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The direct measurement of cohesion under high strain and the quantitative effects of solid matrix structure on
particlemorphology and bulk rheology have not been explored thoroughly in literature. AWarren Springs geom-
etry installed on an air bearing rotational rheometer capable of capturing the amount of shear stress required for
powder failure at a wide range of initial consolidation stateswas implemented in the study tomeasure the cohe-
sion trend of over-consolidated powder materials. Wheat, potato, corn starches and microcrystalline cellulose
(MCC PH101) powders were analyzed. MCC PH101 powder exhibited the highest weighted cohesion strength
among the powders at all consolidation stresses because of the high particle aspect ratio given the inherited crys-
tallinity of its compositional matrix. MCC sample also had greater variation between incipient and steady state
portions of the torque profile attributable to its characteristic particle stiffness, which, consequently, yielded in
distinct particle deformation behavior.
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1. Introduction

The flow property of particulate materials is a critically important
parameter in many handling and processing operations and greatly in-
fluences the relative efficiency of transportation, separation, mixing,
compression, and packaging. For compositionally diverse powders, irre-
spective of uniformity in size, the complexity in shape distribution and
composition dictates their flow behavior [1,2]. This is because, in gen-
eral, differences in themorphological attributes in powder materials in-
fluence the mechanical and the interparticle interaction characteristics
of the product.

The quantitative assessment of flow is mostly intended to estimate
the dynamic, shear flow patterns and compressibility of powders. Pow-
der with high plastic deformation characteristics will have a higher
compressibility. The increase in percent compressibility of a powder de-
pends on their viscoelastic properties, besides intermolecular and mor-
phological effects that include changes in surface roughness, particle
size, shape factors, and composition of particles within the bulk [3–5].

In a shear cell test, a powder loaded at a normal stress undergoes in-
elastic deformation. For hopper and silo designs, these devices typically
operate under high stress and low strain flow mode with initial solid
fraction in the under-consolidated state. The change in stress will affect
and Biological Engineering, 225
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the bulk density depending on the consolidation and dilatational behav-
ior of the powder. Powders with poor flow behavior are expected to
consolidate,which results in increasing the bulk density. Themagnitude
of the load required for the powder to yield is the indicator offlowability
[6]. For cohesive powders, shear cell instruments, designed to character-
ize the flow behavior of particulates, are limited to work at higher nor-
mal stress loads, where the shear stresses are approximated to a linear
correlation with the normal stress using the Mohr-Coulomb model.
Nonetheless, at low stresses, the yield loci curve follows an exponential
profile, widely, known as the Warren-Spring model. Therefore, in most
cases, determination of the cohesion index (0, τ) from a shear cell anal-
ysis requires extrapolation of the yield loci. This is a problem when de-
signing processes as such extrapolationmay result in over prediction of
stress distributions and, hence, conservative critical outletwidth in hop-
per and silo designs [7]. Peleg et al. [8] demonstrated the possibility to
obtain a more accurate prediction of the principal stresses, cohesion,
and tensile strength of cohesive powders from the Warren-Spring
model using the Mathematica Player® open source software.

TheWarren Springs (WS) testing like other Warren Springs testers,
including theWarren Spring Bradford Cohesion Tester (WSBCT) [9], of-
fers versatility for the direct assessment of the cohesion strength. The
measurement, however, comprises the compaction of a powder bed
using a vented piston and the penetration of theWS geometry that pro-
duces an over-consolidated powder bed. The powder bed confined into
the vanes of the WS geometry is subjected to a torque, which, then,
computes the resistance of the powder sliding as a cohesion strength
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profile [10]. Mathematically, the cohesion strength can be derived from
a moment balance by correlating the shear resistance to the applied
torque (T) as in Eq. (1):

dT ¼ S πr2dr
� � ð1Þ

where, S is the shear strength of the powder at failure and r is the radius
of the vane.

