
ABSTRACT

KONALA, SATYANARAYANA. The Influence of Particle Size, Oxygen and Temperature
on the Spreadability of Copper Powder and its Application to Additive Manufacturing.
(Under the direction of Dr. Gregory Buckner and Dr. Timothy J. Horn).

For powders to be suitable for use in powder bed additive manufacturing, spreadability

is essential. The spreadability of a powder depends on various factors such as the chemical

nature of the powder, the environmental conditions, the shape of powder particles, etc.

In order to better understand the effect of these factors, a rolling drum setup has been

used and the change in avalanche angle with humidity, powder size distribution and

oxygen content has been studied. To measure the interplay of these factors in a smaller

scale, a methodology for using atomic force microscopy to measure these forces has been

proposed. The force data obtained can be used to create more accurate discrete element

models and also understand the influence of different factors on the flow properties of

metal powders.



© Copyright 2019 by Satyanarayana Konala

All Rights Reserved



The Influence of Particle Size, Oxygen and Temperature on the Spreadability of Copper
Powder and its Application to Additive Manufacturing

by
Satyanarayana Konala

A thesis submitted to the Graduate Faculty of
North Carolina State University

in partial fulfillment of the
requirements for the Degree of

Master of Science

Mechanical Engineering

Raleigh, North Carolina
2019

APPROVED BY:

Dr. Christopher Rock Dr. Paul Carriere
External Member

Dr. Gregory Buckner
Co-chair of Advisory Committee

Dr. Timothy J. Horn
Co-chair of Advisory Committee



DEDICATION

To Mom, Dad and Siri.

ii



BIOGRAPHY

Satyanarayana Konala was born in Hyderabad, India. He got his bachelors degree in

Mechanical Engineering from Jawaharlal Nehru Technological University - Hyderabad

(JNTU-H) in 2017, after which he moved to Raleigh to further his studies and obtain a

masters degree in Mechanical Engineering at NC State. At NC State, he worked with

Dr. Timothy Horn at the Center for Additive Manufacturing and Logistics, pursuing

research interests in the field of Additive Manufacturing.

iii



ACKNOWLEDGEMENTS

Firstly, I would like to thank my parents and family for their unconditional love and

support without which, none of this would have been possible. A special word of thanks

to all my friends back in India for their constant support during rough times.

I would like to thank Dr. Timothy Horn for giving me the opportunity to work as a

research assistant under his guidance and support. I would also like to thank Dr. Gregory

Buckner, Dr. Christopher Rock and Dr. Paul Carriere for their constant guidance and

mentoring throughout my time at NC State.

I would like to thank Chet Wyrick for his expert machining help and my lab mates

Mouda, Matt, Leddy, Mikayla and Prithwish, not only for all the help, but also for all

the fun times that made my time at CAMAL very enjoyable. I would also like to thank

Dr. Dong for letting me use his AFM which was instrumental in this research.

Finally, I would like to thank all my friends here at NC State for the fun memories

and company during my time here.

iv



TABLE OF CONTENTS

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Chapter 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Chapter 2 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Interparticle Friction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Van der Waals Forces . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Capillary forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3 Mechanical Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.4 Sintering Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Force - Distance Curves . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 AFM Cantilevers . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Colloidal Probe Technique . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Powder Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Particle Size Distribution . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.2 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.3 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Bulk Powder Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.1 Angle of Repose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.2 Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.3 Apparent Density and Tapped Density . . . . . . . . . . . . . . . 21

Chapter 3 LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . 22
3.1 Surface Force Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2 Flowability Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Chapter 4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . 28
4.1 Powder Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.2 Powder Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2.1 Particle Size Distribution . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.2 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.3 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.4 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.5 Flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3 Dynamic Avalanche Angle Setup . . . . . . . . . . . . . . . . . . . . . . 38
4.3.1 Rolling Drum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4 Experiment Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

v



4.5 Methodology for Atomic Force Microscopy . . . . . . . . . . . . . . . . . 43
4.5.1 Colloidal Probe Preparation . . . . . . . . . . . . . . . . . . . . . 43
4.5.2 Experimental Methodology . . . . . . . . . . . . . . . . . . . . . . 44

Chapter 5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 46
5.1 Powder Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.1.1 Particle Size Distribution . . . . . . . . . . . . . . . . . . . . . . . 46
5.1.2 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.1.3 Powder Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.1.4 Oxygen and Hydrogen Content . . . . . . . . . . . . . . . . . . . 51
5.1.5 Powder Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.1.6 Apparent and Tapped Density . . . . . . . . . . . . . . . . . . . . 52

5.2 Drum Experiment Results . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.1 Avalanche Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Chapter 6 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Appendix A Script . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

vi



LIST OF TABLES

Table 2.1 Comparision of powders obtained using various atomization processes 16

Table 5.1 10th, 50th and 90th percentile data of different volume distributions 47
Table 5.2 10th, 50th and 90th percentile data of different number distributions 47
Table 5.3 10th, 50th and 90th percentile data of different number distributions 52

vii



LIST OF FIGURES

Figure 2.1 Illustration of attraction force between atoms. . . . . . . . . . . . 6
Figure 2.2 Liquid bridge formed between three spherical bodies.(Wang et al.

