, processes, and the 

environment. Every system builds up the next, each with its distinct time and length 

scale. To understand the first principles of a system, the first principles of the system it is 

built from need to be understood.  
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In powder flow the knowledge level ranges from trial-and-error up to in some cases 

a mechanistic understanding. The state of the art in the field is mainly based on the work 

by Dr. Jenike (1961; 1964), which was developed in the 1960’s. In his work, a 

mechanistic model is used based on Mohr-Coulomb behavior of powders. The model 

uses data from shear testers to predict powder flow behavior and design process 

equipment. As Merrrow’s studies show, the models used are far from perfect. Better 

models as well as better testers are needed to advance towards reliable design. An 

example of a better tester is a True Triaxial Tester (Verwijs et al., 2002) which would 

allow full control of powder deformation.  

Stick-slip in Powder Flow 

This research investigates stick-slip in powder flow. Stick-slip is a discontinuous 

flow of the powder, making it deform in steps. Stick-slip is also referred to as slip-stick. 

It might be a chicken and egg discussion, but the author believes that the correct term is 

stick-slip since the stick comes prior to the slip. A powder can not slip without first 

sticking, while the powder does not have to slip before it sticks. 

Stick-slip is a well-known phenomenon in tribology (Bhushan, 2002; Bowden and 

Tabor, 1950). In that field it expresses itself in squeaking door hinges, car tires, or chalk 

on a blackboard. The mechanism of stick-slip in powder flow is not known. Stick-slip can 

cause problems in industry in several ways. The best-known phenomenon is silo quaking 

or honking (Roberts and Wensrich, 2002). The step-wise deformation of the powder 

results in violent vibrations in the silo structure, which is quaking. The empty headspace 

of the silo works as a soundboard making a very loud honking sound. The honking sound 

is a noise hazard while the quaking over time can cause significant structural damage.    
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In this research the frequency and magnitude of stick-slip events are investigated. 

The frequency or time scale can be converted into a characteristic length scale. This 

length scale can be used to connect the discrete particle scale with the continuous powder 

scale. An understanding of the stick-slip behavior will give a better understanding of 

powder flow in general. The author proposes that stick-slip occurs in all powders, but not 

all powders exhibit the effects.  

Focus of Dissertation 

This dissertation focuses on stick-slip in powder flow. Powders are modeled as a 

continuous medium for flow purposes. Of course powders consist of individual particles. 

At some length scale the influence of individual particles is not noticeable in the bulk. 

The border between the discrete particle scale and continuous bulk scale is not clear. It 

will be different for different powders. Every powder has a certain coherence length, also 

called sphere of influence. The coherence length describes how far the influence of an 

individual particle reaches into the bulk. This coherence length is a key parameter in the 

systems approach and will connect the particle scale with the powder scale.  

Stick-slip is a phenomenon that exhibits itself on a bulk scale while it is caused by 

the structure in the powder, which consists of the individual particles. Therefore, stick-

slip is an indicator of the coherence length. Hence the title of this dissertation is Stick-slip 

in Powder Flow: A Quest for Coherence Length. 

The aim of this work is to establish the causal links between several operating 

variables and the magnitude and frequency of stick-slip events. Based on the results, a 

mechanistic model is proposed which explains the origin of stick-slip. The mechanism 

includes the formation of a structure of clusters in the powder. The mechanistic 

understanding of stick-slip and these clusters will help the formation of powder flow 
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models based on first principles. In short, the roadmap of the work consist of the 

following objectives: 

• Understand the artifacts of conventional testers. 
• Measure stick-slip as a function of powder and operating variables. 
• Measure particle properties. 
• Correlate particle properties with macroscopic stick-slip using simulations. 
• Develop a stick-slip model. 
  

Outline of Dissertation 

The chapters is this dissertation can be read separately. The structure is such that 

they form a complete work though. The next chapter, chapter 2, is an introduction to the 

subject which is useful for all the consecutive chapters. The chapter describes the two 

system levels that are discussed in this work, the micro scale and the macro scale, and 

how these two scales can be connected. The micro scale section explains how particles 

interact. The macro scale section deals with bulk powder properties. The traditional 

approach to powder flow is explained and a description is given of the commercial 

powder tester that is used in this research. Finally, tools are given to connect the micro 

and macro scale. The main focus here is on discrete element method (DEM) modeling. 

This technique models a large number of particles, which enables the connection between 

the particles, the structure they form, and the macroscopic response.  

For reliable data a good understanding of the test equipment is important. None of 

the existing powder testers is perfect, so it is important to know what the strong and weak 

points of different testers are. In chapter 3 some of the artifacts of commercial powder 

testers are investigated. Stress distributions and anisotropy in testers are measured and 

DEM modeling is used to explain the measured artifacts. 
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Chapter 4 describes a newly developed powder tester, the uniaxial tester. The tester 

has the unique capability that it can deform a powder both stress controlled or strain 

controlled. It is often claimed that there is no difference between those two control 

systems, but this chapter shows that in the case of stick-slip it does make a difference. 

The main chapter of this dissertation is chapter 5, which describes the stick-slip 

research. A literature review is given of the work that is performed by others 

investigating stick-slip in powders. Experimental work is presented showing the 

investigation of different powder and operating parameters. Based on the results a 

mechanism for stick-slip is proposed.  

In chapter 6 the inter-particle forces between polystyrene particles are investigated 

with the atomic force microscope. The adhesion and friction between the particles are 

measured and the results are simulated with the discrete element method to validate them. 

Using the correct particle interactions, a small size shear box is simulated to capture the 

stick-slip behavior with the discrete element code.  

The last chapter discusses the findings of the combined chapters to come to the 

final conclusions. This dissertation is a small step on the road to powder flow modeling 

based on first principles. In this chapter suggestions are made for future research to 

further advance towards the final goal of reliable powder flow. 
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CHAPTER 2 
POWDER TECHNOLOGY 

Powder Flow 

Powder mechanics is also referred to as powder- or granular flow. This term might 

be confusing since it is different from the flow of fluids. Powders can transfer shearing 

stresses under static conditions and have a static angle of friction greater than zero. This 

enables powders to form a heap, while fluids level off. Many powders also posses a 

cohesive strength after consolidation. This allows powders to form stable structures like 

arches, which fluids cannot. The flow of powders is a deformation of the powder, which 

can be the collapse of a stable arch. This flow is also called failure of a powder. Before a 

powder fails, it dilates, which is a volume expansion. The stress level at which this 

dilation occurs is called the compaction/dilation boundary.  

The shear stresses during slow flow or deformation of powders are usually 

independent of the shear rate and dependent on the mean pressure. This is the opposite in 

most liquids, where the shearing stresses are dependent on the shear rate and not on the 

mean pressure. Therefore attempts to describe granular flow with fluid mechanics have 

not been successful (Jenike, 1964). 

The first investigations on granular flow go back to the 18th century. Coulomb 

(1773) hypothesized that soils fail along a rupture plane. Roberts (1882) reported that the 

weight of granular material measured on the bottom of a bin reduced with increasing 

material head. This is due to the walls, which support part of the weight. Janssen (1895) 

showed this mathematically by using a continuum approach. Reynolds (1885) found that 
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a compacted material expands before it fails, which is known as dilantancy. Hvorslev 

(1937) combined Coulombs and Reynolds results in a three dimensional stress-strain-

porosity diagram. This diagram was further developed by Roscoe et al. (1958) and is 

shown in Figure 2-1.  The diagram shows the failure surface of granular material as a 

function of the normal and shear stress and the porosity of the material.  

 

YL

 
 
Figure 2-1: Hvorslev diagram showing the effective yield locus (EYL) and a yield locus 

(YL) which are the projection of the critical state line (C1C2) and a failure 
surface respectively. The space is spanned by the normal stress (σ), the shear 
stress (τ), and the porosity (ε). 

The Hvorslev surface is divided into two regimes by the critical state line (C1C2). 

At the left side the material fails under shear while at the right side the material 

consolidates. The three dimensional surface can be projected onto the two dimensional 

shear stress- normal stress space. The critical state line projects as the effective yield 

locus and the yield surface projects as a series of yield loci, each corresponding to some 

initial consolidation (see Figure 2-2). Jenike (1961) developed an engineering approach 
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to design silos based on powder flow characteristics. Jenike’s method is still being used 

to design silos. 

 

c

φ

 
 
Figure 2-2: Family of yield loci, with the cohesion c and angle of friction φ given for the 

top locus. 

Macroscopic Scale 

Powder Mechanics 

The flow behavior of powders is very similar to that of soils. Since much of the soil 

mechanics research advances that of powder mechanics, much can be learnt from civil 

engineers. The tester Jenike developed originates from the shear box used in soil 

mechanics.  There are some major differences though. The stresses exerted on soils are 

usually one to three orders of magnitude higher than the stresses powders experience. The 

deformation of soils is usually not as large as the deformation of a powder.  Soils are 

often saturated with an interstitial fluid, while powders are generally dry. The scope of 

the research in soil mechanics differs from that in powder technology. In soil mechanics 

one does not want flow to occur (since that might mean the collapse of a dike) while in 

powder technology flow is generally wanted. Civil engineers are more concerned about 

how granular material approaches failure, i.e., the region before the compaction/dilation 
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limit. In powder mechanics the interest is the region between the compaction/dilation 

limit and failure. Those factors prevent a direct comparison between soil mechanics and 

powder mechanics. 

In powder mechanics a continuum approach is used to describe the state of a 

powder. This means that the particulate structure and voids are disregarded. If a sample 

volume is taken infinitesimally small, it will still behave similarly as the bulk and its 

properties are described by continuous functions. It allows the definition of stress at a 

point. For the continuity principle to hold, the sample size of powders measured should 

be larger than the minimum sample size. The coherence length, i.e., the length in which 

the effect of individual particles vanishes, also describes this minimum sample size. It is 

the smallest volume that still behaves as a bulk powder. The minimum powder sample is 

generally not known and is investigated is this project. 

Besides the continuity assumption, two other assumptions are often made in 

continuum mechanics, homogeneity and isotropy. Homogeneity means that the material 

has identical properties at all points in the material. Isotropy means that the material 

properties are the same in all directions. In powder mechanics those assumptions can 

often not be made. Powder density can for example vary with the bed height, which 

means that the sample is not homogeneous. After deposition of flaky particles the ability 

to sustain stress in the vertical direction can be different from that in the horizontal 

directions, which means the sample is not isotropic. 

Stress (σij) is defined as a force (Fj) in direction j that acts on an area (Ai) with 

normal vector i, as shown in equation 2-1. A distinction can be made between normal 
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stresses (σii), where the force works on the plane i in the direction i and shear stresses (σij 

or τij), where the force works on the plane i in the direction j. 
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The equilibrium stresses on a cubical powder sample can be described by a stress 

tensor. This is shown in Figure 2-3, where the normal stresses are on the diagonal and the 

shear stresses fill the rest of the stress tensor. The tensor can be resolved such that all the 

shear stresses are zero. The resulting normal stresses are called the principal stresses. In 

order of increasing magnitude, these stresses are called the minor, intermediate, and 

major principal stress and denoted by σ3, σ2, σ1, respectively. In powder mechanics 

compressive stresses are positive and tensile stresses are negative. 
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Figure 2-3: Stresses on a powder sample with the corresponding stress tensor. 

The three principal stresses are the eigenvalues of the stress tensor and form the 

real roots (λ) of the so-called characteristic equation 2-2. The eigenvectors of the tensor 

denote the direction of the principal stresses. I1, I2, and I3 are the invariants of the 

equation and are shown in equations 2-3 to 2-5. The invariants are independent of the 

rotation of the coordinate system. 
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A form of the first invariant that is commonly used is the mean stress (σm) or 

hydrostatic stress (σH), which is the normal mean of the three principal stresses. Some 

models use the stress deviator or deviatoric stress tensor S’, equation 2-6, where I is the 

unit matrix. The directions of the principal deviatoric stresses and principal stresses are 

the same. The values of the principal deviatoric stresses are σi - σm. The invariants for the 

deviatoric stress can be calculated similarly to the invariants of the stress. The first 

invariant of the deviatoric stress will be equal to zero. In rock mechanics it is believed 

that the deviatoric stress causes change of sample shape and the hydrostatic or mean 

stress causes volumetric change. For granular material this is not totally correct. A 

granular material can dilate when it is sheared with a deviatoric stress. 

ISS mσ−='          2-6 

Similar to the stress tensor, there is also a strain tensor, describing the state of strain 

or deformation of a powder sample. There are several ways to define strain. In this 

research the Cauchy definition is used, which is the change in length per unit of initial 

length. Figure 2-4 shows a schematic representation of the normal strain and the shear 

strain. Equations 2-7 and 2-8 show the calculation of the strain components. It can be 

seen that contractive strains are positive and extensive strains are negative, which is 

common in powder mechanics. Beside the normal and shear strains, a sample can also 

strain by rotation.  Models often use the strain rate, which is the derivative of the strain 

with respect to time. 
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Figure 2-4: Schematic of deformation with corresponding strain tensor. 
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Constitutive Models 

To be able to predict powder flow constitutive equations have to be developed. It is 

difficult though to come up with a universal equation for powders. Some powders behave 

plastically, others elastically, some linearly but most not. Therefore, using the continuum 

mechanics approach, several models have been developed. Jenike (1961) used an ideal 

Mohr-Coulomb model of friction to describe powder flow. The Coulomb yield criterion 

describes plastic deformation in the shear plane. The model assumes that the shear stress 

τ in a failure plane is independent of strain or strain rate, but dependents on the normal 

stress σ on the shear plane as represented in Figure 2-2. The yield loci can be described 

by equation 2-9, where µ is the friction coefficient, φ the angle of friction, and c the 

cohesion. The cohesion is a function of the compaction or “history” of the powder. The 

failure (or strength) of a powder is therefore dependent on that history. Jenike formulated 

a way to measure and calculate this strength, which is called the unconfined yield 

strength fc. The plot of this unconfined yield strength as a function of the pre-shear stress 
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is called the flow function. This model is mainly used in engineering to calculate the 

limiting state of stress in powders, e.g., during failure. The Mohr-Coulomb criterion can 

usually predict the compaction/dilation limit, but can not predict the full stress-strain 

curve. 

cc +⋅=+⋅= )tan(φσσµτ        2-9 

The von Mises model predicts that yield occurs when the value of the second 

deviatoric stress invariant is equal to a constant. This constant is a material property that 

indicates the onset of yield. The deviatoric stress does not include the hydrostatic stress. 

It is known that the compaction of the powder does influence the strength of a powder. 

Therefore Drucker and Prager (1952) included the first invariant of the stress tensor. 

Equation 2-10 shows the Drucker-Prager model where, I2
’ is the second invariant of the 

deviatoric stress, I1 the first invariant of the stress, αDP a frictional coefficient, and kDP a 

cohesive coefficient.  

DPDP kII += 1
'
2 α         2-10 

The model assumes plastic deformation when the stress state of the powder is at the 

failure surface. Most powders deform before that point, which is called strain hardening.  

Powders are better described with an elasto-plastic strain-hardening model. Drucker et al. 

(1957) introduced a hardening cap to their model which accounts for the volumetric 

plastic deformation before failure. The change of bulk powder density before failure 

(dilatancy) is used in the model. 

Further development of models was through the Cam-clay model and the modified 

Cam-clay model. The Cam-clay model assumed a bullet-shaped cap, while the modified 
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Cam-clay model assumes an elliptical shape. The elliptical model is given in equation 2-

11, where M is a material parameter and σ0 is a strain hardening parameter. 

M
I mm

2
0'

2
σσσ −

=         2-11 

All models described above rely on the first two invariants of the stress or stress 

deviator. It is well known that in the failure of geomaterials the third invariant is also 

involved. This is shown in the right figure in Figure 2-5 by the conical shape of the 

failure surface. If the shape of the deviatoric plane (distance σ from the origin) would be 

circular, it could be described by the second invariant of the deviator and the mean stress. 

A point P on the surface can be found using the second and third invariant of the deviator, 

as shown in equation 2-12. 
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Figure 2-5: Possible shapes of the failure surface; hexagonal (left) and triangular (right). 
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For many geomaterials the failure surface is not circular but triangular with 

rounded corners as shown in the figure. For powders the failure surface has a hexagonal 

shape. The corners of the hexagon might be rounded as well. To describe the roundness 

of the corners, the third invariant of the deviator is needed. To calculate the third 

invariant the full stress tensor is needed. The full stress tensor can only be measured with 

a true triaxial tester.  

Powder Structure 

The current flow models assume that the powders are homogenous and isotropic. 

They do not take the structure of powders in consideration. Especially cohesive powders 

are known to be non-homogenous. They form agglomerates and clusters with different 

porosities. The structure that is formed in this way is difficult to describe, especially since 

porosity is a scalar parameter (Scarlett et al., 1998). 

The isotropic assumption is a simplification of reality as well. It has been shown 

that most powders have a tendency to show anisotropic behavior. Following Wong and 

Arthur (1985), there are two different forms of anisotropy, namely inherent and induced. 

Inherent anisotropy is the result of the deposition process and the particle characteristics. 

Therefore it is also called structural anisotropy. It is found that after raining the particles 

in a tester, the contact planes between particles were oriented mostly horizontally due to 

the particle’s own weight (Feda, 1982). The degree of structural anisotropy will vary with 

different deposition processes and particle characteristics. Particles that are elongated or 

flake-like will show more anisotropy than spherical particles. 

Induced anisotropy, also called mechanical anisotropy, is due to the strain 

associated with an applied stress. According to Li and Puri (1996), the mechanical 

anisotropy is the result of structural anisotropy. This is not true, because a powder 
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existing of spherical particles can also be anisotropic (Zhupanska et al., 2003). Induced 

anisotropy can be significant. The effect of anisotropy is most clearly shown in the angle 

of internal friction and the unconfined yield strength, which can change by 10% (Arthur 

and Menzies, 1972) and 200% (Saraber et al., 1991), respectively. 

Although a distinction is made between inherent and induced anisotropy they are 

actually the same. Inherent anisotropy is induced by the deposition process, which is a 

mechanical process. So inherent anisotropy is a form of induced anisotropy. 

Powder Testers 

An extensive comparison between powder testers is given by Schwedes (2003). 

Powder testers can be divided into direct shear testers and indirect shear testers. In direct 

shear testers the location of the shear plane or zone is defined by the geometry of the 

tester. They are based on the shear box model and examples are the Jenike shear cell, the 

Peschl cell, and the Schulze cell. These testers are able to measure the flow function, 

following a precisely described procedure (ASTM, 2000, 2002; EFCE, 1989).  

The results from different testers vary due to the different geometries of the sample 

holders. The exact stresses and strains in direct shear testers are not known (Bilgili et al., 

2004; Janssen, 2001). It is assumed that there is a uniform stress and strain in the testers, 

but that is not the case. The control of direct testers is limited. In general only the normal 

stress, and shear strain rate can be controlled and only the shear stress can be measured. 