To obtain the total torque (T) across the area, the integration
from r = Ri (inner radius of vanes) to r = R0 (outer radius of
vanes) is conducted as in Eq. (2):

Z T

0
dT ¼

Z R0

Ri
2πr2dr ð2Þ

Rearranging (2):

S ¼ 3T

2π R3
o−R3

i

� � ¼ N
m2

� �
ð3Þ

It is noteworthy that the cohesion strength is measured at the max-
imum penetration force required during the penetration step. The pen-
etration force depends, evidently, on the pre-compaction load applied
using the vented piston. This method is unable to calculate the principal
stresses acting in the powder bed directly because it does not ensure the
pre-shear step adapted in conventional shear cell devices [6]. Another
limitation of theWarren-Springs test is that it relies on the characteriza-
tion of flow patterns under high strain conditions because the penetra-
tion step of the WS geometry causes over-consolidation of the powder
bed, which invalidates its application in hopper/silo design [9]. How-
ever, the WS test can be of primary interest for dense flow operations
under high-strain condition, such as in high shear granulation and
high shearmixing. The understanding of the cohesive nature of different
powder intermediates and/or products under high-strain can help in
the optimization of the shear input from lab to commercial scale
operations.

Powder flow assessment at high strain andhigh stress conditions is a
complex phenomenon that requires a fundamental approach. Under-
standing powder cohesivity, which can be used for effective design of
processing equipment under high strain conditions, as a function of par-
ticle morphology and compressibility characteristics remains an
underexplored area. Therefore, the primary objective of this work was
to evaluate the effect of particle characteristics and the morphological
effects of solid-state matrix on powder cohesivity. This work also pro-
vides a preliminary evaluation of the compaction trend of primary par-
ticles and agglomerates on the kinematic profile as well as a description
of the time dependence of plastic transition for different powder
samples.

2. Materials and methods

2.1. Sample preparation

Samples of native (unmodified) starch sources- corn (SigmaAldrich,
Saint Louis,MO), wheat (Sigma Aldrich, Saint Louis, MO), potato (Sigma
Aldrich, Saint Louis, MO), and microcrystalline cellulose (MCC, grade
PH101, FMC Corporation, Newark, DE) were used in this study. To en-
able proper comparison, the starch samples were dried at 60 °C for 5 h
in an oven to a moisture content closer to that of MCC. A halogen mois-
ture content analyzer (Mettler Toledo HG63, Greifensee, Switzerland)
was used to measure the moisture content of the samples before and
after drying. An aluminum sample pan was weighed with, approxi-
mately, 3.00 g of sample and leveled to 105 °C until moisture content
stabilization (10 min). The samples were then stored at 5 °C until the
measurements to avoid moisture uptake and the influence of environ-
mental conditions. Water activity of the samples, to confirm the drying
efficiency, were performed using a Decagon AcquaLab 3TE (Decagon
Devices, Pullman, WA).

2.2. Measurement of particle size and shape

Particle size and shape were measured using the Morphologi G3-ID
(Malvern Instruments, Worcestershire, UK) following the ISO 13322-2
standard [11]. The samples were dispersed on a glass plate (180 × 110
mm) by means of pressurized air at 1 kPa and the objective lens was
set at × 5 (65 μm – 420 μm). Aspect ratio values close to unity indicated
circular shape characteristics. The average number of particles analyzed
was 100,000 per replicate (× 3). Two-dimensional images of the sam-
ples were obtained to compare with the shape characterization using
the Morphology G3-ID optical system (Nikon CFI 60) set at × 5.

2.3. Bulk density and compressibility characterization

The bulk density of the samples wasmeasured using a 100mL grad-
uated cylinder filled gravimetrically up to 50 mL. The bulk density was
calculated from the mass -volume ratio of powder loaded in the gradu-
ated cylinder.

The compaction trend of the samples was evaluated by direct com-
pression of the powder bed at a consolidation stress range of 0 to 15
kPa. The compressibility index was calculated based on the Carr's
index, C, expressed in terms of compressibility percent (Eq. (4)):

C ¼ 1−
ρB
ρC

� 	
:100 ð4Þ

where, ρB is the aerated bulk density and ρC is the conditioned bulk
density.