2017) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Figure 2.3 Forces acting on powder particles (Steuben et al. 2016) . . . . . . 9
Figure 2.4 Figure showing the two major transport mechanisms during sinter-

ing (German 2005) . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Figure 2.5 Time - temperature plot of the heated stage. . . . . . . . . . . . . 11
Figure 2.6 Progression of images showing the various stages of sintering in two

copper particles on a heated stage. a: Initial contact b: early neck
growth c: late neck growth d: bulk transport . . . . . . . . . . . . 12

Figure 2.7 Figure illustrating the various stages of the cantilever during F-d
curve acquisition (JPK Instruments) . . . . . . . . . . . . . . . . 14

Figure 2.8 Images showing a regular AFM probe(left) and a colloidal probe
modified with copper on the tip(right) . . . . . . . . . . . . . . . 15

Figure 2.9 Schematic of a laser diffraction particle analyzer. In modern sys-
tems, multiple lasers with multiple detectors are used to improve
measurement accuracy. Source: Sympatec . . . . . . . . . . . . . 16

Figure 2.10 Image showing commonly seen shapes in atomized powder parti-
cles. a: Overview of powder; b: Agglomerates and satellites; c:
Elongated particles; d: Fused particles; e: Prismatic particles; f:
ILF particles (c, e, f taken from German (2005)) . . . . . . . . . . 17

Figure 2.11 Commonly used methods to determine angle of repose of granular
materials (Woodcock and Mason 2012) . . . . . . . . . . . . . . . 19

Figure 2.12 Hall flow meter used for this work . . . . . . . . . . . . . . . . . . 20

Figure 3.1 Figure showing a: A sketch of the avalanche equipment b: Avalanche
as seen by the photodetector array[haye] . . . . . . . . . . . . . . 27

Figure 3.2 Angle of Repose setup used by Gong et al. (2014) . . . . . . . . . 27

Figure 4.1 Photographs showing the exciter (bottom) and sieve setup (top)
used to sieve the powders. In order to ease the process of sieving
large quantities of powder through sieves meant for small batches,
a powder feed funnel was used to feed powder on to the sieve con-
tinuously and the powder was collected through a hole made in the
wall of the coarse sieve. The flow of powder out of the hole was
controlled by changing the frequency of excitation, thus changing
the characteristics of the standing wave on the mesh. . . . . . . . 30

Figure 4.2 Glovebox used to sieve the powder . . . . . . . . . . . . . . . . . 31
Figure 4.3 Optical Image of Powder before being sieved. Note the wide range

of particle sizes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

viii



Figure 4.4 Scanning electron micrograph of powder after sieving through 60
mesh screen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 4.5 Powder size distributions of the pre-and post-sieved powders. a:
Volume distribution b: Number distribution . . . . . . . . . . . . 33

Figure 4.6 Graph showing the percentage of weight gained by 170 grams of
copper powder with time. . . . . . . . . . . . . . . . . . . . . . . 34

Figure 4.7 Image showing the environmental chamber (left) and control inter-
face (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Figure 4.8 Powders being conditioned in the environmental chamber. . . . . 35
Figure 4.9 CAD model of drum and roller assembly. . . . . . . . . . . . . . . 39
Figure 4.10 Dimensioned drawing showing the schematic of the drum. All di-

mensions are in mm . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Figure 4.11 Image showing the drum and camera setup . . . . . . . . . . . . . 42
Figure 4.12 Raw image obtained from camera setup . . . . . . . . . . . . . . . 43
Figure 4.13 Edge obtained from image after processing . . . . . . . . . . . . . 43
Figure 4.14 First three attempts at making a colloidal probe with copper. Par-

ticles have satellites attached to them and are also quite large com-
pared to the cantilever. Scale bars indicate 500 microns. . . . . . 44

Figure 5.1 Graphs showing the volume size distribution (left) and number size
distribution (right) of the three different starting powders used . . 47

Figure 5.2 Morphologies of copper powder: a) Large distribution; b) Medium
distribution; c) Fine distribution . . . . . . . . . . . . . . . . . . . 49

Figure 5.3 Magnified images showing agglomerates and satellites in the powder 50
Figure 5.4 Graph showing the concentration of various impurities in the cop-

per powder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Figure 5.5 Oxygen content of the various powders used. . . . . . . . . . . . . 51
Figure 5.6 Density of powders. . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Figure 5.7 Avalanche angle of low oxygen powders. . . . . . . . . . . . . . . 53
Figure 5.8 Images showing the avalanche profiles of the low oxygen powders.

a: Large distribution, b: Medium distribution . . . . . . . . . . . 55
Figure 5.9 Avalanche angle of medium oxygen powders . . . . . . . . . . . . 56
Figure 5.10 Images showing the avalanche profiles of the medium oxygen pow-

ders. a: Large distribution, b: Medium distribution c: Fine distri-
bution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Figure 5.11 Avalanche angle of high oxygen powders . . . . . . . . . . . . . . 58
Figure 5.12 Images showing the avalanche profiles of the high oxygen powders.

a: Large distribution, b: Medium distribution c: Fine distribution 59
Figure 5.13 FFT spectra of medium oxygen powders at low humidities . . . . 60

ix



Chapter 1

INTRODUCTION

The use of additive manufacturing (AM) has grown in recent years, owing to its wide

range of applications, its elimination of process/part specific tools and design complexity.

