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A B S T R A C T

An investigation into how the efficiency (time and energy required for homogeneity) of Resonant Acoustic
Mixing (RAM) can be determined and optimised was undertaken. An idealised Polymer Bonded eXplosive (PBX)
simulant based on glass microbeads (28.3 μm D50, 62% v/v in binder and plasticiser) was used for mixing.
Mixing evolution was monitored using machine output data, whereby the mixer ‘intensity’ (related to power
draw) was plotted against time. Experiments were undertaken with three acceleration settings, three mixer
units, and three vessel materials of low, medium, and high surface free energy. Different stages of the mixer
‘intensity’ profiles were found to correspond to discrete stages of mixing, as well as further rheological changes
due to continued frictional heating, thus viscosity reduction, beyond homogeneity being achieved. Time to
mixing completion was found to be repeatable within a standard deviation of ±10%, strongly dependent
on acceleration setting, and additionally dependent on vessel material, though additional data is required
to confirm this. A significant difference in mixing time was observed between different LabRAM units. Partial
vacuum application without degassing was beneficial for mixing. Finally, a paradigm linking the ‘movement
modes’ of mixing was constructed, based on literature observations and the experimental results.
1. Introduction

High shear mixing of loaded suspensions is required in industries
such as food, cosmetics, and energetic materials, where the requirement
to mix high viscosity pastes precludes the use of turbulent mixing tech-
niques such as those involving impeller blades. Typically, the mixing
mechanism will instead involve laminar flow, and rely on shearing,
kneading, or pulling actions to disperse and distribute the solid compo-
nent [1]. In the case of Polymer Bonded eXplosive (PBX) manufacture,
it is necessary to distribute crystalline high explosive filler particles
(along with other ingredients such as plasticiser, additives, and cura-
tive) throughout a liquid rubber prepolymer, and cast the resultant
mixture into a warhead or bomb case. Homogeneity is important to
ensure the properties of the material are consistent throughout its
volume, which optimises its properties [2].

During PBX manufacture, the high shear mixers typically employed
are planetary or z-blade mixers, which consist of orbiting blades that
move in close contact to maximise shear, or horizontally rotating ‘z’ or
‘𝜍’ (sigma) shaped blades that knead the material respectively [1–5].
However, conventional high shear mixing of this type has drawbacks
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such as mix times of up to several hours, and the production of waste
on the order ∼12.5% of the mix mass since the mixing vessel and blades
must be cleaned after use [6].

Resonant Acoustic Mixing (RAM) has recently garnered substantial
interest as an alternative to conventional high shear mixers for use
in the manufacture of cured PBXs [7]. Instead of mixing blades, the
apparatus consists of a vertically vibrating spring-mounted platform
to which a mixing vessel is affixed. The oscillations occur at a peak
acceleration up to 100 G, where G is acceleration due to Earth’s
gravity (9.81 m s−2), with an amplitude up to 1.4 cm peak-to-peak.
The frequency is held at the mechanical resonance of the system,
approximately 60 Hz, with energy conveyed to the mixture through lon-
gitudinal acoustic pressure waves (vibrations). This is claimed to result
in uniform medium shear mixing over the entire volume of the mixing
vessel, as opposed to high shear mixing localised to the vicinity of mix-
ing blades [8,9]. Advantages of RAM over conventional techniques are
said to include mixing times orders of magnitude shorter [9], reduced
cleaning requirement and associated waste, and the concept of mixing
‘in-situ’ [10], whereby the intended casing of the cured product doubles
as the mixing vessel. This potentially allows for the manufacture of high
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viscosity novel PBX formulations that would otherwise be difficult to
cast, and removes the requirement for cleaning. However, the mixing
mechanism is still poorly characterised in comparison to conventional
methods. In order for the full potential of RAM to be realised, a better
understanding of the factors that determine mixing efficiency (time and
energy required for homogeneity) must first be sought.

1.1. Mixer operating principle

One of two parameters can be defined by the user to control a
mixing cycle — set peak acceleration of the vibrating plate up to 100
G, or set mixer ‘intensity’ up to 100%. ‘Intensity’ here refers to applied
current to the driver motor up to 5 A,4 and by extension, peak driving
force. Mixer ‘intensity’ is commonly referred to as ‘power’ or ‘power
intensity’ by the manufacturer. The operation of the system can be
simplified to that of an under-damped driven harmonic oscillator [8],
where the relation between acceleration and driving force is given as:

𝑚 𝑑2

𝑑𝑡2
𝑥(𝑡) + 𝑐 𝑑

𝑑𝑡
𝑥(𝑡) + 𝑘𝑥(𝑡) = 𝐹𝑠𝑖𝑛(2𝜋𝑓𝑑 𝑡) (1)

where 𝑚 is the mass of the system (kg), 𝑥(𝑡) is the displacement of the
plate as a function of time (m), 𝑐 is the damping coefficient (kg s−1), 𝑘
is the spring constant (N m−1), 𝐹 is the peak driving force (N), 𝑓𝑑 is the
driving force (resonant) frequency (Hz), and 𝑡 is time (s). The inertial
force (product of mass and acceleration), damping forces (losses from
mixing and non-ideal losses), and stored forces constitute the first three
terms, while the driving force constitutes the final term. Inertial and
stored forces cancel out over each oscillation period since the system
is held in resonance by the control software.

As mixing progresses and the rheology of the material changes, so
too does the energy required for mixing, and the associated damping
coefficient, 𝑐. Therefore the variables which balance the equation must
also vary over a mixing cycle. This means that for a set acceleration or
set mixer ‘intensity’, there will be a corresponding achieved mixer ‘in-
tensity’ or acceleration, depending on the ‘mixing forces’ (and non-ideal
losses) present at any particular instance.

1.2. Movement modes

Initially, when the components to be mixed are separated into
layers, the introduction of solid components into the liquid components
(termed the ‘wetting stage’ by Lucon et al. [11]) has been attributed to
Faraday instabilities. These non-linear waves on the surfaces of liquids
occur under high amplitude periodic driving forces, and are reported
by the manufacturer to manifest as ‘fingers’ or ‘spikes’ above the liquid
surface, or ‘cavities’ below it. Videos of the phenomenon are avail-
able on the manufacturer’s website [8,9]. It is said that the presence
of these instabilities at the boundary between materials of different
density (i.e. layers of material) is responsible for the rapid wetting
observed. The mixing effect of instabilities was investigated computa-
tionally for two viscous liquid layers (HTPB resins) by Nance [12,13],
whereby the associated vortices and eddy currents were modelled.
The presence of particles was however omitted, and it was cautioned
that the underlying physics requires further investigation to be better
understood.

