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1. Introduction

Two-component dry powder developers, comprised of binary mixtures of small and large

particles, have been used in electrophotographic (EP) printing devices such as laser printers

and photocopier machines for more than half a decade [1]. Two-component developers are

composed of toner — resin particles with a diameter of 5-10 um functioning as a colouring

materials — and carrier particles, usually made of magnetic materials with a mean diameter of

50-100 um, which promote the electrostatic charging of the toner particles and carry the

toners onto the latent images. Inside the EP printing device, a mixture of toner and carrier

particles is intermittently circulated under applied shear and normal stresses in the range of

1-10 kPa. Since the flow behaviour of the developer affects the image quality, it is crucial to

control their flow properties appropriately [2,3].

Whilst many of the factors affecting the flow properties of two-component developers,

such as particle size and shape distributions, composition, mechanical characteristics, efc., do

not change significantly during normal operation of EP printing devices, the mixing ratio, or

compositional balance, of the constituent particles is one of the important variables to control

in the process [1]. Therefore, understanding the relationship between the flow properties and

mixing ratio of binary powder mixtures is of great importance for proper control of the flow

behaviour of EP two-component developers.
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In this study, we present a semi-empirical model which describes the relationship between

the bulk flow properties of large-and-small dry fine binary powder mixtures and the ratio of

the component powders, incorporating the contacts between the constituent particles.

Specifically, the model estimates the number of particle contacts involved in the incipient

flow motion, taking into account the change in the width of the incipient shear zone, and links

these to changes in the flow properties. In fact, an understanding of the fundamental physics

connecting changes in the particle contact network and width of the incipient shear zone to

the onset of incipient flow is of wide benefit to a range of granular systems beyond EP

printing devices such as the processes of powder materials in pharmaceutical and food

industrials.

However, despite its importance, the number of fundamental studies exploring the bulk

flow properties of large-and-small binary powder mixtures in terms of the mixing ratio of the

constituent particles is still limited. There exists some experimental research investigating the

relationship between the bulk flow properties and mixing ratio of the binary powder mixtures

[4-6], but the analyses of the mechanisms were rather qualitative. Computational modelling

studies also exist (e.g. Ref [7,8]) but the results are again rather limited due to the high

complexity of such systems, although this might potentially be a useful approach with further

improvements of computational speed and modelling techniques in the near future. The

current study aims to address the gap between the experimental measurements and numerical
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simulations towards the ultimate goal of an improved understanding of their linkage.

In this study, we firstly investigated the bulk flow properties of fine binary powder

mixtures experimentally,. We wused fine powders to construct model systems of

two-component developers used in EP printing devices, thus eliminating any confounding

factors such as the varying geometric shape of the constituent powder particles and unknown

surface treatments. In a previous study, we successfully performed systematic measurements

by using commercially-available toner powders as the smaller constituent of the mixtures [2].

However, in present work, in order to develop a model which correctly describes the adhesive

property between the constituent particles, we utilised spherical polymer powders as the

smaller constituents whose bulk cohesion were systematically controlled.

Then, a semi-empirical model, which explains the bulk flow properties of the binary

powder mixtures in terms of the contacts of the constituent particles, was developed by

estimating the number of particle contacts involved at the point of incipient flow. There exist

some studies discussing the particle packing of two- or multi-component powder mixtures

from the microscopic viewpoint, relating the bulk packing density to the number of particle

contacts (i.e. coordination number), including experimental measurements [9,10], analytical

modelling [11-16], and computational simulations [17]. In this study, a geometrical model

proposed by Suzuki et al. [12-14], in which the coordination number of the constituent

particles in the binary powder mixtures is calculated from the bulk density (or voidage) of the
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systems, was used for the estimation of the numbers of particle contacts in the system. The

experimental data were then analysed further using the proposed model to determine its

validity.

The remainder of this article is structured as follows: after describing the experimental

methods and materials in Section 2, the results of the measurement of the powder packing

structures and flow properties such as bulk cohesion and internal friction of the binary

powder mixtures are presented in Sections 3 and 4, respectively. A model equation to relate

the particle contacts in the powder mixtures and their flow properties is then introduced in

Section 5, and further analyses based on the model are given in Section 6. We conclude by

summarising the achievements in Section 7.

2. Experimental methods and materials

Several types of smaller powders with different bulk cohesions were prepared for the

purpose of developing a model describing the adhesive property between the constituent

particles properly. Binary powder mixtures were then made using each small powder together

with a larger powder, in which the mixing ratio was systematically changed, and the incipient

flow properties of the powder mixtures were measured under the same experimental
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conditions. The details of the measurement methods of the flow properties, as well as the

powder materials used for the binary mixtures, are described in the remainder of this section.

2.1. Measurement of flow properties

The incipient flow properties of the powder samples were evaluated using a ring shear
tester (RST) RST-XS (Dietmer Schulze, Germany). The fundamental principles of shear
testing, as well as a description of the RST equipment, are summarised elsewhere in various
textbooks and papers (e.g. Refs. [18,19]).

