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ABSTRACT

The objective of this research is to investigate three approaches for improving the bulk
density or mechanical strength of the parts from powder bed additive manufacturing
technologies, with a focus on binder jetting additive manufacturing. At the beginning, a literature
review was conducted to target the density issue. This review began with an overview of the
process, material considerations, and process parameters. It then discussed different aspects of
density. Afterward, it reviewed two categories of techniques to increase the part density: material
preparation techniques and post-processing techniques. Finally, it presented the knowledge gaps
in the literature.

Afterward, three approaches, i.e., powder mixing, powder coating, and powder
granulation were studied. For the powder mixing approach, an analytical model was used first to
study the mixture packing density. Both modeling and experimental results showed that powder
mixtures (binary or ternary) with a multimodal particle size distribution could achieve a higher
packing density than their component powders and there existed an optimal mixing fraction to
achieve the maximum mixture packing density. Afterward, theoretical tools to select parameters
for the powder mixing approach were established. Moreover, three linear packing models (de
Larrard’s, Kwan’s, and Yu’s) were assessed for their prediction performances on micropowder
mixtures in terms of predicted powder packing densities and optimal mixing fractions. Results
showed that Kwan’s model achieved the best prediction performance on powder packing density.
In terms of optimal mixing fraction, the prediction performance depends on the specific mixing

system.
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A new powder surface modification method, i.e., particle coating, was applied to increase
the powder sinterability and the part strength. Specifically, coarse crystalline alumina particles
were coated with amorphous alumina, in which the micron-sized core was designed to provide
the high flowability and the amorphous shell to promote sintering due to its high activity. The
sintered samples from the coated powders demonstrated enhanced necking, increased diameter
shrinkage, and improved compressive strength, compared with those from the raw powders.

For powder granulation approach, powders were firstly prepared using spray freeze
drying and the effects of preparation parameters on the powder properties were studied. Results
showed that a low spraying pressure and a high feed rate led to a large granule size and
consequently a higher flowability. Thereafter, the granulated powder from spray freeze drying
was compared with nanopowder and micropowder in terms of flowability and sinterability.
Results showed that the granulated powder had both a high flowability and a high sinterability.
Finally, a granulation method called direct freeze drying was used to prepare the granulated
powders from slurries with different solid loadings. Powder spreading and compaction tests were
conducted on a commercially available binder jetting 3D printer equipped with a forward-
rotating roller compaction system. Results showed that a low slurry solid loading could enhance

the powder bed density in roller-compaction-assisted binder jetting.
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1. INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, can be described as the process of
joining or adding materials for making objects from 3D model data using a layer-by-layer principle
[1]. The AM market is increasing rapidly every year, from $12 billion in 2020 to an expected $51
billion by 2030, representing a compound annual growth rate of 15% [2]. According to the ASTM
standard [1], most AM technologies can be classified into seven categories: binder jetting, vat
photopolymerization, powder bed fusion, directed energy deposition, material extrusion, material
jetting, and sheet lamination. Binder jetting and powder bed fusion have a similar working
principle. Binder jetting (BJ) is defined by ASTM as “an additive manufacturing process in which
a liquid bonding agent is selectively deposited to join powder materials.” Powder bed fusion (PBF)
is defined by ASTM as “an additive manufacturing process in which thermal energy selectively
fuses regions of a powder bed.” Both BJ and PBF involve a powder bed and thus can be classified
into powder bed AM.

Various materials, including polymers, metals, ceramics, and composites, can all be printed
using powder bed AM technologies. Powder bed AM has been widely investigated in the literature
to overcome the limitations of conventional manufacturing techniques [3,4]. For example, it is
sometimes very costly to fabricate objects of complex shapes using conventional manufacturing
techniques due to the high cost of tooling. Other disadvantages of conventional techniques include
excessive cost in prototyping and difficulty to make design changes.

Although powder bed AM can overcome some limitations of conventional manufacturing
techniques, tremendous research is still required. Many researchers have reported binder jetting
studies using different feedstock materials [5—8] and different post-processing methods [9-12].

However, the relative bulk density of pure ceramic materials by only printing and sintering is low



according to the reported studies in the literature [12—15]. This low density (and consequent
inferior mechanical properties) is the main disadvantage and the most challenging problem in the
field of ceramic binder jetting AM.

The objective of this research is to investigate three approaches for improving the bulk density
or mechanical strength of the parts printed from powder bed AM technologies, with a focus on
binder jetting. At the beginning, a literature review was conducted. Afterward, three approaches,
i.e., powder mixing, powder coating, and powder granulation were studied. It should be noted that
alumina was chosen as the model material and binder jetting as the model powder bed AM
technology. Although only one material and one AM technology were tested, some knowledge in
this dissertation maintain their potentialities for other materials and other powder bed AM
technologies.

The dissertation outline is shown in Figure 1.1. Chapter 2 contains a literature review, which
was to summarize the current status and identify the knowledge gaps in ceramic binder jetting,
with a particular focus on density. Chapter 3 presents a study of both modeling and experiments
of the powder mixing approach and its effect on density. Chapter 4 reports an assessment study of
three powder packing models in terms of prediction performances on powder packing density and
optimal mixing fraction. Chapter 5 focuses on the powder coating approach to increases the
powder sinterability and consequent part mechanical properties. Chapters 6—8 report three studies
of the powder granulation approach. In Chapter 6, a granulated powder was prepared with spray
freeze drying, and the effects of preparation parameters on the powder properties were studied. In
Chapter 7, a study on the comparison of powder flowability and sinterability was conducted among

three powders: nanopowder, micropowder, and granulated powder. In Chapter 8, the effects of



granulated powder preparation on powder bed conditions in roller-compaction-assisted binder

jetting were studied. Conclusions were drawn based on the results in each chapter.

Investigations on Three Approaches for Improving Powder Bed Additive Manufacturing

Approach 1: Approach 3:
Granulating Powder

Mixing Powder
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Coating
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> ; micropowder, and Bed
packing models drying granulated powder Conditions
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Literature
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Figure 1.1 Dissertation outline
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2. LITERATURE REVIEW ON CERAMIC BINDER JETTING ADDITIVE
MANUFACTURING*
2.1. Introduction

Ceramic materials can have outstanding properties, such as extraordinary hardness, excellent
resistance to wear, heat, and corrosion, and exceptional biocompatibility. Therefore, ceramic
materials have a wide range of applications, from orthopaedic and dental implants in the
biomedical industry to engine components in the aerospace and automotive industries. However,
it is very costly to fabricate ceramic parts of complex shapes using conventional manufacturing
techniques. For complex ceramic parts, tooling can contribute up to 80% of the overall cost if
conventional techniques are used [1]. Conventional techniques have other disadvantages including
excessive cost in prototyping and difficulty to make design changes. All these disadvantages have
impeded the widespread applications of advanced ceramic materials (e.g., alumina, zirconia, and
silicon carbide). For example, there are millions of joint replacement surgeries every year [2].
Although ceramic materials are an excellent choice for joint implants because of their excellent
wear resistance and exceptional biocompatibility [3], they are not widely utilized because it is not
cost-effective to fabricate them using conventional manufacturing technologies [4].

According to the ASTM standard [5], most additive manufacturing (AM) technologies can be
classified into seven categories: binder jetting, vat photopolymerization, powder bed fusion,
directed energy deposition, material extrusion, material jetting, and sheet lamination. Binder
jetting is defined by ASTM as “additive manufacturing processes in which a liquid bonding agent

is selectively deposited to join powder materials” [5]. Binder jetting was initially developed at

*Reprinted with permission from “Ceramic Binder Jetting Additive Manufacturing: A Literature Review on
Density” by Du, W., Ren, X., Pei, Z., and Ma, C., 2020. Journal of Manufacturing Science and Engineering, 142(4),
p- 040801 (19 pages), Copyright [2021] by ASME.



Massachusetts Institute of Technology in the late 1980s [6,7] and commercialized by Soligen in
1993 [8], Z Corporation [9] and Therics [10] in 1997, ExOne in 2001 [11], Voxeljet in 2002 [12],
Microjet in 2016 [13], and Desktop Metal [14] and Digital Metal [15] in 2017. After presenting
their innovation in various conference [7,16,17] and journal [18,19] papers, the inventors
investigated various perspectives of this technology, including the powder bed density
improvement [20,21], powder-binder interaction [22,23], new feedstock form (i.e., slurry instead
of powder) [24-31], and potential application areas (e.g., casting cores and shells [32], optical
lenses [29], cutting tools [33], and biomedical devices [34]).

Table 2.1 summarizes advantages and disadvantages of the seven AM categories for printing
ceramic materials. Compared with others, binder jetting has some unique features. First, the
surrounding powder supports the printed part during the building process. Therefore, there is no
need for explicit support structures for overhangs and undercuts [35]. Secondly, the amount of
binder in the green body is low, and thus debinding is much easier for large parts than some other
processes such as vat photopolymerization [36,37]. Thirdly, as print heads can consist of up to
thousands of jets working in parallel, binder jetting is easily scalable for fabricating large parts
[38]. Moreover, binder jetting is suitable for biomedical applications due to its capability of
printing functionally graded materials [39]. For example, bioinks with drugs can be added to the

binder [40].



Table 2.1 Advantages and disadvantages of various AM categories for ceramics

Category Advantage Disadvantage
Binder jetting No need for support [35], minimal High porosity [41]
amount of sacrificial materials [37], high
scalability [38]
Vat Excellent resolution and accuracy [42], Limited part size
photopolymerization smooth surface [42], high density [41]
Powder bed fusion No need for support High porosity
(indirect)
Material extrusion Low cost, high density, multiple materials | Low resolution [41],
within a part [43] interfacial porosity
Material Jetting Excellent surface quality [42], multiple Limited part size
materials within a part
Directed energy High density [44] Thermal cracks [45]
deposition
Sheet lamination High speed, no need for support Delamination,
interfacial porosity [41]

Several review papers on ceramic AM have discussed binder jetting. The first one [46], which
was published in 2003, discussed its process, dimensional control, and applications. Other four
ceramic AM review papers, published in 2014 [42,47], 2015 [41], and 2017 [48], also included
binder jetting. Travitzky et al. [42] reviewed the dimensional control methods and several
applications in the orthopaedic field. Deckers et al. [47] reviewed the low-density issue of ceramic
binder jetting. Zocca et al. [41] reviewed the material preparation methods to improve the powder
bed density, while Yang et al. [48] discussed the advantages and material limitations of ceramic
binder jetting. A recent review paper about binder jetting summarized various powder deposition
methods, reviewed binder selection criteria, and discussed key printing parameters such as binder
saturation and layer thickness [49]. In addition to these review papers, a book chapter also
reviewed some ceramic materials that have been used in binder jetting, including several

applications related to these materials [50].



The literature has reported an increasing number of studies on binder jetting. Various
techniques have been reported to improve the density (and mechanical properties in some cases)
of printed parts. However, there are no review papers devoted to ceramic binder jetting that
comprehensively compile the available reports in the literature on density improvement. This
literature review is to fill the gap.

This paper first provides an overview of ceramic binder jetting, including the process,
materials, and resultant densities. The focus of this review is to summarize and analyze reported
techniques for density improvement, which is considered as the most challenging issue in this field.
Finally, existing knowledge gaps are identified.