Therefore, direct shear testers are not suitable for fundamental research towards general 

constitutive laws. 

Indirect shear testers do not force a shear zone in the powder at a specific location, 

but deform the powder as a whole.  The powder will form shear zones where it needs to 

and this should be independent of the geometry of the tester when the sample size is large 
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enough. Most indirect shear testers are biaxial cells. These testers have more control than 

the direct shear cells. In general two principal stresses or strain rates can be controlled 

and the third principal stress is measured. An example of a biaxial tester is the Flexible 

Wall Biaxial Tester which is discussed in chapter 3. 

Civil engineers use a cylindrical tester, which is called the von Karman tester. They 

claim that this tester is a triaxial tester. It is assumed that the hoop stress is equal to the 

radial stress, so those two principal stresses cannot be controlled independently. It is very 

difficult to use this tester for powders since the tester cannot measure in the low stress 

region that is important for powder flow (Verwijs et al., 2003). It is not certain whether 

the whole powder sample is in deformation. To get a useful strain tensor, the whole 

powder sample has to be in deformation. For this, knowledge of the minimum sample 

length is important. The von Karman tester is not suitable for the fundamental research 

conducted in this work. Figure 2-6 shows the operating window for stress control of a 

biaxial and the von Karman Tester. It can be seen that both testers cannot be controlled in 

the full three-dimensional stress regime. Therefore a true triaxial tester is needed. 
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Figure 2-6: Operating window for stress control of a biaxial (right) and von Karman 

tester (left). 

For soil mechanics a few true triaxial testers exist. One is located at the university 

of Bristol (Airey and Wood, 1988). This tester is not suitable for powder flow research 
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though. The stress regime the tester is designed for is orders of magnitude higher than the 

stresses occurring in powder flow. The robust design necessary to accommodate these 

stresses is far from frictionless. The friction in the system is negligible for the stresses 

applied in soil mechanics, but is higher than the stresses that are used in powder flow. 

Therefore, measurements in this low stress regime will be unreliable. 

Direct Shear Cell Measurements 

The most widely used type of powder tester is the direct shear cell. The best known 

are the Jenike shear tester, the Schulze shear tester, and the Peschl tester. The tester used 

in this research is the Schulze tester. The test procedure is very similar to other direct 

shear testers, especially the data reduction. The Schulze tester is an angular direct shear 

cell that allows the determination of the unconfined yield strength as well as the internal 

angle of friction and the effective angle of internal friction. The advantage of the Schulze 

tester is that it has unlimited travel. The disadvantage is that the tester shears the powder 

in an angular direction, and not linearly as in the Jenike cell. Figure 2-7 shows a 

schematic of the Schulze tester.  

 
 
Figure 2-7: Schematic of the Schulze tester. 
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A powder sample is placed in the base (which has a rough bottom) that is rotating. 

A lid with vanes is placed on top of the powder, such that the vanes stick into the powder. 

The top lid is held in place by tension bars, preventing it from rotating. The bars are 

connected to load cells which measure the force that is necessary to keep the top in place. 

Through a hanger the top lid can be loaded with weights to compact the powder with a 

normal stress. Since the bottom is rotating and the top is stationary, the powder will shear 

somewhere between the bottom and the vanes. The load cells measure this shear force. 

The standard method to measure the unconfined yield strength of a powder is a 

steady-state deformation under a certain normal load, followed by a failure with a lower 

load. The procedure is described in an ASTM standard (2002). For normal experiments 

the powder is deformed with a constant clockwise angular velocity until the shear stress 

reaches a constant value. This step is called the pre-shear and at this point there is no 

change of density and the powder is in steady state deformation. The state of stress of the 

powder at this point is the critical state. Once this state is reached for a certain normal 

load, the deformation is stopped and the normal load reduced. With this reduced load, the 

shearing is started again to fail the powder. This sequence is repeated several times with 

the same load during steady state deformation but different failure loads. In the shear 

stress-normal stress space these failure points form the yield locus corresponding to the 

chosen critical state of the powder.  From the yield locus the unconfined yield locus can 

be found by extrapolating a Mohr circle through the origin and tangent to the yield locus 

(see Figure 2-8). The major principal stress of this Mohr circle is the unconfined yield 

stress fc. The major principal stress of the Mohr circle through the steady state point and 

tangent to the yield locus is called the consolidation stress σn. The combination of the 
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consolidation stress and unconfined yield stress for several yield loci will form the flow 

function. 
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Figure 2-8: Diagram showing the yield locus (solid line), steady state point (diamond), 
failure points (triangles), major Mohr circle (dashed semicircle), and unconfined Mohr 
circle (dotted semicircle). 

Microscopic Scale 

Although the focus in the powder flow field has been on the macroscopic scale for 

many years, more and more researchers are investigating the microscopic particle scale to 

explain macroscopic phenomena. As explained in the previous chapter, the macroscopic 

scale is built up from the microscopic scale. A good understanding of the processes on 

the microscopic scale will enable the explanation of macroscopic phenomena.  

Pressure Mapping 

It is generally known that the stresses that are measured with conventional powder 

testers are average stress values. In powder testing, the overall normal force on the 

powder is divided by the area the force acts on to give the normal stress acting on the top 

of the powder sample.  This normal stress is assumed equal to the normal stress acting 

throughout the material. This is not correct since the walls of the tester will carry part of 

the load. Because of this, there will be a stress distribution in both the radial and axial 

directions within the powder rather than one overall stress.  
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Within the measured area there can be large deviations in the local stress. These 

deviations lie in between the microscopic and macroscopic scale. The stress deviations 

can be caused by individual particles pressing against the wall forming hot spots, which 

is a microscopic phenomenon. The deviations can also be caused by the structure of the 

powder, which is in between the two length scales. 

In this work the Tekscan mapping technique (Hunston, 2002) is used to measure 

the stress distributions on surfaces. The Tekscan sensor consists of 1936 sensels (pressure 

sensor points) arranged in a square grid configuration (see Figure 2-9). The sensor pad 

has a resolution of 15.5 sensels per cm2.  Experiments conducted with these pads revealed 

that pressure measurements are accurate to within 10% of the measured stress when used 

in powder shear conditions (Bilgili et al., 2004; Johanson and Bucklin, 2004). 

 

Figure 2-9: Schematic of a Tekscan sensor pad. 

Inter-Particle Forces 

Forces of different origin can exist between particles. The most common forces are 

the van der Waals forces, electrostatic forces, electromagnetic forces, and capillary 
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forces. These forces have a physical origin and are called long-range forces. Short-range 

forces are interactions involving covalent bonds and usually act up to a distance of 0.1 – 

0.2 nm. The long-range forces act beyond this point up to several nanometers. Not all 

long-range forces have to be present or significant in a particle system. The dominant 

forces in this research are the van der Waals forces and capillary forces. 

The van der Waals forces can be subdivided into the London dispersion force, the 

Keesom force, and the Debye force. The London dispersion force is an induced dipole 

interaction between atoms and molecules, created by fluctuations of electronic charges. 

The Keesom attraction force is an interaction between rotating permanent dipoles. The 

Debye force is an interaction between rotating permanent dipoles and polarizable atoms 

and molecules. The London force is usually the dominant force since all materials are 

polarizable, while for the other van der Waals forces permanent dipoles are required. A 

detailed description of the van der Waals forces can be found in several books (Bhushan, 

1999; Israelachvili, 1985). 

For atoms, the London dispersion potential is combined with the Born repulsion 

potential in equation 2-13, which is called the Lennard-Jones Potential W, with B the 

Born repulsion constant, C the London dispersion constant, and D the separation of the 

atoms. The Born repulsion is due to overlap of electron clouds of two bodies when they 

approach within 2 to 3 A°.  

612 D
C

D
BW −=          2-13 

On a particle scale, when the separation distance D between two identical spheres is 

small compared to their radius R, the van der Waals interaction forces FvdW can be 

approximated with equation 2-14, where A is the Hamaker constant. The van der Waals 



27 

 

forces between bodies that are not spherical or of dissimilar size can be calculated using 

their specific geometries. The result for the interaction between two spheres of different 

size and the interaction of a sphere with an infinite plate are given in equation 2-15 and 2-

16, respectively. 

Two identical spheres: 212D
ARFvdW =       2-14 

Two spheres of different radius: ( )21

21
26 RR

RR
D
AFvdW +

=    2-15 

Sphere with plate: 26D
ARFvdW =       2-16 

Derjaguin proposed a method to approximate the interaction between surfaces 

based on the interaction free energy per unit area. Using a slice method the adhesion 

force for different geometries can be calculated. The adhesion force between a sphere 

with radius R and a plate using Derjaguin’s approximation is calculated using equation 2-

17, where W123 is the work of adhesion between two plates of species 1 and 3, with 

species 2 in between.  

1232 RWFadh π=          2-17 

Electrostatic forces generally act across a longer range than van der Waals forces. 

In wet systems the surface can partially dissociate and form an electrostatic double layer. 

This double layer causes a repulsive electrostatic force between surfaces. In dry powders 

dissociation of the surface is not very likely. For non-conducting or poor-conducting 

materials it is possible though to accumulate surface charges. A common manner to 

acquire these surface charges is through pneumatic conveying of powders. The 

electrostatic interaction between particles can be attractive or repulsive. Figure 2-10 
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shows a typical repulsive electrostatic force between two bodies as well as the London 

force and Born repulsion as a function of the distance between the bodies. 
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Figure 2-10: Force-distance relationships for the Born repulsion, London van der Waals 

attraction, electrostatic repulsion, and combinations of those. 

An additional force that can exist between particles is a capillary force. A liquid 

bridge can form between particles even when a powder is relatively dry. An extensive 

review of inter-particle capillary forces is given by Esayanur (2005). In his work 

Esayanur connected capillary forces with powder cohesion. Rabinovich et al. (2000a; 

2000b) developed a simplified relationship for a capillary adhesion force Fad between a 

smooth spherical particle and a flat substrate with nanoscale roughness. The relationship 

is given in equation 2-18, where γ is the surface tension of the liquid, R the radius of the 

adhering particle, Hasp the maximum height of the asperities above the average surface 

plane, r the lesser radius of meniscus, and cosθ = (cosθP + cosθS)/2. The angles θP and θS 
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are the contact angles of the liquid on the adhering particle and substrate, respectively, as 

shown in Figure 2-11. Equation 2-18 is applicable only when the meniscus is large 

enough to span the distance between the adhering particle and the average surface plane 

and when the radius of the meniscus is small compared to the adhering particle. 
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Figure 2-11: Schematic representation of a liquid bridge between a sphere and a rough 

plate (with permission, from Esayanur (2005)). 

Contact Mechanics 

When considering a powder bed on a particle scale, besides the interaction forces, 

the particle contact behavior is of eminent importance. When there is no significant 

plastic deformation, the contact area depends on the elastic response of the material. In 

1888 Hertz developed a contact mechanics theory between an elastic spherical body and 

a plate. His work forms the basis of several theories. In his theory Hertz assumed no 

inter-particle forces, so a contact deformation occurs due to an external compression 

force F. When a particle and a plate are pressed together, they form a circular contact 

area. The radius a of the contact area follows a relationship as shown in equation 2-19, 
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where R is the particle radius and K the reduced elastic modulus. The reduced elastic 

modulus can be calculated from the Poisson’s ratio ν and the elastic modulus E of the 

two materials using equation 2-20. The contact deformation δ, shown in Figure 2-12, can 

be calculated using equation 2-21. 
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In the 1970’s two famous theories were developed from Hertz’s work; DMT 

mechanics and JKR mechanics. The DMT theory is developed by Derjaguin, Muller and 

Toporov (1975) and includes long-range attraction forces to Hertz’s theory as shown in 

equation 2-22, where Fadh is calculated using equation 2-17. The contact deformation is 

Hertzian, so calculated using equation 2-21. The model shows no hysteresis between 

loading and unloading, thus excluding the possibility of pull-off forces. The applicability 

of the model is limited to stiff systems with low adhesion forces. 

( )
3

1

⎥⎦
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⎡ += adhFF

K
Ra         2-22 

The JKR theory is developed by Johnson, Kendall and Roberts (1971) and does not 

include the long-range forces outside the contact area but does include short-range forces 

inside the contact area. The radius of the contact area is given in equation 2-23. The 

model accounts for adhesion hysteresis, forming a neck at unloading. Therefore, the 
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deformation is not Hertzian but according to equation 2-24. The JKR model is suitable 

for materials with a large adhesion force and large radius. 
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Figure 2-12: Schematic representation of Hertzian and JKR contact radius and 

deformation. 

In the 1990’s two additional theories were developed; BCP mechanics and Maugis 

mechanics. The BCP model is an empirical model, developed after years of force curve 

studies. The Maugis theory is a complex model, which applies to all systems and 

connects the region between the DMT and JKR theory. An extensive comparison 

between the different contact models is given by Burnham and Kulik (1999). 

The friction between particles is very important for powder flow evaluation. When 

a powder is sheared, particles have to slide along each other and the friction between their 

surfaces will define the ease with which that is accomplished. This inter-particle friction 
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is thus a major contributor to the shear force. In the macroscopic world the friction of a 

material is defined by the friction coefficient. The friction coefficient is the ratio of the 

friction force at which a body starts moving over the normal force pressing the bodies 

together. Since the friction force generally is a linear function of the normal force, the 

friction coefficient is a constant. The value can range from near zero for frictionless 

materials to up to 4 for rubber and some metals. Most common materials will have a 

friction coefficient between 0.1 and 0.7 though. There can be a different coefficient for 

static and kinetic friction, where the first is slightly larger than the latter. 

Friction is proportional to the contact area of the contacting bodies, as shown in 

equation 2-25 (Adams et al., 1987). It is not the macroscopic area that is of importance, 

but the actual area of contact points A. Due to surface roughness the actual contact area is 

much smaller than the macroscopic area of two bodies. When two particles are sliding, 

adhesive junctions are formed and work is required to rupture these junctions. The 

strength of these junctions is represented by the interface shear strength τ.  

AFfriction τ=          2-25 

The contact area will increase with increasing normal load due to deformation of 

the contact points. When purely plastic contact deformation occurs, the contact area will 

increase linearly with the normal load since plastic yield is the quotient of the yield force 

and the area. When an elastic Hertzian deformation of the contacts occurs, the contact 

area will be a non-linear function of the normal load. From equation 2-17 it can be seen 

that the contact area is proportional to the normal force to the power two-thirds. This is 

why the friction force can be expressed with the empirical equation 2-26, where k is the 
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friction factor, F the normal force, and n the load index with a value between 2/3 and 1. 

When n is unity the friction factor becomes the friction coefficient as discussed before.  

n
friction kFF =          2-26 

Adams et al. (1987) combined Hertz mechanics with equation 2-25 to form 

equation 2-27. They separated τ in an intrinsic shear strength at zero load τ0 and a 

pressure coefficient α to account for the pressure dependence of τ. Using either the DMT 

or JKR model, adhesion can de added to the normal force in equation 2-26 and 2-27. 

F
K

RFFfriction απτ +⎟
⎠
⎞

⎜
⎝
⎛=

3
2

0        2-27 

Discrete Element Modeling 

Discrete element method (DEM) modeling is generally used to investigate the 

effects of microscopic mechanical properties (rheological properties of particles, friction 

between particles and the wall) on the macroscopic mechanical response of powder 

materials. The critical parameters of particle packing and structure in an assembly are the 

changes in contact orientations (contact normals) of particles, particle arrangement (i.e., 

coordination number and distribution of neighbors), and structural porosity due to 

specifically applied loading paths. These changes in microstructure are mostly 

responsible for directional anisotropic behavior of powders. Using discrete element 

analysis, the evolution of a stress-strain response of a powder as well as the evolution of 

microstructure due to different loading histories can be simulated. 

DEM was introduced by Cundall in 1971. He considered particulate material as an 

assembly of particles, which are in direct interaction to each other. The program was 

developed to simulate the behavior of rock by masses that interact through springs and 
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dashpots. Cundall and Strack (1979) developed the program to simulate the quasi-static 

shear deformations of soils. DEM computational procedures alternate between the 

application of Newton’s second law of motion on particles and their contact interaction. 

Contact mechanics are used to define the force between particles that are in contact. For 

every particle the resultant force is calculated from all its contacts and additional forces 

like gravitational forces. Newton’s second law is used to calculate the acceleration of the 

particle due to its resultant force. All particles are allowed to displace for a very short 

time step using their specific velocity and acceleration. The next step all contacts are re-

evaluated and the cycle repeats.  

Fabric Tensors 

In many cases continuum mechanics cannot describe powder flow behavior well. In 

those instances the influence of individual particles or particle ensembles is too large. 

DEM simulations are a good alternative to model those situations. DEM can be used to 

define the structure in the powder, e.g., anisotropy. The microstructure can be described 

using the concept of fabric tensors. This concept is generally accepted in the field of soil 

mechanics. These tensors are related to the spatial distribution of the particles, their sizes 

and orientations, and, in particular, to the distribution of the contact normals and contact 

areas, as well as other geometrical entities. This is a useful way to investigate anisotropy 

since it will give the magnitude of a parameter or property as a function of the direction. 

Following Kanatani (1984) the 2D invariant formulation of the distribution density 

function E(n) of the unit vector n is given by equation 2-28. The fabric tensors of the 

distribution, Jij and Jijkl, are shown in equation 2-29 and 2-30, respectively. 

( )1( ) 1 ...
2 ij i j ijkl i j k lE n J n n J n n n n
π

= + + +      2-28 
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An example of a distribution is represented in figure 2-13 for two dimensions, 

where θ  is the orientation of n  measured from the vertical and Κ can be a parameter like 

the stress. 

 

Κ(θ) 

θ

         
 

Figure 2-13: Angular distribution of parameter Κ; near isotropic (left) and anisotropic 
(right). 

For this 2D case, the density distribution function can be written as a function of 

the angle θ  as shown in equation 2-31. The coefficients A, B, C, and D are a function of 

the angle θ and are given in equation 2-32. Usually, the second order tensor in expression 

2-29 is sufficient to describe the microstructure of the material, but for highly anisotropic 

microstructure the fourth order tensor in equation 2-30 is important. 

( )

( ) ( )

1 1( ) 2 sin 2 1 cos 2
2
1 1 8 8 cos 4 4 2 sin 4 ...

E n A C

C D B A

θ θ
π π

θ θ
π

= + + − +⎡ ⎤⎣ ⎦

− + + − +⎡ ⎤⎣ ⎦

   2-31 

θθθ
θθθ

43

2

coscossin
coscossin

==

==

DB
CA

      2-32 

The distribution of the intensity of the contact forces is important as well. In 

cohesive powders, particles tend to form clusters. Anisotropy in macroscopic mechanical 
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response is not due to the general trends in orientation of all particles, but just to the 

orientation of particles that are at the load carrying, cluster-to-cluster interfaces.       