The series of measurements were conducted under the same experimental conditions as
Ref [2]. The powder sample was at first placed into the ring-shaped shear cell of height 13
mm, inner and outer diameters of 32 and 64 mm, respectively, and the lid with radial vanes of
height 3 mm distributed every 22.5° on its lower surface, was loaded onto the sample. In each
measurement, the incipient shear stresses, ts,, were measured under normal stresses of 6y, =
0.6, 1.1 and 1.6 kPa after the pre-shear consolidation with a normal stress of 6. = 2.0 kPa.

In all cases, the obtained data showed good linearity (correlation coefficients, R2, of the
linear fitting were greater than 0.994). Based on this, two parameters representing major
incipient flow properties, bulk cohesion and internal friction, were obtained from the yield

locus, a line fitted to the three measured (o, Tgn) points in the o-t plane (ie. a
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Mohr-Coulomb yield locus) expressed by the following equation:

T=0c-tan@,, +7,. (1)

In Eq. (1), 7., the t-intercept of a yield locus, represents the bulk cohesive property of the
powder sample and is called ‘bulk cohesion’. Also, the angle of the slope of the yield locus
¢nin 18 @ measure of the internal friction of the powder sample and is termed the ‘linearised
friction angle (LFA)’.

The bulk structure of every powder sample was also evaluated in the form of voidage, &,
which represents the volume ratio of the voids in the total volume of powder system. The
value of ¢ was calculated from the bulk density of the powder, py, obtained in the RST
measurement, particle densities of the large and small components: p,; and p,s, and the

volume ratio of the small powder, x, by using the following relationship:

e=1- Py . ()

Each measurement was carried out under standard conditions of 21+2°C and 38-55%

relative humidity (RH). The fluctuations of room temperature and RH did not affect the

results.
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2.2. Powder materials

Glass ballotini (Ballotini solid soda glass balls, diameter 40-70 um, Sigmund Lindner,

Germany) of the same type as in a previous study [2] were used as the larger component in

the binary mixtures. Before being used for the flow measurement, the ballotini powder was

washed using liquid detergent and rinsed thoroughly in distilled water in order to eliminate

fine impurities on the particle surface. After being dried in the cabinet with an internal

temperature of approximately 80 °C for at least 8 hours, it was then sieved using a set of three

nested sieves with different mesh sizes (38, 90 and 100 pm from bottom) in order to obtain a

sufficiently uniform and narrow size distribution. Only the powder remaining on the 38 um

sieve was used for the evaluation of the flow properties. For the smaller component of the

binary mixtures, a polymer powder composed of poly(styrene-co-divinylbenzene) (PS-DVB)

microspheres (Sigma-Aldrich, USA) was used without pre-treatment process.

The cumulative size distributions of the powders obtained by image analysis are shown in

Fig. 1, together with representative SEM images of each type of particles (SEM: JEOL 6340F

FEG-SEM). Under the SEM, the constituent particles of both glass ballotini and PS-DVB

powders appeared almost spherical, and also the surface of the glass ballotini was confirmed

to be almost smooth and impurity-free. Their size parameters such as volume mean diameter,
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dso, and geometric standard deviation, o, of each powder were obtained by fitting a
log-normal function, which closely followed the cumulative size distribution of each powder.
The particle density of each powder was measured by a gas pycnometer (Accupyc 1330,
Micromeritics, USA). The values of size parameters and particle density are summarised in
Table 1.

The flow properties and voidage of the glass ballotini and untreated PS-DVB powders
were measured using the RST prior to the evaluations of the binary mixtures. They are listed

in Table 2.

2.3. Surface modification of PS-DVB powder

For the control of the cohesive property of the PS-DVB powder, a dry coating technique,
in which nanometre-sized materials are added to the surface of host particles as ‘flow
regulators’ or ‘surface additives’, was adopted. As discussed in a previous study, the cohesive
property of the PS-DVB powders can be systematically controlled over a wide range by
changing the type and quantity of silica nanoparticles applied as surface additives. Such
surface additives have only a small effect on the internal friction [20]. In this study, 12 nm
hydrophobic silica nanoparticles, Aerosil® R805 (Evonik Industries, Germany), were chosen

as the surface additives for the PS-DVB powder particles. The BET surface area of the silica
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nanoparticles provided by the supplier was 150425 m* g .

Four types of surface-modified PS-DVB powders covered with different quantities of 12
nm hydrophobic silica nanoparticles: 1, 5, 10, and 100% theoretical surface coverage (TSC)
were prepared based on the results in Ref. [20], in which the bulk cohesion of the PS-DVB
powders decreased with increase of the quantity of the silica nanoparticles in the expected
range of 90-380 Pa. The TSC was calculated from the surface area of PS-DVB microspheres
and total projected area of the silica nanoparticles on the surface of the PS-DVB particles
when all of the silica nanoparticles are considered to be existing as primary particles using
the mean diameters of their primary particles. For ease of reference, the surface-modified
PS-DVB powders are termed as PS-DVB(y) where y represents the TSC of the 12 nm
hydrophobic silica nanoparticles as a percentage (i.e. 1, 5, 10 or 100) For instance,
PS-DVB(10) denotes a PS-DVB powder covered with 10% TSC of silica.