2.2. Description of Ceramic Binder Jetting
2.2.1. Process overview

Figure 2.1 illustrates major components of binder jetting equipment, including powder
stock, build platform, spreader, binder cartridge, and print head. The printing process is as
follows. First, the spreader deposits a thin layer of powder from the powder stock onto the build
platform, forming the powder bed. Then the print head jets binder onto selected areas defined by
a 3D model to bond the powder particles in these areas. After one layer is finished, the build
platform is lowered and the powder stock is raised, after which a new powder layer is spread
onto the finished layer. These steps are repeated until the whole part is printed. The printed part

is then separated from the loose powder after curing [6,37].
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Figure 2.1 Major components of binder jetting equipment

A generic cycle of ceramic binder jetting is shown in Figure 2.2. The feedstock is
ceramic powder. The powder needs to meet certain requirements (e.g., high flowability and
sinterability to be discussed in Section 1.2.3) for making high-quality parts. The printed part is
called “green part”. The green part is then heated to a specific temperature (usually around
200°C), during which the binder is thermally activated by solvent evaporation, polymerization,
cross-linking, or other mechanisms to strengthen the green part [42,47]. It should be noted that
curing can be applied layer by layer [51]. Curing temperature could be higher (up to 800°C) if an
inorganic binder, usually colloidal silica [18], is used.

Afterward, post-processing steps (such as debinding and sintering) are usually applied to
the green parts to improve their material properties. In the debinding step, the binder is thermally
decomposed or burned out by heat treatment between 400 °C and 800 °C, producing a “brown
part”. The heating rate is controlled to ensure the escape of gaseous reaction products. In the
sintering step, the part is heated to a high temperature (usually just below the melting point of the
ceramic material), followed by dwelling and furnace cooling. The sintering step increases the

density of the part by mass transport across the boundaries of ceramic particles [52]. Other
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densification techniques (e.g., isostatic pressing, infiltration, etc.) can also be used to further
increase the density and thus mechanical properties. However, they may compromise other
properties such as geometrical accuracy, biocompatibility, and heat resistance. Details of some

post-processing steps are reviewed in Section 1.5.

Debinding

= »

, , D ——
*Powder *Green part ] *Cured part

D —

*Brown part *Final part

Figure 2.2 Steps of ceramic binder jetting

2.2.2. Materials and applications

Figure 2.3 shows the proportions of application areas of ceramic binder jetting in reported
studies. The application with the highest number of papers is in the orthopaedic field to make bone
scaffolds and implants. The structural application has the second highest number of papers. A
small number of dentures and crowns are reported as well. For electronic applications, fabrication
of dielectric radio frequency filters and ferroelectric dielectric capacitors is reported. There is also

one paper about the fabrication of a gradient-index lens for optical application.
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Figure 2.3 Proportions of various application areas of ceramic binder jetting reported in
the literature

Table 2.2 summarizes the reported materials grouped by their application areas. Sometimes,
the feedstock and resultant materials (if identified) are different and thus listed in different columns.

Additives and infiltrants are also included.

Table 2.2 Feedstock and resultant materials reported in ceramic binder jetting

Application Ef;g;t;lc k i%clltl;[:;i %S) °T " Resultant material Reference
Structural Al / AlLOs [53]
Structural Al+ALLO3 / ALO3 [54]
Structural AIN / AIN [55,56]
[7,18,19,2
Structural ALO; / ALO; 3,24,38,57
—68]
Structural AlLOs (I) ALO3 AlLOs [69]
Structural ALOs (I) Cu+Cu0 ALO3;+Cu+Cu0 [67,70]
Structural ALO; (D Glass AlOs+Glass [71]
Structural AL O3+ZrO; / AL O3+ZrO; [72]
Structural B4C+SiC / B4C+SiC [73]
Structural CaO (A) ZrO; CaO+CaZrO3 [74]
Structural CaS04-0.5H20 CaS04-0.5H20 [75]
Structural CaS0O4:0.5H 0  (I) C21HasClOs  Co1HasClOs+CaSO4 [76]
Structural Porcelain / Porcelain [77]
Structural Si / SiC+Si3N4+SiON [78,79]
Structural Si+SiC (D) Silicone SiSiC [80]
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Ca(HPO4)+Ca(HPO4)-2H,O
Ca(HPO4)+Ca(HPO4)-2H,0
+Caz(PO4)2
Ca(HPO4)-2H,O
Ca(HPO4)-2H,0+Ca3(POs)2
Ca3(POa4)2
Ca3(PO4),*MgO+Si0O;
Ca3(PO4),*MgO+SrO
Ca3(P0O4)>+Si02+Zn0O

Ca3(PO4)2+Cas(PO4)3(OH)

[81,82]
[83]
[24]
[84]
[85]
[86]

[87]

[88]
[89,90]
[91-93]
[94]
[95-97]

[98]

[99,100]

[101]

[102]

[103]

[104]

[105,106]

[107,108]
[109-112]
[113-116]
[117]

[118-120]

[121]
[122,123]
[124-135]
[134]
[132,133]
[135]

[136]
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. Caz(PO4)r+Cas( Cay(P0O4),0+Cas(PO4)3:(OH
1
Orthopaedic P00 / ) [137]
. Caz(PO4)2+Cas( Ca(HPO4)+Ca3(POa4)2+Cas(
Orthopaedic POw)3(OH) / PO4)3(OH) [138]
. Ca3(POg)tCas(
Orthopaedic PO4)(OH) / / [139,140]
. Caz(PO4)+Cas( _
Orthopaedic PO4)(OH) / Ca3(PO4)2+Cas(PO4)3(OH)  [141-144]
Ca3(PO4)2+Cas( )
Orthopaedic PO4);(OH)+Ca / 835(PO4)3(0H)+C&SO4 2Hz 45
SO4
. Ca(HPO4)+Ca(HPO4)-2H,0
Orthopaedic  Cas(PO4)>0 / 1 Cay(POw), [120]
Orthopaedic  Cas(PO4)3(OH) / / [146-148]
[35,126,12
Orthopaedic Cas(PO4)3;(OH) / Cas(PO4)3(OH) 7,149—
154]
. (I) Bioactive Bioactive
Orthopaedic  Cas(PO4)3(OH) - polymer+Cas(POs);(OH) [155]
Orthopaedic  CaSO4 / CaS04-0.5H20 [156-158]
Orthopaedic CaSO4:0.5H,O / Cas(PO4)3(OH) [159]
Orthopaedic CaSO4:0.5H,O / CaSO4-2H20 [160]
Orthopaedic CaS04-0.5H,0 / gngO4)3(OH)+CaSO4'O'5 [161]
Orthopaedic CaSO4-0.5H0  / 8a5(PO4)3(OH)+CaSO“'2H2 [159,160]
. _ Ca(HPO4)+Cas(PO4)3(OH)+
Orthopaedic CaSO4:0.5H,O / CaSO4-2H,0 [160]
Orthopaedic  CaSO4-0.5H:0  / gaCO3+CaSO4+CaSO4'2H2 [162]
Orthopaedic CaSO04:'0.5H,O  (A) AgNO; Ag3PO4+Cas(PO4)3(OH) [163]
Orthopaedic CaSO4:0.5H,O0  (I) (CeH1002)n  (CeH1002)n+Cas(PO4)3(OH) [159]
Orthopaedic Mg3(PO4)2 / Mg3(POs)> [164]
Mg3(PO4)2+Mg :
Orthopaedic  sSr(PO4)s+Mgy  / MgHPO4 3H20+Mg(OH)2+ ) (1)
SrCO3
Sr(PO4)2
. Mg3(PO4)+(N .
Orthopaedic H4):HPO4 / NHsMgPO4-6H>0 [165]
Electronic AlLO3 / AlLOs 525’27’ 166
Electronic BaTiOs; / BaTiO3; 22]7’ 167,16
Electronic Si3N4 / Si3N4 [25]
Dental ALO; (D) Dental glass ~ Al,Os+Dental glass [169]
Dental Dental . / Dental porcelain [170,171]
porcelain
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Dental gl . (A) ALOs AlOs+Dental porcelain [172]
porcelain

Optical Si0, / Si0; [173]

Materials investigated for structural applications include oxides (Al2O3, TiO2, ZrOz), carbides
(WC, TiC, SiC), and nitrides (AIN, Si3N4). For orthopaedic applications, materials in the calcium
phosphate family, such as hydroxyapatite (HA, Cas(PO4)3;(OH)) and tricalcium phosphate (TCP,
Ca3(P0Os)2), are the most common choice due to their compositional similarity to human bones and
thus excellent biocompatibility [174]. Other calcium phosphate materials include calcium
polyphosphate (CPP, [Ca(PO3):2]u), tetracalcium phosphate (TTCP, Cas(PO4)20), and dicalcium
phosphate (DCP, CaHPOs). Alumina is the first material studied by the inventors of binder jetting
[6,7]. In the past decades, it is also one of the mostly studied materials in different applications
including structural, electronic, and dental areas.

In addition to the pure compound materials, a large portion of studies used composites to
enhance various properties. For example, 12.5 vol.% zirconia was mixed with 40 vol.% alumina
slurry to attain optimum strength for the printed and sintered parts [72]. Although composite
materials can offer improved properties, they sometimes sacrifice other properties, such as
biocompatibility [37].

2.2.3. Feedstock powder

Feedstock powder and its deposition method [175] determine various physical and chemical
processes during fabrication, such as powder spreading, binder-powder interaction, and sintering
densification. This section discusses important feedstock powder parameters and deposition
methods.

2.2.3.1. Powder flowability
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Flowability, the ability of a powder to freely flow, is crucial for uniform powder spreading
[176] and thus homogeneous green and sintered part structure [48]. Flowability [102,167] is also
called depositability [177], mobility [59], pourability [42], and spreadability [69,75,110,169].

Flowability can be assessed using different metrics, including flow factor (ff,) [109,110],
Hausner Ratio (HR) [11, 43, 79-81], Carr Index (CI) [178], and flow rate [147,150,152], among

others. Flow factor is defined by the following equation,
ffe=— (1D

where g, is the consolidation stress and o, is the compression strength, both of which can be
measured with a ring shear tester [109,110].

Hausner Ratio [11, 43, 79-81] is defined by the following equation,

=P
Pa

HR (2)

where p; and p, are the tap density (the density of powder after a certain number of tapping
cycles [64,97,179,180]) and apparent density (the density of freely settled powder), respectively.
HR value is always larger than or equal to one. A smaller AR value, i.e., closer to one, indicates
better flowability. Carr Index [178] is similar to Hausner Ratio. A smaller index value indicates

better flowability. Its definition and relationship with Hausner Ratio are shown as follows,

CI =100 (1 — Z—‘;) )
CI = 100 (1 — H—lR) (4)

Flow rate is usually measured by a Hall flowmeter [147,150,152], in which a defined volume

of powder passes through a small opening of a metal funnel. The flow rate can be represented by
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the total time required for a certain amount of powder to pass [91,150] or the mass of the powder
passing through in a unit time [147,152].
2.2.3.2. Powder Sinterability

Sintering is “a thermal treatment for bonding particles into a coherent, predominantly solid
structure via mass transport events that often occur on the atomic scale” [181]. It is affected by
powder properties and packing state. Powder sinterability is used to compare the sintering
performance of different powders under a similar packing condition, and it is important for the
selection of the optimal feedstock material before printing. Sintered bulk density is commonly
used to describe powder sinterability since high sinterability leads to high sintered density under
same conditions [52]. Volumetric shrinkage is another sinterability metric because high
sinterability leads to large volumetric shrinkage under same conditions [182]. Powder sinterability

can also be assessed by the densification ratio,

Ps — Pg
= 5
v Pth — Py ( )

where ¢ is the densification ratio and pg, ps, and pgy, are the green density, sintered density,
and theoretical density, respectively [183]. Theoretical density is calculated based on
corresponding crystal structure [184].
2.2.3.3. Powder particle shape

Various particle shapes have been reported in the literature, as shown in Figure 2.4. Spherical
particles usually have better flowability. For example, the flow times of spherical and irregular
calcium alkaline phosphate powders (45-90 um, 50 g) are 121 and 166 s under the same conditions,
respectively [185], which indicates the better flowability of spherical particles.