The particle size distribution also has to be taken into account. A broader 

distribution in particle size leads to a more heterogeneous powder sample and, 

consequently, to more anisotropic behavior. In terms of micromechanical properties, the 

friction and particle shape are critical as well.  
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CHAPTER 3 
INHOMOGENEITY AND ANISOTROPY IN SHEAR TESTERS 

This chapter discusses some known (but often ignored) as well as some new 

artifacts of shear cells. The intention is not to discredit these cells but to make users 

aware of these phenomena in powder testers. When the existence and cause of these 

artifacts is understood, it makes the interpretation of shear data much more reliable. 

Effective Yield Locus 

One of the most common measurements with a direct shear cell is the effective 

yield locus (EYL). Therefore, it is strange that there are several definitions of this locus. 

The original locus as defined by Jenike (1964) is a locus that starts at the origin and ends 

at the largest Mohr circle (see Figure 2-2). Another proposed EYL goes through the 

steady state deformation points of a tests series, making these points the tangent points of 

the locus and the largest Mohr circles. A third variation that can be found connects the 

tops of the Mohr circles, creating a locus of maximum shear stresses during steady state 

deformation. The common factor between these different EYL is that they are 

extrapolated to start at the origin.  

Considering the projection of the critical state line of the Hvorslev diagram (see 

Figure 2-1), it cannot be concluded that the intercept has to be zero since the critical state 

line is asymptotic. The assumption that the EYL has no intercept comes from the soils 

mechanics field. In this field the stresses of interest are very high, making a possible 

small intercept insignificant. The stress levels in powders can be such that this intercept is 
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significant. Cohesive powders generally show critical state Mohr circles as shown in 

Figure 3-1. 
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Figure 3-1: Critical Mohr circles with tangent effective yield locus for BCR Limestone, 

Measured with a Schulze Cell. 

The data are from experiments that are conducted with the Schulze tester with BCR 

limestone.  It can clearly be seen that the best fit for the EYL has an intercept with the y-

axis. This has been explained by Molerus (1978), who attributed this intercept to an 

inherent adhesion between the particles. Therefore, this intercept will be called the 

inherent cohesion of the powder. The cohesion between the particles is related to the 

actual cohesion value as measured by direct shear testing as shown in Figure 3-2. In this 

figure, the EYL for polystyrene powder is shown for different moisture contents. As 

discussed in chapter 2, the moisture content can change the cohesion between the 

particles due to the formation of liquid bridges between the particles. Figure 3-2 shows 
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that this increased cohesion between the particles causes an increase in the inherent 

cohesion of the powder. 
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Figure 3-2: Effective yield loci of 40 µm polystyrene powder for different powder 

moisture contents, measured with a Schulze cell.  

The inherent cohesion can also be obtained by data represented in a typical flow 

function. This can be best seen by noting that Figures 3-1 and 3-2 show all of the 

termination stress state Mohr circles for the family of yield loci that are used to generate 

the flow function. As stated above, these stress state Mohr circles are tangent to the real 

effective yield locus. There exists a Mohr circle stress state that is tangent to this real 

effective yield locus and is coincident with a particular unconfined stress state Mohr 
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circle. Figure 3-3 describes this unique condition. The intercept for the real effective 

yield locus or inherent cohesion ci can be related to this critical unconfined yield strength 

fc* as indicated in Equation (3-1). 
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Figure 3-3: Schematic representation of the critical strength (fc

*) of a powder. 
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This unique cohesion value is for the case where the major principal consolidation 

stress equals the unconfined yield strength. It should be noted that this condition can not 

be measured by a direct shear test method and must be obtained from extrapolation of the 

flow function. The flow function represents the relationship between the major principal 

stress and the unconfined yield strength. In fact, the intersection of a line passing through 

the point (0,0) having a slope of 1.0 intersects the flow function at this critical yield stress 

fc* (see Figure 3-4). Therefore, the shear stress intercept on the real yield locus can be 

found through an analysis similar to the Jenike arching analysis. This implies the curious 

result that stress states during steady flow depend on the cohesive nature of the material, 

implying that incipient failure conditions of a bulk material influence flow modes where 

continual deformation occurs. Such a result could explain why solids flow rates are 
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sometimes influenced by the cohesive nature of the material. It may also explain why 

channeling occurs in fluidized beds with cohesive material. In fluid beds, inherent 

cohesion may play a major role in the flow profile. 

  fc 
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Slope = 1

(σ1
*, fc*) 

Flow Function

 
 

Figure 3-4: Method of computing critical strength from flow function to be used for 
inherent cohesion calculation. 

 
Since the Jenike procedure forces the EYL through the origin, that procedure will 

produce a different effective angle of internal friction for every stress state as shown in 

Figure 3-5. The angle is found by taking the angle of the locus that goes through the 

origin and is tangent to an individual Mohr circle. Since both the EYL according to 

Jenike and the real EYL are tangent to a Mohr circle with major principal stress σ1, it can 

be shown that the relationship between the effective angle of internal friction as defined 

by Jenike δJ, the real angle of internal friction δr, the inherent cohesion ci, and this major 

principal stress is given by equation 3-2. This equation is used for the dotted curve in 

Figure 3-5. 
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Figure 3-5: Effective angle of internal friction according to Jenike (δJ) as a function of the 

major principal stress (σ1) for BCR limestone, measured with a Schulze Cell 
(diamonds) and according to equation 3-2 (dotted line). 

The smallest Mohr circle, which has a minor principle stress of zero and some 

positive value for the major principle stress, denotes the limit of the curve and will have 

an effective angle of internal friction (δJ ) of 90°. The major principal stress value of this 

limiting Mohr circle is 1.3 kPa for the measured BCR limestone. From equation 3-2 and 

Figure 3-5, it can be seen that for large values of the major principal stress both effective 

angles of internal friction converge. As stated, that is why civil engineers are not 

concerned about the difference between the two angles. In powder technology, with 

operating pressures between 0 and 50 kPa, the real effective yield locus (with a possible 

intercept) should be used as opposed to other mentioned loci. 
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Flow Function 

As mentioned in chapter 2, the flow function of a powder is very important for 

process equipment design. It is considered an inherent powder property, which is known 

to be dependent on temperature, moisture, particle size distribution and other factors. The 

flow function defines the unconfined yield strength (fc) of a powder as a function of the 

history of the powder. This history is described by the major principal stress during pre-

shear. This section shows the influence of moisture on the strength as well as the 

directional dependence of the strength. This directional dependence in direct shear cells, 

or anisotropy, is partly explained as a geometric artifact of the testers and is called 

geometric anisotropy.   

Influence of Moisture 

As discussed in chapter 2 and the last section, the cohesion of a powder increases 

with increasing moisture content. The effective yield data shown in the previous section 

are from a series of data that is used to measure the strength of a polystyrene powder as a 

function of the moisture content. The flow functions are shown in Figure 3-6. It can be 

seen that the flow functions initially increase with increasing moisture content, but after a 

moisture content of 0.5 % decrease slightly. This has been shown by Esayanur (2005) and 

is explained as follows. Initially, the moisture can form liquid bridges between the 

particles. When the moisture content increases up to a point where the water can form a 

monolayer around the particles, the formation of liquid bridges ceases. The monolayer of 

water will act as a lubricant, decreasing the friction between the particles, hence lowering 

the strength.  
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Figure 3-6: Flow function of polystyrene powder for different moisture contents, 

measured with a Schulze cell. Connecting lines are for visual clearance. 

Directional Dependence 

As discussed in chapter 2, many researchers have shown that a powder can show 

directional dependence or anisotropy in certain properties. For the strength of a powder 

this means that the flow function has different values dependent on the direction in which 

it is measured. This has been reported with several testers, but no literature has been 

found on anisotropic strength measurements with the Schulze shear cell. To measure 

anisotropy in a Schulze cell certified BCR limestone was used. The results for a standard 

strength test were compared with Akers (1992), which is the international standard, and 

Saraber et al. (1991). As can be seen in Figure 3-7, the results are alike considering the 

accuracy of the testers.  
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Figure 3-7: Comparison of strength measurements of BCR limestone with the Schulze 

cell (PERC) with Akers (1992) and Saraber et al. (1991). 

Results from the standard procedure were compared with an anisotropic procedure. 

With the anisotropic procedure the direction of failure was reversed from clockwise to 

counterclockwise. To do this, tension rods were designed that can be used under 

compression. Since the load cells of the Schulze cells are to be used both in compression 

and tension a calibration graph was produced for both directions (see appendix A).  

The results of the experiments are shown in Figure 3-8. It can be seen that the 

strength of the powder in the direction opposite to the pre-shear is less than that in the 

standard forward direction. When lines are fitted through the data and those lines are 

extrapolated they seem to converge at the y-axis. This is to be expected, since there 

should be no difference when the pre-shear stress is zero, i.e., when there is no pre-shear. 

The pre-shear incorporates a history in the powder and without this history there is no 
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difference between the two tests. This was also observed by Janssen et al. (2005) for 

similar tests with a biaxial tester. When a least squares fit is performed with a common 

intercept at the y-axis, this intercept is 0.71 kPa and the slopes of the linear fits change 

from 0.26 and 0.11 to 0.28 and 0.09 respectively.  
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Figure 3-8: Flow function of BCR Limestone for a standard and reverse experiment, 

measured with a Schulze cell, with 95% confidence bands for the linear fits 
and extrapolation to σ1 = 0. 

Angle of Internal Friction 

The angle of internal friction φ usually varies with the applied stress. This means 

that the yield loci (shown in Figure 2-2) are not exactly perpendicular, as shown in Figure 

3-9. The behavior of the internal friction angle as a function of the major principal stress 

appears to be different depending on the direction of shear during failure. In the case 

where the pre-shear and failure are in the same direction the angle of internal friction 

decreases from 38.5° at zero consolidation stress to an angle around 30° at higher 
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consolidation stresses. Conversely, in the case where the pre-shear and failure were in 

opposite directions the angle of internal friction increases from 38.3° at zero 

consolidation stress to about 45° at higher consolidation stresses. The difference in 

behavior is explained by the difference in local stress patterns in the cell during failure. 
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Figure 3-9: The angle of internal friction (φ) as a function of the major principal stress for 

a standard and reverse experiment, with 95% confidence bands for the linear 
fits and extrapolation to σ1 = 0. 

Just like the unconfined yield strength, the angle of internal friction for the standard 

and reverse experiments seems to converge at σ1 is zero, i.e., when there is no history in 

the powder. The value at which they converge is the same value as the effective angle of 

internal friction. This shows that for very low stresses the yield locus coincides with the 

EYL. Therefore, for these values it is very important that the real EYL is used so the 

correct value for the effective angle of internal friction is found. 
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Normal Stress Distribution 

The Tekscan technique is used to measure the normal stress distribution at the 

bottom of the Schulze tester. For this, a Tekscan sensor is glued to the bottom of a 

Schulze cell. A layer of sand is glued to the surface of the sensor to prevent slip of the 

powder. Due to the sensor geometry only 21% of the cell bottom can be covered with the 

sensor.  

Figure 3-10 shows the normal force distribution of a section of the Schulze cell. It 

can be seen that the force in the center of the angular cell is larger than at the sides near 

the walls, which is to be expected (Bilgili et al., 2004).  

 
 
Figure 3-10: Typical normal stress profile at the bottom of a slice of the Schulze cell. 

The force is not constant in the angular direction of the cell. To show this, the 

average force in the rectangular window in Figure 3-10 is recorded during a full rotation. 

The results for three identical tests are plotted versus the angle of rotation in Figure 3-11. 

It can be seen that the three experiments show the same trend. There are three to four 

areas of high force. This would suggest that these areas mainly support the top lid and 

load, since three or four points give a stable support.  
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Figure 3-11: Normal force on the bottom of a Schulze cell during steady state 

deformation of BCR limestone. 

Geometric Anisotropy 

It is believed that this force distribution is the cause of a geometric anisotropy, i.e., 

due to the tester geometry. This is explained by the following findings. Bilgili et al. 

(2004) presented measurements of local stresses in the Jenike cell using Tekscan pads. 

They found a skewed pressure profile in the Jenike cell with a higher stress toward the 

leading edge of the cell. The same technique was used to measure anisotropy in the 

Jenike cell. A failure in the same direction as pre-shear was compared with a failure in 

the direction 180 degrees rotated from the pre-shear. This procedure is similar to that 

used by Saraber et al. (1991) in their anisotropic Jenike shear measurements.  

Figure 3-12 shows the pressure profiles measured at the cell bottom during the case 

of pre-shear in the forward direction and failure in the forward direction. The pre-shear 
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profile shows the typical skewed profile observed by Bilgili et al. The failure profile 

shows the same skewed behavior but at lower normal pressures. Figure 3-13 shows the 

normal pressure measured at the bottom of the test cell for the conditions of pre-shear in 

the forward direction and failure in the reverse direction. The same skewed profile exists 

in the pre-shear profile and the failure profile, except that the failure profile is skewed in 

the opposite direction. Because of this the local normal stress values during failure are 

higher than the local normal stress during the pre-shear for approximately 1/3 of the 

cross-sectional area. This suggests that a portion of the material in the test cell is 

undergoing a transition of stress state during the failure mode of this test. The failure state 

during reverse shear is a combination of actual failure conditions in a portion of the 

material and attainment of a new lower steady state shear stress in the rest of the material. 

This will obviously result in a lower overall shear stress value, which is measured for 

anisotropic experiments. Saraber et al. suggested a renewed steady state to explain the 

lower failure values for anisotropic shear. These new data indicate that Saraber et al. were 

half right. The anisotropic behavior induced in the Jenike cell is due to the attainment of a 

new critical state of stress, but occurs only in a portion of the cell.  

A similar geometric anisotropy is expected in the Schulze shear cell. The results 

show that there is an angular stress distribution which is similar to a skewed profile in the 

Jenike cell. Since not the entire bottom of the Schulze cell is covered no comparison 

between the steady state and the failure state can be made. Failure occurs instantaneously 

and with only 21% of the cell bottom covered with the Tekscan pad, no conclusive 

measurements can be made.  
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Figure 3-13: Stress profile at the bottom of a Jenike cell during pre-shear and failure in 

the forward direction, using silica powder. 
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Figure 3-13: Stress profile at the bottom of a Jenike cell during pre-shear in the forward 

direction and failure in the backward direction, using silica powder. 
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Modeling of Anisotropy in Biaxial Shear  

This section describes work that has been done in collaboration with Dr. 

Zhupanska. The anisotropy that is measured in a biaxial shear tester is compared with 

DEM simulations. The experiments where performed with the Wall Flexible Biaxial 

Tester (FWBT) (van der Kraan, 1996). This tester is an advanced powder flow tester that 

allows for controlling stress and strain independently in two mutually perpendicular 

directions. As a result, stress-strain curves for powder as well as unconfined yield stress 

can be measured. The experimental study encompasses the comparison of standard and 

anisotropic flow functions, similar to the tests as described above. It should be noted 

though that no direct comparison is possible since the Schulze tester is a direct shear 

tester and the FWBT is an indirect tester.  

Biaxial Experiments 

The experimental procedure of the tests as well as an extensive description of the 

tester can be found in Janssen (2001) and Verwijs (2001). In short, the unconfined yield 

stress is measured in the following way consisting of four steps. During the first step, the 

powder is biaxially consolidated up to a chosen stress value. From this point, the powder 

is pre-sheared (step two) by increasing the stress in one direction and decreasing it in the 

perpendicular direction. During this step the mean stress is kept constant. At a certain 

moment the powder is in steady state deformation and the stress cannot be increased 

anymore. When this steady state deformation is reached, the third step is a relaxation of 

the stresses to near zero. The final step is an increase of stress in the direction of major 

stress during pre-shear while the stress in the other direction is kept zero. The maximum 

stress that causes sample failure is the unconfined yield stress. A typical test result for the 

standard experiment is shown in Figure 3-13. 
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In anisotropic experiments, the first three steps are the same but during the final 

step the stress is increased in the direction of minor stress during pre-shear while the 

stress in the direction that was major during pre-shear is kept at zero. So the stress profile 

was rotated 90 degrees with respect to the standard experiment during step four. A typical 

result of the anisotropic experiments is shown in Figure 3-15. It can be seen that 

anisotropic failure takes more time and will result in a lower value. 
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Figure 3-14: Typical result of a standard experiment with the Flexible Wall Biaxial 
Tester, showing the stress in the x-direction (black) and y-direction (grey), 
and the different steps of the test; biaxial consolidation (1), pre-shear (2), 
relaxation (3), and failure (4). 
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Figure 3-15: Typical result of an anisotropic experiment with the Flexible Wall Biaxial 
Tester, showing the stress in the x-direction (black) and y-direction (grey), 
and the different steps of the test; biaxial consolidation (1), pre-shear (2), 
relaxation (3), and anisotropic failure (4). 
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Set-up Biaxial Simulation 

The biaxial tests were simulated in 2D, omitting the z-direction, using the Itasca 2D 

DEM code. Following the experimental procedure, a sample of size 0.075×0.075 m was 

chosen. The simulations were done for about 7427 uniform circular discs. Disc size was 

0.45 mm. A linear stiffness model was used for particle-particle and particle-wall 

interactions with normal and tangential stiffness equal to 1.0*106 N/m for the particles 

and 1.0*108 N/m for the walls.  

The friction coefficient was 0.577 for particles and 1.0*10-5 for the walls. The low 

friction coefficient for the walls was chosen since the FWBT is designed to have no wall 

friction. Particle density was set to 2650 kg/m3 and the initial porosity was set at 0.16. 

Strain control was set a wall velocity of 0.00001 m/s.  

Following the real experiments in the biaxial tester described above, four different 

stages were simulated with the DEM code (see Figure 3-16). The first step, biaxial 

consolidation, was performed by uniform motion of all four walls towards the center of 

the sample. The second step, pre-shear, was simulated by continuous motion of the x-

walls towards each other and motion of the y-walls away from each other. Just as in the 

real experiment, at a certain moment, the sample started to deform with a steady state, 

and stresses on the walls did not change anymore. At this point the third step, relaxation, 

was invoked on the powder by releasing the walls until the stresses on the walls were 

almost zero. As with the FWBT experiments, the fourth step was performed in two 

different ways. For the standard experiment the x-walls were moved in the direction of 

pre-shear until failure, while the y-walls did not move. For the anisotropic experiments 

the y-walls were moved towards the center of the sample while the x-walls remained 

stationary.  
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Figure 3-16: The direction of wall movement at different stages of the biaxial test 
simulation. 

Stress and Porosity Distributions 

During the different deformation steps the changes in stress and microstructure 

were monitored. Figure 3-17 shows the normal stress in the x and y direction and the 

porosity at the end of a biaxial consolidation to 17.2 kPa wall stress. It can be seen that 

the stresses develop patterns symmetric about the x- and y-axis. The stress distributions 

are not uniform as is generally assumed for biaxial consolidation. The magnitudes of the 

stresses in the x and y direction are comparable, between 15 and 18 kPa. The porosity 

distribution in the sample is symmetric with respect to the symmetrically applied load, 

but there is a significant difference between the porosity in the center and at the walls. 