2.4. Warren Springs cohesion strength test

An Anton Paar MCR-502 rheometer equipped with the Warren
Springs geometry was used for the measurements. The refrigerated
samples were equilibrated to ambient conditions (average temperature
and relative humidity, respectively, were 25 °C and 40%) in sealed bags
for 1 h prior to the start of the measurement and, then, transferred to
the measuring cylinder (radius of 50 mm and total volume of 140 mL)
gravimetrically up to the mark of 45 mL. Samples were pre-compacted
for 60 swith an air permeable piston (radius of 48mm) to remove inter-
stitial air and to adjust the powder bed height using defined normal
loads of 0.25, 0.5, 1, and 3 kPa. Subsequently, a penetration stepwasper-
formed using theWarren Springs geometry on theMCR rheometer. The
overall outer and inner diameter of the tester were 36 mm and 6 mm,
respectively. The tester contained 8 vanes of 3 mm thickness and 10
mm height. Further reference on the rheometer features is provided in
Mishra et al. [12]. During the penetration step no rotation was applied
to the shaft and a plot of normal stress versus displacement was ob-
tained (Fig. 1a). In this study, the penetration step was conducted for
80 s with collection of 160 data points per second. The maximum dis-
placement was set as 10 mm down the powder bed that was accompa-
nied by a sample over-consolidation step where the normal stress was
raised, for example, from 0.23 N to 1.7 N as in Fig. 1a. The normalized
penetration depth was calculated based on the ratio of the actual
blade height divided by the maximum displacement achieved (which
was 9.938mm for starch samples). The area under the normal force ver-
sus displacement in the penetration step was used to obtain the work
required during downward travel of the Warren Springs geometry.
After the penetration step, the cohesion strength measurement
(Fig. 1b) was performed using the Warren Springs geometry (Fig. 1c),
where the applied normal force was regarded as radially distributed
[10]. The step of cohesion strength measurement was set to 40 s with
collection of 8000 points per second. The weighted cohesion was
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Fig. 1. Cohesion strength profile: (a) Penetration step, (b) Cohesion strength measurement, (c) vented piston on the left and Warren Springs cohesion test on the right side.
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calculated by dividing the cohesion strength values by the aerated bulk
density.
2.5. Prediction of cohesion strength

A statistical model was developed to predict the cohesion strength
based on the particle properties. A data set was constructed excluding
the MCC PH101 data points. A best subset selection procedure was im-
plemented to select the best predictive model based on specified crite-
rion, including adjusted coefficient of multiple determination (R2

adj),
mean square error (MSE), Mallow's Cp, prediction sum of squares
(PRESS), and variable inflation factor (VIF). To account for the adequacy
of the multiple linear regression assumptions, diagnostic plots before
and after transformation of the predicted and independent variables
were examined. The variable inflation factor was calculated to ensure
that multicollinearity issues were not present. As a rule of thumb, VIF
of 10 indicates excessive multicollinearity of a certain parameter.
2.6. Statistical analysis

Analysis of variance (ANOVA) followedby Tukey'smean comparison
test evaluated the statistical significance between the samples' kine-
matic profiles at 95% significance level using SAS 9.3 software (SAS Insti-
tute Corporation, Cary, NC, U.S.A.). The weighted least squares
correction was applied prior to the ANOVA test to fix the
heteroscedasticity of the residuals. All the measurements were con-
ducted in triplicate.
3. Results and discussion

3.1. Particle morphology

The moisture content of the samples before and after drying as well
as the water activity, volumemean diameter, andmean aspect ratio are
given in Table 1. Themoisture content of the samples prior to testing did
not differ significantly (p N .05). The variations in the water activity
levels were attributable to the difference in packing configuration of
the molecular structures. The MCC samples retained more bound
water when compared with starch samples, possibly, because of a
more tightly packed molecular array. However, moisture uptake effects
were ofminimal influence in this rheological study because the samples
were successfully dried to values close to 4.0% (d.b.) and exhibited
water activity values lower than 0.3 (Table 1). The mean volume diam-
eters (d4,3) of the samples differed significantly (Table 1, p b .05). All the
starches' particle size distributions were bimodal while MCC sample
was mono-disperse (Fig. 2a). Wider spans were observed for corn
starch and MCC powders (Fig. 2b).