In order to coat the PS-DVB powders with surface additives, the same process was
employed as described in Ref. [23]. A commercially available mixer, composed of a plastic
container with a capacity of 400 ml (diameter 80 mm) and two stainless steel blades (almost
isosceles triangles, with 15 mm base and 36 mm height, rotating at approximately 18 000
rpm), was used for the addition of the silica nanoparticles to the surface of the PS-DVB
particles. In each case, 30 g of the PS-DVB powder and an appropriate quantity of silica

nanoparticles to achieve the desired TSC were mixed together for 120 s. Fig. 2 shows the

10



10

11

12

13

14

15

16

17

18

19

magnified SEM images of the particle surface of each surface-modified PS-DVB powder,

which shows that the silica nanoparticles are uniformly covering the PS-DVB particles in

each case. In each case, the surface-modified PS-DVB powder was stored for at least 8 h

before being mixed with glass ballotini in order to eliminate the possible effect of

electrostatic charge due to friction between particles or due to the wall of the bottle during the

mixing process.

The incipient flow properties and voidage of these surface-modified PS-DVB powders

were measured prior to the evaluation of binary powder mixtures as summarised in Table 3.

The bulk cohesion of the surface-modified PS-DVB powder was systematically decreased by

up to approximately 270 Pa by increasing the quantity of the silica nanoparticles applied to

the surface of the PS-DVB particles from 1 to 100% TSC. The values of the LFA were not

significantly affected by changing the quantity of silica nanoparticles applied; they were

identical to within 5.0%. These observations correspond to the facts reported in Ref. [20] that

increasing the TSC of surface additives systematically decreases the bulk cohesion of the host

particles with a small effect on LFA. A linear correlation was found between the bulk

cohesions of the surface-modified PS-DVB powders and their voidage, as shown in Fig. 3;

the less cohesive they are, the more densely the powders can be compacted.

2.4. Preparation of binary powder mixtures

11
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Binary powder mixtures composed of glass ballotini and surface-modified PS-DVB

powders were prepared in varying compositions for the evaluation of their flow properties.

The powder mixtures were mixed in a 200 ml plastic bottle by shaking it approximately 250

times per minute for 2 minutes with amplitude of approximately 20 cm, as in Ref. [2]. Each

mixture was confirmed to be sufficiently well mixed without apparent segregation from the

fact that the colour of the sample was uniform throughout. Each mixture was stored for an

extended period (at least 12 h) before being tested with RST in order to eliminate the possible

effects of electrostatic charging.

3. Packing structure of binary powder mixtures

The voidage, €, of the binary mixtures composed of the glass ballotini and

surface-modified PS-DVB powders are shown in Fig. 4 as a function of the volume ratio of

the PS-DVB powder, x; (on a logarithmic scale). A common trend was observed for all the

data: the voidage shows a ‘funnel shape’ curve, obtaining a minimum value at approximately

xs = 0.4 in each case. As seen from Fig 4, the powder mixtures were compacted more densely

by using less cohesive PS-DVB powders for the same x;, over the entire range of x;.

12
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There exist a number of numerical models for binary powder mixtures illustrating the

relationship between the packing density and ratio of the component powders, as summarised

elsewhere (e.g. Refs [2,21,22]). Among them, the model proposed by Westman [23] describes

the relationship in a relatively simple quadratic equation expressed as follows:

2 2
V-V x Y V—Vx \[V—-x —-Vx, N V—x -Vx, 1 3)
4 Vs V-1 V-1

where V' is the specific volume of the powder mixture (equivalent to the reciprocal of 1 — g),
V1 and V5 are the partial specific volumes of large and small particles corresponding to the
specific volumes of the large and small powders alone, and x; and x; are the volume ratios of
the large and small powders, respectively (x; = 1 — x;). In the original Westman’s model [23]
or its modified versions [22,24], which show good agreement with the experimental results
for non-cohesive powder mixtures, the parameter G is a function of size ratio of the two
component powder particles. For fine cohesive powders, G can be regarded as an index
representing how easily the binary mixture can be compacted, as mentioned in a previous
study [2]. Since the measured values of the voidage in the small x region, in each case,
shows a more rapid decrease with increase of the PS-DVB powder than the model predicts,
Eq. (3) was fitted to the measured voidage for x; > 0.4 by using G as a variable parameter.

The solid lines in Fig. 4 are the results of these fittings, and the values of G for each line are
13
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listed in Table 4. These values are used in Section 6 to discuss the relationship of the packing

structure with adhesive properties of the constituent particles.

As seen in Fig. 4, the measured voidage shows some significant deviation from the values

predicted by Eq. (3) in the direction of smaller & for the low xs region (x; < 0.1-0.2).

According to the model, the smaller particles are expected to fill in the voids between the

larger particles with little disruption of the bulk packing structure of the larger particles in the

low xs region when the size ratio of large and small constituents, » = d; / d;, is sufficiently

large, typically nearly 10 or larger [22-24]. The value of 7 is 9.17 in this case, which seems to

almost meet this condition. Based on these facts, the deviation of the measured voidage from

the model observed in small x; region seems to indicate that the PS-DVB particles added to

the glass ballotini powder disrupt the bulk structure of the pure glass ballotini and allow the

formation of a denser packing structure. Fig. 4 shows that the PS-DVB particles with a larger

quantity of 12 nm hydrophobic silica nanoparticles disrupt the bulk structure of the glass

ballotini to a greater extent, forming denser packing structures according to the magnitude of

discrepancies between the calculated (lines) and experimental (squares) values.