0.2

0.1

18 kPa

15 kPa

18 kPa

15 kPa

     xxσ                                                       yyσ                                                 porosity  
 

Figure 3-17: Normal stresses and porosity distributions after biaxial consolidation to  
17.2 kPa. 
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The normal stress distributions and porosity after the second deformation step, the 

pre-shear, are shown in Figure 3-18. It is apparent that the stresses in the x-direction are 

twice as large as the stresses in the y-direction. This is to be expected since the sample is 

loaded in the x-direction. There is a significant change in structure noticeable compared 

with the biaxial consolidation. The porosity distribution is highly non-uniform in the 

direction of compression but relatively uniform in the direction of relaxation. From this it 

can be concluded that pre-shear causes significant structural anisotropy that will lead to 

anisotropic behavior in subsequent steps. 
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Figure 3-18: Normal stresses and porosity distributions after pre-shear. 

After steady-state deformation, the walls were retracted until the stresses on the 

walls were close to zero. A zero stress level on the walls is reached when practically all 

contact forces are equal to zero at the particle contacts. Because of this, the stress 

distributions as shown in Figure 3-18 disintegrated and became very homogeneous, i.e., 

all zero. The porosity increases slightly during relaxation but the pattern remains the 

same as in Figure 3-18. Since the porosity distribution represents the sample structure, 

relaxation of the sample cannot remove structural anisotropy introduced during the pre-

shear.  

Figures 3-19 and 3-20 show the results of the fourth step, failure in the same 

direction as pre-shear and perpendicular to that, respectively. As expected, a different 

response was recorded during this step, depending on the direction of shear. When the 
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failure was performed in the direction of pre-shear the porosity distribution remained 

practically the same, while the overall porosity slightly increased. In the case of failure 

perpendicular to the direction during pre-shear a significant change in porosity 

distribution can be seen. The overall porosity decreases slightly, while the distribution 

becomes symmetrical, comparable to the distribution after consolidation. The stresses in 

Figure 3-19, the standard experiment, are clearly higher than the stresses in Figure 3-20, 

the anisotropic experiment. This is in agreement with the experiments performed with the 

FWBT. It appears that there is a diagonal shear zone during failure of the standard 

simulation, as can be seen most clearly from the σxx plot in Figure 3-19. The anisotropic 

simulation does not show such a clear zone. This seems to be in agreement with the 

hypothesis proposed in the section above. During a standard experiment there is a real 

failure, but during an anisotropic failure there is a change to a stress state that represents a 

(partial) new steady state deformation. This is also confirmed with the porosity 

distributions. The standard simulation does not show a change of structure, while the 

anisotropic simulation shows a clear change of structure. It is expected that if the 

anisotropic simulation is taken further in time, the anisotropy distribution becomes 

similar to that during pre-shear with 90 degrees rotation. The porosity in Figure 3-19 does 

not show a higher porosity for the diagonal shear zone, as would be expected. This could 

be due to a limited resolution of the porosity calculation. It should be noted that the 

biaxial experiments were stress controlled while the simulations were strain controlled. 

The effect of stress and strain control will be discussed in chapter 3. 
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Figure 3-19: Normal stresses and porosity distributions after forward failure. 
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Figure 3-20: Normal stresses and porosity distributions after anisotropic failure. 

Microstructure 

The distributions as shown above can also be studied at the particle or micro scale. 

To describe the structure of the particles the concept of fabric measures generally 

accepted in the field of soil mechanics can be adopted. This enables the investigation of 

the effects of the microscopic structure on the macroscopic powder behavior, e.g., on the 

development of anisotropy. To do this two fabric measures were calculated. One fabric 

measure was related to the distribution of the contact normals and one was related to the 

intensity distributions of the contact forces. In the 2D case these distributions can be 

represented by an angular distribution that defines the fraction of the measure K(θ) in a 

certain direction θ as shown in Figure 2-13. In practice the distribution is discretized in 

sections ∆θ. If the distribution function is circular there is no preferential direction of the 

measure and the (overall) sample is isotropic for that measure.  
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The intensity of the distribution is determined by number in the case of contact 

normals and by the total magnitude in the case of contact forces. In this study the overall 

distribution for the sample has been studied. If the number of particles in a simulation is 

large enough it is also possible to evaluate fabric measures for different positions in the 

sample.  

The changes in the fabric measures were monitored at the end of every step of the 

simulation of the biaxial test. Slight changes were noticed in the orientation of contact 

normals from a fully isotropic distribution after biaxial consolidation to a slightly 

asymmetric distribution after relaxation. It is concluded that in the simulations no 

significant changes in the orientation of contact normals could be observed. This is in 

contrast to other studies (Oda et al., 1980; Rothenburg and Bathurst, 1989) where particle 

contacts were preferentially aligned in the direction of the applied major principal stress.  

consolidation pre-shear

normal failure anisotropic failure  
 

Figure 3-21:  Normal contact force intensity distribution after different steps of the 
biaxial simulation. 

The normal force distributions showed a clear difference between the different 

simulation steps (see Figure 3-21). The distribution of the normal contact forces was 

asymmetric and oriented in the direction of the major compressive stress after every step 
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except for the biaxial consolidation. There is no normal contact force distribution for the 

relaxation step since all normal contact forces were near zero. Since friction was 

practically absent on the walls of the cell, the tangential contact forces were two orders of 

magnitude smaller than the normal contact forces and did not contribute significantly to 

the anisotropic response. It should be noted that a simplified model is used for the 

simulations, i.e., the simulation is 2D, the particle contact model is a simple linear elastic 

model, the particles are all spherical and of equal size. Therefore, the results can not be 

used quantitatively. It is clear though that qualitatively the simulations show anisotropy 

that is similar to the anisotropy that is observed in the biaxial experiments.  
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CHAPTER 4 
UNIAXIAL COMPACTION OF POWDERS 

Uniaxial compaction or compression is a process that is largely used in industry to 

make compacts like tablets or briquettes. There are roughly two operation regions when 

considering compaction. There is a high stress region, used for tabletting, and a low stress 

region, used for powder flow evaluation. The stresses used in the high stress region are 

several magnitudes higher than the stresses encountered in the low stress region. This 

chapter concerns with the low stress region, although some of the findings are applicable 

in high stress compaction. The main difference is that the stresses encountered in the flow 

regime are generally not high enough to permanently deform the particles, unless the 

particles are very fragile. Also, the porosity in the flow regime is higher than in the high 

stress compaction regime. 

There are several uniaxial testers available commercially for the measurement of 

compaction curves. For this research a new uniaxial tester has been developed. The 

unique feature of the tester is its capability to deform a powder either stress or strain 

controlled. It is generally accepted that stress and strain are directly and reversibly 

related, making it irrelevant whether a tester is stress or strain controlled. This research 

shows that this is not true for all powders. The compaction stress operating window of the 

tester is zero to 35 kPa. The tester is built as a prototype for the development of a true 

triaxial powder tester with independent stress and strain control in all principal directions. 
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Design of the Uniaxial Tester 

The uniaxial tester consists of two main parts, the actuator system and the box that 

contains the powder sample. The actuator system consists of two identical actuator units, 

working in line and in opposite direction. The actuator system changes the sample holder 

size to deform the powder. Figure 4-1 shows a picture of the uniaxial tester. 
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Figure 4-1: Picture of the Uniaxial Tester showing servomotor (A), linear stage (B), air-

cylinder (C), sample holder box (D), linear air bearing (E), guide bar (F), and 
pressure regulator (G). 

Each actuator unit consists of a linear stage for strain controlled motion and an air-

cylinder for stress controlled motion. The linear stage is a 100 mm wide 118 series 

American Linear Motion (model PGA4-9-4/GB) position stage. It has 100 mm travel via 

a 10 mm OD x 2 mm precision lead screw. The accuracy of the stage is 25 µm/m. The 

stage is driven by a Cool Muscle servomotor (model CM1-C-23L20) via a flexible 

coupling. The motor has a high-resolution encoder of 50,000 units per rotation. The 

motor has smooth motion even at low speeds. 

The air-cylinders are custom made. They are drilled out of a rectangular aluminum 

block and have a high accuracy 44.45 mm bore diameter. The pistons are made of white 

Delrin. To get near frictionless motion the pistons are not sealed.  The pistons are tapered 

and the smallest clearance between the piston and the cylinder is about 0.05 mm, making 
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the cylinders leak. The cylinders are therefore called “leaking cylinders”. The leaking 

airflow lubricates the piston, making the piston near frictionless. 

The leaking cylinders are pressurized with two independent pressure regulators 

(Marsh Bellofram, type 3211). The range of the regulators is 0 – 350 kPa gauge, 

corresponding to an actuator force of 0 – 543 N. The max flow of the regulators is 12 

SCFM, which is enough to pressurize the leaking cylinders up to the maximum pressure.  

The air-cylinders are mounted on the linear stages. The sample holder box is 

connected with the two actuator units via shafts. A shaft includes a load cell, measuring 

the applied load. The shaft can be locked for strain controlled experiments and unlocked 

for stress controlled experiments. To stabilize and support the sample holder box there 

are two guide bars per actuator unit. All guide bars are supported by two linear air 

bearings. These air bearings provide a frictionless linear motion and are stiff enough to 

support the guide bars and sample holder box. Figure 4-2 shows a top view picture of the 

system showing the guide bars and the shafts. 
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Figure 4-2: Top view picture of the Uniaxial Tester (without top lid) showing the air-
cylinder (A), shaft (B), linear air bearing (C), guide bar (D), and sample 
holder box (E). 
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The sample holder box is an important part of the tester. Due to friction at the 

walls, the geometry of the sample holder influences the test results. The design of the 

uniaxial tester with a separate actuator system and sample holder allows the use of 

different box designs. The different box designs that are built are rectangular in shape. 

The box design can also be cylindrical but that would make the filling process 

complicated. Figure 4-3 shows the different rectangular box designs. 

Two Half Boxes

Two U-Boxes

Channel

Two Half Boxes

Two U-Boxes

Channel

 
 

Figure 4-3: Different sample holder box designs. 

The difference between the boxes is the direction of the shear stress at the side, 

bottom, and top walls. In the “two half boxes” design (also shown in Figure 4-2 without 

the top), the shear stress at the bottom and one of the side walls is in the same direction, 

while at the top and the other side wall it is in the opposite direction. In the “two U-

boxes” design the shear stress is in the same directions at the top and bottom wall, and in 

the opposite direction at the sidewalls. In the “channel” design the shear stresses are in 

the same direction at all walls when only one piston is moving. The stress directions 

change approximately midway of the bottom, top and side walls when both pistons are 

moving. 
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The position of the box parts is monitored with two linear potentiometers (Omega 

model LP804). The potentiometers are mounted on the outside of the air-cylinders and 

attached to the back of the box. This enables monitoring of the position of the cylinder 

piston and calculation of the sample size. The two loading walls both have a constant 

cross sectional area of 127 x 127 mm2. This gives a ratio of the pressure in the leaking 

cylinder over the stress on the powder of 10.4.  

Uniaxial Experiments 

Initial tests with the uniaxial tester showed that the two half-boxes sample holder 

design could not be used at high stresses. When a powder is uniaxially compacted, there 

is a resulting normal stress at the side walls. In the two half-boxes design, the normal 

stress on the side walls causes a moment on the air bearing supporting the sample holder. 

At a compacting stress above about 8 kPa the moment on the bearings becomes larger 

than their rating. This causes friction in the bearings, which can damage them. It also 

causes hysteresis in loading-unloading loops, affecting the measurements. In the two u-

boxes design, the moment of opposite walls is approximately offset, avoiding the 

problem.  

The experiments reported in this dissertation are performed with the two u-boxes 

sample holder. The tester is filled by scooping powder through a sieve into the sample 

holder box. The sieve breaks up any agglomerates and ensures a more or less consistent 

packing from sample to sample. The excess powder is scraped off from the top and the 

top lid is placed. 

Two types of experiments are performed; stress controlled and strain controlled. 

Stress controlled means that the tester dictates the stress path and the resultant powder 

deformation is measured. For the experiments reported the stress path is set at a constant 



66 

 

stress increase on the powder. Strain controlled means that the tester dictates the 

deformation path and the stress response of the powder is measured. For the experiments 

shown the strain path is set at a constant strain velocity. For both types of experiment, 

one actuator unit is locked, resulting in uniaxial consolidation with one moving wall.  

The two powders that are tested are Microcrystalline Cellulose powder (PH101) 

and Polystyrene powder. The mean particle size of Microcrystalline Cellulose is 50 µm. 

The mean particle size of the Polystyrene powder is 40 µm with a narrow size 

distribution (see appendix B).  

Uniaxial Compaction of Microcrystalline Cellulose 

Microcrystalline cellulose is compacted stress controlled at a rate of 0.01 kPa/s and 

strain controlled at a rate of 0.48 mm/min. The resulting compression curves are shown in 

Figure 4-4. It can be seen that the two curves do not differ significantly. That is what is 

mostly reported in literature. That is why it is generally assumed that stress control and 

strain control produce states that are indistinguishable.  

For operation of process equipment it does matter though whether stress control or 

strain control is used to run a process. This is due to the shape of the compaction curve. It 

can be seen that the stress increases exponentially. So for high stresses the stress can 

double with a minimum deformation. In a tablet press the stamp and die are strain 

controlled and set at a certain deformation. A minimal deviation in powder load will 

therefore result in a significant compaction stress difference. The compaction stress 

defines the strength of the tablet. If for quality purposes the tablets need to have a 

controlled strength, e.g., pharmaceutical pills, the press should be stress controlled. If the 
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size of the tablets is the foremost concern, e.g., precision cast parts, the press should be 

strain controlled.  
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Figure 4-4: Uniaxial compaction of Microcrystalline Cellulose PH101, stress controlled 

(grey) and strain controlled (black). 

Uniaxial Compaction of Polystyrene Powder 

Polystyrene is a powder that exhibits stick-slip. The powder is stress controlled at a 

rate of 0.045 kPa/s and strain controlled at a rate of 0.2 mm/s and the results are shown in 

Figure 4-5 and 4-6, respectively. The difference between Figure 4-4 and Figures 4-5 and 

4-6 is apparent. The stress-strain curve for microcrystalline cellulose is smooth while the 

stress-strain curves for polystyrene are very jagged, showing stick-slip.  

There is a clear difference between the stress controlled and strain controlled stress-

strain curves of polystyrene. In the stress controlled experiments the slips exhibit 

themselves by quick deformations, plotted as near horizontal lines in the curve. 
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Figure 4-5: Stress controlled uniaxial compaction and relaxation curve of 40 µm 

polystyrene powder. 
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Figure 4-6: Strain controlled uniaxial compaction curve of 40 µm polystyrene powder. 
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The sticks on the other hand endure a long time and form near vertical lines in the 

curve. In the stress controlled experiment there are few, but very violent stick-slip events. 

Due to the fast slip in which the powder deforms up to a few millimeters in a fraction of a 

second, powder is blown out of the sample holder. The air that is present in the powder 

voids has to escape when the sample deforms. The tester walls are solid, so the air has to 

escape through the narrow gaps between the walls. When this happens very fast, the 

velocity of the air through the gaps becomes high and the air will entrain some of the 

powder. 

In the strain controlled experiment a slip exhibits itself by a fast stress decrease, 

shown as a vertical line in the curve. During the stick phase the stress increases until the 

next slip. The stick-slip events are very frequent but due to the controlled deformation 

rate the events are not as violent as the stress controlled slip events. The stick-slip signal 

is investigated in detail in chapter 5.    

The experiments with polystyrene show that stress control and strain control are not 

reversible for certain powders. Starch powder showed the same behavior as polystyrene. 

The conclusion of the work is that powders that show stick-slip will behave differently 

when stress controlled or strain controlled, making the two control systems non-identical. 

Modeling of Uniaxial Compaction 

Using the Itasca PFC 2D Discrete Element Method the uniaxial compaction is 

investigated. The focus was on the influence of the sample holder geometry and the 

influence of stress and strain control on the powder structure. For the simulations a linear 

contact stiffness model for circular particles is used. The 10,400 simulated particles range 

in size from 80 µm to 1.2 mm and have a uniform distribution. The friction coefficient is 



70 

 

taken to be 0.577 between the particles and 0.364 between the particles and walls. These 

values are estimates but it will be shown in chapter 6 that the value of the friction 

coefficient should be measured accurately since it is of major importance. The cell size 

for the simulations is 63.5 mm x 63.5 mm and the initial 2D porosity is 0.17. 

Influence of Cell Geometry 

As discussed at the beginning of this chapter, the direction of the shear stress on the 

walls will be different for different sample holder geometries. The stress distribution and 

structure of the particle ensemble in the two half boxes and the two u-boxes design of the 

uniaxial tester are investigated. The two half-boxes design is called geometry 1 and the 

two u-boxes design is called geometry 2 and they are shown in Figure 4-6. It should be 

noted that geometry 2 is a cross-section of the center of the u-boxes design and represents 

more correctly the 2D simulation of a channel design with one moving wall. 

   
 
Figure 4.6: Sample box geometries used for the simulations; geometry 1 (left) simulates 

the two half-boxes design, geometry 2 (right) simulates the two u-boxes or 
channel design. 

The initial particle ensemble is the same for both simulations. During the 

simulation of geometry 1 the left and bottom wall move to the right while the other two 

walls are stagnant. During the simulation of geometry 2 only the left wall moves to the 

right while the three other walls are stagnant. The geometries are both strain controlled 

deformed with a strain rate of 9*10-11 step-1. The time scale is given in steps and not in 
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real time since it reduces the computation time. In Figure 4-7 the stresses on the x- and y-

walls is given for the two geometries as a function of the time steps. In this case the x-

axis is equivalent to the strain. It can be seen that there is no significant difference in the 

overall wall stresses for the two geometries. 
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Figure 4-7: Overall stress on the x- and y-walls of two cell geometries during uniaxial 

compaction. 

The stress distributions in the particle ensembles do show a difference between the 

two geometries. The difference of the normal stress distribution in the y-direction is 

minimal but the normal stress distribution in the x-direction is significant. This is shown 

in Figure 4-8. Geometry 1 shows high stress region diagonally from the top left to the 

bottom right while geometry 2 shows a more symmetric stress distribution with a high 

stress band in the middle from left to right with high stress points in the left corners. This 
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could indicate that there is a shear plane in geometry 1, something that is generally 

considered not possible in a uniaxial tester. 

 
 
Figure 4-8: Distributions of normal stress in the x-direction for geometry 1 (left) and 

geometry 2 (right). The unit of the scale is kPa but for a 2D simulation.  