Provided the material has sufficient inertia to move (non-quiescent
conditions [14]), several movement modes are possible as mixing pro-
gresses through ‘incorporation’, whereby the solids and liquids become
better integrated, and ‘mixing’, whereby the mixture becomes fully ho-
mogenised [11], depending on the rheology of the material and applied
conditions [11,14–16]. An undesirable movement mode is ‘decoupled’,
whereby lumps of material levitate or bounce around the interior of the
vessel [14]. Conversely, a preferable movement mode is ‘churning’ [14,

4 In the case of the LabRAM (original model), as used in this work.
2

Table 1
The salient factors affecting the efficiency of churning [18].

Reduces wall-slip Increases movement

Higher acceleration [16,19,20]
Higher density [20,21]
-Greater inertial forces

Higher viscosity [20–22] Lower viscosity [20–22]
-Greater drag -Greater compliance
-Greater tackiness

Smaller diameter [11,20,23] Larger diameter [11,20,23]
Optimised roughness [18] -Greater compliance
-Greater drag

Lower surface tension [18] Lower surface tension [18]
Higher surface energy [24] -Greater compliance
-Greater spreadability

Vacuum application [16,21,22]
-Greater inertial forces
-Greater compliance

16], whereby the vessel contents couple to the vessel wall, ideally with
a ‘no-slip’ condition at the interface. Over an oscillation period starting
from displacement minima, the bulk of the material is given inertia in
the upwards direction. Upon the changing direction of the oscillation
(at the apex of the plate displacement), the mixing vessel immediately
changes direction, while the bulk of the material does not immediately
respond. As a result, a velocity gradient facilitated by the viscosity of
the material, which allows adjacent layers of material to ‘adhere’ to
each other, extends perpendicularly across the material towards the
centre [11,14,17], resulting in a bulk rolling motion which provides the
shear required for effective mixing [16]. Vigorous churning is referred
to as ‘bulk mixing’ by the manufacturer [11,14], and has widely been
suggested as the most desirable movement mode for highly loaded
suspensions. It therefore follows that mixing efficiency will rely on the
amount of movement in the material and the degree to which the ‘no-
slip’ condition is fulfilled. By maximising movement and minimising
wall slip, the velocity gradient, thus shear, will increase.

1.3. Maximising efficiency

The amount of both slip and movement has been reported to rely
on the factors given in Table 1. Properties such as viscous drag,
tackiness (or ‘stickiness’), and binder spreadability enhance wall cou-
pling, while greater inertial forces and greater compliance within the
material enhance the degree of movement. Since PBXs should ideally
be designed to optimise final properties rather than mixing properties,
variables relating to the formulation (viscosity, density, surface tension
etc.) should be treated as incidental factors. The main focus should
instead be given to maximising efficiency using variables related to
the machine (acceleration) and vessel (surface free energy, roughness,
diameter, and vacuum application). The aim of this work is to further
examine three of these variables: acceleration, vacuum application, and
vessel surface free energy. Consistency between three mixer units is also
investigated.

1.4. Effect of acceleration

The degree of movement in the vessel contents will depend on the
ratio of inertial forces, where greater inertial forces deform the material
more, to viscous forces, where lower viscosity makes the material more
compliant, and can be described by the vibrational Reynolds number.
Using an inert PBX simulant mixture with known viscosity and mixing

vessels of six different diameters between 9.7 mm and 82.6 mm, Coguill
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and Martineau [20] found that the onset of churning as acceleration
was increased could be described by an empirical relationship:
𝑅𝑒𝑣
𝐷

> 87(103𝐷)−0.9 (2)

here 𝑅𝑒𝑣 is vibrational Reynolds number (dimensionless), and 𝐷 is
essel diameter (m). The relation as given in the original text has
ere been augmented with a conversion factor (103), so that 𝐷 can
e considered in consistent units. It should however be noted that the
elation is not dimensionally consistent without the empirically derived
oefficient (87) also having units of its own. By inspection, the units
hould take the non-standard form of m−0.1. Furthermore, the method-
logy and parameters with which the viscosity of the mixture was
etermined were not stated in the text. Highly loaded suspensions are
nvariably non-Newtonian thus have a shear rate dependent viscosity.
he viscosity as was measured may therefore have not corresponded
ith that of the material when mixing under the different parameters,
eaning the calculated Reynolds numbers used to derive the empirical

oefficients may not have been strictly accurate. Determination of the
hear rates during mixing to apply adjusted values for viscosity would
ave however posed a challenge in itself.

By substituting an expression for vibrational Reynolds number, an
xpression for efficient mixing is apparent in the form of:

𝑎𝜌(103𝐷)0.9

87(2𝜋)𝑓𝜂
> 1 (3)

here 𝑎 is the applied acceleration (m s−2), 𝜌 is density (kg m−3), 𝐷 is
vessel diameter (m), 𝑓 is vibrational frequency (Hz), and 𝜂 is absolute
viscosity (Pa s), which is again for an unknown shear rate and discounts
non-Newtonian effects. It should also be noted that the equations do
not account for the effects of vacuum application, surface tension, or
wall-slip. These factors are further discussed later in this review.

Regardless, it is still clearly apparent that for a given experimental
set-up, higher acceleration, thus greater inertial force, is beneficial for
the effectiveness of churning. Work by Lucon et al. [11,14] has indeed
shown that higher acceleration increases the rate of energy supplied
to the mixture, with the caveat that unintended changes in mixing
mode (from churning to decoupled in shear thickening fluids) must
be avoided. Since imparted energy has been correlated to the degree
of homogeneity when considering both RAM [25] and conventional
mixing [26], it would follow that higher acceleration leads to reduced
mixing time. However, this has not been quantitatively reported. From
the relation, it is also apparent that larger vessel diameter, greater
formulation density, and lower viscosity are beneficial for churning, as
summarised in Table 1.

1.5. Effect of mixer unit

There are several mixer models available depending on scale, as
summarised in Table 2. All but the two largest models (which are driven
by eccentric masses) are driven electromagnetically by a voice coil,
though the principle of mixing is the same regardless of the size or
configuration of mixer used. It may however be expected [20] that
larger capacity vessels will present differences in mixing behaviour due
to a decreasing vessel surface area to mixture volume ratio. That is
to say that for wider vessels, the viscous forces at the wall become
small compared to the inertial forces on the mixture, in essence making
the material more compliant [11]. Use of larger capacity vessels when
scaling up has also been reported to hinder thermal dissipation [27],
likely again due to a lower surface area to volume ratio.

It is unclear what differences may be apparent between different
units of the same mixer model, though manufacturing variation in
the components used (driver motors, accelerometers, springs etc.) and
design iterations may result in discrepancies. Calibration may also
differ between machines.
3

Table 2
Comparison of maximum fill capacity and maximum power to mix for each mixer model
using the manufacturer’s standard mixing equipment [28,29].†Denotes a discontinued
model.