There were significant variations in the mean values of aspect ratio
between dried starch powders and MCC powders due to differences in
physicochemical properties and granule sources [13] (Table 1, p b

005). As expected, MCC samples exhibited the highest shape irregular-
ities followed by wheat starch (Fig. 2c, p b .05). No significant differ-
ences were found between corn and potato starches' mean aspect
ratios (Table 1, p N .05). Themicrographs in Fig. 3 supported the variabil-
ity in aspect ratio. MCC presented rod-shape structures (Fig. 3a) while
the starch particles were more rounded.



Table 1
Particle properties and moisture content values of the powder samples.

Sample Moisture, before drying, 25 °C
(d.b.,%)

Moisture, after drying, 25 °C
(d.b., %)

Water activity, aw [−],
25 °C

Volume mean diameter of dried
samples (d4,3, μm)

Mean aspect ratio of dried
samples [−]

MCC PH101 4.56 ± 0.03d – 0.274 ± 0.005a 93.14 ± 2.96a 0.63 ± 0.005c

Wheat starch 14.83 ± 0.13a 4.65 ± 0.30a 0.127 ± 0.003d 34.60 ± 1.17c 0.74 ± 0.009b

Corn starch 10.02 ± 0.01c 4.79 ± 0.12a 0.239 ± 0.003b 27.71 ± 1.72d 0.77 ± 0.005a

Potato starch 11.72 ± 0.28b 4.66 ± 0.26a 0.144 ± 0.001c 50.30 ± 2.45b 0.76 ± 0.012a

Average values ± SD. Different lowercase letters in the same column indicate a statistically significant difference between samples.
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Fig. 2. Particle size and shape of the powder samples: (a) Particle size distribution of dried starches andMCC, (b) Span of particle size distributions forMCC PH101 and starch samples after
drying to amoisture level of 4.64% (d.b.), (c) Particle shape distribution of dried starches andMCC, (d) Span of aspect ratio distribution forMCC PH101 and starch samples after drying to a
moisture level of 4.64% (d.b.).
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MCC is conventionallymanufactured by treating alpha-cellulosemi-
crofibrils, constituting crystalline and amorphous domains, with an ex-
cess ofmineral acids. The amorphous regions are hydrolyzed, yielding in
cellulose microcrystallites that upon drying produce microcrystalline
cellulose (powder grade) [14]. This inherent crystallinity helps explain
the rod-shape of MCC granules.

The agglomerates found in wheat (N100 μm, Fig. 3b) and corn starch
(N80 μm, Fig. 3c) particles are more branched as compared with potato
starch (N100 μm, Fig. 3d) which had disc-like/lenticular arrangements.
Baldwin et al. [15], using atomic force microscopy, observed rougher
surfaces on potato starch granules than wheat starch. The roughness
and shape characteristics, of both primary particles and agglomerates
(in starch samples), are directly related to the particle properties, sur-
face composition, degree of crystallinity, and their processing conditions
during milling and drying [13]. The morphological variations can cer-
tainly influence the flow behavior and the shear input required to
achieve robust processing conditions.
3.2. Compressibility profile

Potato starch sample exhibited relatively reduced compression pro-
files due to its larger particle size in comparison to the other starch sys-
tems (Fig. 4). The slight increase in the compressibility of wheat starch
may be due to the rise of solid fraction comparatively to the corn starch
powder bed. Bian et al. [16] also correlated an increase in solid fraction
and distinct particle deformation profiles with the higher compressibil-
ity of soft whitewinter wheat flour against hard redwinter wheat flour.