There are no reported studies about effects of powder particle shape in ceramic binder jetting.

However, effects of particle shape on powder bed density were reported from other fields, such as
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geology [186]. Compared with non-spherical powders, sand powder with spherical particle shape

could lead to a higher value of powder bed density [186].

Figure 2.4 Different ceramic particle shapes used in binder jetting: (a) spherical, (b)
rounded [176], (c) angular, (d) polygonal [169], (e) irregular [101], (f) aggregate.

2.2.3.4. Powder particle size

Reported particle size of feedstock powder used in ceramic binder jetting ranges from 0.3 (the
minimum particle size in [170]) to 355 pm (the maximum particle size in [164]). Particle size of
feedstock powder in binder jetting affects powder flowing and sintering behaviors.

Coarse powder usually has good flowability while fine powder often has good sinterability
[109]. When particle size is smaller than a certain value, the interparticle cohesion becomes more
dominant than the inertia [187]. Therefore, fine particles tend to agglomerate, usually resulting in
bimodal pore size distribution in the spread powder layer [145,162,188] and a low powder bed
density. Particle size also plays a vital role in powder sinterability. The specific surface area of
fine powder is larger than that of coarse powder, leading to a larger sintering driving force and

consequently a higher densification after sintering [97]. It is noted that larger particles are desirable
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for better flowability while smaller particles are preferred for better sinterability. These two
requirements on particle size are contradictory.

Sun et al. reported that the poor flowability of a mixed glass-ceramic powder of a relatively
small particle size (< 25 um) caused powder adhesion onto the roller and thus the movement of
the printed layer when spreading a new layer, eventually leading to a significant misalignment
between printed layers [97]. In Zocca et al.’s study [96], lithium alumino-silicate glass powder
with a median diameter of 75 um (fine powder) had an HR value of 1.29 and the powder with a
median diameter of 223 um (coarse powder) had an HR value of 1.11, indicating the better
flowability for the coarse powder.
2.2.3.5. Powder deposition methods

In binder jetting, the powder can be deposited with various methods. Figure 2.5 shows four
powder deposition methods, where 4 is desired layer thickness and 44 is pre-deposited thickness.
A parameter called compaction ratio, which is the ratio of 4s to 4, is used to quantify the
compaction level, and a value of two is a common choice [75,167]. The effect of an amount
increase of the pre-deposited powder, which induces a higher compaction ratio, has been
experimentally studied [57]. It shows that green parts made with more pre-deposited powder have
a higher bulk density.

Among all deposition methods, doctor blade spreading is the simplest, with little powder
compaction occurring. Other three methods use a roller instead of a blade, and the roller can be
fixed [178], forward-rotating [75], or counter-rotating [178]. The counter-rotating roller is the most
commonly used. The traversing movement of the roller deposits and compacts the powder, while
the rotation smooths the powder bed. Compared with counter-rotating roller, fixed roller and

forward-rotating roller have not drawn much interest because of the higher surface roughness of
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the spread powder bed [178] and powder bed disturbance by the powder adhering onto the roller
surface [75], respectively.

In a numerical study, counter-rotating roller outperforms the doctor blade in achieving high
powder bed density and low surface roughness [189]. Combination of different methods, e.g.
forward-rotating roller and doctor blade [75] has been reported to increase powder bed density.
Parameters of each deposition method can also be tuned to improve powder bed density. For
example, Shanjani et al. [190] introduced an analytical model and calculated the powder bed
density formed by a counter-rotating roller system. It was found that larger roller diameter leads
to denser powder bed. It should be noted that there is no research directly investigating the effect

of different powder deposition methods on printed part properties.

\' Vv Vv \
Ih hg Ih hg Ih hq Ih hq

(@) (b) () (d)

Figure 2.5 Various powder deposition methods: (a) doctor blade, (b) fixed roller, (c) forward-
rotating roller, and (d) counter-rotating roller. 4 is desired layer thickness and /g is pre-deposited
thickness

Though sub-micron and nanometer powders can be easily sintered, it is not easy to spread
them due to their high surface energy and thus agglomeration issue [191]. One possible method to
address this problem is vibration-assisted spreading. For example, Sachs employed three different
methods to vibrate different parts during the printing process, including the build platform, the

powder bed surface, and the scraper [20], to spread ceramic powders with a particle size of about
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20 um. A vibrating counter-rotating roller [191], though not used for ceramic materials, is another
potential method to break down agglomerates in fine powder with a particle size as small as 100
nm.
2.2.4. Binder
2.2.4.1. Binder material and concentration

Table 2.3 lists binder materials used in reported studies. Organic materials, including
polymers (e.g., polyvinyl alcohol) and carbohydrates (e.g., dextrin), are the most common choice
for the binder. They have versatility to almost any powder and capability of thermal decomposition
with little residue. Phosphoric acid is another common choice, especially for the scaffold parts
from the calcium phosphate family. Colloidal silica is used in some cases where the binder is to
be incorporated into the final component [18].

Table 2.3 Binder materials used in reported studies

Binder material Reference

[38,54,68,71,80,82,85,86,88,95,98,101,105,106,1
27,142,143,146,147,152,153,155,159,160,163,16
4]

Carbohydrates (dextrin, maltodextrin,
starch, etc.)

[85,100,103,109-111,113,115—

Phosphoric acid 120,122,123,130,136,138,139,165]

[23-
25,27,38,57,58,64,65,67,69,73,80,93,94,107,108,
112,131,140,141,150,154]

Polymers (polyvinyl alcohol, polyethylene
glycol, polyvinylpyrrolidone, etc.)

Colloidal silica [6,7,18,20,72]
Acrylic acid [23,27,79,144]

Binder concentration quantifies the amount of the adhesive material in the binder solution.
For a powder-binder system in which chemical reaction happens between them, binder

concentration could affect the green density. In Gbureck et al.’s study [117], tricalcium phosphate
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(Caz(POs)2) part was printed with various phosphoric acid binder concentrations (5, 10, 20, and 30
wt.%) and the green density was measured. Results show that the increase of binder concentration
led to an improvement of the binder-powder reaction between tricalcium phosphate and the
phosphoric acid forming dicalcium hydrogen phosphate (CaHPO42H>O) and dicalcium
pyrophosphate (Ca;P>07) as cement materials for the part [100,123,192]. They observed a
downward trend of the green porosity. It should be noted that for a powder-binder system in which
binder only bonds the particles together and does not involve any chemical reaction, binder
concentration does not significantly affect the part density as the binder will be burnt off during
debinding.
2.2.4.2. Binder application methods

Figure 2.6 illustrates two different methods of binder application. The first method, called
binder jetting in-place, is to add the binder material to the printing solution and then jet the binder
solution onto the powder bed [6,109,157,170]. The second is to pre-mix powder and binder by
either a dry [107,108,160] or wet [85,140,155] approach and use the powder-binder mixture as the
feedstock material. For dry mixing, the ceramic and binder materials are pre-mixed using a grinder,
ball mill, or pestle and mortar. For wet mixing, the binder material is dissolved in a solvent (e.g.,
water), and the ceramic material is added to obtain mixture slurry. Then the slurry is spray-dried
[35,68,99,100,124,126,127,136,140,144,146,147,149-152,155] or freeze-dried
[63,70,71,80,85,87,88] and sieved. For both dry and wet mixing, the binder within the powder
feedstock joins the ceramic particles wherever the printing liquid (usually a water-based solution)

is jetted.
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Figure 2.6 Two methods of applying binder: (a) binder jetting in-place; (b) powder-binder

Figure 2.7 shows shares of each of the binder application methods in the reported studies.
Binder jetting in-place method is less complicated than the other two due to fewer feedstock
preparation steps, and has the most shares in the reported studies. The powder-binder pre-mixing
method allows for the use of a low-viscosity printing liquid because the binder is supplied in the
powder feedstock, which decreases the possibility of nozzle clogging. Wet pre-mixing can be more

advantageous than dry pre-mixing because the binder is more evenly mixed with the ceramic

material.

Figure 2.7 Shares of different binder application methods in reported studies

2.2.5. Process parameters

2.2.5.1. Layer thickness

pre-mixing
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Layer thickness directly affects the time needed to print a part and the surface roughness of
the part. A smaller layer thickness can lead to smoother surface but a longer printing time, and
vice versa [100]. The particle size is an important parameter to consider for selecting layer
thickness. For binder jetting, there are no universally accepted rules for selecting layer thickness.
Rules reported in the literature include at least greater than the largest particle size [75,162,193],
twice the particle size [194], and at least three times the particle size [110,177].

Some studies have been reported about the effects of layer thickness on various material
properties. Meier et al. employed a discrete element method (DEM) model that considered particle-
to-particle and particle-to-wall interactions involving frictional contact, rolling resistance, and
adhesive forces [195]. It was found that the powder bed density increased with increasing layer
thickness. Some other studies found different effects of layer thickness on printed part density. For
example, Shanjani et al. introduced an analytical model to predict the powder bed density under
various layer thickness values [190]. The model was based on the mechanics of plastic strains of
a volume-compressible continuum [196]. They found that an increase of layer thickness led to a
decrease of the powder bed density.
2.2.5.2. Binder saturation

Binder saturation, Sy, quantifies the amount of the binder solution applied during the printing
process. It is defined as the percentage of air space (in the powder bed) that is filled with binder

solution, given by the following equations,

Vi
S =1 (6)
Vo= (1-pp) % Ve (7)

where V}, is the volume of the binder applied to a pre-defined envelope, V, is the air space
volume of the powder bed within the same envelope before jetting binder, p;, is the relative
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packing density of the powder bed, and V, the volume of the pre-defined envelope. It should be
noted that the value of binder saturation may exceed one hundred percent because the binder in
the previous layers can dry out and therefore more binder than the presumed total free volume can
be jetted to the powder [96].

A low binder saturation level leads to limited contact between powder and binder, and results
in fragile green parts. In contrast, a high binder saturation level causes the binder to spread out of
the selected area, which is called bleeding, compromising the dimensional accuracy and surface
smoothness of printed parts [176]. Effect of binder saturation on the sintered density was studied
in Sun et al.’s study. A continuously decreasing trend of the sintered bulk density from 66.5% to
55.9% on titanium silicon carbide was reported with the increase in the saturation level of a
commercial binder from 10% to 30% [89], which may be due to the increased surface roughness
resulted from binder bleeding and thus larger apparent porosity. Melcher et al. found that the bulk
density of sintered alumina parts from granulated powder (granule size of <150 um) increased
from 56% to 67% with the increase of the binder saturation of a water-based commercial binder
from 0.14 g/cm? to 0.35 g/cm? [63]. It might be due to stronger particle bonding and thus denser
green part after printing with the higher binder saturation.