However, the material choices remain limited (Bourell et al. 2017). There is a constant

demand for new materials to fit in various applications, with copper being one of them.

Copper is desirable because of its high thermal and electrical conductivity, and it has

many applications including radio frequency (RF) structures, automobile components

and electrical components where purity is critical to performance (Frigola). However,

pure copper powder is highly cohesive and forms agglomerates hence making it difficult

to spread. For devices like RF accelerating structures, a smooth internal surface is

needed, which in turn requires that finer powder be used, which further exacerbates the

spreadability problem, as a result of the cubic and linear scaling of volume and adhesion

forces.

Discrete Element Modelling (DEM) is a numerical technique in which a large number

of small particles can be modelled and simulated. DEM techniques have been used to

simulate various aspects of the AM process like spreading and powder bed packing (Haeri

2017; Nan et al. 2018; Parteli and Pschel; Xiang et al.). Meier et al. (2018) point out that
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these models do not consider the cohesion between particles as a variable, even though it

plays a crucial role in the spreadability of powder, or lack thereof. They created a model

with both rolling resistance and cohesive forces as variables, with the surface energy value

being calibrated using angle of repose. (Meier et al. 2018)

There have been several studies on the effects of humidity and powder sizes on the

flowability of various granular materials used in food and pharmaceutical industries.

Most of the technologies used in powder manufacturing and characterization today are

from legacy powder metallurgy applications, which do not translate very well to the

AM processes. Novel characterization techniques like Freeman FT-4 powder rheology

apparatus, which measures the flow energy of a powder by measuring the force required

to drive a vane through a cylinder of powder, are now being used to characterize powders

for AM. Another novel way of determining the flowability of powders is by using a rotating

drum to measure the avalanche angle and angle of repose. This measurement process is

considered to be highly relevant to the AM process as it is dynamic and the process of

rolling the powder closely relates to the spreading process in AM.

Properties like angle of repose, are influenced significantly by the intermolecular and

surface forces existing in the sytem. To accurately measure and quantify these forces, one

must look at a particle scale. While several techniques have been used to measure the

surface forces between particles, atomic force microscopy (AFM) is the most commonly

used. With AFM, the force acting on the tip as a function of distance from the sample,

called Force-distance (F-d) curves can be plotted, from which the amount of attractive

force acting between particles can be obtained. Using a technique called colloidal probe

microscopy, where a particle is attached to the AFM tip to gather interaction force data

of the particle with other particles, can be used to measure the individual surface forces

in action. By employing this technique with a copper particle on the tip of the AFM,

and by varying the environment while taking measurements, the various components of
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forces acting on the copper can be broken down. These data can then be used to feed

DEM models more accurately to better simulate powder behaviour in the AM processes.

In this thesis, a methodology for using the AFM to obtain various force components is

proposed.

To relate the bulk properties to environmental conditions, a rotating drum setup has

been developed to study the effect of relative humidity and oxide layer thickness on the

angle of repose of copper powder. Three different particle size distributions have been

used and the avalanche angle data has been obtained for the different powders.
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Chapter 2

BACKGROUND

2.1 Interparticle Friction

Interparticle friction is the net result of multiple forces acting on the powder particles,

both long range and short range. These forces can be categorized into van der Waals

forces, capillary forces, electrostatic forces and mechanical effects, as summarized in the

equation below.

Fad = FvdW + Fcap + Fes + Fm(Israelachvili 2011) (2.1)

These force components are significantly affected by various aspects of the powder

such as morphology, size distribution, oxide film thickness, moisture in the powder, etc.

These forces in turn affect the bulk properties of the powder like angle of repose and

flowability. The major forces acting in a powder system are explained below.
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2.1.1 Van der Waals Forces

Attractive forces are seen in molecules even if they are completely neutral. These are

known as Van der Waals interactions, which arise from instantaneous dipoles. At any

given instant, the electrons in an atom form a negatively charged hemisphere. This

negatively charged side of the atom then polarizes an atom near it, forming an electric

dipole. The two dipoles give rise to an attractive force between the molecules with a

finite time average. These forces, however, are not pairwise additive. This is because

of the effect of the surrounding molecules on the pair in consideration. If the period of

fluctuating dipoles is comparable to the time taken for the electric field to reach the other

molecule, the attractive forces decrease. This is called the retardation effect.

Two atoms with symmetric electron clouds separated by a large distance do not

interact. The total energy of the atom pair is the sum of the kinetic energies of the

atoms. When the atoms are brought close together, the interacting energy between them

adds to the total energy of the system. (Israelachvili 2011; Hamaker 1937)

ET (r) = E1 + E2 + U(r) (2.2)

where U(r) is the intermolecular pair potential energy, and E1 and E2 are the energies

of the individual atoms.