A significant difference in compressibility was observed between
MCC and starch samples (p b .05). MCC sample's larger particle size
and high aspect ratio justified its narrow compressibility range. In sim-
ilar with theWarren Springs penetration stage (Section 3.3), the aspect
ratio variations produced an interlocking effect as the normal load in-
creased. This interlocking effect was prevalent over the entire range of
stresses since the slope of the compressibility curve for MCC was lesser
than for the starch powders. This implies that particle shape influences,



Fig. 3. 2-D images of the samples obtained via Morphologi-G3ID optical system set at × 5: (a) Microcrystalline cellulose (MCC), (b) Wheat starch , (c) Corn starch, (d) Potato starch. The
subscript numbers refer to mean volume diameters ranging from 15 to 100 μm.

Fig. 4. Compressibility profile of powder samples.
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in addition to the particle size, should be considered when optimizing
powder flow under confined conditions.

3.3. Penetration profile

At both pre-compaction loads of 0.25 kPa and 3 kPa, a greater normal
force was needed for the displacement of the Warren Springs geometry
in MCC samples (Fig. 6). Mechanical interlocking of the rod-shaped
structure justified the significant difference in the geometry's work dis-
placement for the MCC powder relative to the starch powders (Fig. 5b,
p b .05). The interlocking hindered a complete penetration of the
geometry as detailed in Figs. 5 and 6a. In Fig. 6a, a slight increase in the
penetration was observed from 0.25 to 0.5 kPa for the MCC sample
followed by a subsequent decrease in penetration depth (1 and 3
kPa), which confirmed the rearrangement of sharp-edged particles
and its effect on the poor flow performance. This phenomenon
underestimated the cohesion strength values for MCC samples
since the blade penetration was not complete (Fig. 6). Therefore,
comparison between the cohesion strength of MCC and starch sam-
ples ought to be regarded with care.
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The penetration work on wheat and corn starches, obtained from
the integration of the normal force versus height (mN.m or mJ), dif-
fered significantly from the potato starch sample in all pre-
compaction stresses (Fig. 6b, p b .05). Evidently, in the case of starch
powders, the large particle size of potato starch comparedwith other
starch samples was a determinant factor to justify its lower penetra-
tion characteristics. Meanwhile, the high penetration work for
wheat starch could be related to the significantly different mean as-
pect ratio values when compared with potato and corn starches
(Table 1, p N .05). Furthermore, the penetration work correlated
well with the cohesion trend (Fig. 7), which is indicative that the
characteristic shape of wheat starch particles can contribute to an in-
crease in interparticle interactions. Wheat and corn starches are
known to have higher amylose content when compared with native
potato starch [17]. Therefore, another reason for the characteristic
penetration behavior could be different ratios of amylose and amylo-
pectin, which may have resulted in distinct mechanical properties
and, hence, different failure modes [18].
It is noteworthy that the penetration profile is responsible for pres-
sure buildup and consequent increase in the normal stresses acting on
the powder bed (Fig. 5). This signifies that the operational trend of the
Warren Springs cohesion tester is characterized by sample over-
consolidation as detailed in Section 2.4.

3.4. Effect of microstructure on the cohesion strength profile

TheWarren Spring test is broadly described in literature to possess a
similar momentum transfer as that of conventional ring shear cells, typ-
ically, operating at a normal load angularity of at least 45° [6]. This trend
justified the consideration of radial force distribution along with the
claim that the Warren Springs tester provides a qualitative description
of cohesiveness in over-consolidated samples.

The cohesion strength profile of the samples at pre-compaction
loads of 0.25 and 3 kPa are presented in Fig. 7. Regardless of the normal
stresses applied during pre-compaction and penetration steps, the co-
hesion trend of starch samples was similar to that of MCC. However,
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MCC samples exhibited the highest incipient peak followed by wheat,
corn, and potato starches. The increased cohesion strength of over-
consolidatedMCC powdermay not be due to themagnitude of intermo-
lecular interactions, but instead due to the frictional instability from the
brittle characteristics of the MCC particles [19].