2.3. Terminologies, Measurement Methods, and Achieved values for Density and Porosity
2.3.1. Definition of various terminologies

Density and porosity are the most commonly assessed material properties in ceramic binder
jetting. There are many terminologies related to density and porosity, dependent on what packing
state the powder is in, what processing stage the part has gone through, and what pores are included
in the calculation. The definitions are not always made clear in published reports. These

terminologies and their definitions are summarized in Table 2.4.
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Table 2.4 Terminologies for density and porosity

Category Terminology Definition Reference
. Density of freely settled

Apparent density powder [96,97,109,145]
Powder density in . Density of powder after
different packing Tap density standard tapping process [96,97.145,152]
states Powder bed Density of der that i [23—

owder be ensity of powder that is
(packing) density spread on the build platform 3?363’80’93’98’145’169’1

Part density after
different process
stages

Green density

Brown density

Density after printing

Density after debinding

[23,25,80,88,98,108,117,
141,152]

[197]
[63,70,71,78,85,87,95,96,

Sintered density Density after sintering 101,102,106,132—
134,136,142,144,171]
. Mass per unit apparent solid
?GI;FS ailtrent solid volume (total volume of solid [68,147,166,167]
Y material and closed pores)
Mass per unit bulk volume
Bulk densit (total volume of the solid [97,125,132,133,155,159
Part density and Y material, open pores, and ]
porosity when closed pores)
different pores are Volume percentage of open [63,84,96,97,104,108,117
included Apparent porosity "7 fhe oLk *‘fn aterifl ,121,122,131,141,147,15
P “ 2,154,158,161,164,172]
. Volume percentage of closed
Closed porosity pores in the bulk material [125,132,133,135]
Bulk porosity The sum of apparent and [83,87,157,95,99,102,114

closed porosity

—-116,124,142]

2.3.1.1. Powder density in different packing states

There are three terminologies to define the powder density depending on different packing

states: apparent density, tap density, and powder bed density. Apparent density is the density of

freely settled powder [198-201]. Tap density is the density of a powder that has been tapped, to

settle contents, in a container under specified conditions [179,180]. Powder bed density is the
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density of the powder that is spread on the build platform. Unlike apparent density and tap density
that can be measured by following standards [179,180,198-201], powder bed density can be
measured by various methods. A common method is to spread a number (e.g., 50) of layers of
powder and then measure the bulk volume and the mass of the powder [63,75,167]. Another
method is to print multiple cylindrical cups and then measure the cup size and weight change after
depowdering [202]. For a given powder, powder bed density is usually between those of apparent
and tap densities.
2.3.1.2. Part density after different process stages

Green density, brown density, and sintered density are the part densities that just after printing,
debinding, and sintering, respectively. Green and sintered densities have been vastly investigated
while brown density has been rarely reported for the friability of the debound part and thus the
difficulty of density measurement. Other densities can be obtained if additional post-processing
steps are applied. For example, infiltrated density can be measured if infiltration is performed
[69,82,85,88,155,159] and pressed density can be obtained if isostatic pressing is implemented
[64,90,93].

Relative density (p") is the ratio of absolute density (p) to theoretical density (p:1,):

_ P
Pth

p (8)

where theoretical density (p;;,) is calculated based on crystal structure and unit cell dimensions.
In this paper, relative densities are used since they can be readily compared across various
materials.
2.3.1.3. Part density and porosity including different pores

For a part with both open and closed pores, its volume measurement is complicated. Figure

2.8 schematically shows these pores in a part. Open pores are permeable from a surface while
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closed pores are not. The bulk volume of the part includes volumes of solid as well as both open
and closed pores, while the apparent solid volume includes volumes of solid as well as closed
pores. The only difference between these two volumes is that the bulk volume includes open pores
but the apparent solid volume does not. Accordingly, the bulk density is the mass per unit bulk
volume while the apparent solid density is the mass per unit apparent solid volume. Similarly,
apparent porosity [203], closed porosity, and bulk porosity are the fractions of the volumes of open
pores, closed pores, and both of them, respectively, in the bulk volume. The bulk porosity (),
apparent porosity (m,), and closed porosity (1) can be estimated from the relative apparent solid

density (pgs) and relative bulk density (p,) based on the following equations

T, =1-—pp 9)
Pb
MTy=1-= (10)
¢ Pas
! 1—p'
. Py ( , Pas) 1D
pas

<«——— Atmosphere

\

Open pore <—— Solid part

ECIosed pore—»

Figure 2.8 Open and closed pores in a cross section of a part

The methods for part density and porosity measurement are listed in Table 2.5. The geometry
method works for a part with a simple shape (e.g., cuboid and cylinder). The simple Archimedes’
method measures two kinds of sample masses: dry mass and immersed mass in water (to calculate

the immersed volume). Usually, water is infiltrated into the open pores. The immersed volume is
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the apparent solid volume. Therefore, the simple Archimedes’ method only measures the apparent
solid density. Compared with that, a full water absorption into the open pores is induced in the
modified Archimedes’ method by boiling [203,204] or vacuuming [203,205,206], after which
immersed mass and soaked mass (in addition to dry mass) are measured to evaluate the open pore
volume [203]. Therefore, this method is capable to simultaneously measure apparent solid and
bulk densities.

In the mercury intrusion method, mercury as a non-wetting liquid is used, and does not enter
open pores unless under pressure. The volume of the pores is determined from the mercury volume
intruded at each pressure increment [207]. Gas pycnometer has a similar principle with that of
simple Archimedes’ method but with a displacement medium of gas (e.g., helium), which is
suitable for physically or chemically sensitive materials [208] or for small pores. Computed
tomography is a non-destructive method which uses X-ray and mathematical algorithm to generate
cross section images of the part [209]. From these cross section images, the volume can be
determined. Image analysis method uses 2D images of the sample cross section and quantifies the

porosity [167].
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Table 2.5 The capabilities of different measurement methods

Bulk Apparent Bulk Apparent  Closed

Method density solid density  porosity  porosity porosity References
[94,111,125,132,
Geometry Yes No Yes No No 133,137,144,155
,159]
Simple [68,94,97,165—
Archimedes’ °© Y No No No 167]
[38,69,83,86—
. 88,95,96,101,10
x"flﬁfdd . Yes  Yes Yes Yes Yes 2,107,108,129,1
chimedes 35,146,147,152,
154,168]
Mercury [23,63,70,71,106
intrusion ' 1°8 Yes Yes Yes 141,153,160]
Gas
No Yes No No No [82,104,137,144]
pycnometer
Computed Yes Yes Yes Yes Yes [139,142,157,15
tomography 8]
Image. Yes Yes Yes Yes Yes [167]
analysis

2.3.2. Achieved part density in reported studies

As relative densities and porosities can be readily compared across different materials, all
absolute values have been transformed to relative values based on Equation (8). Theoretical
density values are shown in Table 2.6. It should be noted that only materials whose density values

were reported in absolute values are shown in this table.
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Table 2.6 Theoretical density values of different materials

Material Theoretical density (g/cm?) Reference
ALO; 3.97 [210]
AIN 3.25 [210]
BaTiO3 6.02 [210]
CaSOq 2.32 [211]
SiC 3.22 [210]
TiC 491 [210]
TiAlz 3.40 [212]

Figures 2.9 and 2.10 show the achieved relative densities and porosities of the green and
sintered parts. Different densities and porosities are interpreted by the reported terminologies and
measurement methods in the corresponding papers. Special treatment techniques are used to
categorize all values. Specific data values of Figures 1.9 and 1.10 and the corresponding references
are shown in Appendixes A and B, respectively. It should be noted that besides these 54 density
and porosity values from 41 publications, there are some unclear values because of the lack of
specific description of the measurement method, or non-standard metrics (e.g., porosity derived

from apparent solid density).
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Figure 2.9 Achieved values of relative green densities and porosities by various special
treatment techniques (N stands for no special treatment, G for powder granulation, L for

using slurry feedstock, S for mixing powders of different sizes) [23—
25,27,38,55,57,58,63,64,67,68,73,74,81,82,86-88,91,108,153,158]

Green bulk density determines the sintered bulk density and thus other material properties. A
slurry feedstock usually leads to a green bulk density of higher than 50%. Using a slurry with a 35
vol.% alumina (0.5 um), a green bulk density of 67% was achieved in the study by Grau et al. [24],
which is the highest in the literature. Mixing powders of different size is another commonly used
method to improve green density. Kunchala et al. [58] introduced alumina nanoparticles (less than
50 nm) to the binder and printed alumina powder feedstock with an average size of 40 pm. A green
bulk density of 65.7% was obtained when the nanoparticle concentration in the binder was 15

wt.%.
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Figure 2.10 Achieved values of relative sintered densities and porosities by various special
treatment techniques (N stands for no special treatment, C for chemical reaction, G for
powder granulation, I for infiltration, L for using slurry feedstock, M for mixing different
materials, P for pressing, and S for mixing powders of different sizes) [24,27,69—
71,77,83,85,86,88,89,91,38,93—
97,99,101,102,106,107,53,108,124,125,129,132,133,135,142,144,147,54,152—
155,166,167,171,55,63—65,68]

Sintered bulk density directly determines other material properties. Therefore, it is mostly
reported in the literature. A high sintered bulk density (>90%) was achieved in some studies by
applying slurry feedstock [24,27,38,93], infiltration [86], or isostatic pressing [64,89,93]. Slurry
feedstock is among the most effective techniques. In Cima et al’s study [27], parts printed with
alumina slurry achieved a green bulk density of 58% and a sintered bulk density of 99.9%.

Combinations of special treatments can lead to high sintered bulk density as well. Specifically,
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Kernan et al. [93] studied the printing of tungsten carbide with an average particle size of 0.8 um,
in which a combination of mixing different materials (tungsten carbide and cobalt), slurry
feedstock (25 vol.% water-based slurry) and hot isostatic pressing (5.5 MPa during sintering) was
applied and the achieved sintered bulk density was 100%. A bulk density of 99.2% was achieved
by using an alumina slurry feedstock (0.5 pm, 34 vol.%) in combination with applying sintering
additives in Zocca et al’s study [38]. Bulk density of the printed alumina part increased from 34%
to 61% by warm isostatic pressing in Yoo et al’s study [64], leading to a sintered bulk density of
99.2% (with the additional help of sintering additive and powder granulation).
2.4. Material Preparation Techniques for Density Improvement
2.4.1. Powder granulation

The contradiction between the flowability and the sinterability of feedstock powder is among
the main challenges in the field of ceramic binder jetting. Generally, the particle size used in binder
jetting is in the range of 10—100 pm to ensure a good flowability and avoid defects in powder bed
layers. At the same time, the particle size should be less than 1 um to ensure a high sinterability
and thus a dense part after sintering [64]. However, the flowability of fine powder (less than 1 pm)
is usually not high enough to form a uniform and smooth layer of powder bed due to its high
interparticle cohesion [178,213]. Fine powder spreading usually creates pores and cracks on
powder bed, which are consequently inherited by the green and sintered parts. Therefore,
increasing the flowability of fine powder is highly beneficial to fabricate dense parts with a
minimal number of pores.

One common technique to increase powder flowability is granulation [214]. Granulated
powder can significantly improve the flowability of feedstock powder. The fine raw particles

ensures the required sinterability and the coarse resultant granules ensures the required flowability.
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Its principle is schematized in Figure 2.11. Basically, raw (fine) particles are bonded by a binder
to form larger aggregates (or granules). Steps for granulation include mixing, drying, comminuting,
and sieving, as shown in Figure 2.12 and listed in Table 2.7. A ball mill, grinder, or pestle and
mortar can be used to mix raw particles with a binder solution to form a slurry, which can be dried
by a spray dryer, freeze dryer, or oven. Comminuting step is not needed for the powder from a
spray dryer because the size is determined by sprayed droplets. For the cakes dried by a freeze
dryer or an oven, comminuting step is needed to decrease the size by ball milling, grinding, or
manual crushing. Then a sieving step screens the powder into several groups with different size
ranges. Generally, the manual granulation method, comprising of manual mixing in a crucible,
oven drying, manual crushing in a crucible, and finally sieving, is simple, although the granule
shape is irregular. Commercial granulation machines based on spray drying technologies, though

costly, can produce spherical and large-batch granulated powder.