4. Flow properties of binary powder mixtures

4.1. Bulk cohesion

14
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In a previous study [2], the bulk cohesion of glass ballotini was reduced by adding minute

amounts of toner particles (x; = 0.002-0.005), which was attributed to the fact that the toner

particles disrupted direct contacts between the glass ballotini particles, thus reducing the van

der Waals attractive force between them. However, in this study, the bulk cohesion in general

increased from that of the pure glass ballotini on the addition of a small quantity of

surface-modified PS-DVB particles, as seen in Fig 5(a), which shows the bulk cohesion, 1,

of the binary powder mixtures of glass ballotini and surface-modified PS-DVB as a function

of the volume ratio of the PS-DVB powder. This seems to suggest that the effect of the

contacts between glass ballotini and surface-modified PS-DVB particles should also be taken

into account. As more PS-DVB particles were added, the bulk cohesion decreased until x

reached approximately 0.05. Once x, exceeded 0.07-0.1, the bulk cohesion of the powder

mixtures increased rapidly with increasing the PS-DVB particles. The values of the bulk

cohesion converged on that of the surface-modified PS-DVB powders after reaching a peak at

xs = 0.4-0.8.

Furthermore, the bulk cohesion of the powder mixtures containing a less cohesive

PS-DVB powder became smaller at the same x; over the entire range, as seen in Fig 5(a). In

fact, when the bulk cohesion is compared with the voidage, shown in Fig. 4, these parameters

seem to have a correlation with each other; the denser the mixture, the higher the bulk

15
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cohesion, which seems to suggest a strong effect of the bulk flow properties of the powder

mixtures on the packing structure of the particles. Their relationship is discussed in more

detail in Section 6.

4.2. Internal friction

The relationship between the linearised friction angle (LFA) of the binary powder

mixtures @ji, and volume ratio of the smaller component, x;, is shown in Fig. 5(b). In general,

the dependence of the LFA on x; displayed a funnel-shape curve in each case, having a

minimum at x; = 0.1-0.3, depending on the quantity of the silica nanoparticles added to the

surface of the PS-DVB particles. In each case, the LFA of the powder mixtures was almost

constant, or showed slight decrease at x; < 0.05-0.07, and then decreased rapidly to the

minimum point with increasing x;. In more detail, the LFA of the mixture composed of the

surface-modified PS-DVB powder with a smaller quantity of silica nanoparticles (i.e. more

cohesive PS-DVB powder) started decreasing rapidly at smaller values of x;. The values of x

where the LFA reached the minimum, xs(®jinmin), also showed a systematic trend; the more

cohesive the surface-modified PS-DVB, the smaller the value of xy(®inmin). Furthermore, the

minimum values of the LFA, @jinmin, became smaller as a less cohesive surface-modified

PS-DVB was used in a mixture. This seems to reflect that the more 12 nm hydrophobic silica

16
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nanoparticles cover the surface of PS-DVB particles, the lower the friction between the

surface-modified PS-DBV particles and glass ballotini becomes. Once the LFA reached a

minimum at x(Qiinmin), it increased with further increase of x; and converged on the LFA of

the surface-modified PS-DVB powders in each case. Further discussion in terms of the

relationship with particle contacts is given in Section 6.

5. Model relating flow properties and particle contacts

In this section, we develop a semi-empirical model to relate one of the flow properties of

the binary powder mixtures, bulk cohesion 7., to the packing structure in terms of the average

number of particle contacts. In order to estimate the numbers of particle contacts in the

powder mixtures, a model equation was applied based on the geometric analysis proposed by

Suzuki et al. [12-14], which provides the average coordination number of the constituent

particles of binary powder mixtures from their bulk structure (i.e. voidage). The details of the

calculation of the coordination number with Suzuki’s model are provided in the Appendix.

Suzuki’s model takes into account the four cases of particle contact between the large (1)

and small (s) particles in the mixture, corresponding to cases (i)-(iv) described in the

Appendix. The average coordination number of the particles in a binary powder mixture,

17
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*

N> 1s the sum of the average numbers of the four types of particle contacts shown in the
system, i.e.:
Nc,all = Nc(l—l) + Nc(s-s) + Nc(l—s) + Nc(s—l)

% 5 % > (4)
= Nc(l-l) + Nc(s-s) + Nc(l,s)

where N :(LS) is the sum of N :(1-5) and N :(S_l), representing the average number of contacts
between large and small particles, corresponding to ballotini and PS-DVB, respectively.
When an incipient flow occurs in a powder, the incipient shear zone is usually thin [19] as
shown in the two-dimensional schematic diagram in Fig. 6. In the case of single-component
powders, the thickness of the incipient shear zone is equivalent to the length of approximately
10-20 particles, regardless of the particle sizes [25-27]. Here, let us assume that the bulk
cohesion of binary powder mixtures can be expressed as a linear superposition of the

numbers of three types of particle contacts existing in the incipient shear zone, i.e.:

Tc (xs ) =4- Nc,sh(l-l)(xs ) +B- Nc,sh(s-s) (xs )+ C- Nc,sh(l,s) (xs )’ (5)

where N gn(1-1), Ne sh(s-s)» and N shq,c) are the numbers of the contacts of large-large, small-small,
and large-small particles being involved in the shear motion or existing in the incipient shear

zone respectively, and A, B, and C are coefficients with units of stress. By introducing a
18
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dimensionless function, = f(xs), which is proportional to the thickness of the incipient shear

zone in the powder mixtures, the number of three types of particle contacts, ballotini-ballotini,

(PS-DVB)-(PS-DVB), and ballotini-(PS-DVB), in the incipient shear zone can be expressed

by the following equations:

Nc,sh(l—l) o fong, 'N:(l-l) > (6a)
Nc,sh(s—s) oc f Pt N:(s—s) > (6b)
Nc,sh(l,s) o f : ntot : N:(l,s) s (6C)

where ny [m™] is the number density of the total particles in the powder mixture. Therefore,

Eq. (5) can be rewritten as follows:

T (%)= (5 (%) A Ny (5)+ B’ Ny (x)+C' Ny (%) ] (7

where 4’, B', and C' are coefficients with units of stress times volume (i.e. Pa m®), and are
measures of the relative degree of adhesion between ballotini-ballotini, (PS-DVB)-(PS-DVB),
and ballotini-(PS-DVB) contacts, respectively.

In Eq. (7), fixs) no(xs) 1s a relative measure of the number of total particles in the

incipient shear zone. Since the thickness of the incipient shear zone is expected to be nearly

19
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proportional to (typically 10-20 times as large as) the diameter of particles in single
component system according to the discussion in Ref. [23-25], that in large-and-small binary
mixtures is also expected to be nearly proportional to the average diameter of the particle in
the system as discussed in Ref. [8] in general. The average diameter, day., is defined as

follows:

dave = Sn,l ' dl + Sn,s : ds b (8)

where S, and S5 (= 1 — S,)) are the number ratios of large and small particles, respectively.
Fig. 7a shows the results of such a calculation of d,ye 711t as a function of x, in which dyye 7110t
shows nearly a linear dependence on x; in each case. Taking into account the fact that f{x;) is
nearly proportional to d,., the number of total particles in the incipient shear zone, i.e.
Sxs) miot(xs), 1s also assumed to increase almost linearly with increasing x; as shown by the
dashed line in Fig. 7b. Also, it is reasonable to suppose that ratio of the incipient shear zone
thickness of the pure larger powder (i.e. glass ballotini) to that of pure smaller powder (i.e.

surface-modified PS-DVB) is equivalent to the ratio of their average diameters, i.e.:

S _d,
d,

9
70 )

N—"

20
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In order to simplify the calculation, let (1) be equal to 1 and therefore f{0) = di/d;. By
calculating the gradient a in Fig. 7b by d|, d;, nit), and nys, the function f{x;) is defined by

the following equation:

|:ntot,s _(dl/ds) ntot,l:l .xs +(d1/ds ) ’ ntot,l

f(xs): nmt(xs)

(10)

Now, the bulk cohesion of the powder mixtures can be calculated by assigning Eq. (10) to the
function f{x;) in Eq. (7).

In Eq. (7), the value of A4’ is specified by assigning x; = 0 and applying f = di/d; as
A'=|:Tc’l / (nmt’fNC,l)}(ds /d,), where T, nwy, and N, are the bulk cohesion, number
density, and coordination number of the glass ballotini, respectively. In the same manner,
B'=r / (nms -NC’S) is obtained by substituting x; = 1 into Eq. (7) and applying /= 1, where
Tess Miots, and Neg, are the bulk cohesion, number density, and coordination number of the
surface-modified PS-DVB powder, respectively. Therefore, the coefficient C' is the only
variable parameter to be fitted.

Fig. 8 shows the results of such a calculation. For the mixtures of glass ballotini and
PS-DVB(100), the model fits well to the experimental data over almost the entire range of x
by choosing an appropriate value for C’ (typical values are tabulated in Table 5). However, in

the case of the powder mixtures of glass ballotini and PS-DVB(1), large discrepancies were
21
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found between the results of calculation and experimental data in the small xs region,

although they agree well with each other when x; exceeds 0.1. In fact, this discrepancy

becomes more obvious as the bulk cohesion of the surface-modified PS-DVB powder

becomes larger.

The bulk cohesion of the surface-modified PS-DVB powders depends on how much the

surface additives on the PS-DVB particles disrupt their direct contacts; the more efficiently

the additives disrupt the direct contact between the PS-DVB particles, the smaller the bulk

cohesion, as reported in [20]. When it comes to the adhesion with glass ballotini, the

surface-modified PS-DVB particles with smaller bulk cohesion are generally supposed to

have a weaker adhesion since the additives on such PS-DVB particles must disrupt the direct

contact between glass ballotini and PS-DVB particles more efficiently.

However, as the adhesion between the glass ballotini and surface-modified PS-DVB

particles increases, the PS-DVB particles between the glass ballotini particles may work as if

they are adhesives, causing a rapid increase of the number of the particles involved in the

shear motion, f{xs) nwi(xs), for very small x;. Modifying the proposed relationship between

flxs) mior(xs) and x5 to a linear function whose gradient is (1—0)-a after f{xs) n(xs) increases

rapidly at very small x,, as illustrated by the solid line in Fig. 7b, the function f can be

denoted by the following equation:

22



10

11

12

13

14

15

16

17

18

(1-8) [ ~(4/) o ] 5+ s =(123) [ ~(h/) P ]
)= M (X,) . (11)
4 (x.=0)
4 :

The bulk cohesion of the powder mixtures was then recalculated by substituting Eq. (11) into
Eq. (7), instead of Eq. (10).