As atoms or molecules approach each other from a zero interaction point, they attract

each other upto a separation distance, �0, at which the attraction force becomes zero and

any distance closer than �0 results in a large repulsive force. This interaction is described

by the Lennard-Jones equation:

U(r) = Um

"
6

n� 6

 
rm

r

!n

� n

n� 6

 
rm

r

!6#
(2.3)
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The value of n is generally considered to be 12 and rm is taken as 2
1
6� and U(r)

becomes

U(r) = 4Um

"�
�

r

�12

�
�
�

r

�6
#

(2.4)

Figure 2.1 illustrates the attraction force between atoms as a function of distance

Figure 2.1: Illustration of attraction force between atoms.

In metal powders, van der Waals forces contribute significantly to the interparticle

adhesion forces; as a result pure metal powders are harder to spread compared to powders

with an oxide layer on them.

2.1.2 Capillary forces

Capillary forces rise from the condensation of liquid from vapor into small cracks or pores,

or in this case, the point of contact between two powder particles. The condensate forms
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Figure 2.2: Liquid bridge formed between three spherical bodies.(Wang et al. 2017)

a liquid bridge between the two surfaces and this has a significant effect on the adhesion

strength of the contact junction. The radius of the meniscus of the liquid bridge between

the two particles can be obtained from the Kelvin equation

rk =

V

RT log(p=psat)
(Israelachvili 2011) (2.5)

where rk is the vapor pressure, 
 is the surface tension of the liquid, V is the molar

volume of the liquid, R is the universal gas constant, p is the vapor pressure and psat is

the saturation pressure of the liquid at that temperature.

This shows that the curvature of the meniscus is related to the relative humidity of

the environment. The liquid bridges formed between three spheres can be seen in Figure

2.2.

The adhesion force due to a capillary bridge is derived from Laplace pressure in the
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liquid and can be expressed as

F
�
D
�

= �4�R
lcos�

 
1� D

2r1cos�

!
(Israelachvili 2011) (2.6)

As a result of these capillary forces, metal powders that have been exposed to a hu-

mid environment have poor flowing characteristics because of the increased interparticle

adhesion from liquid bridges.

2.1.3 Mechanical Effects

The interparticle forces are also affected by the mechanical friction between the powder

particles. This interparticle friction is affected by the morphology and surface roughness

of the particles, making it hard to spread powders with irregularly shaped or spongy

particles because of mechanical interlocking on prismatic geometri. Powders with wide

particle size distributions are also harder to spread compared to powders with a narrow

particle size distribution as the small particles in the powder fill up the interstitial voids,

increasing the number of contacts, increasing the interparticle friction. The mechanical

forces acting on two particles during the spreading process, as illustrated by Steuben et

al, are shown in Figure 2.3.

This can be formulated as shown in equations below, where kn is the stiffness coef-

ficient, � is the coefficient of friction, � is the inter-penetration distance, vi and vj are

the velocities of particles and x̂n is the unit normal vector connecting the particle centers

and fs and fn are the shear and normal forces respectively.

fn = kn�x̂n (2.7)

fs = ��jjfnjj
(vi � vj)

jjvi � vjjj
(2.8)
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Figure 2.3: Forces acting on powder particles (Steuben et al. 2016)

(Steuben et al. 2016)

2.1.4 Sintering Forces

Sintering is a process where interparticle bonds are formed below the melting point of

the material. The decrease in free surface energy after sintering acts as the driving force

for mass transfer. As surface free energy depends on the surface area of the powder mass,

the particles that are in contact have a tendency to reduce the total surface area. Sinter-

ing occurs through the following transport mechanisms: evaporation and condensation,

surface diffusion, volume diffusion and plastic flow. Volume diffusion occurs as a result

of the random movement of atoms above absolute zero. In pure materials, this diffusion

is thought to occur as a result of the gradient differences in the concentration of lattice

defects.

The two transport stages in sintering can be seen in the illustration below. With

neck diameter X, particle diameter D, isothermal sintering time t, Fick’s law can be used

to obtain the mass flux from vacancy concentraion gradient as show in Equation 2.9:

(German 2005)
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Figure 2.4: Figure showing the two major transport mechanisms during sintering (Ger-
man 2005)

 
X

D

!n

=
Bt

Dm
(2.9)

temperature is represented by B, which is given by

B = Bo exp

 
� Q

RT

!
(2.10)

where R is the universal gas constant, T is the absolute temperature and Bo is a collection

of material, temperature and geometric constants.(German 2005)

Figure 2.6 shows the various stages of sintering in copper powder. The experiment

was conducted in a heated stage SEM using a silicon nitride resistive heating chip (Proto

Chips). The time - temperature plot of the heating cycle is shown in Figure 2.6.
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Figure 2.5: Time - temperature plot of the heated stage.