Particle Granule

e

Granulation

Figure 2.11 Principle of granulation

Mixing Drying Comminuting
+ Ball mill *+ Oven + Ball mill T
» Grinder :> » Spray dryer :> » Grinder [:> Sieving
* Manual mixing * Freeze dryer * Manual crushing

Figure 2.12 Basic granulation steps
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Table 2.7 Granulation process practiced in reported studies

Granulation process Reference
Dry mixed, dry ball milled [86]
Dry mixed, sieved [80]

Wet mixed, (wet ball milled), spray dried  [68,99,100,124,135,140,144,146,147,150,152,155]

Wet mixed, (wet ball milled), oven dried,
dry ball milled

Wet mixed, (wet ball milled), freeze dried,
dry ball milled, sieved

Commercial spray-dried powder [35,126,149,151]

[78,125,132-134]

[63,70,71,85,87,88,94]

Chumnanklang et al. [147] investigated the effect of binder fraction on the flowability of
spray-dried hydroxyapatite powder. The powder flow rate increased from 14.6 to 21.2 g/s when
binder fraction decreased from 48.3 to 15.7 vol.%. Gildenhaar et al. prepared spray-dried calcium
alkaline phosphate powder with various raw particle sizes [185]. They found that printed parts
made with granules from fine raw powder (3.1 pm) had a higher compressive strength (2.5 MPa)
than those from coarse raw powder (7.5 um, 1.80 MPa).

With the same raw powder, different granulation technologies can result in different material
properties. Suwanprateeb et al. [152] studied two granulation technologies, manual granulation
with mortar and pestle, and spray drying. After printing and sintering at 1300 °C, samples made
with manually granulated hydroxyapatite powder showed ~20% higher bulk density and
approximately two times higher flexural modulus and strength than those made from spray-dried
powder. One of the reasons is the larger number of inter-granule pores from the spray-dried powder
than the manually granulated powder, leading to a lower green density. Another possible reason is
the large pores within the spray-dried granules, which are formed due to the solvent evaporation

during the drying process [215].
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These two issues of spray-dried granules can potentially be resolved by another granulation
technique called spray freeze drying [216-218]. The granules from spray freeze drying can be soft,
making the particles loosely bonded and easily breakable. The granules can be crushed by
externally exerted forces such as the roller compaction force. Therefore, the granules retain a
microscale size before spreading and facture to a nanoscale size after compaction. The other
feature of the granules from spray freeze drying is its homogeneous structure. No large pores are
formed inside a granule after drying as the sprayed droplet is frozen first and the drying process is
solvent sublimation instead of evaporation [216].

2.4.2. Mixing powders with different sizes

Particle size distribution plays a key role in powder packing, which can be either monomodal
or multimodal. Since fine particles can fill voids between coarse particles, powder with a
multimodal size distribution has less interparticle voids. From this point of view, mixing powders
of different sizes can be an effective technique to increase powder bed density and consequently
green density of printed parts [65]. Moreover, this technique could also reduce sintered shrinkage
as there are less voids in the green part. This is beneficial for improving the dimensional accuracy
after sintering.

Table 2.8 lists studies on mixing powders of different sizes for feedstock preparation. For
example, Sun et al. studied the effects of powder mixing on powder flowability, part sintered
density, and part bending strength [97]. Glass-ceramic powders with three size ranges were mixed
in various fractions. The mixture with 60 wt.% 45-100 pm and 40 wt.% 0-25 pm particles
achieved the highest sintered bulk density of 1.6 g/cm? and bending strength of 13.8 MPa. In Spath
et al.’s experiment, parts made from mixed hydroxyapatite powder had a higher compressive

strength than those from the two constituent powders [146].
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Instead of finding the optimal ratio by trial and error, a promising direction is model-guided
selection of particle size and mixing ratio of constituent powders. In the study by Du et al. [65],
packing densities with various mixing ratios were predicted using the linear packing model [219].
Optimal mixing ratios to achieve the highest packing density were selected for both binary and
ternary mixtures. The printed parts from optimal ternary ratios achieved the largest sintered bulk
density. Although the improvement is small due to the decreased flowability, the study showed

that the linear packing model has a potential to guide the selection of the particle size and mixing

ratio.
Table 2.8 Parameters of powder mixing technique in reported studies
Material Size (um) Mixing Ratio Reference
ALO, 2,10, 70 17.6:21.1:61.3 [65]
ALO, 30, 45,53 1:1:1 [166]
ALO, 20,3.4,04 63:27:10 [67]
25:100, 30:100, 35:100,
ALO; and Al 06,3 40:100, 50:100 [54]
Ca,(PO,), and bio-glass 8, 38 1:3, 1:1 [99]
Ca,(PO,),(OH) 38, 125 15:85, 25:75, 35:65 [146]
15:85, 25:75, 40:60, 60:40,
Ca(PO,),(OH) 4,50 75:25, 100:0 [153]
Glass-ceramic 0-25, 25-45, 0:100, 10:90, 20:80, 30:70,
[97]
compound 45-100 40:60, 100:0

Another method to mix powders of different sizes is to introduce nanoparticles of the same
material during printing [58,94]. These nanoparticles can enhance the sintering performance due
to their high activity. For example, Zhang et al. demonstrated the feasibility of using 10 wt.%

zirconia nanoparticle suspension as the printing liquid while printing zirconia parts [94]. The
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printed and sintered bulk density increased from 75.2% to 86.8% as the binder saturation increased
from 50% to 120%.
2.4.3. Slurry feedstock

Structural ceramic parts usually require fine-grained powder (submicron) and high green
density (>50%) to achieve a full density after sintering [24]. However, it is difficult to meet these
requirements simultaneously using dry powder feedstock. Due to its low packing density and
agglomeration issues, dry fine powder feedstock generally results in parts with low green density
and defects.

Slurry feedstock was used to meet both requirements of fine powder and high green density
[24-31,38,77,81,93]. In this technique, a layer of ceramic slurry is deposited and then dried to
form the powder bed [26]. Two slurry deposition methods have been reported in the literature. The
first one is nozzle jetting [23-25,27,93,173] that was studied by the inventors of binder jetting. In
this case, a thin slurry layer is deposited by a single nozzle scanning over a porous substrate [25].
The second deposition method is doctor blade spreading that was studied by Zocca et al. [38,81]
and Lima et al. [77]. In both deposition methods, the layer top is dried by a heating lamp, while
the bottom was dried due to capillary forces from the porous substrate or previously deposited and
dried layers [24,220]. Delicate temperature and ventilation control is needed to achieve crack-free
powder bed layers.

Compared with the dry powder deposition method, the slurry-based method can handle
submicron particle size (down to 0.5 pm). It can achieve high powder bed density (up to 53% in
Kernan et al.’s study [93]) and high green part bulk density (up to 67% in Grau et al.’s study [24]).
Different materials (i.e., alumina [24,25,27,38,77], silicon nitride [24,25], silicon carbide [81],

silica [173], and tungsten carbide with cobalt [93]) have been investigated with this method. In
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Zocca et al’s study [39], printed parts from an alumina slurry (solid loading of 34 vol.% and
average particle size of 0.5 um) achieved near theoretical density (i.e., bulk density of 99.2%) after
sintering at 1600 °C with the help of sintering additives.

Maximum layer thickness, i.e. critical saturation thickness (CST) [30], exists for slurry
feedstock technique. A layer thickness larger than the CST leads to cracking or warping of the
powder bed due to capillary pressure of solvent evaporation [24,26,30]. Furthermore, thick parts
are prone to crack and difficult to be fully dried [49].

It should be noted that slurry feedstock has been extensively used in other ceramic AM
technologies such as vat photopolymerization and material extrusion. For example, Hu et al.
prepared a 60 vol.% alumina slurry (average size of 138 nm) [221] for vat photopolymerization.
After printing and sintering at 1650 °C for 2 h, the part achieved a bulk density of 3.96 g/cm? (99.7%
in relative). Mamatha et al. [222] used a slurry with a solid loading of 64.75 wt.% of alumina
powder (average size of 331 nm) in material extrusion. After printing and sintering at 1650 °C for
1 h, the part achieved a bulk density of 97.7%. Therefore, application of slurry feedstock in binder
jetting can be advanced by learning from other AM technologies.

2.4.4. Mixing different materials

Mixing different materials is a common technique to increase printed and sintered density
[77,91,95-97,99,101,104,106,117,120,121,135-137,139,141,142,144,171].. The mechanisms for
density enhancement could be boosting the mass transport [38,74,132—135] or enabling liquid
phase sintering [223]. In Bose et al.’s study, tricalcium phosphate powder was mixed with 0.5 wt.%
MaO and 0.5 wt.% SiO». The part achieved a bulk porosity of 50.21% after sintering at 1250 °C,
compared with that of 54.11% from pure tricalcium phosphate powder [134]. Yoo et al. doped

alumina (mean particle size of 0.8 pm) with MgO and granulated both undoped and doped powders
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to a granule size range of 70—-150 um [64]. The printed and sintered parts from doped alumina
achieved a higher relative sintered bulk density (99.2%) and flexural strength (324 MPa) than the
undoped powder (97.8% and 231.6 MPa) after printing, isostatic pressing, and sintering.

Although this mixing technique is fairly effective, other material properties (e.g.,
biocompatibility) may be impaired. The limited choice of additive materials is another of the
drawbacks of this technique. Moreover, the additive particles may not be homogenously
distributed within the ceramic powder, leading to structure heterogeneity (i.e., local variation) in
the sintered part [52,210]. In addition, the selection of additives has remained largely empirical as
the mechanism of the sintering additive has not been fully understood [210]. Therefore, this
technique only works for specific materials.
2.5. Post-processing Techniques for Density Improvement
2.5.1. Sintering

Sintering is the process by which a powder compact is transformed to a dense body by heating
[224]. It’s the most commonly used method to increase the density. Sometimes it is considered an
essential part of the process and not considered a separate post-processing method. The
macroscopic driving force in sintering is the reduction in surface energy. The densification during
sintering happens by the elimination of solid/vapor interfaces [224]. However, sintering is not
required in some cases, for example, when porous parts are preferred or other post-processing
techniques are applied.

One of the important sintering parameters is the sintering temperature. Sintering temperature
significantly affects the material properties as it determines the mass transport of the ceramic
particles. Typically, a higher sintering temperature can facilitate mass transport and subsequently

increase part density and decrease porosity [53]. Another parameter that significantly affects the
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sintered density is the green density. To present the effect of green density on sintered density, the
bulk densities before and after sintering are shown in Figure 2.13. Powder bed density is also
included as it is close to green density. As some parts were isostatically pressed before sintering
[64], their pressed green densities are presented instead of printed green densities. Specific data
values of Figure 2.13 and the corresponding references are shown in Appendix C. Generally, high
green density leads to high sintered density. A high green density (i.e., >50%) is required to achieve

a high sintered density (i.e., >90%).
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Figure 2.13 Bulk densities before and after sintering [24,27,38,55,63—65,68,83,93,153]

Shrinkage is a critical index to determine the density change by sintering. For parts with the
same green density, a larger shrinkage leads to a higher sintered density. A primary factor that
affects shrinkage is sinterability, which is directly related to particle size [52]. For example, Du et
al. [65] used alumina powder with an average particle size of 10 um and achieved a powder bed
density of 57.1%. Using 0.5 um alumina powder, Zocca et al. [38] achieved a green density of
57.2%. As there is no significant density change for the powder bed after printing, it can be

assumed that green parts from Du et al.’s and Zocca et al.’s studies have approximately the same
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green densities. After sintering at 1600 °C, parts made from coarse powder (10 pm alumina in Du
et al.’s study) achieved only 0.7% volumetric shrinkage, leading to a bulk density of 57.7%.
However, parts from fine alumina powder (0.5 um in Zocca et al.’s study) achieved a volumetric
shrinkage of 73.4% and bulk density of 99.2%.

It should be noted that sintering could also result in shape distortion due to gravity effect, non-
uniform temperature gradient, liquid phase formation due to high sintering temperature, etc. [225].
For example, Grant et al. [226] studied the distortion of a hanging beam at different sintering stages.
It was found that most of the distortion happened above 1180 °C. To mitigate the distortion, they
introduced a reactive binder. During sintering, it decomposed to form titanium dioxide
nanoparticles through hydrothermal reactions, which formed interparticle necks and mitigated the
distortion [226].