In Figure 4-9 the fabric tensors are shown for the two simulations. It can be seen 

that the angular distribution of the contact normals is isotropic. This means that there is 

no preferential contact direction, similar to the results in the previous chapter. There is a 

clear anisotropic distribution of the magnitude of the normal forces. The difference in 

anisotropy between the two different geometries is not significant though. The magnitude 

is slightly larger for geometry two, but this is because this simulation is stopped at a 

slightly higher stress level. The difference between the two simulations is apparent in the 

angular distribution of the tangential contact forces. Surprisingly, geometry 1 is more 

isotropic than geometry 2. It should be noted that the magnitude of the tangential forces is 

fifty times smaller than the magnitude of the normal forces. Therefore, the influence on 

the overall bulk behavior will be less significant. This would exclude the possibility of 

shear zones during powder compaction.  
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Figure 4-9: Fabric tensors for uniaxial compaction using two different geometries. The 

tensors at the left are for geometry 1 and the tensors at the right are for 
geometry 2. Shown are the angular distributions of the particle contact 
normals (top), normal force magnitude (center), and tangential force 
magnitude (bottom).  
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It should be noted that the fabric tensors in this work are used as overall 

parameters, covering the whole sample. This means that there could be a narrow shear 

zone with a high shear stress that is not captured because the volume of the shear zone (or 

area in 2D) is much smaller than the overall volume. Therefore to reach conclusive 

evidence of shear zones during powder compaction it is necessary to use local fabric 

tensors to identify the structure in different regions in the powder to investigate possible 

shear regions. For that a larger number of particles is necessary to make a statistically 

correct angular distribution.   

Pseudo-Stress Control versus Strain Control 

The experiments with the uniaxial tester showed that for certain powders stress and 

strain control give distinctively different results. Some testers and process equipment are 

said to be stress controlled while they actually are pseudo stress controlled. Pseudo stress 

control is indirect control. The stress (or usually load) is measured with a sensor. Through 

a feedback control the stress on the powder is maintained by a strain device, usually a 

motor with a lead screw. If the stress is too low, the motor moves the walls inwards, and 

if the stress is too high, the motor moves the walls outwards. This is called servo control. 

Measurements with pseudo stress control can be seriously biased. The feedback 

control needs to be much faster than the processes in the powder. Since we do not know 

the fundamental powder behavior, we do not know for sure that our feedback is fast 

enough. It is very well possible that tester artifacts are measured instead of powder 

properties. It is not very likely that a pseudo stress controlled tester can measure stick-slip 

correctly. The slips in the powder are too rapid. 

To investigate the influence of pseudo stress control, uniaxial simulations are 

performed using the servo control method. Since the Itasca code does not provide a real 
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stress controlled mechanism the servo results are compared with pure strain control. The 

simulations are performed using geometry 1. The two gain factors that are investigated 

are 0.001 and 0.005. A larger gain is faster, enabling a quick response, but it is also 

coarser. When controlling a powder, the large gain can cause significant overshoots. 

The results are shown in Figure 4-10. As expected, the larger gain results in a larger 

initial control step. The stress quickly increases to about 100 Pa for a gain of 0.005. After 

some strain the two pseudo stress controlled curves seem to converge. This would mean 

that only for low stresses pseudo stress control biases the results. This initial difference 

might not be large enough to change the particle structure to cause different behavior. It 

is likely that it will largely influence the behavior for a powder showing stick-slip. The 

difference in stress-strain curves is a due to a combination of tester characteristics and 

powder characteristics. 
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Figure 4-10: Consolidation curves for uniaxial simulations; strain controlled (red) and 

pseudo stress controlled with a gain factor of 0.005 (blue) and 0.001 (black). 
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CHAPTER 5 
STICK-SLIP IN POWDER FLOW  

Some powders exhibit stick-slip during deformation but most do not. A very well 

known powder that exhibits stick-slip is snow. When we compress snow to make a 

snowball or snowman, but even more when we walk on snow, we can feel and hear the 

stick-slip. The snow does not deform in a smooth manner but in many short steps, 

quickly following each other. These steps cause the crunching sound that we hear. In this 

research snow was not chosen as a model powder. Besides expensive climate control, 

snow particles or flakes are fractals, which makes the modeling of the system very 

complex. 

In the kitchen we can find two powders, flour and starch, that initially seem very 

similar. Starch is slightly whiter than flour, which enables us to see the difference. When 

we feel the powders they appear very different though. Starch exhibits stick-slip, which 

we can feel and hear when we squeeze it between our fingers. Flour does not show this 

phenomenon.  

This chapter investigates the macroscopic response of stick-slip in powders. Both 

the magnitude and frequency of stick-slip are investigated as a function of both operating 

parameters and powder properties. The two operating parameters that are varied are the 

normal force that is exerted on the powder and the deformation rate or shear velocity. The 

powder parameters that are varied are the particle size distribution and the moisture 

content.  
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Introduction to Stick-Slip 

In the field of tribology much research has been conducted on stick-slip between 

surfaces. Stick-slip is a non-smooth motion, in jerks, and can be regular (periodic) or 

irregular (erratic or intermittent). It is generally considered that the difference between 

static friction and kinetic friction causes the material to move intermittently (Bowden and 

Tabor, 1950). The difference between static and kinetic friction is due to the surface 

roughness. The microscopic contact area between surfaces will be larger in static 

conditions than during sliding, resulting in a higher static friction.   

Generally, lubrication reduces or eliminates stick-slip but even lubricated surfaces 

can exhibit stick-slip. Thompson and Robbins (1990) did molecular dynamics 

simulations of a lubrication layer between two plates. The bottom plate was kept 

stationary while the top plate is moved attaching it with a spring to a translating stage 

with a constant velocity. They attributed the stick-slip in the boundary lubrication to a 

transition from a crystalline state of the lubricant to a fluid state. A thin layer of lubricant 

can form a structure that is ordered like a crystal, which periodically melts due to the 

shear between the plates, causing the slip, and recrystallizes, causing the stick. The 

results indicate that stick-slip in boundary layers is caused by thermodynamic instabilities 

during the sliding phase rather than a dynamic instability. It is observed that stick-slip is a 

function of the shear velocity. The frequency of stick-slip increases generally with the 

velocity.  

Berman et al. (1996) present three different stick-slip mechanisms. The first is the 

surface topology or roughness model as depicted in Figure 5-1. Due to the asperities on 

the contacting surfaces, the friction force increases when an asperity on one surface has 

to travel over an asperity on the opposite surface. When the two asperities have passed 
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each other, the friction force will quickly drop due to the quick fall, e.g., from B to C. 

Stick-slip due to surface roughness is irregular, unless the surface roughness has a regular 

pattern. The stick-slip frequency increases with the shear velocity while the amplitude 

decreases. 
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Figure 5-1: Schematic representation of stick-slip due to surface roughness. 

The second stick-slip mechanism is called distance-dependent model or creep 

model. During shearing, due to the adhesion between asperities, the surfaces have to 

creep a distinct distance before the adhesion breaks and the surfaces slip. This type of 

stick-slip is mainly observed for dry systems and results in a regular, periodic, signal. It is 

often used to model rock-on-rock sliding in geology. The amplitude decreases with 

increasing shear velocity. 

The third stick-slip mechanism is the velocity-dependent model. This model applies 

to lubricated systems. At low velocities stick-slip is present but it can vanish above a 

certain critical velocity. From their simulations, Robbins and Thompson (1991) found 

that for lubricated surfaces this critical velocity is equal to the velocity of the top plate 

just before recrystallization of the lubrication boundary. In their system the critical 

velocity is a function of the mass of the top plate and not an intrinsic lubricant property. 

Yoshizawa and Israelachvili (1993) performed similar simulations for different 
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lubrication species. They found a critical velocity dependent on the spring constant of the 

spring pulling the top plate. So the critical stick-slip velocity between two surfaces is a 

combination of the surface and lubrication properties as well as the test system. 

The conventional models generally cannot explain stick-slip in granular material. 

Many phenomena are similar for both systems though. Friction in granular material can 

be regular and irregular. A critical velocity is found for both friction systems. The 

dependency of the friction force on the velocity is often represented as a bifurcation as 

depicted in Figure 5-2 (Bucklin et al., 1996; Kolb et al., 1999; Lacombe et al., 2000) 
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Figure 5-2: Schematic representation of the bifurcation of the friction force as a function 

of the shear velocity. The bifurcation point is the critical stick-slip velocity vc. 

Budny (1979) published what might be the first publication about stick-slip in 

powders. He used stick-slip as an alternative method to characterize powder flow. His 

experimental set-up comprised of an Instrom pulling an aluminum plate over a table. The 

table and aluminum plate were covered with sandpaper to provide friction. In between the 

plates a thin bed of powder was placed. The model Budny proposed to describe stick-slip 

is a modified Mohr-Coulomb model, shown in equation 5-1. The model can be used to 

find the internal frictional coefficient µi as well as a stick-slip friction coefficient µs as a 

function of the normal force Fn and the stick-slip frequency ω. The term µsFn is called the 

stick-slip friction and is the difference between the maximum and minimum friction. 
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tFFF nsnifriction ωµµ sin+=        5-1 

Budny found a decrease in the stick-slip friction, or magnitude of the stick-slip, 

with increasing sled velocity. This is consistent with Figure 5-2 but he did not report a 

critical velocity for a range up to 100 inches per second. He reported a decrease in stick-

slip magnitude with increasing particle size. 

Bucklin et al. (1996) used a similar setup to measure stick-slip in a granular wheat 

bed. They pulled a plate of wall material through a bed of powder, thus both sides of the 

plate were in contact with the grains while the grain bed was loaded with weights. 

Bucklin et al. reported a critical stick-slip velocity and a bifurcation similar to Figure 2-5. 

The lower bound (minimum friction) seemed to be a continuation of the curve without 

stick-slip, while the upper bound (maximum friction) seemed to divert from the 

bifurcation point upward. No dependency on the pressure was observed for the critical 

velocity. 

Albert et al. (2001) measured the force on a rod in a rotating granular bed and 

reported stick-slip. The rod was connected to a load cell with a spring. The spring 

constant could be changed by exchanging springs. Below a certain spring constant no 

dependency on the spring constant or the shear velocity could be found for the friction 

force. The product of the spring constant, the velocity and the inverse of the frequency 

was constant.  

Depending on the depth of the rod in the granular bed and the particle size, the 

stick-slip signal was either periodic, random, or stepped (see Figure 5-3). Albert et al. 

concluded that the stick-slip behavior is due to jamming of the rod in the granular bed. 

The development of force chains in the bed is dependent on the particle size as well as 
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the depth of the rod. A linear increase of the magnitude of stick-slip with rod diameter 

was reported. 

 
 
Figure 5-3: Different types of stick-slip according to Albert et al. (2001). 

Schulze (2003) used the a ring shear tester to investigate the time and velocity 

dependency of stick-slip. He showed that the shear stress of powders can either increase 

or decrease with increasing shear velocity, depending on the powder. When a powder is 

sheared, stopped for a while, and sheared again, either an increase or decrease in shear 

strength can be measured, again depending on the powder. Schulze accredits this to the 

creep behavior at the particle contacts. A powder that shows an increase in shear stress 

after a stop period will show an increase in stick-slip magnitude with decreasing shear 

velocity. A decreasing shear velocity means that the stick time is longer and thus the 

creep can work longer, creating a higher shear stress. 

Volfson et al. (2004) used molecular dynamics to simulate stick-slip in a Couette 

cell and compared it with a theoretical model. Although they call it granular, the 

simulations represent a thin lubrication layer rather than bulk solids. 
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Experimental Setup 

In this chapter two types of testers are used, the Schulze cell and the Uniaxial cell. 

In Chapter 2 the Schulze cell is described in detail. The signal from the Schulze load cells 

was recorded digitally using a Newport INFCS-001B amplifier and a LabJack U12 data 

acquisition device. The experimental setup for the Uniaxial tests is described in chapter 4. 

In this chapter the stick-slip data that are presented in chapter 4 are investigated in depth.  

Two powders that show stick-slip are used in this research. For its wide use in 

industry and easy availability, cornstarch has been chosen. The starch particles are 

somewhat spherical with flattened sections as can be seen in Figure 5-4. The mean 

particle size is 13 µm with a standard deviation of 7 µm. The second powder that is 

chosen is a polystyrene powder. The powder is produced by Kodac Company and is used 

as a milling medium for pigment milling. The polystyrene powder is available in several 

particle size distributions. The two different sizes used have a mean particle size of 9 µm 

and 40 µm with a standard deviation of 6 and 9 µm, respectively. As can be seen in 

Figure 5-4 the polystyrene particles are very spherical. That makes the powder a good 

model powder for DEM simulations.  

   
 
Figure 5-4: SEM images of cornstarch (left) and polystyrene particles (right). 
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In the Schulze tester the angular velocity of the base can be adjusted between zero 

and 0.025 RPM. The linear shear velocity in the angular cell is not constant throughout 

the sample. At the outside of the sample the linear velocity is twice as large as at the 

inside. To calculate a representative (overall) velocity, the weighted velocity v is reported 

as calculated with equation 5-2. In this equation Ri and Ro are the inner and outer 

diameter of the sample and ω is the angular velocity.  
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For the experiments where the moisture content of the powder was varied, the 

moisture content was determined using an Ohaus MB 45 Moisture Analyzer. To reach a 

required moisture level the moisture content was measured and an additional amount of 

water calculated and added. The powder was mixed for 20 minutes using a conventional 

kitchen blender. The required moisture level was checked using the moisture analyzer. 

Results of Schulze Tests 

Figure 5-5 shows a typical stick-slip signal from a Schulze Shear Cell. During the 

rise of the shear stress, the stick phase, the powder does not shear. When it reaches a 

maximum stress, it slips or shears quickly until a minimum stress value is reached. The 

stick period is long compared to the slip period. It can be seen in the figure that, after a 

short initial period, both the periodicity and the maxima and minima are constant for a 

certain experiment. Therefore the signal can be called a periodic steady state. The 

maxima correspond to what is traditionally considered the steady state value.  

To verify that there is no powder deformation during a stick period, a linear 

displacement potentiometer was attached to the top lid to measure the lid displacement 

(see Figure 5-6). The Omega LP804 potentiometer is attached to the lid through a slot 
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which enables the lid to move up or down with the powder. The potentiometer has a 

linearity of 1% (full scale), a repeatability of 12 µm, a hysteresis of 25 µm, and an 

incremental sensitivity of 0.13 µm. 
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   Figure 5-5: Typical stick-slip signal from a Schulze cell. 

 
 
Figure 5-6: Picture of the potentiometer fixture to the Schulze cell lid. 

During an experiment the base, which contains the powder sample, rotates with a 

constant angular velocity. If the sample does not deform during the stick phase the top lid 

will move with the powder and there will be a deformation of the most flexible parts in 
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the system. Since the stick-slip events have a constant maximum and minimum shear 

stress and period, this deformation is an elastic deformation. Appendix C shows the 

stiffness calculation for the system of base, powder, top lid, tension bars, and load cells. 

The base of the tester and the top lid are very rigid. The load cells and tension bars are the 

most flexible but account for only 50% of the elastic deformation. The rest of the elastic 

deformation is within the powder. Therefore, if the displacement is measured accurately, 

stick-slip can be used to measure the bulk elastic modulus for a powder.  

Figure 5-7 shows the horizontal top lid displacement (at the potentiometer point) 

together with the shear stress. Since the horizontal top lid displacement is measured 

relative to the tester table, the displacement oscillates between a maximum and minimum 

value. The absolute value of these displacements is of no significance, only the relative. 

The vertical lines indicate the slips of the powder, while the jagged curved sections 

indicate the stick phases. It can be seen that the stress drops as soon as the top lid slips. In 

Figure 5-8 the horizontal displacement data are corrected for the rotation of the base, 

making the base with the powder sample the frame of reference. It can be seen that the 

top lid has a clear stepped movement with long periods of stick, the horizontal sections, 

and very short slips, the vertical sections. A slight deviation from the horizontal plane is 

noticeable immediately after the slip and just before the next slip, indicated in the Figures 

with an A and C, respectively. This would mean that there is relative motion between the 

top lid and the base with sample during the stick phase. At the end of the stick phase 

(section C) this is due to creep of the powder. It can be seen in Figure 5-7 that the slope 

of the deformation changes, due to the dependency of creep on the increasing stress. The 

movement immediately after the slip is a shear at the rate of the tester. The horizontal 
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section A in Figure 5-7 indicates that there is no movement of the lid relative to the table, 

thus the powder deforms at the rate of the base.  
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Figure 5-7: Typical signals for the horizontal top lid displacement (grey, left axis) and 

shear stress (black, right axis) during stick slip in a Schulze cell. 
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Figure 5-8: Typical horizontal displacement of the top lid relative to the base during 

stick-slip in a Schulze cell. 

To summarize, a stick-slip event can be divided in four sections; 

• A stick phase where the powder behaves rigidly/elastically (B) 
• A phase where the powder creeps (C) 
• A very fast slip (plastic deformation) (D) 
• A slow phase where the powder deforms plastically (A)    
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A similar breakdown was given by Cain et al. (2001) although they did not report 

an extended plastic deformation (A). 

Influence of Normal Stress 

The normal stress applied to the powder is varied between near zero and 10 kPa, 

which is the recommended limit for the tester. Both the starch powder and the 

polystyrene 40 µm powder are investigated. The powder is sheared and when the maxima 

and minima are constant the stick-slip signal is recorded for ten to fifty events. The mean 

of the maxima and the mean of the minima of the stick-slip signal are calculated. These 

maxima and minima are plotted in Figure 5-9 as a function of the applied normal stress, 

together with the magnitude of the stick-slip events.  
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Figure 5-9: Maxima, minima, and magnitude of stick-slip as a function of normal stress 
for the 40 µm polystyrene powder with linear trend lines, measured in a 
Schulze cell. 
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The magnitude is the difference between the maximum and minimum value, which 

is the drop in shear stress during a slip event. The data shown are for the polystyrene 

powder and the magnitude of the slip is 25% of the maximum shear stress. The starch 

powder shows a similar result. All three parameters increase linearly with increasing 

normal stress, following a Coulomb-type behavior. This supports the conclusion that the 

measured stick-slip signal is a periodic steady state. Extrapolation to a zero normal stress 

level indicates that there is no apparent stick-slip when there is no normal load. 
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Figure 5-10: Power plot from a Fast Fourier Transform of a low stress experiment (left) 

and a high stress experiment (right). 

The data acquisition system sampled 300 shear stress points per second, enabling 

the measurement of a frequency up to 150 Hz. The frequency of the stick-slip signal was 

determined using a Fast Fourier Transform technique in MATLAB.  The power plot from 

the Fast Fourier Transform showed a distinct frequency peak, which corresponds with the 

frequency that is determined manually. Figure 5-10 shows a typical power plot for a low 

stress and a high stress experiment. For low stresses several peaks are noticeable due to 

noise in the signal. For higher stresses the signal to noise ratio is high, resulting in one 

frequency peak.  
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Figure 5-11: Frequency of stick-slip f as a function of the applied normal stress σn for 9 

µm polystyrene powder. The data points are measured with a Schulze cell and 
the curve is a fit of the equation shown. 