Bench scale LabRAM† LabRAM I LabRAM II

Capacity (g) 500 500 1000
Power (W) 37 410 640

Production scale OmniRAM RAM 5 RAM 55

Capacity (kg) 5 36 420
Power (kW) 4.1 23.2 244

1.6. Effect of vessel material

It has been reported anecdotally that mixing in PTFE (TeflonTM)
essels results in reduced efficiency and poor mix quality [24]. This
as attributed to PTFE’s low surface free energy of <20 mJ m−2 [30]

ausing poor adhesion to the mixture, thus ineffective wall coupling
significant slip). Mixes performed in vessels made out of higher surface
ree energy polymers5 (30–50 mJ m−2 [30]) and metals6 (∼40 mJ m−2

or simple cleaning treatments [31], though nominally hundreds of
J m−2 [32]) have not been reported to cause such problems.

In order for wall slip to be minimised, it would be expected that
aterial at the interface must prefer to stick to the wall (adhesion)

ather than move with the bulk of the material (cohesion). In the
ontext considered here, the surface tension of the binder compo-
ents will act as a cohesive force, and the work of adhesion between
he binder components and vessel surface (the energy required to
eparate the two phases) will act as an adhesive force. The surface
ree energy of the vessel wall and surface tension of the binder mix-
ure will both directly influence work of adhesion, as shown in the
wens–Wendt–Rabel–Kaelble (OWRK) [33–35] equation:

𝐴 = 2
(

√

𝜎𝑑𝑆𝐹𝑇 𝜎
𝑑
𝑆𝐹𝐸 +

√

𝜎𝑝𝑆𝐹𝑇 𝜎
𝑝
𝑆𝐹𝐸

)

(4)

where 𝑊𝐴 is the work of adhesion, 𝜎𝑆𝐹𝑇 denotes the surface tension of
the binder mixture, 𝜎𝑆𝐹𝐸 denotes the surface free energy of the vessel
material, and 𝑑 and 𝑝 denote the dispersive and polar components
thereof. All have units of mJ m−2.

It is therefore postulated that a surface and binder combination
which provides a higher work of adhesion to surface tension ratio
will reduce wall slip, thus increase the velocity gradient and improve
mixing efficiency. Higher ratios of this nature are reflected in lower
droplet contact angle between the liquid and solid, as shown in the
Young–Dupré [36] equation:

𝜃 = 𝑐𝑜𝑠−1
(

𝑊𝐴
𝜎𝑆𝐹𝑇

− 1
)

(5)

where 𝜃 is the expected contact angle (degrees), 𝑊𝐴 is the work of
adhesion (mJ m−2), and 𝜎𝑆𝐹𝑇 is the surface tension of the binder
mixture (mJ m−2). It is apparent that by increasing the surface free
energy such that the work of adhesion increases, without modifying
surface tension, the contact angle will decrease.

While the above paragraphs address the effect of ‘true’ slip at the
molecular level, also of consequence may be ‘apparent’ slip. Here, a
lubricating binder rich layer is formed at the vessel wall since the
filler is unable to penetrate it, locally diminishing the volume fraction.
Apparent slip can be mitigated with textured surfaces which are able to
interact directly with the bulk material [37], though attempts to recre-
ate this with RAM have initially proved unsuccessful [18]. Practically
speaking, the use of textured mixing vessels may be unsuitable for batch
RAM where there is requirement for cleaning, though the technique
may be viable when mixing ‘in-situ’.

5 Such as polycarbonate (PC), polystyrene (PS), and poly(methyl methacry-
ate) (PMMA).

6
 Such as stainless steel, titanium, and aluminium.
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1.7. Effect of vacuum

Another variable which can be considered over a mixing cycle is
vacuum application. Yew et al. [22] found that partial vacuum sub-
stantially reduced the time required for homogeneity to be achieved,
attributing the observation to lower air pressure in the sealed mixing
vessel reducing resistance against bulk flow. A similar explanation
has been given by Lucon [17], though in this case, the induction of
bubbles in the material due to partial vacuum application was also
reported to have the effect of making the material more compliant.
With greater compliance, it would be expected there would be greater
movement within the material, thus a larger velocity gradient and
greater shear. When subjected to acoustic pressure waves, it is also
said [11] that the oscillation of entrapped air bubbles influences the
flow of the surrounding liquid (acoustic microstreaming), enhancing
the mixing process. This phenomenon is referred to as ‘bubble pumping’
in the RAM patent [38,39]. It has however been forewarned by Yew
et al. [22] and others [17] that premature application of vacuum
can cause unmixed material to be evacuated from the mixing vessel.
The incremental reduction of pressure has subsequently been found to
mitigate this. In all, the aforementioned studies suggest the presence of
gas bubbles brought about by partial vacuum application is beneficial
for mixing.

With this in mind, it would follow that premature degassing of
the mixture is not beneficial. McCloy et al. [16] found that vacuum
application over extended periods of time had the effect of impeding
the mixing process after initially aiding the process, attributed to the
gradual loss of air bubbles by evacuation. Similarly, Lucon [17] states
that the removal of air bubbles with hard vacuum will lessen the com-
pliance of the material (i.e. make it more difficult to move), resulting
in the reduction of the velocity gradient required for shear generation.
It therefore follows that hard vacuum for degassing purposes should be
reserved for the final stages of a mixing sequence, where evacuation of
air is specifically required to prevent the inclusion of voids within the
cured material.

1.8. Monitoring mixing progression

When mixing at constant acceleration, the ‘wetting’, ‘incorporation’,
and ‘mixing’ stages described by Lucon et al. [11] were linked to
varying mixer ‘intensity’. Large and rapid variations were apparent
in the wetting stage, likely due to the homogeneity, thus damping
coefficient (see Eq. (1)), quickly changing. During the incorporation
stage, where the solid and liquid phases became cohesive and resisted
flow, low ‘intensity’ was recorded. Upon the mixture becoming more
fluidised and churning becoming apparent, ‘intensity’ increased again
as efficient mixing meant more energy was imparted into the mixture.

Mixing evolution was also examined by Vandenberg and Wille [19],
where concrete mixing was under investigation. When considering a
mixing cycle at constant ‘intensity’, it was found that five characteristic
stages of mixing (defined by the force dissipation mechanisms believed
to be occurring in the mixture) corresponded with five discrete sections
of the acceleration response profile. The concrete mixing acceleration
profile (average of three) is reproduced in Fig. 1. The mixing stages and
corresponding dissipation origin forces are; a- ‘dry granular’ mixture
(friction), b- ‘wet granular’ mixture (friction/cohesion), c- ‘hard paste’
(cohesion), d- ‘soft granular fluid suspension’ (cohesion/viscous), and
upon homogeneity being achieved, e- ‘fluid suspension’ (viscous).