The coefficients 4" and B’ were again determined as A4’ = I:Tc’l / (nml N, )]-(dS /d,) and
B'=r / (nms "N, ), which can be calculated by substituting x; = 0 and 1, respectively. The
two parameters, C' and o, were chosen so that Eq. (7) fitted best to the experimental results.

The model calculation shows good agreement with the experimental data when choosing
appropriate values for C' and d for the mixtures with each type of surface-modified PS-DVB
powder, as shown in Fig. 9. The values of B’ obtained by calculation, as well as those of "

and & obtained by fitting, are as listed in Table 5. The value of 4’ was fixed at 1.0 x 107'* Pa

6. Analysis of data based on model

6.1. Meaning of parameters
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As mentioned in Section 5, the values of 4’, B’, and C' are the relative measures of the

degree  of adhesion between  ballotini-ballotini, (PS-DVB)-(PS-DVB), and

ballotini-(PS-DVB) contacts, respectively. Fig. 10 compares the values of B’ and C' for each

type of binary powder mixture, which validates the assumption mentioned above; namely,

that the more surface additives cover the surface of a PS-DVB particle, the less chance the

surface-modified PS-DVB particle has of making direct contact, not only with other PS-DVB

particles, but also with glass ballotini. The parameter G in Eq. (3), representing how easily

the binary mixture can be compacted, also has a strong correlation with the parameter C’, as

shown in Fig. 11, which implies that G also has a correlation with B’. This demonstrates that

the packing structure of the binary powder mixtures and the adhesion between the two types

of constituent particles are strongly related with each other, similar to the fact that the

packing structure of the single component PS-DVB powders is correlated with their bulk

cohesion, as seen in Fig. 3.

6.2. Thickness of the incipient shear zone

Since the function f(x;) is defined as a relative measure of the thickness of the incipient

shear zone in the binary powder mixtures, it is possible to analyse the thickness of the

incipient shear zone quantitatively in terms of its dependence on xs, as well as effects of the
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surface-modified PS-DVB. Fig. 12 compares the function f{(x;) for all of the binary powder

mixtures, where the lines are the calculated values based on the linear change of f{x;):7o1(xs)

and the squares are the recalculated values so that the result of model calculation of Eq. (9)

agrees with the experimentally obtained bulk cohesion using the values of parameters A', B’,

C', and 9 listed in Table 5.

In each case, the function f{x;) decreases with increasing x;, which seems to reflect the

decrease of the average diameter of the powder mixtures. The function f{x;) increases as the

parameter 6 becomes larger, as defined in Eq. (11), so the parameter 6 represents the degree

of the increase of the incipient shear zone thickness, or the number of particles in the

incipient shear zone. In fact, the values of & show a good correlation with those of the

coefficient C', as shown in Fig. 13. This fact indicates that the stronger the adhesion between

the glass ballotini and PS-DVB particles, the thicker the incipient shear zone becomes, for the

same values of x..

Some values of the function f at very small x; (i.e. x; = ~0.002) obtained from the

experimental data (presented in Fig. 12 by dots) show relatively large deviation from the

calculated values (lines), in such cases as the mixtures of glass ballotini and PS-DVB(1) or

PS-DVB(100). These seem to reflect the fact that the function f{(x;) should converge on dy/d

(=9.17) as x5 approaches to 0.
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6.3. Decomposition of total bulk cohesion

*

Equation (7) has three terms, f-nm, ANy, ., f-ng BN,

c(s—s)

, and
f-n, -C-N, :(LS), each of which represents the parts of the cohesion of ballotini-ballotini,
(PS-DVB)-(PS-DVB), and ballotini-(PS-DVB) contacts, respectively, in the total bulk
cohesion of the powder mixtures. As an example, these three terms calculated using the
values of the parameters 4A', B, (', and ¢ listed in Table 5 and the function f which fits best
with the experimental data for the mixtures of the glass ballotini and PS-DVB(10) are
presented in Fig. 14. As illustrated, the bulk cohesion of the binary powder mixtures is found
to be divided into three regions by comparing the values of these three terms. The
ballotini-ballotini contacts are dominant in Region I (x; < 0.025), where their cohesion
rapidly decreases and that of ballotini-(PS-DVB) contacts gradually increases, whilst the
(PS-DVB)-(PS-DVB) contacts have almost no effect. In Region II (0.025 < x; < 0.28), the
ballotini-(PS-DVB) contacts are the primary contribution to the total bulk cohesion, where
the cohesion of ballotini-ballotini contacts approaches zero and that of (PS-DVB)-(PS-DVB)
contacts starts increasing with increasing x;. The cohesion of (PS-DVB)-(PS-DVB) contacts
keeps increasing and exceeds that of ballotini-(PS-DVB), and then becomes dominant in
Region III (x5 > 0.28).