2.2 Atomic Force Microscopy

Surface forces are most commonly measured using atomic force microscopy (AFM). An

AFM is a type of scanning probe microscope. An atomic force microscope consists of a

cantilever with a micro-fabricated tip that interacts with the sample surface and deflects

accordingly. When this cantilever is scanned over the sample surface and the deflections

are plotted, it is possible to reproduce the sample topography. The most common method

of measuring cantilever deflection is the optical lever method, which involves focusing a

laser beam on the back side of the cantilever and measuring its position with a position

sensitive photo-diode. Other methods to measure cantilever deflection are also available,

such as the interferometric method and the electronic tunneling method. Piezo actuators

are used to precisely move the cantilever over the sample surface with a very high precision

in the orders of 1 to 100m. Feedback loops also control the height of the cantilever to

keep the displacement under a certain amount at all times.
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Figure 2.6: Progression of images showing the various stages of sintering in two copper
particles on a heated stage. a: Initial contact b: early neck growth c: late neck growth
d: bulk transport
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An image can be obtained from an AFM using multiple scanning modes. In contact

mode AFM, the cantilever is in contact with the sample surface being scanned. In this

mode, the deflection of the cantilever is set to a certain value and the height of the

cantilever is raised and lowered by supplying a voltage to the piezo to keep the deflection

constant. In non-contact mode, the tip is a few angstroms above the sample surface. The

tip is oscillated with an amplitude and when the tip approaches the sample surface, the

amplitude of the oscillation decreases due to the attractive forces between the tip and the

sample surface, and using this distance, the topography is constructed. In tapping mode,

the oscillating cantilever is brought close to the sample, and when a drop in amplitude

and frequency is detected due to the probe and sample coming in contact, the surface

height is obtained. An active feedback system moves the Z stage up and down to make

sure that the deflection values are within range.

2.2.1 Force - Distance Curves

Force - distance (F-d) curves give the forces acting on the AFM cantilever tip as a

function of its distance from the sample. Various forces act on the cantilever tip as it is

approaching and retracting from the sample. When the tip is just a few microns away

from the sample, electrostatic, Van der Waals, capillary and magnetic forces come into

play. When the tip makes contact and retracts from the sample, the adhesion force

between the tip and the sample ”holds” the tip in contact until sufficient force is applied

on the cantilever to overcome the adhesion force.

2.2.2 AFM Cantilevers

The cantilever is the main part of an AFM. They are usually made out of micromachined

silicon nitride or silicon. A tip with a radius in the order of 5 - 50nm is fabricated at the
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Figure 2.7: Figure illustrating the various stages of the cantilever during F-d curve
acquisition (JPK Instruments)

end of the cantilever. These tips are sometimes coated in a hard material like diamond-

like-carbon to improve wear resistance. The back side of some cantilevers is coated in

gold or aluminum to improve reflectivity. These cantilevers act as springs with spring

constants in the range of 0.005 to 50 N/m. The cantilever with an appropriate stiffness is

to be chosen depending on the application and imaging mode being used. Contact mode

of imaging usually requires cantilevers with low stiffness values.

2.2.3 Colloidal Probe Technique

When studying interaction forces between specific materials, a spherical particle is glued

to the tip end of the cantilever. The cantilever is then re-calibrated using one of the

aforementioned techniques and now, when an F-d curve is obtained using this modified

probe, the interaction forces between the sphere material and the substrate can be ob-

tained as a function of the distance from the sample. This technique is explained in

section 4.5.1
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Figure 2.8: Images showing a regular AFM probe(left) and a colloidal probe modified
with copper on the tip(right)

2.3 Powder Characteristics

2.3.1 Particle Size Distribution

Particle size distribution is the distribution of particle sizes present in a powder, usually

presented as a histogram or a frequency plot showing the number of particles in each

size increment. Cumulative particle size distribution is obtained by plotting the sum of

interval percentages against the lower size limit of the interval. The 10th, 50th and 90th

percentile values of the cumulative distribution, called as d10, d50 and d90, respectively,

are commonly used to represent the size distribution of a powder. Particle size distribu-

tion, according to ASTM B822-17, is usually measured using laser diffraction analysis,

where the powder being measured passes through a laser beam using a liquid and the

scattered light is analyzed. Fraunhoffer diffraction Mie scattering analysis are used to

determine the size of the particles obstructing the beam. Other methods like employ-

ing sieves and optical analysis are also used, but they are not as widely used as laser

diffraction methods. Due to the 2 dimensional nature of the analysis, irregularly shaped

particles are assumed to be spheres of the diameter measured by the apparatus. Figure
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Table 2.1: Comparision of powders obtained using various atomization processes

Process Size Distribution Morphology

PREP 200-600 Spherical
Gas Atomization 15-300 Spherical

Melt Spinning 200-1000 Flake
Plasma Atomization 5-80 Spherical

2.9 shows the schematic of a simple laser diffraction analyzer.

In additive manufacturing, the most commonly used particle size distributions are 45

- 106 microns for electron beam systems and 15 - 45 microns for laser systems. Depending

on the atomization technique used, the powder size distribution changes. Table 5.1 shows

the commonly used methods for producing powders for AM and the prominent particle

sizes obtained.