It would appear that stage ‘a’ corresponds to a wetting stage, stages
‘b’ and ‘c’ correspond to an incorporation stage, and stages ‘d’ and
‘e’ correspond to a mixing (churning) stage. These findings suggest
that mixing progression with RAM can be effectively monitored by
interpretation of acceleration or ‘intensity’ readouts.7 Specifically for

7 Similar methods are indeed used with conventional mixing, where since
orque is related to viscosity [26], the point of constant torque can be
4

onsidered the point of constant viscosity.
Fig. 1. The average acceleration profile for concrete mixing (concrete mix 91% w/w,
water 9% w/w) at 50% mixer ‘intensity’ reproduced from Vandenberg and Wille [19].
Vacuum was not applied.

the churning movement mode (where the shear rate, thus vigorousness
of mixing is determined by the factors listed in Table 1), it would
be expected that the mixer ‘intensity’ (i.e. power requirement from
the mixer) will depend on the magnitude of the shear rate, with
an additional dependency on the compliance of the material (where
greater compliance will require less power to maintain an equivalent
shear rate).

1.9. Energy determination

When the mixing vessel is not filled, the system acts as a rigid
body mass. In this case, any damping is purely consequential of non-
ideal losses in the system, such as air resistance, friction, and noise.
Once filled, additional losses are attributed to work done in mixing the
material. When using conventional high shear techniques, the energy
consumed for mixing can be deduced by integrating the power supplied
to the mixture, where power can be derived at any given time from
measurements of impeller shaft torque [2,26]. It would be expected that
analogous methods could be employed with RAM.

Using Newtonian mechanics, the manufacturer has developed an
equation to determine power consumption. The method is valid for
the LabRAM (original) mixer model [40,41], and has been previously
applied in academic studies [19,42]. Over the duration of a mixing
cycle, the energy supplied to the mixture can be given by:

𝐸𝐸𝑂𝑀 =
𝑡𝐸𝑂𝑀
∑

𝑡0

𝑃𝑚𝑖𝑥(𝑡)𝛥𝑡 (6)

where

𝑃𝑚𝑖𝑥 =
(

 𝛥𝐼
100

)

(

0.707 𝑎
2𝜋𝑓

)

(7)

where 𝐸𝐸𝑂𝑀 is the total energy consumption to the end of mix point
(J), 𝑃𝑚𝑖𝑥(𝑡) is the power to the mixture for any given time (W), 𝛥𝑡 is
the time increment where 𝑃𝑚𝑖𝑥 is valid (s), 𝑡0 and 𝑡𝐸𝑂𝑀 are the start
and end times respectively (s),  is an empirically derived LabRAM
constant (70 ± 4 N), 𝛥𝐼 is the difference in mixer ‘intensity’ between
when unfilled (baseline) and filled (%), 𝑎 is peak acceleration (m s−2)
with a statistical correction factor to root mean square acceleration
(0.707), and 𝑓 is vibrational frequency (Hz).

The following sections report and discuss the influence that accel-
eration, vacuum, and mixing vessel material have on the efficiency of
mixing. A method to monitor the stages of mixing based on the mixer
‘intensity’ is presented, together with a discussion of reproducibility of
mixing between mixer units. Finally, a combined theory of movement
modes is presented and discussed.

2. Materials and methods

2.1. Formulation

An idealised inert simulant formulation based on glass microbeads
filler (Glass Sphere s.r.o., Czech Republic, see Table 4), hydroxy-

®
terminated polybutadiene (HTPB) binder (type Poly bd R-45 HTLO,
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Table 3
The glass microbead formulation used for mixing.

Loading Glass DEHA HTPB

Volume (%) 62.00 19.00 19.00
Actual mass (%) 81.65 9.30 9.05
RDX equivalent mass (%) 76.49 11.91 11.60

Table 4
Density (Micromeritics AccuPyc 1330, five measurements) and particle size analysis
(Cilas 1190, dry mode, three measurements) of the glass microbeads. ±1 standard
deviation stated.

Density (g cm−3) D10 (μm) D50 (μm) D90 (μm)

2.4905 ± 0.0002 12.7 ± 2.3 28.3 ± 1.7 45.4 ± 1.5

Cray Valley, USA), and di(2-ethylhexyl) adipate (DEHA) plasticiser (≥
97%, Merck, UK) was used to perform the mixing experiments, and
is given in Table 3. Drop shape analysis was used to characterise
the DEHA/HTPB binder mixture using standard methods described in
Appendix A. Curative was not used since only the mixing behaviour was
of interest, and not the properties of the final composite. The viscosity
of the mixture was analysed at the end of a mixing cycle using a TA
Instruments HR-1 rheometer, with 25 mm parallel plates at a 500 μm
ap height, a 2.5 s−1 shear rate, and a 2 ◦C per minute heating rate.

.2. Mixing vessels

Mixing vessels (48 mm diameter and 47.5 mm height, with rounded
nternal edges to minimise mixing dead spots) were milled from PTFE,
MMA, and Grade 5 titanium8 blocks. A 15 mm thick insulating plastic
polyoxymethylene) base plate was also used in the case of titanium,
n an attempt to normalise its thermal behaviour to that of the less
onductive plastic vessels. The differing masses of the vessels were
ormalised by attaching dead weights (washers) to the vibrating plate
hen the lighter vessels were being used. The baseline mixer ‘intensity’,
ssociated with non-ideal losses, would otherwise vary between vessels
nintentionally.

Surface samples of each vessel material were also characterised
sing drop shape analysis, again using standard procedures described
n Appendix A. Each sample was first exposed to binder mixture before
eing thoroughly washed twice using dish soap and water, and dried
ith paper towels, in the same cleaning procedure as the mixing
essels.

.3. Mixing procedure

For all mixes undertaken, the ingredients were weighed directly
nto the vessel at the start of each mixing cycle (so-called ‘one-shot’
ixing), with the first half of the filler being followed by the plasticiser,

nd the second half being followed by the binder. A total fill of
5 ml of the formulation was used. LabRAM ‘A’ was used for mixing
nless stated otherwise, and was controlled via aftermarket devices
nd software supplied by The Falcon Project Ltd., which allowed for
achine control at constant acceleration setting, temperature logging,

nd vacuum control. A rod thermocouple was inserted into the centre
f the mixture through an airtight portal in the vessel lid. The vessel lid
as of custom design and PEEK9 construction, and was held in place
ith a clamshell clamp. The pressure in each vessel was slowly reduced

o 550 mbar (partial vacuum) in 12 s duration increments of 25 mbar
efore the start of mixing, to prevent evacuation of material into the
acuum lines.