2.5.2. Chemical Reaction

Chemical reaction is another common method to increase green and sintered densities in
ceramic binder jetting, which includes metal oxidation [53,54,79,84], phosphoric acid immersion
for calcium phosphate materials [111,114,160,116,117,119,120,122,123,139,159], and pyrolysis
of preceramic polymers [83,102]. Metal oxidation uses a metal powder as the feedstock material
and convert a printed metal part to a ceramic one by oxidation at a high temperature. Phosphoric
acid immersion uses this acid solution to immerse calcium phosphate parts, which are printed with
a binder of phosphoric acid solution. The immersion leads to a further reaction of unreacted
material and thus a cemented structure. Pyrolysis of preceramic polymer uses polymeric precursor
as the feedstock and ceramize the printed part at a high tel 7mperature. For example, Zocca et al.
[83] investigated the possibility of using silicone (polymethylsilsesquioxane) as a preceramic

polymer. A bulk density of 87.1% for the ceramized SiOC part was achieved after sintering at
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1200 °C for 1 h. It should be noted that chemical reaction technique only works for certain material
systems. Specifically, the ceramization reaction in the preceramic polymer pyrolysis technique
involves a significant mass transport of the reagents and/or the by-products. Therefore, part size is
limited with this technique.
2.5.3. Infiltration

Infiltration is another common method to increase the part density. Both a different material
[71,85,88,159] and the same material [69] have been investigated to infiltrate parts from binder
jetting. The most common infiltration method is melt infiltration [39,63,70,71,80,82,85—
88,159,169]. In the study of Nan et al. [85], the printed and sintered TiC parts were infiltrated in
melted silicon at 1600—1700 °C for 1 h and annealed at 1400 °C for 2 h, which produced Ti3SiC»
(about 45 vol.%), TiSiz (about 21 vol.%), and SiC. Infiltration with a different material changes
the composition of a part and the resultant phases might be difficult to control sometimes.

Solution infiltration can be used for infiltrating a part with the same material, in which fine
powder is mixed with a solvent and the part is immersed in it. The most critical parameter for this
infiltration method is solid loading. For example, Maleksaeedi et al. [69] printed and pre-sintered
alumina parts at 1000 °C for 2 h, infiltrated them in alumina slurries of different solid loadings,
and post-sintered them at 1650 °C for 2 h. As the solid loading increased from 0 (no infiltration)
to 50%, the bulk density of the final parts increased from 38% to 85%. Cross sections of the
infiltrated parts after post-sintering are schematically shown in Figure 2.14. The infiltration depth
for parts with the same shape and size decreased along the increase of solid loading. A non-

infiltrated core remained in the parts treated with a slurry of a high solid loading.
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Figure 2.14 Schematic pictures of the cross sections under various infiltrate solid loadings:
(a) 35%, (b) 40%, (c) 45%, (d) 50% [69]

2.5.4. Isostatic pressing

Isostatic pressing is a traditional powder metallurgy process that applies equal pressure in all
directions on a powder compact, thus achieving uniform density and microstructure [210,227],
The pressing medium that exerts equal pressure can be water, oil, and gas. Based on the operation
temperature, this technique is classified as cold isostatic pressing (CIP), warm isostatic pressing
(WIP), and hot isostatic pressing (HIP) [227,228]. CIP can consolidate green parts under room
temperature to obtain higher green density ready for sintering. WIP operates at intermediate
temperatures from 80 °C to 450 °C [228], which is suitable for parts requiring a heat-induced
chemical reaction [227]. HIP heats and presses the part under gas medium (e.g., argon) with an
accurate control of both temperature (up to 2000 °C) and pressure (50-200 MPa) [227]. It usually
requires longer processing time than CIP and WIP.

All three kinds of isostatic pressing techniques have been utilized in ceramic binder jetting.
For example, Sun et al. used cold isostatic pressing (CIP) method to consolidate green Ti3SiCs
bodies [89], which led to an increased sintered bulk density of 94.3% compared with 65.5%
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without CIP. In Yoo et al’s study, both CIP and WIP were utilized to densify alumina green parts.
The bulk density increased from 36% to 54% after CIP and 34% to 61% after WIP, which resulted
in sintered bulk densities of 95.9% and 99.2%, respectively [64]. Printed AIN parts were heated to
2000 °C and pressed at 310 MPa for 8 h by HIP, leading to a bulk density of 60.1% [55]. Isostatic
pressing can increase green and thus sintered densities significantly, but it is not applicable to parts
of complex geometries such as internal cavities.
2.6. Knowledge Gaps

To produce dense ceramic parts by binder jetting followed by pressureless sintering, fine
powder (e.g., less than 1 pm) is needed because it has a large specific surface energy and thus
allows for a high densification level through sintering [52]. However, the spreading, compaction,
and densification behaviors are still not well understood.
2.6.1. Spreading behavior

Fine powder is known for its spreading difficulty: it is challenging to form a dense, smooth,
and uniform powder bed. It is generally accepted that the spreading difficulty is a result of
interparticle cohesion. However, the nature of the interparticle cohesion is not clear. When
discussing the interparticle cohesion, researchers usually refer to van der Waals interaction and
electrostatic interaction. Hydrogen bonding and capillary bridging are often overlooked. They
could play an important role in powder spreading. In addition, the spreader design, spreading
strategy and parameters, and environmental humidity can also affect the spreading behavior.
However, these effects are still not well understood.
2.6.2. Compaction behavior

A high powder bed density is needed to have high green and consequently sintered densities.

An effective way to increase powder bed density is compaction, during which the externally
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applied stress exceeds the yield strength of the powder and leads to particle rearrangement
[229,230]. Several compaction approaches, including a forward-rotating roller [64,231] and
compaction plate [78], have been reported. However, important issues about this layer-by-layer
compaction, have not been studied. For example, effects of compaction parameters on the powder
bed and its uniformity with the same layer or across different layers are critical but unknown.
2.6.3. Densification behavior

The densification behavior of fine powder has been studied for traditional ceramic pressing
and sintering. However, binder jetting poses unique challenges for densification. For example, the
green density from binder jetting is usually not as high as that from pressing. It is necessary to
understand the densification behavior of loosed packed particles. In addition, binder jetting is
developed for producing parts with complex geometries. The relationship between geometry and
densification is not well understood.
2.7. Concluding Remarks

Ceramic binder jetting additive manufacturing has many advantages. The main limitation
preventing its widespread industrial applications seems to be related to the low density (and thus
certain inferior mechanical properties) of printed parts. While various density terminologies have
been used for parts by binder jetting, bulk density is more suitable in technical communications
for structural applications as it directly determines mechanical properties. It has been reported that
special treatment techniques could improve densities. However, most of these techniques have
drawbacks, making them inappropriate for a wide range of applications. Granulation is a promising
technology, but the literature does not contain sufficient studies on how to eliminate intra- and
inter-granule porosities. Fine powder is needed to obtain dense ceramic parts by binder jetting, but

there are no reported studies on its spreading, compaction, and densification behaviors.
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3. MIXING POWDERS OF DIFFERENT SIZES: EFFECT OF PARTICLE SIZE
DISTRIBUTION ON DENSITY IN BINDER JETTING ADDITIVE MANUFACTURING*
3.1. Introduction

Additive manufacturing (AM), also known as 3D printing, can be described as a process of
joining materials with a primary objective of making objects from 3D model data using a layer-
by-layer principle [1,2]. Binder jetting is one of the most advantageous technologies to produce
large complex-shaped parts due to its capability of processing various materials [3—5], no need for
explicit support structure [6], and high scalability [7,8]. Since the first paper on binder jetting [9],
a number of studies have been reported on processing of different materials such as ceramics [3]
and metals [4], and fabrication of different products such as load-bearing parts [10-13] and
biomedical parts [14-16].

The particle size distribution of feedstock powder affects the powder packing density and the
sintered density [17]. Particle size distribution can be tuned by mixing different-sized powders.
For example, Sun et al. studied the effects of particle size distribution on the bulk density of
sintered samples [18]. Glass-ceramic powders with two size ranges (45-100 um and 0-25 pm)
were mixed in fractions of 90:10, 80:20, 70:30, and 60:40, respectively. The mixture with the
fraction of 60:40 achieved the highest sintered density of 1.60 g/cm?>. Bai et al. also investigated
the effect of particle size distribution [19]. A bimodal mixture from powders with particle sizes of
30 and 5 pm and a mixing ratio of 73:27 achieved an improved tap density (by 8.3%) and green
density (by ~8%) compared with those from the component powder with a particle size of 5 um.

However, no research has been done to investigate the theoretically achievable packing density by

*Reprinted with permission from “Binder Jetting Additive Manufacturing: Effect of Particle Size Distribution on
Density” by Du, W., Roa, J., Hong, J., Liu, Y., Pei, Z., and Ma, C., 2021. Journal of Manufacturing Science and
Engineering, 143(9), p. 091002 (9 pages), Copyright [2021] by ASME.
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mixing different-sized powders and compare it with experimentally obtained results. This work
aims to fill this knowledge gap.

Particle packing is of interest in many fields, such as civil engineering [20]. For a mixture of
different-sized component powders, analytical models have been developed to predict the mixture
packing density using the size, volume fraction, and packing density of each component powder.
Compared with numerical methods such as the discrete element method, an analytical method has
its own advantages such as low computational cost and explicit solutions [21]. The linear packing
model, proposed by Stovall et al. [22], is one of the most popular analytical models [23,24].

The objective of this research is to examine the effects of particle size distribution on density
of a densely packed powder, powder bed density, and sintered density with both analytical and
experimental methods. Firstly, the analytical linear packing model was employed to study the
effects of various parameters (mixing fraction, component particle size ratio, and component
packing density ratio) on the mixture packing density. Afterward, the analytical model was used
to predict the mixture packing density from selected component powders (70, 10, and 2 pm
powders) under the ideal conditions (i.e., the state of dense packing). Afterward, experimental
studies were conducted to evaluate the actual conditions. Tap density, powder bed density, and
sintered density of each component and mixture were measured and compared with the analytical
results. Although ceramic is selected as the model material and binder jetting is selected as the
model AM technology, this method of mixing different-sized powders maintains its potentiality
for other materials (such as metals and composites) and other AM technologies (such as powder
bed fusion).