The same analysis is applicable to all other powder mixtures. By comparing each term
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separately, it is possible to discuss the effect of the difference of surface-modified PS-DVB

powders on the total bulk cohesion in detail. Fig. 15 presents the three terms of the bulk

cohesion of each binary powder mixture. The bulk cohesion of the mixtures is different in the

entire range of xs as shown in Fig. 5(a), which seems to be attributable to the difference in the

bulk cohesion of the PS-DVB powders, as mentioned in Section 4. In fact, the cohesion of

(PS-DVB)-(PS-DVB) contacts starts increasing once x5 reaches approximately 0.05, and their

difference then becomes apparent with increasing xs, as shown in Fig. 15(b). On the other

hand, the cohesion of ballotini-ballotini contacts is different below x; = ~0.05 (Fig. 15(a)).

This reflects the value of 6, which results in the variation of the number of glass ballotini

particles involved in the shear motion since the value of 4’ is common to all the powder

mixtures. The cohesion of ballotini-(PS-DVB) contacts is different over almost the entire

range of xg, particularly in x, < ~0.4 (Fig. 15(c)), mainly due to the value of C’, which also

affects the change of the total bulk cohesion.

6.4. Relationship with internal friction

By comparing Fig. 5(b) with Fig. 14, it can be found that the linearised friction angle

(LFA) at first decreases with the decreasing effect of ballotini-ballotini contacts as well as an

increase of the effect of ballotini-(PS-DVB) contacts, and then turns into increase following
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the increase of the effect of (PS-DVB)-(PS-DVB) contacts. Therefore, the change of LFA

seems to reflect how the contribution of each type of particle contacts changes with increase

of x5 in each powder mixture.

Fig. 16 compares the ratio of the three types of cohesion to the total bulk cohesion,

representing the contribution of each type of particle contacts to the total bulk flow property.

Fig. 16 illustrates that, by using a less cohesive surface-modified PS-DVB powder, both the

decrease of the contribution of ballotini-ballotini contacts and increase of that of

(PS-DVB)-(PS-DVB) contacts shift in the direction of larger xs, and so does the peak of the

contribution of ballotini-(PS-DVB) contacts. As explained in Section 4, the ratio of the

surface-modified PS-DVB particles in which the LFA becomes minimum, Xs(@iinmin)

increases as the bulk cohesion of the surface-modified PS-DVB becomes smaller (Fig. 5(b)),

and this corresponds to the shift of the contributions of each type of particle contacts seen in

Fig. 16. This fact strongly supports that the suggested model correctly describes the effect of

the adhesion between the constituent particles into the bulk flow properties.

Fig. 17 compares xs(¢iinmin) and the boundary between Regions II and III defined in Fig.

14, x(Is-ss), for all types of the binary powder mixtures, showing the fact that the values of

Xs(@1inmin) and xs(Is-ss) have a strong correlation with each other; the values of xy(@jinmin) are

always slightly (i.e. 0.04-0.06) smaller than that of x,(Is-ss).
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7. Conclusions

In this study, we have experimentally investigated the bulk flow properties of

large-and-small fine binary powder mixtures as a function of the ratio of the component

powders, and proposed a semi-empirical model describing their relationship incorporating the

contacts between the constituent particles.

First, the incipient flow properties of the binary powder mixtures were evaluated using

large-and-small model powder mixtures (of diameter 71.9 and 7.84 um, respectively).

Systematic measurements were conducted using polymer microspheres as smaller particles

whose bulk cohesion was controlled by surface additives. The two flow parameters: bulk

cohesion, T, and linearised friction angle (LFA), ¢in, were obtained from the yield loci

obtained by ring shear testing.

The flow properties of the powder mixtures were then compared with their packing

structure. The macroscopic structure of the powder mixtures was evaluated in the form of

voidage, and then the coordination number of the particles in the mixtures was estimated

using Suzuki’s model. With these data, we have developed a semi-empirical model equation

in which the total bulk cohesion of the powder mixtures is expressed as a linear superposition

of the numbers of the three types of particle contacts involved in the shear motion. An
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assumption that the number of particles in the incipient shear zone has a linear correlation

with the volume ratio of the smaller constituent particles (i.e. surface-modified PS-DVB), x,

was made.

The model equation reproduced the experimental data of the bulk cohesion well by

choosing appropriate values to the two parameters: ', representing the adhesive property

between large and small particles, and 6, accounting for the rapid increase of the number of

particles in the incipient shear zone at low x; region. The values of the parameter & were

highly correlated with those of C’, which indicated that the stronger the adhesion between the

large and small particles, the thicker the incipient shear zone becomes, at very small x;

region.

By decomposing the bulk cohesion of each powder mixture into three fractions according

to the contribution of the types of particle contacts: large-large, large-small, and small-small

particle contacts, the bulk cohesion was divided into three regions with increasing x; in which

each of these three types of particle contacts is dominant. Also, the following findings were

obtained by further analyses:

¢ The total bulk cohesion of the mixtures with more cohesive small constituent became

higher throughout the entire range of x,. This is attributed to the increase of the incipient

shear zone thickness as well as stronger adhesion of large-small particle contacts for x; <
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~0.05, whilst this reflects the cohesion of small-small particle contacts for xs > ~0.05.