Figure 2.9: Schematic of a laser diffraction particle analyzer. In modern systems, mul-
tiple lasers with multiple detectors are used to improve measurement accuracy. Source:
Sympatec
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2.3.2 Morphology

Morphology refers to the size and shape of the powder particles. Depending on the

atomization and post processing used to make the powders, various shapes of particles

like spherical, acicular, spongy, flaky, ligamental, etc exist. Morphology is usually de-

termined using optical and scanning electron microscopy techniques. For a quantitative

measurement, the particle’s aspect ratio, defined as the ratio of the largest to the small-

est dimension is used. Figure 2.10 shows the most commonly seen shapes in powder

particles.

Figure 2.10: Image showing commonly seen shapes in atomized powder particles. a:
Overview of powder; b: Agglomerates and satellites; c: Elongated particles; d: Fused
particles; e: Prismatic particles; f: ILF particles (c, e, f taken from German (2005))
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2.3.3 Chemistry

The properties of the final part are significantly affected by the chemistry of the pow-

der feed stock. This includes both the composition of the powder and also the pres-

ence of chemicals like oxygen, nitrogen or hydrogen in the powder and on the surface.

To determine the chemical composition of powders, spectroscopy techniques like X-Ray

Flourescence and Inductively Coupled Plasma Mass Spectroscopy (ICPMS) are used. To

measure the oxygen, hydrogen and nitrogen content, inert gas fusion analysis is used.

Time of flight secondary ion mass spectrometry is also used to determine the thickness

of the oxide layer on the powder particles.

2.4 Bulk Powder Properties

The variation in the particle size distribution, chemistry, temperature and morphology of

the powder particles significantly affect its bulk properties. A few of the bulk properties

of powders important to AM are detailed below.

2.4.1 Angle of Repose

The angle of repose is the angle made by the surface of an unconstrained pile of solids with

respect to the horizontal. It can indicate the cohesiveness of a granular material. It is

affected by several factors such as particle morphology, density, particle size distribution,

moisture content, etc. Several methods are used to measure angle of repose such as fixed

height cone, fixed base cone, tilting table, rotating cylinder and wedge, as illustrated in

Figure 2.11. Angle of repose can also be measured using a rotating drum. Numerical

simulations are also used to determine angle of repose of a granular mass of solids.
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Figure 2.11: Commonly used methods to determine angle of repose of granular materials
(Woodcock and Mason 2012)
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2.4.2 Flow Rate

Flow rate is the time required for a fixed mass (50g) of powder to flow through a funnel

under standard conditions. The hall flow meter is a device commonly used to measure

the flow rate of powders, according to ASTM B213 standards. The flow meter used in

this study is a funnel with a hole diameter of 0.1 in made from aluminum alloy 6061-T6.

The hall flow rate, reported in s/50g is the time taken for a given powder to flow through

the funnel. If the powder refuses to flow through the funnel, even after a light tap on the

rim, it is called a non-free flowing powder.

Figure 2.12: Hall flow meter used for this work
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2.4.3 Apparent Density and Tapped Density

Apparent density of the powder is the weight of a unit volume of loose powder. It is

expressed in grams per cubic centimeter (g/cc). Tap density of a powder is defined as

the density of the powder when the container with the powder is tapped for a specified

number of times. The tap density is determined as the mass divided by the final volume

of powder. Hausner ratio is defined as the ratio of the apparent volume of powder to the

tapped volume of powder, and is used as a measure of packing density and flowability of

the powder.(Geldart et al. 2006) Powders with Hausner ratio below 1.25 are considered

free flowing, and powders with a Hausner ratio above 1.40 are considered non free flowing

as a higher degree of packing results in more interstitial contacts giving rise to an increased

interparticle friction.
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Chapter 3

LITERATURE REVIEW

3.1 Surface Force Measurement

It is difficult to measure van der Waals forces because of their short range nature. The

surfaces must be free of static charge and any contaminants to eliminate any long range

forces. Derjaguin et al. (1978) used a force feedback technique developed by Overbeek

and Sparnay to measure the interaction force between a quartz sphere and a flat quartz

surface. The quartz flat was mounted on the arm of a spring balance, and the sphere was

mounted above it. Coarse movement of the quartz sphere was done with a micrometer

screw. A mirror was placed on the other end of the arm and a parallel light, passed

through a grating, a lens and reflected using a prism onto the mirror. The light was then

reflected onto a photoelectric cell using a prism through a similar lens and a grating.

The photoelectric cell was set up in such a way that the net current would be zero if the

balance is perfectly level. The balance was controlled with a 20 turn electromagnet with

a feedback loop from the cell. The amount of current required to restore the balance po-

sition yielded the force. They successfully performed force measurements for separations

ranging from 700 to 100 nm. Separation between the surfaces was determined optically
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by using Newtons rings. They then modified the setup to measure forces between crossed

fibers. Improvements were made to the feedback system and a bridge circuit consisting

of photo-resistors and variable resistors was added. The separation could be determined

from the value of the variable resistors, hence enabling the measurement of forces between

opaque surfaces. This setup was further improved by moving the feedback coil closer to

the surfaces in question to nullify beam bending effects. (Derjaguin et al. 1978) Overbeek

and Sparnay measured the force of attraction between two glass plates. The lower plate

of a capacitance gauge was mounted on a stiff spring to which a glass plate was attached.