8 90% titanium, 6% aluminium, 4% vanadium.
9 Polyether ether ketone.
5

a

Table 5
The large glass bead formulation used for vacuum observations.
Loading Glass HTPB

Volume (%) 62.00 38.00
Actual mass (%) 81.85 18.15
RDX equivalent mass (%) 76.72 23.28

Table 6
Density (Micromeritics AccuPyc 1330, five measurements) and
particle size analysis (optical analysis 50 × magnification) of the
large glass beads. ±1 standard deviation stated.
Density (g cm−3) Diameter (mm)

2.4890 ± 0.0173 1.20 ± 0.08

2.4. Mixing experiments

The baseline mixer ‘intensity’ required to vibrate a rigid body
mass equivalent to a filled vessel (604 g) was determined on each
LabRAM mixer unit (‘A’, ‘B’, and ‘C’) for the acceleration setting(s)
under investigation. For the PMMA vessel (transparent), three mixes of
the formulation were performed using LabRAM ‘A’ at 45 G, 50 G, and
55 G. An additional three mixes were performed at 50 G using LabRAM
‘C’. Three mixes (two in the case of titanium) were then undertaken at
50 G in the PTFE and titanium vessels using LabRAM ‘A’.

The cooling behaviour of the mixture was recorded for each of
the PMMA, PTFE, and titanium vessels once the machine was turned
off, and analysed between 45 ◦C and 35 ◦C using the linear form of
Newton’s Law of Cooling. The expression for 𝑘𝑡 was plotted against
time.

𝑘𝑡 = −𝑙𝑛[(𝑇 (𝑡) − 𝑇𝑎𝑚𝑏)∕(𝑇0 − 𝑇𝑎𝑚𝑏)] (8)

where 𝑘 is the cooling constant (min−1), 𝑡 is time (min), 𝑇 (𝑡) is vessel
internal temperature as a function of time (◦C), 𝑇𝑎𝑚𝑏 is the ambient
temperature (◦C), and 𝑇0 is the initial vessel internal temperature (45
C). The cooling constant, 𝑘, which was used as an empirical parameter
o compare the thermal behaviour between the vessels, was found by
aking the gradient of the line.

A slightly different approach was used to determine the effect of
acuum, whereby large glass beads (Glass Sphere s.r.o., Czech Republic,
ee Table 6) were loaded (62% v/v) into both fresh HTPB binder and
ompletely degassed HTPB binder respectively (80 ml of formulation
n each case) as shown in Table 5. An acceleration of 90 G was
hen applied, and pressure reduced incrementally to 100 mbar. Mixer
intensity’ and movement observations were recorded.

. Results and discussion

.1. Mixing progression

A mixer ‘intensity’ profile and corresponding temperature increase
above ambient) profile is shown in Fig. 2. The horizontal dotted line
hows the measured mixer ‘intensity’ readout (36.8%) for an equivalent
igid body mass vibrated at the same acceleration (50 G), and accounts
or the mixer ‘intensity’ required to overcome non-ideal losses (baseline
ixer ‘intensity’).

Immediately after the mixer was switched on, the vessel contents
ere still fully segregated into layers from the loading procedure.
etting (W), whereby the solids were introduced to the liquids, then

ccurred rapidly up to 0.7 ± 0.1 min, where the large fluctuations in
ixer ‘intensity’ were indicative of the rapidly changing rheological

tate [11]. Wetting was followed by an incorporation (I) stage up to
± 1 min. Decoupled movement was initially observed here, where

he material formed cohesive lumps that bounced around the vessel
nterior. As the solids and liquids became more uniformly distributed

nd fluidised with time, the movement mode seemed to rapidly switch
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Fig. 2. Example mixer ‘intensity’ and temperature increase profiles up to 40 min of
mixing for the glass microbead formulation. Glass microbeads 62% v/v, DEHA 19% v/v,
HTPB 19% v/v, 65 ml, 550 mbar pressure, 50 G acceleration, PMMA vessel, LabRAM
‘A’. The average ambient temperature over this mix and two repeats was 21 ± 1 ◦C.

between decoupled and attempts at churning, whereby the material
would briefly couple to the wall before detaching again.

Churning (C) was the only movement mode subsequently observed,
with the emergence of a favourable wall coupling condition upon the
material becoming further fluidised likely responsible. This stage would
correspond to the ‘mixing’ stage as described by Lucon et al. [11]. The
churning became faster and more vigorous in this stage, probably due
to the temperature increase lowering the viscosity (thus increasing the
compliance) such that a larger velocity gradient across the material
was made possible. With a larger velocity gradient, increased shear,
thus energy expenditure, was likely responsible for mixer ‘intensity’
readout, thus power consumption, building to its overall maximum at
17 ± 2 min. This was accompanied by a further temperature rise that
steepened as mixer ‘intensity’ increased. The profile up to this point
(stages W, I, and C) is herein referred to as the mixing stage (M),
whereafter homogeneity was no longer observed to be changing.

Between 17 ± 2 and 29 ± 1 min there was a high mixer ‘intensity’
churning stage where the profile formed a plateau (P1). In temperature
controlled vessels, it has been reported that such plateaus upon mixing
completion remain horizontal [43]. However, in this case, without
external temperature control, it would appear the steadily increasing
temperature had a net effect of lowering the mixer ‘intensity’, possi-
bly due to an increasing amount of wall slip and/or a lower power
requirement to maintain the shear rate as viscosity further reduced.
Temperature reached its maximum point at the end of this stage,
whereafter there was a sharp drop in mixer ‘intensity’. The profile
then formed a second plateau (P2), a phenomenon that has not pre-
viously been reported. A possible explanation may be a readjustment
in the churning movement mode of the material. Once the temperature
reached an absolute value of 75.6 ± 0.4 ◦C, the viscosity of the material
used may have lowered to a ‘tipping point’ whereby the material
no longer possessed adequate viscous drag to couple to the vessel
wall and/or sustain the velocity gradient across the material, leading
to a collapse in the movement mode. Vessels that are temperature
controlled to slightly below this point may therefore prevent the P1–
P2 transition. Conversely, vessels temperature controlled above this
point, or to the temperature at the start of the churning stage - C, may
6

Fig. 3. Glass microbead formulation viscosity analysis taken at the end of a mixing
cycle. ±1 standard deviation shown. Glass microbeads 62% v/v, DEHA 19% v/v, HTPB
19% v/v.

preclude the ‘intensity’ build up to the P1 stage altogether. The effects
of these conditions should be investigated as future work.