The frequency of the stick-slip signal decreases with increasing normal stress as 

shown in Figure 5-11. The data shown are for the polystyrene 40 µm powder, but all the 

powders investigated show the same behavior. The data are used to fit equation 5-3, 

where α is a stress coefficient and β is a time constant. The equation indicates that the 

inverse of the frequency, which is the time scale, increases linearly with the normal 

stress. 

βασ +
=

n

f 1          5-3 

Influence of Shear Velocity 

Several researchers [Bucklin, Schwedes, etc] have investigated the effect of the 

shear velocity on stick-slip and found that the frequency increases with increasing 
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velocity. The polystyrene powder shows the same behavior as shown in Figure 5-12. The 

velocity as defined by equation 5-2 is varied from 0.05 to 0.13 mm/s, which is the 

maximum velocity of the Schulze tester. A critical velocity as defined by Bucklin et al. 

could not be defined since such a velocity is higher than the tester capabilities. 

 

0

2

4

6

8

10

0 2 4 6 8 10
Normal Stress (kPa)

S
tic

k-
S

lip
 F

re
qu

en
cy

 (H
z)

 

0.13 mm/s
0.09 mm/s
0.05 mm/s

 
 
Figure 5-12: Influence of shear velocity on the stick-slip frequency of 9 µm polystyrene 

powder measured in the Schulze cell. Equation 5-3 is used for the curves. 

This dissertation is concerned with the length scales in powders. The frequency f 

can be re-plotted in a length scale l using the applied shear velocity v as shown in 

equation 5-4. The frequency curves from Figure 5-12 collapse onto one characteristic 

length curve, as shown in Figure 5-13. Therefore, the frequency or time scale of stick slip 

events is a tester artifact, depending on the shear velocity. The characteristic parameter 

that defines stick-slip is the length scale. The length scale increases approximately 

linearly with the applied stress for the stress range measured. Extrapolation of the 
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characteristic length to a zero stress level gives an intercept with the y-axis of 10 µm 

which is approximately one particle diameter. This would mean that stick-slip correlates 

the macroscopic scale, the shear stress, with the microscopic scale, the particle size. 
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Figure 5-13: Stick-slip length scale of 9 µm polystyrene powder as a function of normal 

stress for three different shear velocities of the Schulze cell. 

Influence of Particle Size 

To investigate the correlation between the characteristic stick-slip length and the 

particle size, the experiment was repeated with the 40 µm polystyrene powder. The 40 

µm powder also shows an increase of the length scale with increasing normal stress. The 

increase is about twice as large compared with the 9 µm powder. The results are not 

exactly linear but slightly curved. Extrapolation of the data to high stresses could indicate 

an asymptotic maximum length scale. Within the data range measured a linear 



92 

 

approximation is acceptable. Extrapolation of the data to a zero stress level gives a 

characteristic length scale of just under one particle diameter. In Figure 5-14 the 

characteristic stick-slip lengths of both powders are presented as a function of the normal 

stress. The length scale is reported relative to the particle size, in number of particle 

diameters, instead of the absolute size in millimeters. Both powders have a characteristic 

length at a zero stress level of about one particle diameter. When the normal stress is 

increased, the relative characteristic length increases to several particle diameters. This 

means that the number of particles involved in a stick-slip event increases with stress. It 

is proposed that a slip is a movement of clusters of particles rather than individual 

particles. At low stresses these clusters are single particles, but for increasing stress the 

clusters consist of several particles. 
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Figure 5-14: Characteristic length scale of stick-slip in number of particle diameters as a 

function of the normal stress for the 9 and 40 µm polystyrene powder, 
measured with the Schulze cell. 
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As said, the increase of the absolute characteristic length with normal stress is 

twice as large for the 40 µm powder relative to the 9 µm powder. As can be seen in 

Figure 5-14, the relative characteristic length of the 40 µm powder increases only half 

that of the 9 µm powder. This means that at a certain stress level clusters in the 40 µm 

powder contain fewer particles than the clusters in the 9 µm powder. This indicates that 

cohesion is a key parameter in the formation of the clusters. A powder consisting of small 

particles is more cohesive, thus the clusters will contain more particles relative to a 

powder with larger particles. 

Influence of Moisture Content 

The cohesion of a powder is not only dependent on the particle size. As discussed 

in chapter 3, the cohesion can be manipulated by adding small amounts of oil or water. 

To investigate the influence of the cohesion in this work, small amounts of water were 

added to the 40 µm powder. The result on the cohesion is shown in Figure 3-2. 

Interestingly, the powder did not exhibit stick-slip above a moisture content of 0.45%. 

Using the particle size distribution in Appendix B the thickness of a water layer on the 

particles can be calculated, assuming a uniform water distribution over the surface of the 

particles. A moisture content of 0.45% corresponds to a water layer thickness of 33 nm.  

The magnitude of stick-slip increases with increasing moisture content as shown in 

Figure 5-15. The data are linear, but extrapolation to a zero stress level would result in a 

negative magnitude for low moisture contents. This is not realistic so the curves are 

expected to be non-linear close to a zero stress level. Figure 5-16 shows the slopes of the 

curves from Figure 5-15 as a function of the moisture content. The slopes seem to have a 

linear relationship. It is not very likely that the relationship is linear outside the measured 

range. As said, no stick-slip was noticed for moisture contents above 0.4%. Extrapolation 
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to a moisture content of zero percent will give a near zero magnitude of stick-slip. This is 

not expected to be realistic. A certain volume of moisture is necessary to from liquid 

bridges between the particles and thus increases the cohesion. Therefore a constant 

cohesion value and stick-slip magnitude is expected below a certain moisture content. 
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Figure 5-15: Magnitude of stick-slip as a function of the normal load for different 

moisture contents in 40 µm polystyrene powder with linear trend lines, 
measured with a Schulze cell. 

The relative magnitude of stick-slip σmag,rel, which is the magnitude σmag divided by 

the maximum shear stress σmax, increases with increasing moisture content as well. This 

is expected since there is a direct relationship between the slopes 
( )[ ]

[ ]n

nmag

d
d

σ
σσ

 in Figure 

5-15 and the relative magnitude as shown in equation 5-5. The relative magnitude varies 

from 22% for a moisture content of 0.22% to 38% for a moisture content of 0.40%. 
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Figure 5-16: Slope of the trend lines in Figure 5-15 as a function of the moisture content. 

The characteristic length is shown in Figure 5-17 as a function of moisture content. 

It can be seen that the length scale increases with the moisture content, which is consisted 

with the proposed cluster formation. There is an increase in both the intercept at zero 

normal stress and the slope. The intercept of the curves of most of the moisture contents 

is smaller than one particle diameter. This would suggest that the movement of the 

characteristic cluster is less than one particle diameter. A cluster of less than one particle 

is not possible, so the minimum cluster size is one particle. The characteristic length can 

be less than one particle diameter. In that case the interaction between two particles 

vanishes when they are separated more than that characteristic length. 
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Figure 5-17: Characteristic stick-slip length as a function of the normal stress for several 

moisture contents of the 40 µm polystyrene powder with linear trend lines, 
measured in a Schulze cell. 

Results of Uniaxial Tests 

The stick-slip investigation with the uniaxial tester is focused on the strain 

controlled experiments. As said in chapter 4, the stress controlled experiments were too 

violent, resulting in the loss of powder during the experiment. The stick-slip signal 

investigated is shown in Figure 4-6. Figure 5-18 shows a detail of the signal at a low 

stress level and a high stress level. It can be seen that the frequency at low stresses is 

higher than that at high stresses. The amplitude is higher at higher stresses than at lower 

stresses. To quantify the magnitude and frequency, the curve is divided in small data sets 

and for every set the standard deviation and frequency is calculated. The frequency is 

calculated with the fast Fourier transform. 
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Figure 5-18: Detail of Figure 4-6 at a low stress level (left) and a high stress level (right). 

The results for the standard deviation are shown in Figure 5-19. Although not a real 

amplitude measure, the standard deviations turned out to be more suited to represent the 

magnitude of the signal. The standard deviation increases linearly with the axial stress. 

Above 15 kPa the signal seems to level off. The reason for this is the stepped stick-slip 

signal as can be seen in the inset and in Figure 5-18. The linear dependency of the 

magnitude with normal stress is consistent with the results from the Schulze tester. 

2 4 6 8 10 12 14 16 18 20

0.2

0.4

0.6

0.8

1

1.2

Stress (kPa)

S
ta

nd
ar

d 
D

ev
ia

tio
n 

(k
P

a)

 
 
Figure 5-19: Standard deviation of stick-slip signal as a function of the axial stress. 
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The frequency signal is shown in Figure 5-20 as a function of both stress and strain. 

Although the signal is noisy, a clear decrease of the frequency with stress can be seen. 

The frequency as a function of the stress shows a dependency similar to the Schulze 

results, i.e., equation 5-3. The results cannot directly be compared since the velocity of 

the uniaxial tester is larger and the stresses on the x-axis are different. For the uniaxial 

results the axial stress is plotted while for the Schulze tester the normal stress is plotted. 
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Figure 5-20: Frequency of stick-slip signal as a function of the stress and strain. 

Mechanism of Stick-slip 

The proposed mechanism of stick-slip is different from that generally used in the 

field of tribology where the friction between two surfaces is considered. In powder flow 

there are many surfaces in contact, i.e., every individual particle is in contact with several 

other particles. This system of particles forms a structure that has to be disturbed to 

deform the powder. When a powder exhibits stick-slip, the powder is able to withstand 

the stress up to a certain value, at which the powder slips. This slip is very violent. After 

a certain movement, the newly formed structure in the powder can withstand the now 
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lower stress. This cycle is repeated and the movement is constant every time during an 

experiment. Since the size of the movement is dependent on the cohesion of the powder it 

is proposed that the powder moves in clusters. The size of these clusters defines the 

movement of the powder. When the clusters are small, with low stresses and no cohesion, 

the clusters consist of single particles. When the stress or cohesion is increased the 

clusters consist of several particles and a collapse of the structure of clusters will occur 

when the powder slips.  

A clear distinction can be seen between stick-slip in stress controlled and strain 

controlled experiments. This confirms the movement in clusters. When a powder is stress 

controlled it means that the stress path is defined, and the powder deformation is 

measured. When the stress is increased the cluster structure will collapse once a critical 

stress is reached. The powder will deform with constant stress until a new structure is 

formed that can withhold this stress. This newly formed structure has its own critical 

stress at which it will collapse. The result is that stick-slip during stress controlled 

compaction will result in a few very violent deformations at which the powder deforms a 

significant distance. In a typical stress-strain plot the slips will be horizontal lines as 

shown in Figure 4-8. 

Strain controlled experiments, as with the Schulze cell, dictate a certain 

deformation path, while the stress response from the powder is measured. Theoretically, 

during a strain controlled experiment, the particles (or clusters) move at a certain rate. In 

practice this is not the case. A cluster of particles will not move until its critical stress is 

reached and the structure collapses. Until the cluster moves, the stress will increase due to 

elastic deformation of the powder and tester system. When the cluster structure collapses, 
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this elastic energy is released and the stress will drop. The clusters move and a new stable 

structure is formed. Compared with the stress controlled experiment this new stable state 

is reached quickly since the stress is reduced immediately. Therefore, during strain 

control the stress oscillates continuously. It should be noted though that there is no real 

strain control since the powder deforms in steps. 

The explanation above provides an explanation for the observed critical stick-slip 

velocity that was found by several researchers. The powder slips with a certain velocity. 

When the shear velocity of the tester is larger than the slip velocity of the powder, there is 

no relaxation of the elastic energy in the system possible so the stress does not drop. A 

constant stress, which is higher than the critical stress, will result in a continual 

deformation. Hence no stick-slip will be observed. 

This feeds the proposition that all powders have stick-slip but not all powders 

exhibit it. All powders consist of particles that form clusters which define the structure. 
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CHAPTER 6 
INTER-PARTICLE FORCE MEASUREMENTS 

Tribology is the science of interacting surfaces. It entails the studies of friction, 

wear, and lubrication. The word tribology, derived from the Greek word tribo meaning 

rubbing, is relatively new. It was introduced in the 1960’s while evidence has been found 

that the ancient Egyptians already used lubricants. More recently, due to the advancement 

of measuring techniques, the subfield of micro- and nano-tribology has evolved. In 

micro- and nano-tribology friction, adhesion, wear, and thin-film lubrication is 

investigated on a scale ranging from atomic scale to micro scale. The measurement of 

forces between particles in powders belongs to this subfield of tribology. 

Several methods are available to perform micro- and nano-tribology measurements. 

The first method, the scanning tunneling microscope (STM) was developed by professor 

Binning and his group in 1981 (Binnig, 1992; Binnig and Rohrer, 1983; Binnig et al., 

1982). In 1986 Binning and Rohrer received the Nobel Prize in physics for their work. 

Binning’s group continued to develop the Atomic Force Microscope (AFM), now the 

most widely used measurement technique (Binnig et al., 1987; Binnig et al., 1986). The 

general name for STM’s and AFM’s is scanning probe microscopes (SPM’s). SPM’s are 

very versatile and can generally measure surface and adhesion forces, measure 

mechanical material properties, and image surfaces with a sub-nanometer resolution. An 

extensive description of the different SPM measuring techniques can be found in the 

Handbook of Micro/Nano Tribology (Bhushan, 1999). The technique used in this work is 

the AFM.  
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In this chapter the interaction between polystyrene particles is measured. The goal 

is to measure the inter-particle forces, adhesion or pull-off force, friction, and particle 

stiffness. This information is incorporated into a discrete element model at the end of this 

chapter to simulate the stick-slip behavior that was observed in the previous chapter.  

Atomic Force Microscope 

A short description of the Atomic Force Microscope (AFM) technique is given 

below. An extensive description of the AFM, including measurement options not used in 

this work, can be found in the Handbook of Micro/Nano Tribology (Bhushan, 1999) or 

the dissertation of Meurk (2000). The atomic force microscope consists roughly of five 

components as presented in figure 6-1.  

Controller

Piezoelectric crystal

Laser Detector 

Cantilever

Sample

 
 
Figure 6-1: Schematic of an Atomic Force Microscope. 

The sample surface is placed on a piezoelectric crystal which can control the 

position of the sample in the x-, y-, and z-direction with nanometer precision. A 

cantilever with a sharp tip touches the sample and scans the surface when the piezo 

moves the sample around. A laser beam is projected on the backside of the cantilever tip 

and reflected onto a position sensitive photodiode detector. During the scan, the asperities 

on the surface will bend the cantilever up or down, causing the laser reflection to shift on 
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the detector. This shift is correlated to the height of the asperities, enabling the mapping 

of the surface. Some AFM’s use an inverted system, where the substrate is on a rigid 

table, while the cantilever is attached to a piezoelectric crystal. The advantage of that 

setup is that the substrate can be of a much larger size.  

As the name indicates, an AFM can also be used to measure the force between the 

cantilever tip and the surface. Two types of force measurements are possible, normal 

force and lateral force measurements. The normal force measurement is used to measure 

the interaction between the tip and the sample when the tip is approaching, touching, and 

retracting. The lateral force measurement is used to measure the friction between the tip 

and the sample surface when the tip is moved over the surface laterally.  

Neutral position
 

 
Figure 6-2: Schematic of lateral force measurement with the AFM showing torsional 

deflection or twisting of a rectangular cantilever. 

The normal force interaction is calculated from the vertical deflection of the 

cantilever during the measurements. The lateral force interaction is calculated from the 

torsional deflection or twist of the cantilever as illustrated in Figure 6-2. For small 

deflections the cantilever follows Hooke’s law (see equation 6-1) where the force Fi is 

the product of the deflection δi and the spring constant or stiffness ki. The index i 

indicates either a normal (c) or torsional (φ) measurement. In the past researchers used 



104 

 

the same k value for both torsional and normal deflection measurements. This is not 

correct since the two constants rarely coincide. 

iii kF δ=          6-1 

The normal spring constant kc can be calculated using equation 6-2, which is 

derived from the mechanical theory for a bending body that is rigidly attached at one end. 

In this equation E is Young’s modulus, l the cantilever length and I the moment of inertia. 

The shape of the cantilever defines the moment of inertia. Cantilevers are generally either 

v-shaped or rectangular-shaped. For a rectangular cantilever (straight beam) I is equal to 

3
12
1 wt  with w the width of the beam and t the thickness. For a v-shaped cantilever the 

determination of I is not that straightforward. In both cases the kc value depends on the 

cantilever thickness cubed. The cantilever thickness is generally between 2 and 6 µm and 

it is difficult to measure it accurately. Therefore a method is used to define the spring 

constant experimentally.  

The eigenfrequency f of a spring is given by equation 6-3, with meff the effective 

mass and k the spring constant. The effective mass depends on the shape of the 

cantilever, including the tip and is thus hard to define. When a mass madd, that is 

significantly larger than the effective mass of the spring, is added to spring, the spring 

constant of the spring can be approximated well with equation 6-4. The AFM can 

oscillate the cantilever with a frequency up to several megahertz to find the 

eigenfrequency. 

3

3
l
EIkc =          6-2 

effm
kf

π2
1

=          6-3 
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addc mfk 224π=         6-4 

To measure translational forces rectangular cantilevers are more suitable than V-

shaped cantilevers. The torsional spring constant kφ can be calculated using equation 6-5, 

with G the shear modulus, w the cantilever width t the cantilever thickness, h the tip 

height, and l the cantilever length. When the normal stiffness is determined from the 

frequency shift, the torsional stiffness can be calculated by combining equation 6-2 and 

6-5, which yields equation 6-6, where ν is the Poisson ratio. An alternative method to 

measure the torsional spring constant was proposed by Bogdanovic et al. (2000) but this 

method is quite laborious.  

lh
Gwtk 2

3

3
=φ          6-5 

)1(3
2

2

2

νφ +
=

h
lkk c         6-6 

The AFM can measure both short range and long range forces. Figure 2-10 shows 

typical force interaction curves. The interaction can include electrostatic and van der 

Waals forces, which can be attractive or repulsive, and adhesion or pull-off forces. Other 

interaction forces, such as capillary and electromagnetic forces are not investigated with 

the AFM in this work. Measurements usually show a different curve for extension 

(approaching) and retraction due to the pull-off force. Figure 6-3 shows the approaching 

and retraction curves as measured with the AFM for a system with and without 

electrostatic repulsion. The data shown are the raw data, with the cantilever deflection on 

the x-axis and the displacement of the base of the tip on the x-axis. At position A the 

cantilever tip is far from the substrate and there is no interaction thus no cantilever 

deflection. When the tip approaches there can be an electrostatic repulsion (B), which 
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will bend the cantilever without contact between the tip and substrate. When the tip is 

near the substrate, the van der Waals forces pull the tip to the surface, resulting in a snap-

on deflection (C). When the tip is in contact, the cantilever will bend linearly in the 

constant compliance regime (D).  
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Figure 6-3: Typical AFM result for force interaction measurements between a tip and a 

substrate, with electrostatic repulsion (top) and without (bottom).  