Fine control of the glass plates was achieved using air boxes which expanded in response

to applied pressure. Separation distances were measured by using interference fringes

for larger distances and capacitance measurements at smaller distances. Kitchner and

Prosser modified this technique by changing the capacitance measurement method and

damping the vibrations from the spring. They also eliminated static fields by producing

a plasma in the evacuated vessel. Tabor and Winterton (1969) developed an instrument

using piezoelectric transducers. A piezoelectric bimorph was used to move the lower

surface and the upper surface was held using a steel spring of known stiffness. Cleaved

mucosite mica was glued onto the half glass cylinders and the cylinders were arranged

perpendicular to each other to obtain a geometry similar to a sphere-flat. The lower

surface was moved closer to the upper surface until the two surfaces snap together. By

knowing the stiffness of the spring, the force could be calculated. The separation dis-

tances were measured using white light interferometry (FECO). Hunklinger et al. (1972)

were the first to measure vdW forces using dynamic methods. They measured the forces

between a flat glass plate and a convex lens in a vacuum. The flat plate was attached

to a modified condenser microphone and the lens was mounted on a loudspeaker. The

frequency of the speaker was matched with the resonance frequency of the microphone.

When the two surfaces were brought closer, the change in frequency response of the mi-
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crophone yielded the gradient of the forces. The lens was illuminated using a tungsten

lamp and newtons rings were used to determine separation distance. Several indirect

methods such as surface tension, foam formation etc were used to determine van der

Waals interactions. (Craig 1997)

The development of atomic force microscopy offered a very accurate and sensitive

way of measuring surface forces. AFM was used to measure colloidal forces between a

silica sphere glued to an AFM cantilever and a flat silica surface in aqueous NaCl solution

(Ducker et al. 1991). Butt et al. (2005) measured the interactions between surfaces under

various conditions to selectively eliminate certain interactions. Tips of different materials

with different signs and magnitudes of surface charges were used and their interaction

was measured on mica and glass. This was done in various salt concentrations and pH

values to vary the electrostatic force. Several other studies investigated the variation of

interaction forces in different liquids (Hartmann 1991; Weisenhorn et al. 1992). Burnham

et al. (1993) used nano-indentation techniques to measure nano-mechanical properties of

graphite and gold. The force distance curves for the cantilever sample interaction were

also calculated. Shin et al. (2012) measured adhesion forces between a lactose particle

attached to the tip of the AFM probe and a lactose tablet compacted with a certain force.

The tip shape was estimated using Villarubias algorithm (Villarrubia 1997) to account for

the non-spherical shape of the Lactose particle and thermal method was used to calibrate

the spring constant. Adhesion forces in the range of 5-14 nN were recorded. The jump

to contact region had a small slope, and this was attributed to the elastic deformation of

either the probe or the substrate. Many other studies have been conducted using AFM

to measure the adhesion forces between various materials.

These techniques are useful to determine the fundamental adhesion and capillary

forces at work. These data can be used to create discrete element models to simulate the

behaviour of granular materials.
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3.2 Flowability Measurement

Bulk flowability measurements help in gauging the suitability of powders for certain

applications. Over the years, various techniques have been developed to measure the

flowability of powder directly and indirectly. Tests like the uniaxial unconfined failure

test, determine the flow function of a powder. Flow function, which represents the

relationship between the unconfined failure strength of a powder to the consolidation

pressure applied, can also be measured using Jenike shear cell apparatus. There are

numerous other shear testers that have been designed and their theory and scope is well

documented (Röck et al. 2008; Kamath et al. 1993; Tomas 2001; Feise and Schwedes

1995). Another metric that is widely used to determine flowability, called the Hausner

ratio, was derived from the work of Hausner, in which he measured the ratio of apparent

to tapped density of copper powder with three different morphologies. Angle of repose has

been in use for the determination of flowability of granular materials for many years, and

multiple techniques have been used for its measurement (Schulze 1996)For cohesionless

granular materials, a tilting box method is used, where the material is placed in a box

with a transparent side and tilted. The angle at which the material begins to slide

is called the angle of repose (Carson). This is a way of determining the coefficient of

static friction of the powder. A commonly used method, called the fixed funnel method,

involves pouring the powder from a funnel fixed at a certain height and measuring the

angle made by the heap, by measuring the radius of the cone and its height. Depending

on the type of funnel used, two types of angles of repose can be obtained; internal and

external angle of repose. Internal angle of repose is the angle made by the powder inside

the funnel as it is flowing and it has been observed to be higher than the external angle

of repose (Johnston et al. 2009; Cho et al. 2006). This method has been used to study

the behavior of powders used in a myriad of applications from pharmaceutical powders
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to metal powders. (Beakawi Al-Hashemi and Baghabra Al-Amoudi 2018)

To determine the dynamic angle of repose, a revolving drum method is commonly

used. When granular materials exceed their static angle of repose, a slight disturbance

or increase in angle causes a large mass of the material to slide off, which is called an

avalanche. The angle at which this avalanche occurs is called the avalanche angle. Haye

et al studied the behaviour of pulverized rock powder with and without flow enhancing

additives. A photocell array was used to detect the avalanches as a function of change

in the amount of light reaching the photo cell. They used a disc of diameter 13 cm and

width 2.5 cm. Phase attractor plots were used to study the avalanche behavior of the

powders. The setup they used is shown in Figure 3.1. Crowder et al. (1999) used a

commercially available Aero-Flow rotating drum to explore the use of fourier transforms

on the avalanche data to distinguish between various flow characteristics. Pirard et al.