The fact that the P1–P2 transition was not apparent in Fig. 1
for concrete (where the vessel was also not temperature controlled)
could be because of its already low viscosity (∼4 Pa s), and/or a
more temperature dependent rheology when mixing polymers. The
viscosity of a generic cement slurry has been shown [44] to fall by
<5% between 20 ◦C and 40 ◦C (a typical end of mix temperature
observed by Vandenberg and Wille [19]), whereas Fig. 3 shows that
the polymer-bound formulation used here falls by 67% across the same
range. Changes in viscosity due to both homogeneity and temperature
are therefore of importance when PBX mixing, meaning the viscosity,
thus mixer ‘intensity’ reading, may still be changing beyond the time
at which homogeneity is achieved. In any case, it would appear di-
rect comparisons in mixing behaviour between polymer suspensions
and concrete mixtures are difficult to make due to their significantly
different rheologies.

During the P2 stage, it was seen visually that churning was still
occurring, albeit at lower mixer ‘intensity’ than in the P1 stage. Despite
the decreasing temperature in this stage, energy was still being supplied
to the mixture as was reflected in the positive difference between
the profile and the dotted line at the mixer ‘intensity’ measured for
an equivalent rigid body mass. This would suggest the lower mixer
‘intensity’ corresponded to less vigorous churning, such that the rate
of cooling exceeded the rate of heating. It would appear the system
tended towards a steady equilibrium, where the effects of temperature
(thus viscosity), velocity gradient, and power draw became balanced.
The absence of a subsequent build-up of mixer ‘intensity’ to that seen
before the P2 stage as the material cools (thus viscosity increases again)
could be explained with the fact that more than one coupling condi-
tion/movement mode can be apparent under the same conditions [14].
Those coupling conditions/movement modes in this case would be high
and low mixer ‘intensity’ churning, and those same conditions would
be ‘mixedness’ and temperature.

While quantitative analysis of changing homogeneity was not un-
dertaken throughout the mixing cycle, visual observation would suggest
mixing completion occurred somewhere between churning becoming
the only mixing mode observed (C) and the mixer ‘intensity’ peak
(M–P1 transition). The latter makes an excellent reference feature to
take as the end of mix point, and is herein referred to as such. The
duration of the P1 stage also provides an insight into the rate of energy
uptake once vigorous churning is fully established. For investigating the
underlying factors affecting RAM efficiency using idealised systems (or
when live explosives mixing is impractical), the formulation is therefore
recommended for future use.

3.2. Effects not considered

Non-idealised formulations used for PBXs may be expected to

present different mixing profiles than observed here. High explosive
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Fig. 4. Line graphs showing the average time (left) and energy (right) required
or the end of mix point at 45 G, 50 G, and 55 G acceleration over triplicate
easurements. Glass microbeads 62% v/v, DEHA 19% v/v, HTPB 19% v/v, 65 ml, 550
bar pressure, PMMA vessel, LabRAM ‘A’. ±1 standard deviation shown. The average

ambient temperature for the nine mixes was 22 ± 1 ◦C. Full mixing data is given in
ppendix B.

illers typically used in PBXs have wide particle size distributions (such
s the ‘Class 1’ RDX10 industry granulation standard which ranges
rom <75 to 850+ μm [45]), are irregular in shape, and are included
t considerably higher loadings (typically ∼88% w/w). As such, real
ormulations have a higher viscosity that may preclude the P1–P2
ransition or the high ‘intensity’ observed in the P1 stage. In this
ventuality, higher acceleration, stronger vacuum, or external heating
ay need to be applied. Runaway temperature increases from greater

rictional heating should however be avoided.
Curative was also not included in the formulation for this study.

hile curative would be initially expected to plasticise the formulation,
fter a time of typically several hours known as pot-life, the viscosity
ould rise again due to the cross-linking reaction taking place. Though
n important consideration for conventional mixing, pot-life is unlikely
o affect RAM due to the much shorter timescales required. The formu-
ation also did not contain processing aids, bonding agents, or other
inor ingredients commonly added to PBXs, which may also influence

he viscosity and wetting characteristics of the formulation/binder. A
ore thorough review of the effects of formulation variables on mixing
as been presented previously by the authors [18].

.3. Effect of acceleration

Fig. 4 shows the average time and energy (Eq. (6)) required for the
nd of mix point over the three mixes performed at each acceleration.
t is apparent that higher acceleration corresponds to more rapid mix-
ng. The average time required reduced by 55% upon an increase in
cceleration from 45 G to 55 G, and 43% between 50 G and 55 G.

While it would be expected that mixing time will be shorter at
igher accelerations (since more energy is imparted on the vessel
ontents at any given time), the total amount of energy required to
ix the material may be expected to remain constant, i.e. a certain

mount of energy would be required to rearrange the vessel contents.
owever, Fig. 4 shows that the total energy required for the end of
ix point is lower when at higher acceleration. This may be due to the
ore vigorous mixing at higher acceleration more rapidly increasing

he temperature, reducing the viscosity of the formulation which then
equires less energy to mix. This effect may be further exacerbated by
horter mix times at higher acceleration allowing less time for the vessel
o lose heat to the surroundings, further increasing the rate of viscosity
eduction.

.4. Mixer to mixer reproducibility

LabRAM ‘B’ and ‘C’ were found to maintain a higher baseline mixer
intensity’ of 40.5% and 51.6% respectively (as opposed to 36.8% for
abRAM ‘A’) when run with the rigid body mass at a set acceleration

10 1,3,5-trinitro-1,3,5-triazinane.
7

Fig. 5. Comparison of mixer ‘intensity’ against pressure reduction for degassed and
fresh binder. Large glass beads 62% v/v, HTPB 38% v/v, 80 ml, 90 G acceleration,
PMMA vessel, LabRAM ‘A’.

of 50 G. Mixing was undertaken with LabRAM ‘C’, the machine with
the largest discrepancy. Though consistent with LabRAM ‘A’ in shape,
the mixing profiles exhibited a consistently higher mixer ‘intensity’
throughout. Mixing (and temperature increase) was found to be con-
siderably faster, with the end of mix point occurring after 9 ± 2 min
as opposed to 17 ± 2 min for LabRAM ‘A’. This was despite the
acceleration set point and ambient conditions being consistent between
the mixers. Full mixing data is given in Appendix B.

It is believed that accelerometer calibration was the main cause
of the discrepancy between units, although there may also have been
further variation in motor efficiency, plate mass, and spring constant.
Although the LabRAM (original model) used in this work has now been
discontinued, it is recommended proper characterisation and calibra-
tion of all machines (perhaps using additional accelerometers) should
be performed by researchers and industry. This will ensure mixing
behaviour and product outcome are consistent across all units, models,
and control methods intended to perform reproducible mixing cycles.

3.5. Effect of vacuum

A plot of mixer ‘intensity’ against reducing pressure at a fixed
acceleration of 90 G is shown in Fig. 5. Note that 80 ml of different
formulations containing much larger beads (1.20 mm diameter) in pure
HTPB were used in this experiment.