There is usually a slight off-set between the extending and retracting curve in the 

constant compliance regime due to hysteresis in the piezo element. When the cantilever is 

retracting, the deflection will become negative due to the adhesion between the two 

surfaces. When the cantilever force equals the pull-off force (at point E), the tip will 

snap-off and the cantilever will return to the neutral position. When the interaction 

between particles is required, one particle can be attached to the cantilever and another to 
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the substrate. The above description for tip-substrate interaction during extension and 

retraction is valid for particle-particle interaction as well. The force curves in Figure 2-10 

are shown as a function of the particle separation distance, while the curves in Figure 6-3 

are a function of the z-position of the tip base. In AFM measurements distance is not a 

straightforward measure. Due to the roughness of the surface one can choose to take the 

separation to be between the tip and either the top or bottom of an asperity, or the mean 

asperity size. It should be noted that the distance between the tip and a surface is not 

determined exact with AFM. The distance d between the tip and an asperity is determined 

from the cantilever deflection δc, the distance between the undeflected cantilever and the 

sample surface z, and the surface roughness δs using equation 6-7, as illustrated in Figure 

6-4.  

sczd δδ −−=          6-7 

δs 
d

δc 
z

substrate 

y 

 
 
Figure 6-4: Schematic showing the relative separation between a cantilever tip and the 

substrate.  

For AFM force measurements the control parameter is the y position of the 

substrate base (or the tip base for an inverted AFM). The distance z between the sample 

surface and the neutral tip position is controlled by this y position. This control is a 

relative control though. The absolute value of z is not known for two reasons. Firstly, the 
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thickness of the sample is not known and secondly, as said, the sample surface has a 

roughness, indicated with δs, which makes it arbitrary what that exact thickness would be.  

Care should not only be taken when defining the separation distance. The 

interpretation of the force data needs special attention as well. The system of cantilever, 

tip, and substrate can be modeled as a combination of springs and dashpots interacting 

with a mass as shown in Figure 6.5. The cantilever with mass meff is modeled by the top 

spring and dashpot, simulating the energy storage and dissipation, respectively. The 

bottom spring and dashpot simulate the interaction of the cantilever with the substrate. 

The spring constant ki is not a constant but depends on the distance between the tip and 

the substrate as well as the deflection of the cantilever. For large separation distance, 

when all interaction forces have vanished, the spring constant is zero. When the 

separation distance decreases, the interaction forces, e.g., van der Waals or electrostatic, 

start interacting between the tip and substrate. The interaction forces will be in 

equilibrium with the cantilever deflection force from equation 6-1. Therefore, for this 

interaction region the apparent spring constant ki is very high. When the separation 

distance is zero the tip is in contact and starts indenting the substrate, which results in a 

spring constant ki equal to the substrate stiffness. 

βckc

ki(δc,z) βi

z

δcmeff

 
 
Figure 6-5: Schematic of the cantilever, tip, and substrate, represented by springs and 

dashpots. 
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Experimental Setup 

The experiments are performed with a Dimension 3100 Atomic Force Microscope 

from Digital Instruments. The cantilevers used are rectangular “tapping mode” silicon 

cantilevers, type NCH-W from Pointprobes.  A polystyrene particle is glued to the 

cantilever using Loctite M-21HP Hysol medical grade epoxy adhesive. The particles are 

glued to the cantilevers with the aid of a micro stage and an Olympus BX60 Optical 

Microscope with SPOT RT Digital Camera. Particles are glued to a smooth silicon wafer 

with the same adhesive to form a substrate. For this, a thin layer of glue is applied to the 

wafer and the powder is rained on the glue. After drying, the excess powder is blown off 

with compressed air. Figure 6-6 shows two pictures of a particle attached to the cantilever 

as well as a part of the substrate with particles. The glue is viscous to prevent coating of 

the particles with the glue, which is visually inspected.  

     
 
Figure 6-6: Pictures of particles attached to a cantilever (left and middle, 500x 

magnification) and the substrate of particles (right, 200x magnification). 

The eigenfrequency of the cantilever with particle is measured and equation 6-4 is 

used to calculate the cantilever stiffness. The stiffness of the cantilevers is 54 N/m. 
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Adhesion Force Measurement 

The pull-off force between particles is measured to define the adhesion force. The 

polystyrene powder did not show any significant electrostatic repulsion and the 

measurements look like the bottom graph in Figure 6-3. The data are replotted to reflect 

the particle interaction force as a function of separation distance. Figure 6-7 shows a 

typical result for a 47 µm particle in contact with a particle of about 80 µm. The force is 

scaled as force over radius to exclude the particle size. AFM measurements generally 

show a large scatter. It is not uncommon to have one or two orders of difference between 

measurements. Therefore a large number of measurements is necessary to acquire a 

statistically valid result. For this research only a limited number of 22 measurements is 

made. The results are quite consistent though. The mean pull-off force for 47 µm 

particles is 1236 nN with a standard deviation of 406 nN.  
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Figure 6-7: Typical force-displacement result for polystyrene particles. 
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Due to the small number of measurements no reasonable pull-off force distribution 

can be plotted. Note that due to the high value of the pull-off force and the quick recoil of 

the cantilever only one data point is measured during the flight of the cantilever. 

Therefore, no conclusions can be drawn from the data about the interaction forces after 

pull-off.  

When particles deform plastically or visco-elastically during loading, the pull-off 

force will increase with increasing maximum loading force due to the increasing (semi) 

permanent contact area. The polystyrene particles did not show such behavior within the 

force range that was used. Therefore it can be concluded that the polystyrene particles 

deform elastically at contact during the AFM measurements. 

The pull-off force is due to the van der Waals attraction between the particles. 

Using equation 2-15 the distance between the particles at contact can be calculated. The 

theoretical Hamaker constant for polystyrene is 6.6*10-20 J which has been confirmed 

experimentally (Israelachvili, 1985). The results are shown in Table 6-1 for different van 

der Waals force values. The values are close to the minimum Born separation distance of 

2 to 3 A° which is to be expected since the particles are relatively smooth. 

Table 6-1: Calculated particle separation distance between a 47 and 80 µm polystyrene 
particle for different van der Waals forces. 

van der Waals Force Value  
(nN) 

Particle Separation 
(A°) 

Mean minus one SD 830 4.4 
Mean 1236 3.6 
Mean plus one SD 1642 3.1 

 
Friction Force Measurement 

The lateral or friction force measurement is conducted by moving the cantilever 

laterally back and forth over the substrate as depicted in Figure6-2. When a particle is 
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attached to the cantilever and another to the substrate, the friction between the particles 

can be measured. A typical friction loop is shown in Figure 6-8. The plot shows the raw 

data, the torsional deflection of the cantilever in units of voltage on the detector on the y-

axis and time on the x-axis. The time reverses for the retrace. The scanning frequency 

and distance are known so the time can easily be converted in a length scale.  

 

trace 

retrace 

A 2*Ffriction 

 
 
Figure 6-8: Typical AFM friction loop of a measurement between two polystyrene 

particles. 

The friction loop can be interpreted as follows. At point A the cantilever starts 

moving to the right, but the particle that is attached to it cannot slide due to the inter-

particle friction. This causes the cantilever to bend torsionally while the particle rolls. 

From the slope of the curve at point A the sensitivity of the detector can be calculated. 

This sensitivity is used to convert the voltage into a deflection which, using equation 6-1, 

can be converted into a lateral force.  When the lateral force equals the (static) friction of 

the particles, the particle starts to slide over the surface of the other particle. At this point 

the particle does not roll anymore and the lateral force stays constant. At the end of the 

trace the cantilever slows down, stops, and reverses its direction. The particle will stop 

sliding, roll in the other direction and start sliding when the critical lateral force is 
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reached. This direction is called the retrace. As shown in Figure 6-8, the friction force is 

half the distance between the two horizontal sections. The external normal force on the 

particle can be controlled, enabling the construction of a friction curve. 

For some material the friction is more or less dependent on the sliding velocity. No 

such dependency could be observed for the friction force between the polystyrene 

particles. Interestingly, while the polystyrene particles show clear stick-slip at a 

macroscopic scale, no stick-slip could be observed during the particle friction 

measurements at any velocity. Other researchers have observed stick-slip between 

particles. Meurk (2000) reported a critical velocity for coated silica of 3.2 µm/s below 

which stick-slip occurs. Even at velocities of 0.2 µm/s no stick-slip was observed for 

polystyrene. 
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Figure 6-9: Friction force as a function of the external normal force for polystyrene 

particles. The results of two identical tests are shown, with connecting lines to 
guide the eye. The arrows indicate the direction of the experiments. 
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The results for the friction experiments are shown in Figure 6-9. The scanning 

frequency was 3 Hz with a scan width of 1 µm and thus a scan velocity of about 6 µm/s. 

The friction is evaluated on two different positions and it can be seen that the results are 

very reproducible. During an experiment, the normal force is stepwise increased to a 

maximum value and subsequently stepwise decreased. At every normal force level the 

friction loop as shown in Figure 6-8 is captured and the friction force evaluated. 

At the start of an experiment, at a normal force slightly above zero, the friction 

force immediately jumps to a high value. When the normal force is subsequently 

increased the friction force seems to increase near linearly. When the normal force is 

reduced, the friction force does not show hysteresis until the zero load condition is 

reached. For a negative normal force, the particles stay connected and show a positive 

friction. The friction becomes zero at a normal force of about –1460 nN.  

The reason for this hysteresis is the forces between the particles themselves. The 

normal force presented in the graph is the external force that presses the particles together 

while, as shown earlier in this chapter, there is also an attractive force between the 

particles themselves. The absolute value at which the friction becomes zero is about half 

a standard deviation higher than the measured mean pull-off force. In Figure 6-10 the 

measurements are re-plotted using the total normal force, which is the external force plus 

the pull-off force which is chosen to be 1460 nN. 

As discussed in chapter 2, several models are available for frictional behavior. The 

data clearly show that the friction force between the particles is not a linear function of 

the normal force for low normal forces. The data are used to fit four models using a least 

squares method. The well-used empirical power model (equation 2-26) fits the data well 
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and gives a power of 0.45. This value is lower than the generally accepted values 

between 1 and 2/3. The model proposed by Adams et al. (1987) (equation 2-27), fits the 

data very well but has a negative coefficient of pressure. A negative coefficient of 

pressure means that for large normal force values the friction force decreases with 

increasing normal force, which is unrealistic. Equation 2-25 has been evaluated using 

both the DMT and JKR model. It can be seen that the JKR model gives a better fit than 

the DMT model. The JKR model can not be evaluated for very small forces. 
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Figure 6-10: Friction force as a function of the total normal force for polystyrene 

particles. The curves show the best least squares fit for different models; the 
empirical model shown in equation 2-26 (red solid curve), the DMT model 
(green dotted curve), the JKR model (black solid curve), and the Adams et al. 
(1987) model (blue dashed curve). 

Macroscopic friction measurements usually produce a linear dependency of friction 

on load, resulting in a constant coefficient of friction. For polystyrene the reported 

macroscopic value is 0.5. A linearization of the measured data at normal force values 
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above 5000 nN gives a slope of 0.45 in that region. It might be that the friction curve 

becomes linear for higher stress values as the model of Adam et al. predicts. With the 

available cantilevers it is not possible to measure at higher force levels. If the friction 

curve becomes linear at higher loads it explains why macroscopic friction measurements 

between surfaces are linear. The non-linearity is not measured with macroscopic 

experiments because it will only occur at very low force values and this will be within the 

error of the measurement. 

For the modeling of powders with DEM techniques this non-linearity cannot be 

ignored. The use of a macroscopically measured friction coefficient will largely 

underestimate the friction force between the particles. This underestimation will be 

compounded in the final results of the DEM simulation. Both the inherent van der Waals 

forces and the non-linear frictional behavior need to be included to yield realistic results. 

Inter-particle Force Modeling 

The simulations shown in chapter 3 and 4 do not incorporate inter-particle forces 

other than the contact mechanics. In the Itasca PFC 2D DEM code extra forces can be 

assigned to particles as body forces. This feature is used in the following simulations to 

simulate van der Waals forces and thus advance towards more accurate simulations. In 

the Itasca code contacts between particles are detected before there is physical contact 

between the particles. This enables the introduction of the van der Waals attractive forces 

before the particles actually touch. The drawback of the code is that the distance at which 

virtual contacts are detected cannot be controlled. Therefore, care has to be taken using 

this feature.  

The measurement of the pull-off force of polystyrene particles show good 

agreement with the theoretical van der Waals force as shown in Table 6-1. From the 
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friction experiments it can be seen that JKR mechanics predicts the data better than DMT 

mechanics. The Itasca code does not support JKR mechanics though, so the DMT model 

is chosen for the simulations (equations 2-15 and 2-21). The Itasca code supports 

Hertzian contact mechanics and the added van der Waals forces complete the DMT 

model. The maximum van der Waals force is set at the value corresponding to a 

separation distance of 3 A°. This is necessary since during the simulation the particles 

can actually touch and overlap which would result in unrealistic van der Waals forces. 

The Hamaker constant for polystryrene is chosen to be 6.6*10-20 J (Israelachvili, 1985). 

No electrostatic or capillary forces are included. 

Atomic Force Measurement Simulation 

To confirm the accuracy of the Itasca simulations with the newly added inter-

particle forces the AFM measurements are simulated. In the Itasca code a row of particles 

can be glued together using the parallel bond option. This bond acts as a cemented collar, 

enabling the transfer of a moment between the particles. Such a row of particles can 

simulate the bending of a beam very accurately (Itasca Manual, 2002).  

A row of 14 particles with parallel bonds is used to simulate a cantilever as shown 

in Figure 6-11. The x-position and rotation of particle 1 are fixed at zero, while the 

particle is moved with a constant y-velocity of 3 µm/s, equal to the real AFM velocity. 

The radius of the particles in the beam is chosen to be 10 µm, which is between the width 

and thickness of the actual cantilever of 33 and 4 µm, respectively. The parallel bond and 

particle properties are chosen such that the cantilever has a stiffness of 54 N/m, equal to 

the cantilevers used in the AFM. The deflection of the cantilever is the difference in y-
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position between particle 1 and 14. Simulations confirmed that the particle beam has a 

constant stiffness for the full range of measurements (and well beyond). 
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Figure 6-11: Discrete element model of the AFM cantilever with attached polystyrene 

particle and a polystyrene substrate particle. 

Two particles, simulating polystyrene particles, are included in the simulation. One 

particle (number 100) is attached to particle 14 with a parallel bond simulating the glue, 

while the other particle (number 200) has a fixed x- and y-position right under particle 

100. The rotation of particle 200 is also fixed and set at zero. The displacement of particle 

1 is set to a cycle of alternating downward and upward movement. 

The result is shown in Figure 6-12 and the similarity with Figure 6-3 is apparent. 

At point A the particles are close enough that the van der Waals force pulls them 

together. Region B shows the constant compliance of the cantilever hence the constant 

slope. There is no off-set between the extending and retracting curve since there is no 

hysteresis in the piezo element in the simulation. A straight line is drawn parallel to the 

constant compliance region to show that for negative external loading of the particles the 

compliance is not exactly linear. This is due to the Hertzian contact model and reflects 

reality. As said, a maximum van der Waals force is programmed in, which defines the 

value of the pull-off force at point C. When the particle snaps off, the cantilever recoils 
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and shows a short high-frequency oscillation, resulting in point D. At point E there is no 

interaction between the particles.  

The resulting pull-off force of 73 mN/m is slightly higher than the value measured 

with the AFM. The mean value measured with the AFM is 53 mN/m with a standard 

deviation of 17 mN/m. The reason for this is that in the simulation the closest distance 

between the particles (due to Born repulsion) is set at 3.0 Aº. This is slightly lower than 

the repulsion distance values calculated from the AFM results (see Table 5-1), causing a 

slightly higher maximum van der Waals force. 
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Figure 6-12: Discrete element simulation of a pull-off AFM experiment using the DMT 

model. 

Friction Modeling 

For the simulation of the AFM friction measurements three particles are used as 

shown in Figure 6-13. The simulation is a front view with the top particle simulating the 
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cantilever. The middle particle is a polystyrene particle and is glued to the cantilever 

particle with a parallel bond. The third particle is the polystyrene substrate particle and its 

position and rotation are fixed. The x-velocity of the cantilever particle is controlled, 

while its rotation is fixed at zero. The cantilever particle is moved back and forth laterally 

to simulate the friction loop. The difference in x-distance of the cantilever particle and 

middle particle represents the torsional deflection of the cantilever. The deflection in the 

simulation is compared with the friction between the particles that is calculated by the 

code and the two results coincide. Unfortunately, it is not possible to include a non-linear 

friction coefficient in the code. Therefore, no extensive friction simulations are 

performed and a friction loop is simulated for one force level only. 
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Figure 6-13: Friction loop measured with a DEM simulation, simulating polystyrene 

particles with a Hertzian contact model. 
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The friction between the particles is simulated without an external force, i.e., the 

particles are held together by the van der Waals force, while the Hertzian contact model 

is used. In Figure 6-13 the simulation starts at the top of the substrate particle. The 

cantilever particle is moved to the left, but due to the inter-particle friction the attached 

polystyrene particle does not move laterally but rolls. The slope of the curve starting at A 

is the stiffness of the parallel bond and represents the torsional spring constant of the 

cantilever-with-particle system. At point C the maximum friction force is reached and the 

middle particle starts to slide. At point D the direction of the velocity of the cantilever is 

reversed. No acceleration is included in the simulations, so the velocities in either 

direction are reached instantaneously. The polystyrene particle stops sliding and starts to 

roll towards the right. At point E the maximum inter-particle friction is reached and the 

particle starts to slide to the right. The sliding is taken past the top and the same 

movement is achieved at the right side of the plot, completing the friction loop.  

The resulting friction force of 1500 nN without an external normal force is lower 

than the measured value of 4000 nN at zero load (see Figure 6-9). The reason for this is 

the linear friction model that is used in the simulation. A linear friction model will not be 

able to predict the non-linear friction that is measured. Although the value of the lateral 

force in the simulation is off, the added van der Waals force causes the friction to be non-

zero at zero external load, which is what is measured with the AFM. 

During friction measurements it is important to keep the loading constant. The 

AFM controls the loading by monitoring the vertical cantilever deflection. When 

scanning a particle over another particle, the height of the surface changes due to the 

curvature of the substrate particle. The AFM can correct for this but care should be taken 
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to position the particles exactly above each other. Also, the scanning width should be as 

short as possible. Figure 6-14 shows the y-position of the cantilever particle as a function 

of the scanning position during the simulation. 
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Figure 6-14: Vertical cantilever deflection during a DEM simulation of a friction loop. 