3.2. Analytical Method
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The analytical linear packing model assumes that all component powders and mixtures are
composed of non-deformable particles under the state of dense packing [22]. In the case of a
mixture with n component powders (the component powders are ranked such that d; > d;+;, where
d; is the diameter of the ith component), the mixture packing density is given by [16]

Y =min(yy, ¥z, ¥n) (1)
where y; is a specific mixture packing density when the ith component is “dominant” [22] and
given by

Bi

— 1 )
1- ;=11 11—+ b ;B (1 - ,3_])] Vi — Xj=i+1 [1 a4 g_]l] Yj

Vi = (2)

where 3; and y; are the packing density and volume fraction of the ith component, respectively,
and a; j and b; ; are interaction functions which are called loosening and wall effect parameters,
respectively. In the linear packing model, the loosening effect is referred to as a phenomenon that
fine particles loosen the packing of coarse particles when squeezing themselves into the space that
is near the contact point between two coarse particles and making coarse particles more dispersed.
The wall effect describes how coarse particles disrupt the packing of fine particles at wall-like
boundaries of coarse particles [23]. Both these effects decrease the packing density. Interaction

functions derived from a curve fitting of experimental results by de Larrard [24] are

d] 1.02
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3.2.1. Parametric study on binary mixing

3.2.1.1. Effect of mixing fraction on mixture packing density
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Mixing fraction is an important parameter that affects the mixture packing density. In a binary
mixing, the mixing fraction can be described with the volume fraction of either the coarse or fine
powder, y; or y, in Equation (2). In the parametric study on binary mixing, the coarse powder
fraction was used, which was varied from 0 vol.% to 100 vol.% (corresponding to 100 vol.% to 0
vol.% for the fine powder fraction) with an increment of 0.01 vol.%. The component particle size
ratio, d,/d, in Equations (3) and (4), was set as 0.1. The packing density of both the coarse and
fine raw powders, ff; and 3, in Equation (2), was set to 63.7%. This packing density value is
common for a densely packed powder [25,26].
3.2.1.2. Effect of component particle size ratio on mixture packing density

The effect of component particle size ratio (fine to coarse), d,/d; in Equations (3) and (4),
was studied by varying it from 1/2, 1/4, 1/8, 1/16, to 1/32. This parametric study was performed
over the full range of the coarse powder fraction, i.e., 0 vol.% to 100 vol.% with an increment of
0.01 vol.%. The packing density of both coarse and fine raw powders, 5; and 3, in Equation (2),
was set to 63.7%.
3.2.1.3. Effect of component packing density ratio on mixture packing density

Component packing density of coarse and fine raw powders, ; and f, in Equation (2),
respectively, is another important parameter that affects the mixture packing density. To simplify
the analysis, a component packing density ratio (fine to coarse) was defined, 8, /f;. The coarse
powder packing density (f;) was set to 63.7%. The component packing density ratio was varied
from 0.5 to 1.0 by changing the fine powder packing density (f3,) accordingly. This parametric
study was performed over the full range of the coarse powder fraction, i.e., 0 vol.% to 100 vol.%

with an increment of 0.01 vol.%. The component particle size ratio (d,/d;) was set to 1/3.
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3.2.1.4. Relationship between critical component packing density ratio and component
particle size ratio

Component particle size ratio could have double-edged effects on the mixture packing density.
A smaller component particle size ratio could strengthen the filling effect of the fine powder and
thus lead to a higher mixture packing density. However, a smaller component particle size ratio is
usually associated with a lower packing density of the fine powder given the same coarse powder,
which could lead to a lower mixture packing density. Therefore, the effectiveness of the mixing
method, i.e., whether it improves the packing density, depends on the component packing density
ratio. Given a component particle size ratio, if the component packing density ratio is below a
certain threshold, defined as the critical component packing density ratio, the mixing method does
not improve the packing density, regardless of the mixing fraction. The objective of this parametric
study is to determine the relationship between the critical component packing density ratio and the
component particle size ratio. In this study, the packing density of the coarse powder (f5;) was set
to 63.7%.
3.2.1.5. Optimal mixing fraction and maximum mixture packing density

Lastly, the model was used to predict the optimal mixing fraction and the maximum mixture
packing density. In this study, the component particle size ratio was varied from 0.001 to 0.5 with
an increment of 0.0005. The component packing density ratio was varied from 0.5 to 1.0 with an
increment of 0.1.
3.2.2. Case study on ternary mixing

Due to the large number of parameters involved in ternary mixing than in binary mixing,
ternary mixing was analytically investigated as a case study for the powders used in the

experiments. Tap density of the selected component powders were measured (described in Section
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3.3) and used as the inputs of the analytical model. A ternary plot was used to illustrate the packing
density values at all compositions.
3.3. Experimental Methods
3.3.1. Powder preparation

Three spherical alumina powders (Inframat, Manchester, CT) of different particle sizes (2, 10,
and 70 pum, respectively) were selected as component powders. To prepare multimodal mixtures,
the component powders were weighted using a balance with an accuracy of 0.1 mg (AGCN200,
Torbal, Oradell, NJ) and mixed using ball milling (Jar Rolling Mills, Paul O. Abbe, Wood Dale,
IL) with parameters listed in Table 1. Alumina balls, same as the powder material, were employed
to avoid contamination. Small balls and low milling speed were used to avoid breaking the particles.

Table 3.1 Parameters used in ball milling

Parameter Value
Ball-to-powder weight ratio 1:10
Ball diameter (mm) 2

Normalized mill rotation speed (%) 30
Milling time (h) 1

3.3.2. Characterization of powder morphology

The morphology of all component powders and mixtures was characterized using scanning
electron microscopy (SEM, TESCAN VEGA II LSU, Brno-Kohoutovice, Czech).
3.3.3. Measurement of tap density

Tap density is considered as a good estimation for the density of a densely packed powder
[27,28]. Tap density was measured by following an ASTM standard [29]. A tap density meter
(DY-100A, Hongtuo, China) was used. In each measurement, 100 g of powder was tapped with a

3-mm stroke for 3000 cycles. After tapping, the powder mass was divided by the powder volume
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to obtain the absolute tap density, which was then divided by the theoretical density of alumina
(3.97 g/cm? [30]) to obtain the relative tap density.
3.3.4. Measurement of powder bed density

Powder bed density was determined by spreading ten layers of powder using a lab-designed
setup (as shown in Figure 1) and measuring the mass and volume of the spread layers. This method
has been widely used in other studies [31,32]. The layer thickness was 130 um. The forward
rotating roller had a diameter of 5 cm and a smooth glass surface. The process started with powder
spreading with the roller. After one powder layer was spread, the lead screw was rotated to lower
the build platform for another powder layer. No binder was applied in this measurement to avoid
its interference with the measurement of powder bed density. The total height of the powder bed
was measured by a caliper (with an accuracy of 10 pm). Afterward, all powder inside the chamber
of the setup was carefully collected, and the mass of the collected powder was measured by a
balance with an accuracy of 0.1 mg (AGCN200, Torbal, Oradell, NJ). The volume of the powder
layers was calculated based on the inner diameter of the chamber and the total height of the powder
bed. The total mass of the collected powder was divided by the total volume to obtain the powder

bed density. This process was repeated three times for each powder.
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Figure 3.1 Powder spreading process with a lab-designed setup

3.3.5. Printing and sintering

Printing experiments were carried out using the lab-designed setup, as illustrated in Figure 2.
The process started with powder spreading using the forward rotating roller with a diameter of 5
cm and a smooth glass surface to form the first foundation layer. Then the lead screw was rotated
to lower the build platform. The layer thickness was 130 um. Totally, two foundation layers were
spread without jetting any binder. Afterward, the first powder layer for printing was spread, and
then the powder bed was covered by a mask with an opening corresponding to the cross section of
the desired shape, which was a circle with a diameter of 10 mm in this case. The printing binder
was an aqueous solution containing 3 wt.% polyvinyl alcohol (molecule weight of 31,000), and
0.33 g of binder was applied for each powder layer. Then the mask was removed and the platform
was lowered by a distance equal to the layer thickness (130 um). This process was repeated until
an entire disk-shaped green sample was printed. The print was repeated three times for each

powder.
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Figure 3.2 Binder jetting additive manufacturing process with a lab-designed setup

After printing, the samples were cured in a low-temperature furnace (KSL-1100X-S-UL-LD,
MTI Corporation, Richmond, CA) at 200 °C for 2 h to evaporate the water in the binder and join
the particles. After cooling, the green samples were carefully extracted from the powder bed and
placed in a high-temperature furnace (KSL-1700X-A2-UL, MTI Corporation, Richmond, CA) for
debinding and sintering. The furnace temperature was increased to 350 °C at a ramp-up rate of
5 °C/min, followed by debinding from 350 °C to 550 °C at a ramp-up rate of 1 °C/min. Then the
samples were heated up to 1600 °C at 5 °C/min and sintered for 2 h, followed by cooling to the
room temperature. All these post-processing procedures were performed in air.

3.3.6. Measurement of sintered density

Density of sintered samples was measured with the Archimedes’ method. After a dry mass
(mq) measurement, each sample was carefully lowered onto a pan suspended in a beaker of
deionized water to determine its wet mass (m,,). The mass measurements were done using a balance
with an accuracy of 0.1 mg (AGCN200, Torbal, Oradell, NJ). The dry and wet masses were then

used to calculate the density of the samples using the following equation:
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Psp = Pwt m (5)

where pgy, is the sintered density and p,,; is the water density at the experimental temperature.
If a sample has a high porosity, the water infiltrates the sample and thus the above method
overestimates the density. Therefore, all samples were coated with an extremely thin layer of wax
to prevent the water from infiltrating the samples.
3.3.7. Characterization of sintered microstructure

The microstructure of sintered samples was characterized using SEM (TESCAN VEGA II
LSU, Brno-Kohoutovice, Czech).
3.4. Analytical Results and Discussion
3.4.1. Parametric study on binary mixing
3.4.1.1. Effect of mixing fraction on mixture packing density

The modeling results of the effect of mixing fraction are shown in Figure 3. The mixture
packing density increases first and then decreases as the coarse powder fraction increases. A
maximum value of the mixture packing density (i.e., maximum mixture packing density) exists for
a certain coarse powder fraction (i.e., the optimal fraction of coarse powder). This trend can be
explained from the perspective of either the fine powder or the coarse powder. On one hand, the
increase of the fine powder fraction (from right to left for the X-axis in Figure 3) lets more fine
particles fill into the voids among the coarse particles and consequently increases the packing
density, which is the so-called filling effect of the fine powder [22,33]. However, after all voids
are filled, the introduction of more fine particles decreases the packing density due to the loosening
effect of the fine powder [22,33]. On the other hand, the increase of the coarse powder fraction
(from left to right for the X-axis in Figure 3) allows a single coarse particle to replace multiple fine

particles and completely fill the voids among them, consequently increasing the packing density,
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which is the so-called occupying effect of the coarse powder [22,33]. However, after available
voids are occupied by coarse particles, the packing density decreases due to the wall effect of the

coarse powder [22,33].
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Figure 3.3 Bimodal mixture packing density dependent on coarse powder fraction when the
component particle size ratio is 0.1 and the packing density of the fine and coarse powders
is 63.7%

3.4.1.2. Effect of component particle size ratio on mixture packing density

The modeling results of the effect of component particle size ratio are shown in Figure 4. For
the same coarse powder fraction in Figure 4, a smaller particle size ratio leads to a larger mixture
packing density. As the particle size ratio decreases (i.e., the fine particles become smaller
considering the same coarse powder), the fine particles have less geometric constrain and thus can
fill more space among the coarse particles (e.g., near the contact point between two coarse

particles).
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3.4.1.3. Effect of component packing density ratio on mixture packing density

The modeling results of the effect of component packing density ratio are illustrated in Figure
5. Since the fine powder packing density is varied while the coarse powder packing is kept at the
same, all curves have different starting points but the same ending point. When the packing density

ratio decreases, the mixture packing density decreases. This is because fewer fine particles can be

inserted into the voids among the coarse particles.

Interestingly, when the packing density ratio is low (i.e., 0.5), the mixture packing density
increases monotonically as the coarse powder fraction increases (i.e., as the fine powder fraction

decreases). It means that when the fine powder packing density is too low, adding any amount of

fine powder into the coarse powder will loosen its packing.
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ratio when the component particle size ratio is 1/3

3.4.1.4. Relationship between critical component packing density ratio and component
particle size ratio

The relationship between the critical component packing density ratio and the component
particle size ratio is shown in Figure 6. Before mixing, this figure can be used to determine if the
mixing method improves the packing density in comparison with the coarse powder, given a
combination of particle size ratio and packing density ratio. After measuring the packing densities
and particle sizes of two component powders, a point in Figure 6 can be located. Depending on
whether the point is located to the left or right of the curve, it can be determined whether the mixing

method improves the packing density or not.
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Figure 3.6 Relationship between critical component packing density ratio and component
particle size ratio

3.4.1.5. Optimal mixing fraction and maximum mixture packing density

The dependence of the optimal fraction of coarse powder on the component particle size ratio
and packing density ratio is shown in Figure 7(a). The optimal fraction of coarse powder decreases
as the packing density ratio increases. This is due to the higher packing density of the fine powder
and consequently more fine particles that can be packed into the voids among coarse particles,
leading to the decrease of the optimal fraction of coarse powder.