The formulation containing fresh HTPB started to show obvious
signs of mixing at a pressure of 400 mbar, while the formulation con-
sisting of completely degassed HTPB did not exhibit any mixing at any
applied pressure. This corresponded to the mixer ‘intensities’ recorded
in Fig. 5, where a marked increase in ‘intensity’ was apparent upon
mixing onset, increasing further as pressure continued to reduce. These
findings are in good agreement with McCloy [16] and Lucon [17],
which suggested that partial vacuum, thus bubble induction increas-
ing compliance, assists churning, while degassing the binder, thus
removing the compliance, does not. While surely beneficial, vacuum
application should not however be considered imperative for mixing
real systems, with mixing completion being reported in the absence of
vacuum [19].

3.6. Effect of vessel material

The time to the end of mix point and the energy supplied up to that
point for mixing in PTFE, PMMA, and titanium are shown in Fig. 6.
Mixing in PMMA and titanium as opposed to PTFE resulted in a 17%
and 16% reduction in time to mix, and 6% and 4% reduction in energy
to mix respectively. However, due to overlapping error bars combined
with small sample sizes, the significance of the reductions cannot be
determined. It is recommended that the experiment be repeated with
a larger sample size and a variety of formulations as future work to
provide a definitive conclusion. The data presented does however give
a preliminary indication that low surface free energy vessels reduce the
effectiveness of RAM, in line with previous observations [24].
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Fig. 6. Bar graphs showing the average time (left) and average energy (right) required
or mixing completion in PTFE, PMMA, and titanium vessels over triplicate, triplicate,
nd duplicate measurements respectively. Glass microbeads 62% v/v, DEHA 19% v/v,
TPB 19% v/v, 65 ml, 550 mbar pressure, 50 G acceleration, LabRAM ‘A’. ±1 standard
eviation shown. The average ambient temperature for the eight mixes was 22 ± 3 ◦C.
ull mixing data is given in Appendix B.

Table 7
The disperse and polar components of the surface free energies and surface tensions,
and the expected contact angles between them. The surface free energy values for PTFE
and PMMA are generally in good agreement with literature values of 19 mJ m−2 [33]
and 40 mJ m−2 [46] respectively.

Material 𝜎𝑑 𝜎𝑝 𝜎 𝜃𝑐
(mJ m−2) (mJ m−2) (mJ m−2) (degrees)

Binder 20.6 9.1 29.7 –
PTFE 18.9 0.1 19.0 70
PMMA 30.0 3.3 33.3 0
Titanium 28.4 8.7 37.1 0

Table 7 shows the surface tension of the binder mixture and the
urface free energies of the vessel materials, along with their expected
ontact angles with the binder mixture (from Eq. (5)). As anticipated,
he PTFE surface had a significantly lower surface free energy than the
MMA and titanium surfaces, resulting in an expected contact angle
f 70◦ as opposed to total spreading in the other cases. This would
ccount for the observation that the PMMA and titanium vessels gave
imilar mixing times, while mixing in the PTFE vessel took longer. Low
urface free energy ‘non-stick’ vessels are therefore not recommended
or efficient processing.

While the end of mix point occurred at a similar time for the PMMA
nd titanium vessels, the time at after which the P1–P2 transition
ccurred (where the mixture reached its maximum temperature) was
onger for the titanium vessel (36 ± 1 min) than the PMMA vessel

(29 ± 1 min). Table 8 gives the results of the cooling rate analysis for
the vessels. It can be seen that the Newtonian cooling constants were
consistent between the PTFE, PMMA and insulated titanium vessels,
suggesting similar thermal behaviour. However, since these values
were taken when the mixer was turned off and the material cooling
down, they may not provide the basis for a valid comparison when
the material is mixing and heating up. Specifically, it is thought that
the titanium was slowing the rate of heating by acting as a heat sink,
particularly throughout the P1 stage where the thermal gradient across
the vessels to ambient temperature was largest. This would be intuitive
considering the markedly higher thermal effusivity, diffusivity, and
conductivity of titanium in comparison to PMMA and PTFE [47]. The
use of metallic vessels may however be useful when active heating
or cooling is considered, since the vessel would be more thermally
responsive. Other factors to be noted when considering vessel mate-
rial may include electrical conductivity, density, mechanical strength,
machinability, and cost.

3.7. Combined theory of movement modes

Based on literature observations, the experimental results, and con-
jecture, Fig. 7 gives a graphical indication of how the movement mode
of the material likely depends on the wall slip and movement within
the material, governed by the factors listed in Table 1.
8

Table 8
Cooling constants for each of the vessels when filled with 65 ml of
the glass microbead formulation.
Vessel type 𝑘 (min−1)

Titanium Grade 5 (no insulation) 5.71×10−2
Titanium Grade 5 (plastic base) 4.12×10−2
PMMA 4.32×10−2
PTFE 4.24×10−2

Fig. 7. Graphic of mixing mode dependence on wall slip and movement within the
material. Darker shaded points indicate more vigorous churning, up to the ideal
scenario.

If there is sufficient wall coupling and movement within the mate-
rial (adequate Reynolds number), the movement mode will be churn-
ing. If wall slip is then reduced and/or there is more vigorous move-
ment within the material (increased Reynolds number), churning will
become more intense (ideal movement mode). Reducing the amount of
movement by reducing the compliance (i.e. making the material harder
to deform, reducing Reynolds number) will result in quiescence (no
motion) if wall slip is negligible, or decoupled movement (bouncing
as a cohesive lump) if there is sufficient slip. Reducing the amount
of movement by reducing inertial forces would eventually result in
quiescence. Though not a movement mode observed when mixing PBXs
due to the high viscosities involved, also included for completeness
is splashing [14], which will occur if material compliance or applied
inertial forces are great enough for turbulent flow. By careful selection
of the parameters shown in Table 1, the process engineer can therefore
tailor the movement mode such that mixing efficiency is maximised.

4. Conclusions

The aim of this work was to assess the effects of acceleration (45
G, 50 G, and 55 G), vacuum application, and vessel material (PTFE,
PMMA, and titanium) on RAM efficiency, as applied to an idealised PBX
simulant. Also reported was consistency between mixer units (three
LabRAMs). A method to determine the time and energy required for
mixing completion was developed for this purpose. It was demonstrated
that by interpreting the mixer ‘intensity’ profile, the changing rheology
of the vessel contents can be monitored. It was found that the shape of
the profile relies on rheological changes stemming from both changing
homogeneity and changing temperature of the material. The sharp
profile features associated with these changes provided well defined
markers that allowed the mixing progression to be easily compared
between mixes. Time requirement for mixing was repeatable within
an average standard deviation of ±10% over all the mixing conditions

investigated (17 mixes total).
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For the first time, the effect of acceleration on mixing efficiency
was quantitatively reported. Mixes performed at lower acceleration had
longer mixing times and required more energy to mix. This was likely
due to slower rate of energy transfer limiting temperature rise and thus
viscosity reduction, which was exacerbated by greater thermal losses
from the vessel over the longer mixing times.