The particle size, and thedifferences in shape characteristics justified
the changes in cohesion strength profiles of the starch powders as de-
noted in Fig. 8. In this study, wheat starch showed a higher weighted
peak cohesion when compared with corn and potato starches (Fig. 8).
The smaller particle sizes and a higher specific surface area played an
important role on the cohesiveness of wheat and corn starches that
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well as themorphological variations in wheat, corn, and potato starches
(Fig. 3). The dominance of crystallinity in wheat starch systems along
with the high amylose contentmay have resulted in increased hardness
and further resistance for probe displacement.

3.5. Effect of particle properties on the failure mechanism

Fig. 9 displays the difference between the incipient point and the
minimum steady state point (at 40 s) during plastic deformation. Both
values were derived from the weighted cohesion strength profile pre-
sented in Fig. 7. Therewas a significant difference between the incipient
and plastic failure points of MCC and starch samples (p b .05). Eichhorn
and Young [23] reported average Young's modulus values in the range
of 25 ± 4 GPa for MCC. They also reported a direct proportionality be-
tween the Young's modulus of an MCC particle with its degree of crys-
tallinity. Meanwhile, Schroeter et al. [24] presented Young's modulus
value of 2.7 GPa for the potato starch particles (13% moisture content-
d.b.). Stasiak et al. [25] indicated that the removal of water increases
the elastic modulus of potato starch granules. However, the values
were in a similar range of magnitude for those reported by Schroeter
et al. [24]. Based on themicro-mechanics data described in the relevant
literature, the peak cohesion ofMCC samplewas greater than that of the
starch samples because of the stiffer particle surfaces and rod-shape
particle configuration, which led to mechanical interlocking.

No visual differences from MCC, which exhibited a Hookean defor-
mation profile [10], could be observed for the cohesion strength of
starch powders. However, the transient failure mechanism (from incip-
ient to steady flowmode) differed significantly between starch sources
for all pre-compaction stresses (p b .05). The main reason for the differ-
ence in magnitude of incipient and steady state transition (Fig. 9) could
be because of inherent agglomeration patterns (Fig. 3) of the different
starch samples as well as due to their varied particle/agglomerate
shapes and distinct post-compression solid fraction (Fig. 4). For exam-
ple, the higher compression trends in wheat starch (Figs. 2c and 3b) po-
tentially explains the higher gap required to achieve steady state
stabilization, especially at increased normal loads (Fig. 9). Whereas,
the rod-shape and larger particle sizes of MCC particles favoured a less
compact powder bed that, consequently, contributed to a more preva-
lent and faster plastic transition when compared with the denser pack-
ing profiles for the starch samples as discussed in section 3.2 and Fig. 4.
Fig. 9 suggests that after plastic failure, differences in particle morpho-
logical attributes and bed dilation dictated the kinetics towards flow
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Fig. 9. Difference between incipient peak and minimum steady state point (at 40 s)
derived from the weighted cohesion strength profile.
stabilization. These results show the influence of particle size and
shape distributions on the bulk level compaction as a result of distinct
particle arrangement.

3.6. Predictive model

A statistical model that comprised ofmean values of aspect ratio and
particle size as the independent variables was developed to relate the
weighted cohesion with particle properties (Eq. (5)):

S ¼ β0 þ β1X1 þ β2X2 þ β3X3 þ β4X4 þ ϵ ð5Þ

where, S is the value of the response variable, i.e., weighted cohesion
(J/kg), X1 is the aspect ratio [−], X2 is the volume mean diameter
(d4,3, m), X3 is the penetration work during the penetration step of
the Warren Springs geometry (J), and X4 is the span of the particle
size distribution [-]. βi are the parameters of the regression model
(β1 [J/kg], β2[J/kg.m], β3 [1/kg], β4 [J/kg]), and ϵ is a random error
term that follows a normal independent probability distribution
with E{εi} = 0 and σ2{εi} = σ2 also expressed in units of J/kg.

Three transformations (logarithmic, square root, and weighted least
squares) were tested for improving the predictability of the model. The
best model parameters from the original model and the transformed
models are presented in Table 2.