* By using less cohesive smaller particles, the value of x; at which the contribution of

large-small particle contacts in the total bulk cohesion reached a maximum shifted in the

direction of larger x;.

* The LFA followed a funnel-shaped curve in terms of x;, and the value of x; at which the

LFA reached a minimum, xs(Qiin,min), shifted in the direction of larger x; when using less

cohesive smaller particles. This corresponded to the shift of the maximum contribution of

large-small particle contacts in bulk cohesion.

As potential further work, the range of validity of the proposed model can be explored.

The degrees of adhesion of the three types of particle contacts were compared quantitatively

by their relative measures obtained in the model calculation: A’, B’, and C’, which were

proven here to have a well-defined physical interpretation. However, direct measurements of

the adhesive force between particles, by means of techniques such as atomic force

microscopy (AFM) as some studies have attempted [28-31], would provide a useful

comparison to the results presented here. Also, the physical description of powder flow in this

model can be further enhanced by numerical model simulations such as discrete element
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method (DEM). The dependence of the flow properties of binary powder mixtures on the

consolidation stress would also be of further interest.

Lastly, an investigation of the range of powder size as well as size ratio in which the

proposed model is applicable can be carried out. The model works quite well in the case that

the constituent particles are micrometre-sized, and the size ratio of large and small

components is at least ~10:1. The cases where the larger particles’ average size exceeds

approximately 100 pm, and therefore the influence of gravity will overcome the interparticle

adhesive force, or where the smaller particles’ size is less than approximately 1 um, and the

particles will tend to agglomerate strongly, would be of interest to study.

In summary, the achievements of this study are expected to advance the understanding of

the fundamental flow properties of fine powder mixtures. Also, they will give a clear

direction of the bulk flow properties of component powders in the design of powder mixtures

and realise the better control of the flow behaviour in the products such as EP developers.

Appendix: Coordination number

Here, a geometric model for calculating the coordination number of the particles in
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large-and-small binary powder mixtures proposed by Suzuki and co-workers [12-14], which
is applied to the analysis of the relationship between flow properties and particle contacts of
the binary powder mixtures in this study, is illustrated in detail.

The model takes into account the four different cases of particle contact, i.e.:

Case (1): Large particles in contact with a reference large particle;
Case (i1): Small particles in contact with a reference large particle;
Case (ii1): Large particles in contact with a reference small particle;

Case (iv): Small particles in contact with a reference small particle,

as illustrated in detail in Refs. [2,13]. The number of particles making contact with a
reference particle in cases (i) and (iv) can be obtained by considering a powder composed of
uniform-sized spherical particles. In the case of powder with uniform-sized spheres with
diameter d, the relationship between the coordination number N., and voidage & of the
powder is expressed by the following empirical equation:

(1—8)_1/3

New :2'812(b/d)[1+(b/d)2}’

(A1)

where b is a coefficient determined by the voidage €, calculated from:
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(1-e)" - 1+(b/d)’ )

1+ (b/d)exp (d/b)’ | Exfe(d/b)”

where Erfc(x) represents the complementary Gaussian error function.
In case (i1), the number of small particles making contact with a reference large particle,

Neass), 18 expressed by the following equation:

N, (2=\3)[(d\/d,)+1]

N, = (A3)

- 2[1+(dl/ds)—{(dl/ds)[(dl/ds)+2]}l/2}’

where d) and d, are the diameters of large and small powders, respectively. In the same

manner, the number of large particles contacting with a reference small particle, case (iii),

N1y, can be calculated by exchanging the quantities d; and ds in Eq. (A3).

The coordination number of the large powder, N.j, can then be calculated by making the

assumption that the number fraction of the contact particles on the reference particle is related

to the surface area occupied by the individual contact particle as follows, taking into account

cases (i) and (i1):

Nc,l = Sa,lNc(l-l) + Sa,ch(l-s) H (A4)
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where S, (or S,5) is the fractional area ratio of the large (small) powder, defined as the ratio
of the total surface area of the large (small) particles in the surface area of all of the particles
in the system, with S, s = 1— S, . The first and second terms in Eq. (A4) represent the number
of large-large and large-small particle contacts per a large particle in the powder mixture,
respectively. The coordination number of the small powder, N, can be obtained in the same
manner, i.e.:

Nc,s = Sa,lN

ooy T S, N,

c(s-s) ’ (AS)

where the first and second terms in Eq (AS) represent the number of small-large and
small-small particle contacts per small particle in the mixture, respectively.

The average coordination number of the total binary powder system, N, is the

c,all »
summation of the products of the coordination numbers of each particle, N,; and N, defined
in Eqgs. (A4) and (A5), and the number ratio of the large (small) powder particles in the total
powder system, Sy (Sns), i.e.:

N* :SnlNcl+Snchs

c,all p 3 5 3 ) (A6)
= Sn,lSa,lNc(l»l) +8,:8 Nc(s—s) + Sn,ISa,ch(l—s) +8,.8 Nc(s—l)

ns™ a,s ns™~a,l
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The first to fourth terms in Eq. (A6) correspond to the average numbers of the particle

* *

contacts in cases (1)-(iv): Ny, N

o(s-s)? N:( ) and N:(S_l),respectively.

I-s
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