(2009) used a drum with diameter 84 mm and a width of 10 mm to study the avalanche

behaviour of carbon nanotubes. They used rotational speeds between 6 and 10 rpm were

used and the images were taken with a CCD camera illuminated by a stroboscope. It was

concluded that for carbon nanotubes, the factors influencing the angle of repose were the

filling percentage, rotational speed, and the composition of the reaction gas. Gong et al.

(2014) used a rotating drum setup to measure the angle of repose of Ti6Al4V powder

by rolling section of 3” PVC pipe by hand(as shwon in figure and measured the angle

at which the powder flowed. They used this property to measure the effect of powder

variation on additively manufactured Ti6Al4V parts. Alexander et al used the avalanche

behaviour of glass beads to validate a DEM setup consisting of 20,000 particles of 2 mm

diameter. The mass shift from the avalanches was detected using a load cell and the load

cell data was used to analyze avalanches. Dury et al. (1998) used an MRI to tag mustard

seeds in a rotating drum and their motion was used to verify a DEM code.
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Figure 3.1: Figure showing a: A sketch of the avalanche equipment b: Avalanche as
seen by the photodetector array[haye]

Figure 3.2: Angle of Repose setup used by Gong et al. (2014)
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Chapter 4

Materials and Methods

The experiments detailed in this have been designed as follows. Three different copper

powder batches with initial oxygen contents of 200ppm and three different PSDs were

taken and oxidized to two different oxygen contents. These nine powders were conditioned

for different humidities and the dynamic angle of repose has been recorded for each of

the cases. The setup and methodology are described below.

4.1 Powder Preparation

Powders produced by gas atomization typically have a wide range of particle sizes, and are

sieved into different size distributions. Typically, this is done in air or ambient conditions

and since copper has a high affinity towards oxygen, the copper becomes oxidized in the

process. As a result of this, copper powder that is sieved by the supplier has an oxygen

content of 400 -600 ppm. In an effort to procure as pure a powder as possible, the

powder was purchased straight out of the atomizer without being screened, and this had

an oxygen content of 116 ppm. This powder was stored and handled in nitrogen or argon

filled gloveboxes, with oxygen content kept below 0.7% at all times to minimize oxidation.
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This powder was then sieved in the glovebox using 8 in screens excited with a 50N Bruel

& Kjer vibration exciter type 4809 shaker driven by a signal generator and an amplifier,

with a sine wave frequency of 150-250Hz. Figure 4.2 shows the glovebox used to sieve

the powders.

The powder was first sieved through a 60-mesh sieve to remove any large flakes of

copper and slag from the atomization process. The remaining powder was subsequently

sieved through 100, 140, 270, and 635-mesh size sieves with opening sizes of 150, 106, 53,

and 22 microns, respectively. This yielded powders of three different PSDs, 53-106um,

22-53um, and sub 22um.

The optical and electron micrographs of the as-atomized powder are shown in figure

4.4. It can be seen that the powder has a wide distribution of particle sizes ranging from

sub micron to larger than 200 microns.

Figure 4.5 shows the volume and number size distributions of the powder before and

after sieving the very large and very fine particles out.

Because the fine powder has a very high surface area, it was not possible to obtain a

low oxygen batch of this powder and so the experiments were conducted on medium and

high oxygen powders. For obtaining the medium and high oxygen batches of the medium

and large distributions, some amount of the low oxygen powders was then oxidized to

the desired oxide concentrations. In order to oxidize the powders, an electric furnace

was used. The powders were placed in a thin layer into pans and they were put in the

furnace. The furnace was set at 150�C and the oxygen content of the powder was being

frequently checked to gauge the rate of oxygen. For the large distribution, 10 minutes

in the furnace increased the oxygen content from 230 ppm to 450 ppm. Some amount

of the powder was removed from the furnace at this stage and the rest was left in for

10 more minutes. This resulted in a powder with a bulk oxygen content of 800 ppm.

Similarly, the medium distribution required 20 and 45 minutes in the chamber to reach
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Figure 4.1: Photographs showing the exciter (bottom) and sieve setup (top) used to
sieve the powders. In order to ease the process of sieving large quantities of powder
through sieves meant for small batches, a powder feed funnel was used to feed powder
on to the sieve continuously and the powder was collected through a hole made in the
wall of the coarse sieve. The flow of powder out of the hole was controlled by changing
the frequency of excitation, thus changing the characteristics of the standing wave on the
mesh.
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