The predictivemodel and themodel parameters do not includeMCC
data points. The exclusion of MCCwas based on the limited penetration
depth of theWarren Springs geometry as detailed in Section 3.3, which
prevented an accurate comparison of the cohesion strengthmagnitudes
between MCC and starch powders.

The penetrationwork as a predictive variable, derived from the pen-
etration step of the Warren Springs' test, depended on factors such as
internal friction coefficients, magnitude of interparticle interactions,
and the mechanical strength of the powder bed. Whereas, the span of
the size distribution was selected as an attempt to evaluate the effect
of particle size distribution on the prediction of the cohesion strength.
From a descriptive correlation analysis, the cohesion strength correlated
better with the penetration work (r = 0.94) and the volume mean di-
ameter (r = −0.56). Lower values of descriptive correlation were ob-
served for averaged aspect ratio (r = −0.35) and size distribution
span (r = 0.16). The best model, using the best subset selection,
included the mean volume diameter (bβ1) and the penetration work
(bβ3) as independent variables without transformation (model 1;
Table 2). This model exhibited low extrinsic variability (MSE =
3.60*10−8), relatively low Cp, which indicated reduced bias, and
small PRESS values, which strengthened its predictive ability
(Table 2). In addition, the model also presented considerably satis-
factory coefficient of determination (R2), capable of predicting
89.7% of the variability in cohesion strength of starch samples, and
reduced multicollinearity likelihood (VIF = 1.24 i.e. VIF b 10).

The second- and third-best models, logarithmic and square root
transformations of the independent variables, respectively, yielded in
significance of the penetration work (bβ 3) (Table 2). However, the pre-
diction of the variability in cohesion strength of thesemodels decreased
by 6% (model 2) and 11% (model 3) as compared with model 1. The re-
maining transformations exhibited a reduction in prediction of new ob-
servations as their prediction sum of square and mean square of error
values increased (models 4, 5, 7–10).

Amodel optimization substituting the span of size by the span of the
aspect ratio was also attempted. The selection of this new data set was
based on the higher correlation between cohesion strength and the
span of aspect ratio (r = 0.66). However, the best model remained the
one with the inclusion of non-transformed independent variables
mean volume diameter and penetration work. The Cp value was the
only criterion that changed for the modified data set. The Cp value in-
creased from1.08 (data set that included span of size as an independent
variable) to 1.90 (data set that included span of aspect ratio as an



Table 2
Statistical parameters used as cohesion prediction model via best subset selection criteria.

R2 R2
adjusted CP PRESS MSE bβ 0 (J/kg) bβ 1 (J/kg) bβ 2 (J/kg.m) bβ 3 (1/kg) bβ 4 (J/kg)

1- Non-transformed model: S = β0 + β1X1 + β2X2 + β3X3 + β4X4 + ϵ
0.90 0.89 1.08 1.35E-06 3.60E-08 6.48E-04 −10.99 . 7.00E-02 .
2- Logarithmic transformation for independent variables: S = β0 + β1 log (X1) + β2 log (X2) + β3 log (X3) + β4 log (X4) + ϵ
0.85 0.85 4E-03 1.98E-06 5.40E-08 6.92E-03 . . 3.03E-03 .
3- Square root transformation for independent variables: S ¼ β0 þ β1

ffiffiffiffiffiffiffiffiffiffi
X1ð Þp þ β2

ffiffiffiffiffiffiffiffiffiffi
X2ð Þp þ β3

ffiffiffiffiffiffiffiffiffiffi
X3ð Þp þ β4

ffiffiffiffiffiffiffiffiffiffi
X4ð Þp þ ϵ

0.81 0.80 1.287 2.74E-06 7.00E-08 3.86E-03 . . −3.12E-04 .
4- Logarithmic transformation for dependent variable: log(S) = β0 + β1X1 + β2X2 + β3X3 + β4X4 + ϵ
0.88 0.87 4E-03 0.16 4.38E-03 −2.246 −7816.3 −0.855 16.691 .
5- Logarithmic transformation for dependent and independent variables: log(S) = β0 + β1 log (X1) + β2 log (X2) + β3 log (X3) + β4 log (X4) + ϵ
0.86 0.85 2.11 0.18 5.08E-03 −3.388 −0.436 . 16.691 .
6- Weighing transformation for independent variables: S = β0 + β1W′1(X1) + β2W′2(X2) + β3W′3(X3) + β4W′4(X4) + ϵ
0.53 0.48 3.318 6.46E-06 1.8E-07 9.459E-04 1.75E−11 . 3.22E-09 -1.65E-08