Note that the scales on the axes are three orders of magnitude different. For 
the inset the x-axis is about 11 nm wide while the y-axis is about 0.0002 nm 
high. 

In Figure 6-14, at point A the simulation starts and the particle attached to the 

cantilever snaps on to the other particle due to the van der Waals interaction. At point B 

the cantilever starts to move to the left, causing the cantilever to go up slightly. This is 

due to the rolling of the polystyrene particle and the stretch of the glue, the parallel bond. 

When the cantilever reaches point C the polystyrene particle starts sliding and due to the 

curvature of the substrate particle it moves downward. At point D the direction of the 

velocity of the cantilever is reversed and the cantilever rises due to the rolling action of 
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the polystyrene particle. At point E the maximum friction force is reached and the 

particle starts to slide. When the cantilever passes the top of the substrate particle it still 

ascends and does not descend until a few nanometers after the top. This hysteresis is due 

to the fact that the cantilever drags the polystyrene particle over the surface, i.e., the 

polystyrene particle is slightly behind the cantilever. 

Stick-slip Modeling 

Theoretically, discrete element simulations should give correct macroscopic results 

if the input parameters are correct and the number of particles in the simulation is large 

enough. The van der Waals force is successfully included, but the nonlinear frictional 

behavior cannot be incorporated. Therefore, an average coefficient of friction is included 

which is set at 1. This coefficient of friction will underestimate the frictional force at low 

normal forces and overestimate it at high forces. 

The geometry that is simulated is the Jenike shear cell as shown in Figure 6-15. 

The number of particles in the simulation is 925, which is at the lower limit of a 

reasonable simulation. The particle size distribution is Gausian with a mean particle size 

of 47 µm and a standard deviation of 9 µm, which is comparable to the polystyrene 

powder (see Appendix B). During the simulation the walls forming the top part of the cell 

(in blue) are moved with a constant velocity to the right while the bottom part (in red) is 

stationary. The deformation velocity of the walls is 0.2 mm/s. The forces in the x-

direction in the top section are monitored and represent the shear force as measured with 

a real Jenike cell. These forces are the normal forces on the vertical blue walls and the 

shear forces on the horizontal blue walls. It should be noted that the top wall in the 
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simulation confines the particles while in a real Jenike cell the top wall applies a constant 

(overall) stress on the powder. 

 

 
 
Figure 6-15: Geometry of the Jenike cell in the DEM simulation. 

The force as a function of the displacement of the walls is shown in Figure 6-16. 

There are clear drops in the stress, similar to the real experiments. The data points are 

equally spaced in time and the data point density is a few magnitudes larger during the 

rises in force compared with the drops. This means that the rises are slow while the drops 

are very fast, indicative of stick-slip. The stick-slip events are not as periodic as in the 

real experiment. The reason for this can be that the number of particles in the simulation 

is relatively small. Also, the normal force on the top of the powder bed is not constant as 

with a real experiment. The powder is confined by the top wall, but the normal force on 

that wall is not controlled. 

It is generally difficult to compare 2D simulations with real experiments 

quantitatively. The results of the simulation are given in total force on the walls. To 

calculate the corresponding wall stresses, a thickness has to be assumed for the 2D cross-

section. For this the mean particle thickness can be used as an estimate. The length of the 

top lid is 2500 µm, with a mean particle diameter of 47 µm, giving a cross sectional area 

of 1.175*10-7 m2. The following stresses are calculated using this cross-sectional area.  

The results show a stepped stick-slip signal (see Figure 6-16). During these stick-

slip events the normal stress is approximately 4.3 kPa. The magnitude of the major slips 
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is 0.34 kPa with a maximum shear stress of 2.4 kPa, resulting in a relative magnitude of 

14%. It can be seen in Figure 5-15 that the magnitude is similar to the value that is 

measured for the polystyrene powder with 0.22% and thus predicts the real experiments 

well. The relative magnitude of 14% is lower than the experimentally measured value of 

22%, but is within a reasonable range. 
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Figure 6-16: Shear force as a function of displacement during a Jenike cell simulation. 

The length scale of the major stick-slip events in the simulation is about 17 nm. 

This is 1/3 of the mean particle diameter. It can be seen in Figure 5-17 that that length is 

slightly lower than the experimental results but within 30% of the polystyrene powder 

with 0.22% water. It should be noted that the simulation is performed for a dry powder, 

so the resulting stick-slip length is expected to be lower. 

To find out what causes stick-slip, the van der Waals forces or the friction, two 

simulations are performed without van der Waals forces, one with a friction coefficient of 
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0.3 and one with a friction coefficient of 1. The results are shown in Figure 6-17 together 

with the initial results. The simulation without van der Waals forces with a friction 

coefficient of 1 show a similar profile as the simulation with van der Waals forces. The 

maximum shear force and the magnitude are slightly lower, what is to be expected. The 

van der Waals forces create a cohesion in the powder ensemble, giving it a greater 

strength.   
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Figure 6-17: Comparison of shear experiment simulations. With van der Waals force and 

friction coefficient 1 (grey), and without van der Waals force with friction 
coefficient 1 (blue) and 0.3 (red).  

When there is no cohesion and a moderate friction coefficient of 0.3 in the 

simulation, the shear force does not significantly rise above the x-axis. Figure 6-18 shows 

this result on a different scale, with an inset of the first 0.03 mm for all three simulations. 

No significant increase in shear force is found for the low friction coefficient. The scatter 

is due to individual particles bouncing into the walls and is of the same order of 
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magnitude as with the other experiments. The scatter is no stick-slip as found in real 

experiments since the timescale of the rise and drop of the force is the same. 
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Figure 6-18: Shear force as a function of the displacement with a friction coefficient of 

0.3. The inset shows the first 0.03 mm of shear to compare the granular scatter 
between the three experiments. The grey curve includes cohesion and a 
friction coefficient of 1, the blue curve has no cohesion and has a friction 
coefficient of 1, and the red curve has no cohesion and a friction coefficient of 
0.3. 

The results indicate that stick-slip is caused by the high friction between the 

particles. This friction enables the particles to build stable structures, which collapse 

when the force becomes too large. The cohesion aids in the formation of this stable 

structure. It forms an attractive force between the particles, pulling them together. Since 

all particles are preloaded due to the van der Waals interaction, the friction acts between 

the particles even at zero external force. This enables the powder to form stable structures 

even at low consolidation. This can be seen in Figures 6-17 and 6-18 where the shear 
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force in the powder with cohesion increases at a lower wall displacement than the two 

other powders. 

The results show stick-slip in the powder with a friction coefficient that is linear 

while in reality the friction coefficient is non-linear. A non-linear coefficient of friction 

will probably cause the powder to show a periodic stick-slip during steady-state shear. 

When the powder structure partly collapses, the contact forces in the surrounding area are 

lowered. The non-linear friction forces will be lowered more, causing the contacts to 

slide at small normal force changes. A slip event will therefore cascade through the 

powder until a significantly stable structure is formed. This new structure will be of the 

same strength as the latter structure, causing the powder to collapse at the same strength 

value. 
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CHAPTER 7 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK  

Powder processing is very important in several industries. Yet there is still a 

significant lack of fundamental understanding of powder behavior. Traditionally most 

research and design is based on trial-and-error, empirical models, and mechanistic 

models. To prevent the abundance of problems that are present in industry, design should 

be based on first principles. To establish models based on first principles, a bottom up 

approach has to be used. In powder flow the focus has mainly been on the macroscopic 

scale of powders, trying to establish empirical correlations and mechanistic models. To 

be able to understand the fist principles of powder flow, the particle interactions are key. 

A connection has to be made between the particle scale and the bulk powder scale. 

When correct inter-particle force models have been established, these can be used 

in discrete element method (DEM) computer simulations to simulate an ensemble of 

particles. The results from these DEM simulations can be used as a basis for continuous 

scale models. Process equipment can be designed using finite element method (FEM) 

models with the DEM results as input parameters.  

This research investigated the connection between the micro scale of particles and 

the macro scale of bulk powders. Stick-slip is used to establish a characteristic length 

scale connecting the micro scale and the macro scale. This characteristic length scale is 

called the coherence length, which is a new parameter proposed by the author. The 

coherence length describes how far the influence of an individual particle reaches into the 

powder bulk. It is also referred to as sphere of influence of a particle. When a process is 
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of a length scale smaller than the coherence length, the powder has to be treated as 

granular matter. All individual particles have to be taken into account in the design or 

measurement. When the scale of a process is larger than the coherence length the powder 

can be treated as a bulk material and a continuum approach can be used. 

Conclusions 

When testers are used, one should always be aware of the limitations of the 

equipment. It is possible that tester artifacts are wrongfully interpreted as test results. 

Commercially available powder shear testers have been investigated often and their 

performance was considered known. This research shows that one tester artifact, 

anisotropy, has been wrongfully interpreted as a powder property, while in reality it is a 

synergistic result of powder and tester. It has long been known that powders have a 

different strength depending on the direction of measurement. This is due to anisotropy 

that is formed in the powder during pre-shear. Both measurements and DEM simulations 

show that there is a non-symmetric stress distribution in the powder sample in shear 

testers. When a powder is failed in a direction other than the direction of pre-shear, this 

non-symmetric stress distribution causes part of the powder to reach a new steady state 

deformation rather than a failure. This will result in the observed lower failure value. The 

measured anisotropy is partly due to the tester geometry and is therefore called geometric 

anisotropy. 

In this work a new uniaxial tester is developed as a basis for the development of a 

true triaxial tester. The uniaxial tester is designed to deform a powder either stress 

controlled or strain controlled, which is unique. The tester shows that it is possible to 

form shear zones during uniaxial consolidation, while it is generally considered that only 

compaction occurs. Different shear testers are available to measure powder properties. 
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Some are stress controlled, some are strain controlled, and some are pseudo stress 

controlled. This research shows that the choice of control is not arbitrary. Depending on 

the powder and the application the right control mechanism should be chosen. When the 

concern lies in the final product strength, the focus should be stress control. It should be 

noted that it can be dangerous to use pseudo stress control, especially when a powder 

exhibits stick-slip. 

Stick-slip is a discontinuous or stepwise powder flow. It causes major problems in 

industry since it can induce structural vibrations and inconsistent flow. Other researchers 

have investigated stick-slip and found a dependency of the stick-slip magnitude and 

frequency on the shear velocity. In this work a new approach for stick-slip research is 

used by investigated the length of a slip event. This length shows to be independent of the 

shear velocity and is proposed to be a powder property.  

The dependency of the stick-slip length on the stress state, moisture content, and 

particle size is investigated. The length proved to increase with all three parameters. A 

relative stick-slip length is introduced, describing the slip length in number of particle 

diameters. The experiments show that the relative length scale decreases with increasing 

particle size. The conclusion from all these results is that the length of a stick-slip event is 

a function of the cohesion of the powder. 

In this work a novel mechanism is proposed explaining stick-slip as a sudden 

collapse of the structure in the powder. For this to occur, the particles in the powder need 

to be able to form a semi-stable structure that will collapse when overloaded. During the 

collapse the energy that was stored in the structure is released and the stress decreases. 
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The collapse will last until a new semi-stable structure is formed. The formation of the 

structure is effected by the cohesion and stress state of the powder.  

The particles form a loose structure for a low cohesion and a low stress state, 

resulting in small collapses. The stick-slip length and magnitude will be small for these 

collapses. When the cohesion increases the particles form a more stable structure due to 

the attractive forces between the particles. A higher stress state will activate the friction 

between the particles, enabling the formation of a stable structure. In both cases a larger 

load is necessary to break the structure. The collapse will be more violently, resulting in a 

larger length and magnitude of the stick-slip. 

The higher stresses and cohesion will cause groups of particles to move during 

collapses rather than individual particles. This group of particles is a cluster of a certain 

size and the powder deforms in clusters. An understanding of this clustering is very 

important to understand powder flow. It is for example a key factor in processes such as 

mixing. The stick-slip length is indicative of the cluster size. Therefore it is proposed that 

stick-slip can be used as an indicator for the length scale of processes in a powder during 

flow and thus for the coherence length in a powder.  

The proposed stick-slip mechanism explains the critical stick-slip velocity that is 

often observed by other researchers (Bucklin et al., 1996). When a powder is deformed 

faster than the collapse velocity, there will be no drop in stress during a collapse and the 

powder will deform continuously. Therefore stick-slip is not exhibited above the critical 

velocity which is the collapse velocity. The powder will still deform in clusters though. 

Therefore it is propositioned that all powders inherently have stick-slip but that not all 

powders exhibit it. 
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The friction between the particles is an important property for the formation of 

stable powder structures. Atomic force microscope (AFM) measurements of the inter-

particle forces between polystyrene spheres reveal that the friction between the particles 

is non-linear, following a JKR contact model. The friction force between the particles is 

much larger than macroscopic friction experiments show. The results support the 

proposed stick-slip mechanism. The high friction, which includes adhesion forces, 

enables the polystyrene particles to form stable structures in the powder and thus exhibit 

stick-slip. 

The inherent cohesion in a powder is due to van der Waals attractive forces 

between particles. The AFM is used to measure the adhesion between particles. The 

measured adhesion force agrees with the theoretical van der Waals force between 

polystyrene particles. Therefore, the van der Waals force can be used to describe the 

particle adhesion between polystyrene particles. 

Discrete element simulations of a shear cell are performed, using the measured 

friction and theoretical van der Waals force. Although the simulation was in 2D, the 

results match up well with the experimental results. The simulations show that the high 

inter-particle friction causes the powder to exhibit stick-slip, proving the proposed 

mechanism. The friction between the particles enables the formation of a stable structure 

in the powder, which collapses during a slip event.  

In this research it is shown that a bottom up approach can be used to predict 

powder flow and more specifically stick-slip. An atomic force microscope is used to 

measure particle properties. These properties are used as input parameters for discrete 
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element simulations. With the right input parameters discrete element simulations can be 

used to predict powder flow and stick-slip. 

Suggestions for Future Work  

The majority of this work is based on one material, polystyrene powder. The reason 

for this is that the powder is very spherical, enabling discrete element simulations. In 

powder technology it is dangerous to build theories on the results of a single powder 

since all powders behave differently. When starting from first principles though, all 

powders should behave according to the rules. The challenge is to find out what physical 

or chemical processes are dominant for a certain powder. Different powders should be 

investigated to find the basic equations of phenomena such as non-elastic particle 

contacts, electrostatic charging of particles, non-spherical particles, etc. 

Discrete Element Method simulations that have been used in this work are 

somewhat simplified. To start, the simulation is two dimensional, which is maybe reliable 

qualitatively, but not quantitatively. The contact model is elastic, disregarding plastic 

deformations between particles. For the polystyrene powder this might be a good 

approximation, but for other powders it is not. The particles in the simulation are all 

spherical, which is usually not the case in reality. To make realistic simulations that apply 

to a wide range of powders, a program should be developed that can handle 3D 

simulations of non-spherical particles, with different contact models.  

A good particle interaction model needs to be established to implement in the DEM 

code. The model needs to correctly take humidity, electrical forces, temperature, and 

other environmental and material characteristics into account. The AFM is a useful tool 

for this and much progress is expected in the next years. 
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The focus should not be that faster computers make better simulations. If the 

established inter-particle models are very complex, costing extensive computer time, it 

might be possible to take a shortcut. Not all particles in a process have to be simulated. 

The process can be divided in different systems and for every system a correct size has to 

be simulated. For example to effectively predict the effect of moisture on flow in a silo 

the following sequence could be used. Moisture adsorption and migration on particle 

surfaces can be simulated on part of a particle surface, using the material properties of the 

particle and the liquid. This will give information to simulate liquid bridge formation 

between two particles as a function of air humidity. The extra strength this bridge 

provides can be included in the particle interaction model. Using DEM simulations, these 

interaction models will provide realistic results for small quantities of powder. These 

powder results can be fed into FEM simulations to simulate the flow through the silo. 

The power of this system is the capability to predict powder flow behavior, based 

on the properties measured with an atomic force microscope using only a few particles. 

This enables the modification or design of particles at an early stage of development, 

reducing costs down the line of the development of a powder or process.    
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APPENDIX A 
CALIBRATION SCHULZE TESTER 

 Since the Schulze load cells are used both in compression and tension, the 

compliance in both directions was determined. Figure A-1 shows that the compliance is 

different for tension and compression. Furthermore, the load cells show hysteresis for 

compression. This turned out to be no problem since the load cells were always unloaded 

before a measurement, so the loading curve was used for the calibration of the 

compression experiments. 

0

5

10

15

20

0 2 4 6 8 10 12
Reading (cm)

Fo
rc

e 
(N

)

tension
compression

 
 
Figure A-1: Force calibration graph for the Schulze cell in compression and tension. 
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APPENDIX B 
PARTICLE SIZE DISTRIBUTION POLYSTYRENE 

 The particle size distribution of the 9 micron and 40 micron polystyrene powder 

are measured with the Coulter LS13320. The 9 micron powder shows a bimodal 

distribution. The mean of this powder is actually 7.7 micron, but the mean of the larger 

peak is 9 micron. Most of the work in this dissertation is performed with the 40 micron 

powder which has a narrow size distribution.  
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Figure B-1: Particle size distribution of polystyrene powders. 
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APPENDIX C 
STIFFNESS CALCULATION SCHULZE TESTER 

To verify that the stick-slip signal is a powder signal and not a tester artifact, the 

stiffness of the system has been estimated. The top lid of the tester and the crossbar are 

very sturdy their stiffness is much higher than that of the load cells and the tension bars. 

The calculation is performed for an experiment where the stick-slip signal had a 

magnitude of 40 N, converting to 20 N per tension bar. The displacement during the jump 

was 100 µm. The stretch dL in a section of the tension bars with length L can be 

calculated using equation C-1, where F is the force, A the cross-sectional area, and E 

Young’s modulus of elasticity. The tension bars are modeled as shown in Figure C-1. 

L
AE
FdL ⎟

⎠
⎞

⎜
⎝
⎛=          C-1 

397 mm 

6.7 mm

8 mm

14.9 mm 
thickness 2.0 mm

 
 
Figure C-1: Drawing of a tension bar (top) and schematic representation for stiffness 

calculation (bottom). 

Young’s modulus of elasticity for aluminum is taken as 70*109 N/m2. The elastic 

stretch due to the 20 N force change will be 3.8 µm for the wide part of the bar and 0.17 

µm for the narrow part of the bar, so the total stretch in a tension bar is 4.0 µm. 
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The deflection of the load cells is rated at 0.29 mm at 20 kg, which corresponds to 

24 µm at a load of 20 N. The total deflection of the load cell plus tension bar is 28 µm. 

This is four times smaller than the measured deflection of 100 µm. 

The calculations show that the stick-slip signal can not be solely attributed to the 

stiffness of the tester system. About 75% of the elasticity of the tester with powder 

system comes from the powder. 
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