Considerable variation in baseline mixer ‘intensity’ and mixing be-
haviour was apparent between different LabRAM units, and researchers
are cautioned that calibration of units may be required to ensure
reproducible PBX products.

It was also found that while reduced pressure is beneficial for
churning, premature degassing of the binder should be avoided.

Avoiding the low surface free energy PTFE vessel was found to
reduce mixing time and energy requirements, though additional data
is required to confirm the significance of the observations. A greater
work of adhesion, thus lower contact angle, between the material and
vessel wall enhancing the ‘no-slip’ coupling condition is believed to
be responsible. This supports the hypothesis that ‘no-slip’ conditions
are important for mixing efficiency. The longer P1 stage duration for
the titanium vessel is attributed to its significantly higher thermal
conductivity in comparison to the polymeric vessels, slowing the rate
of internal temperature rise thus viscosity reduction.

Overall, this work quantitatively reports on the most important fac-
tors that affect the efficiency of RAM, ultimately laying the groundwork
for process intensification of PBX mixing in research and industrial
manufacture.
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Table B.1
Time requirement for the M–P1 transition (end of mix point) and P1–P2 transition
(time of maximum temperature). ±1 standard deviation stated.

Acceleration Unit Vessel Time (min)

M–P1 P1–P2

45 G ‘A’ PMMA 21.3 ± 1.5 36.0 ± 2.9
50 G ‘A’ PMMA 16.7 ± 1.9 28.9 ± 1.0
55 G ‘A’ PMMA 09.6 ± 0.5 17.7 ± 1.9

50 G ‘A’ PMMA 16.7 ± 1.9 28.9 ± 1.0
50 G ‘C’ PMMA 09.1 ± 2.0 13.9 ± 2.1

50 G ‘A’ PTFE 20.1 ± 2.2 35.5 ± 0.3
50 G ‘A’ PMMA 16.7 ± 1.9 28.9 ± 1.0
50 G ‘A’ Titanium 16.8 ± 0.6 35.9 ± 0.6

Appendix A. Drop shape analysis methodology

Young–Laplace drop shape analysis (DataPhysics OCA 20) was used
to characterise the DEHA/HTPB binder mixture using the pendant drop
technique in air and water media. This gave values for total surface
tension and interfacial tension with water, of which the polar and
disperse components of surface tension are known [48]. The polar and
disperse components of the surface tensions for the binder mixture were
then related [33–35] by:

𝜎𝐼𝐹𝑇 = 𝜎𝑆𝐹𝑇𝐵 + 𝜎𝑆𝐹𝑇𝑊

− 2
(

√

𝜎𝑑𝑆𝐹𝑇𝐵
𝜎𝑑𝑆𝐹𝑇𝑊

+
√

𝜎𝑝𝑆𝐹𝑇𝐵
𝜎𝑝𝑆𝐹𝑇𝑊

) (A.1)

where 𝜎𝐼𝐹𝑇 is the interfacial tension between the binder mixture and
water, 𝜎𝑆𝐹𝑇𝐵 is the total surface tension of the binder mixture, 𝜎𝑆𝐹𝑇𝑊
is the total surface tension of water, 𝜎𝑑𝑆𝐹𝑇𝐵

and 𝜎𝑝𝑆𝐹𝑇𝐵
are the disper-

sive and polar components of the binder mixture surface tension, and
𝜎𝑑𝑆𝐹𝑇𝑊

and 𝜎𝑝𝑆𝐹𝑇𝑊
are the dispersive and polar components of water

surface tension. All have units of mJ m−2. The equation was solved by
substituting 𝜎𝑝𝑆𝐹𝑇𝐵

as 𝜎𝑆𝐹𝑇𝐵 − 𝜎𝑑𝑆𝐹𝑇𝐵
, and finding 𝜎𝑑𝑆𝐹𝑇𝐵

iteratively.
Young–Laplace drop shape analysis (DataPhysics OCA 20) was used

to characterise surface samples of each vessel material using the ses-
sile drop technique (contact angle determination) with probe liquids
deionised water, diiodomethane, and ethylene glycol (of which the po-
lar and disperse components of surface tension are known [33,48,49]).
The linear form (𝑦 = 𝑚𝑥+ 𝑐) of Eq. (4) substituted into Eq. (5) is given
as:

1
2
(1 + 𝑐𝑜𝑠𝜃)

𝜎𝑆𝐹𝑇
√

𝜎𝑑𝑆𝐹𝑇

=
√

𝜎𝑝𝑆𝐹𝐸

√

√

√

√

𝜎𝑝𝑆𝐹𝑇

𝜎𝑑𝑆𝐹𝑇

+
√

𝜎𝑑𝑆𝐹𝐸 (A.2)

where 𝜃 is the contact angle (degrees), 𝜎𝑆𝐹𝑇 is the total surface tension
of the probe liquid (mJ m−2), 𝜎𝑑𝑆𝐹𝑇 and 𝜎𝑝𝑆𝐹𝑇 are the dispersive and
polar components of the surface tension respectively (mJ m−2), 𝜎𝑆𝐹𝐸
is the total surface free energy of the surface (mJ m−2), and 𝜎𝑑𝑆𝐹𝐸 and
𝜎𝑝𝑆𝐹𝐸 are the dispersive and polar components of the surface free energy
respectively (mJ m−2). By plotting 𝑦 against 𝑥 for each of the probe
liquids in contact with a surface sample, the squares of the gradient
and the intercept of the resulting line of best fit equated to the polar
and dispersive components of the surface free energy of the sample
respectively.

Appendix B. Full mixing data
See Tables B.1 and B.2.
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Table B.2
Energy requirement for the M–P1 transition (end of mix point) and P1–P2 transition
(time of maximum temperature). ±1 standard deviation stated.

Acceleration Unit Vessel Energy (kJ)

M–P1 P1–P2

45 G ‘A’ PMMA 12.7 ± 0.5 33.9 ± 2.1
50 G ‘A’ PMMA 12.1 ± 0.7 32.6 ± 0.6
55 G ‘A’ PMMA 09.0 ± 0.3 23.9 ± 2.1

50 G ‘A’ PMMA 12.1 ± 0.7 32.6 ± 0.6
50 G ‘C’ PMMA N/A N/A

50 G ‘A’ PTFE 12.9 ± 0.6 37.7 ± 3.4
50 G ‘A’ PMMA 12.1 ± 0.7 32.6 ± 0.6
50 G ‘A’ Titanium 12.4 ± 0.3 45.0 ± 1.6
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