7- Square root transformation for independent variables:
ffiffiffi
S

p
¼ β0 þ β1X1 þ β2X2 þ β3X3 þ β4X4 þ ϵ

0.86 0.84 3.03 224.21 6.02 −8.16 326,738.80 43.42 −455.26 .

8- Square root transformation for independent and dependent variables:
ffiffiffi
S

p
¼ β0 þ β1

ffiffiffiffiffiffiffiffiffiffi
X1ð Þp þ β2

ffiffiffiffiffiffiffiffiffiffi
X2ð Þp þ β3

ffiffiffiffiffiffiffiffiffiffi
X3ð Þp þ β4

ffiffiffiffiffiffiffiffiffiffi
X4ð Þp þ ϵ

0.84 0.82 3.21 269.15 6.97 102.48 −0.120 −61.71 2.16 .
9- Weighing transformation for independent and dependent variables: W′S = β0 + β1W′1(X1) + β2W′2(X2) + β3W′3(X3) + β4W′4(X4) + ϵ
0.30 0.25 1.11 1.16E + 16 3.03E + 14 26,396,906.64 −1.23 . . −697.37
10- Weighing transformation for dependent variable: W′S = β0 + β1X1 + β2X2 + β3X3 + β4X4 + ϵ
0.26 0.22 1.12 1.23E + 16 3.16E + 14 66,515,268.42 −1.08E + 12 . 1,265,805,935.00 .

bβ1 is associated with d34,bβ2 is associated with the aspect ratio,bβ3 is associated with the penetration work of the Warren Springs geometry, andbβ4 with the span of the particle size
distribution.
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independent variable). Despite the influence of aspect ratio on pow-
der flowability as detailed in relevant literature [4,26], neither the
mean values of aspect ratio nor the span of the shape factor was in-
cluded in this predictive model. This is because the penetration
work already accounted for the frictional variations due to the mor-
phological effects.

4. Conclusions

This study provided relevant information on the cohesiveness of
starch powders and MCC PH101 based on their physical characteristics
that could be important in distinguishing the use of these powders as
fillers and bulk agents. MCC PH101 exhibited high Warren Spring pen-
etration work, high weighted cohesion peaks, and low compressibility
profiles. The mechanical interlocking from the rod-shaped particles
may have had a predominant effect on the rheological profile of MCC
PH101. Meanwhile, among the starch samples, wheat starch had the
highest values of penetration work and peak cohesion followed by
corn and potato starches. Wheat starch was also more compressible.
The molecular makeup of starch granules may have contributed to the
shape characteristics, mechanical properties, and the inherited agglom-
eration trend. The differences in particle characteristics justified the dis-
tinct flowmodes observed for starch samples when compared with the
MCC powder sample.

A statistical model accounting for the penetration work and vol-
ume mean diameter effects was developed to predict the cohesive-
ness of starch powders. The advantage of this model includes that
it considers the effects of the magnitude of interparticle interactions
and the change in mechanical strength of the powder bed with the
downward motion of the Warren Springs geometry during
penetration step.

Overall, this study helped understand the impact of solid-state ma-
trix on the kinematic profiles of different powder samples at high strain
conditions. The differences in failure mode can be further explored for a
direct quantification of the effect of micro-mechanical and shape prop-
erties of powders on their bulk properties, such as cohesion and com-
pressibility. This powder characterization methodwill be valuable to
understand powder flow in unit operations such as high shear granula-
tion, mixing, and compaction. However, this methodology cannot be
adapted for hopper and silo designs which rely on low strain measure-
ments such as those used in shear cells.
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