In Figure 7(a), although all curves follow a similar overall trend, the optimal fraction of coarse
powder behaves slightly differently between the small (0.5-0.7) and large (0.8—1.0) component
packing density ratios at a high (0.25-0.5) component particle size ratio. At a small packing density
ratio and a high particle size ratio, the optimal fraction is 100 vol.%. This means the coarse powder

has a higher packing density than any bimodal mixture. It further indicates that the mixing method
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does not improve the packing density if the fine powder has a similar particle size but a lower
packing density than the coarse powder, which agrees with the results in Figure 6.

The effects of the component particle size ratio and component packing density ratio on the
maximum mixture packing density are illustrated in Figure 7(b). The maximum mixture packing
density is a monotonically decreasing function of the particle size ratio. This is due to the more
geometric constrain of the fine particles. For the same particle size ratio, the maximum mixture
packing density increases as the packing density ratio increases. This is due to the higher packing
density of the fine powder. Similar to Figure 7(a), the maximum mixture packing density is 63.7%
when the particle size ratio is large (0.25-0.5) and the packing density ratio is small (0.5-0.7),

indicating that mixing method does not improve the packing density under these conditions.
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Figure 3.7 (a) Optimal fraction of coarse powder and (b) maximum mixture packing
density of bimodal mixture dependent on component particle size ratio and packing density
ratio

3.4.2. Case study on ternary mixing
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Tap density of three component powders is listed in Table 2. The fine powders (10 um and 2
um) have a slightly lower tap density than the coarse powder (70 um) because they have higher
inter-particle cohesion [27], which makes them slightly more difficult to be densely compacted.

Table 3.2 Tap density of component powders

Powder particle size (um) Absolute tap density (g/cm?®) Relative tap density (%)

70 2.47 62.2
10 242 61.0
2 242 61.0

Figure 8 shows a ternary plot containing the modeled packing density of bimodal (i.e., 10/2,
70/10, 70/2) and trimodal (i.e., 70/10/2) mixtures. Each point in the ternary plot represents a
composition of the three component powders. The left, right and bottom sides are volume fractions
of the component powders of 70 pm, 10 um, and 2 pm, respectively. The left, right and top vertexes
represent the full fraction (100 vol.%) for the component powders of 2 um, 10 pm, and 70 pm,
respectively. Fractions for a specific mixture can be determined by drawing a line through the
mixture point parallel to the opposite side of component vertex and intersecting the component
axis. The trimodal mixture that achieves the highest packing density is marked as a dot inside the
plot as an example. The fraction of the 70-pm powder is determined by drawing a parallel line to
the bottom side. The intersection of the left side and the parallel line is the fraction, which is 61.3
vol.%. Similarly, the fractions of 10-pm and 2-um component powders are determined, which are
21.1 vol.% and 17.6 vol.%, respectively. Moreover, three sides of the triangle represent three
bimodal mixtures (i.e., trimodal mixtures with a zero fraction of the corresponding vertex
component), and their modeled results are plotted along the sides. The bimodal mixtures that
achieve the highest packing densities are also marked as red dots. The optimal mixing fraction and

the maximum packing density for the bimodal and trimodal mixtures are listed in Table 3.
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The packing density of a trimodal mixture has a similar dependence on the mixing faction to
that of a bimodal mixture (increases first and then decreases) if one component fraction is kept
constant and the other two component fractions are varied, as shown by the grey dashed lines
inside the ternary plot in Figure 8. Furthermore, a trimodal mixture does not always have a higher
packing density than a bimodal mixture. For example, the trimodal mixtures near the three corners
of the ternary plot have a lower packing density than the three dots on the edges. However, it can
be concluded that the multimodal mixture always has a higher packing density than at least one of
its component powders. In a proper mixing fraction range, the packing density of the multimodal

mixture is higher than that of any of its component powders.
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Figure 3.8 Modeled trimodal mixture packing density dependent on fractions of three
component powders (70, 10, and 2 pm)

Table 3.3 Analytical results from case study

Bimodal or trimodal Optimal mixing fraction Maximum mixture
mixture (vol.%) packing density (%)
10/2 66.3:33.7 74.8

70/10 67.7:32.3 77.4

70/2 70.0:30.0 82.6

70/10/2 61.3:21.1:17.6 85.7

3.5. Experimental Results and Discussion

3.5.1. Powder morphology

94



Figure 9 shows the particle morphology of three component powders. The shapes are
primarily spherical, and the sizes are not perfectly uniform. In this paper, the average sizes were
used since the size variation within each component powder was much smaller than the differences

across these three component powders.

Figure 3.9 Micrographs of component powders: (a) 70 pm, (b) 10 pm, and (¢) 2 pm

Figure 10 shows the SEM images of four multimodal mixtures whose compositions are listed

in Table 3. The fine particles can be found in the voids among the coarse particles.

Figure 3.10 Micrographs of multimodal mixtures: (a) 10/2, (b) 70/10, (c) 70/2, and (d)
70/10/2

3.5.2. Tap density
The tap density results of three bimodal mixtures with different mixing fractions are shown in
Figure 11. The trend from the experimental results agrees well with that from the analytical

prediction in Figure 3. As the coarse powder fraction increases, the tap density increased first and
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then decreased. It can also be concluded that a smaller component particle size ratio leads to a

larger mixture tap density, which agrees with the analytical prediction in Figure 4.

85 : :
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Figure 3.11 Experimental results of tap density for bimodal mixtures

Figure 12 shows the interpolation of the tap density for the trimodal (and bimodal) powders
(marked as dots). Approaches to determining the mixing fractions for a specific point on the plot
are descripted in Section 4.2. The overall trend from the experimental results agrees well with that
from the analytical prediction in Figure 8. When one component fraction is unchanged and the
other two are varied, the tap density of the trimodal mixture shows a similar trend as that of
bimodal mixture. For example, when the fraction of 10 pm powder is maintained at 20 vol.% and
the fraction of 70 um powder increased from 40 vol.% to 50 vol.% and then to 60 vol.%, the tap
density increased from 75.3% to 79.0% and then decreased to 78.2%. The maximum tap density

from all tested trimodal mixtures is 81.6%, which is larger than that of all bimodal mixtures.
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Figure 3.12 Tap density of trimodal (and bimodal) mixtures at different fractions of three
component powders (70, 10, and 2 pm)

Figure 13 shows the deviation of the bimodal mixture packing density predicted by the
analytical model from the experimentally measured tap density. For each bimodal mixture, the
deviation has relatively large positive values at a low coarse powder fraction, indicating an
overestimation by the analytical model. A possible reason is the effect of the fine powder, which

is more loosely packed after tapping. As the coarse powder fraction increases, the effect of the fine

powder becomes less significant, leading to smaller deviation values.
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Figure 3.13 Deviation of bimodal mixture packing density predicted by the analytical
model from measured tap density

Similarly, Figure 14 shows the deviation of predicted mixture packing density from the
experimentally measured tap density for the trimodal mixture. Approaches to determining the
mixing fractions for a specific point on the plot are descripted in Section 4.2. The ternary plot
shows a large portion area of red (i.e., dark) color, indicating that the analytical results are larger
than those of the experimental ones. The area close to the bottom line (i.e., mixtures with a
relatively small fraction of 70-um powder and a relatively large fraction of 2-um powder) shows
higher deviation values than other areas.

The mismatch associated with the fine powders (powders with particle sizes of 10 and 2 um)
may be because the analytical model does not consider inter-particle cohesion and satellite
particles. In this case, the discrete element method will be advantageous due to its microscopic

nature [21]. This method will be considered in the future work.
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Figure 3.14 Deviation of trimodal mixture packing density predicted by the analytical
model from measured tap density

3.5.3. Powder bed density and sintered density

Powder bed density and sintered density for different component powders and multimodal
mixtures are shown in Table 4 and Figure 15. Standard deviation for the sintered density of 70-pm
powder is not shown because the samples were very brittle after sintering and only one sample
was available for the density measurement. The powder bed density achieved by multimodal
mixtures is higher than that by their component powders in most cases. There are two exceptions:
(1) the powder bed density of the 70/10 bimodal mixture is lower than that of 70-um powder and
(2) the powder bed density of the 10/2 bimodal mixture is lower than that of 10-um powder. A
possible reason is that the reduced flowability of the mixtures led to a nonuniform spreading of the

powder bed and consequently a lower powder bed density. The trimodal mixture achieves the
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largest powder bed density (60.1%) among all of the investigated powders and mixtures. However,
the powder bed density is still lower than the tap density.

Sintered density achieved by multimodal mixtures is higher than that by their corresponding
component powders in most cases. Although sintering improved the density, the finally achieved
density was still significantly lower than the full density. A reason is that the powder bed density
is far below the modeled packing density and the tap density. It indicates that the powder spreading
process could be significantly improved to reach the ideal case. It also means that new models are
needed to directly model the powder spreading process and predict the powder bed density, for
example, with the discrete element method. Another reason could be that these powders have a
low sinterability.

Table 3.4 Mixing fraction, powder bed density, and sintered density

Powder or lf\f;:tllr(l)i Powder bed Sintered
mixture (vol.%) density (%) density (%)
2 / 39.7+0.9 46.8+1.0
10 / 51.1+0.7 57.5+0.3
70 / 58.2+0.7 60.5

10/2 66.3:33.7 452+0.9 50.7+0.9
70/10 67.7:32.3 53.6+1.2 64.8+0.8
70/2 70.0:30.0 59.5+0.9 64.3+3.7
70/10/2 61.3:21.1:17.6  60.1 £0.1 66.1 £0.8
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Figure 3.15 Various densities achieved by component powders and multimodal mixtures

3.5.4. Sintered microstructure

Figures 16 and 17 show the microstructure of sintered samples from component powders and
multimodal mixtures, respectively. In a multimodal mixture, the voids among coarse particles are
filled with fine particles, which has increased the powder bed density and the sintered density. For
example, in the case of the 70/10/2 trimodal mixture, the 10-um particles fill the voids among the
70-pum particles and 2-um particles fill the remaining voids between 70-pm and 10-pm particles,
which has led to the highest powder bed density and sintered density among all powders in this

work.
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Figure 3.16 Microstructure of sintered samples from component powders: (a) 70 pm, (b) 10
pm, and (c) 2 pm.

Figure 3.17 Microstructure of sintered samples from multimodal mixtures: (a) 10/2, (b)
70/10, (¢) 70/2, and (d) 70/10/2.

3.6. Conclusions

This work investigated the effects of particle size distribution on density of a densely packed
powder, powder bed density, and sintered density in binder jetting. Analytical results showed that
there existed an optimal mixing fraction to achieve the maximum mixture packing density. Both a

lower component particle size ratio (fine to coarse) and a larger component packing density ratio
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(fine to coarse) led to a larger maximum mixture packing density. Before mixing, the critical

component packing density ratio can be used to decide whether the mixing method is effective.

The dependence of the optimal mixing fraction and maximum mixture packing density on the

component particle size ratio and component packing density ratio was plotted and can be used as

theoretical tools to select parameters for the mixing method. Experimental results of tap density

were consistent with the aforementioned analytical predictions. In addition, experimental

measurements showed that the powder bed density and thus the sintered density were improved

by multimodal mixtures compared with component powders in most cases. However, there is still

large room to improve the powder bed density and thus the sintered density.
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4. MIXING POWDERS OF DIFFERENT SIZES: PERFORMANCES OF THREE MODELS
IN PREDICTING PACKING DENSITIES AND OPTIMAL MIXING FRACTIONS OF
MIXTURES OF MICROPOWDERS WITH DIFFERENT SIZES

4.1. Introduction

Mixing powders with different sizes is a common method to prepare powders with multimodal
particle size distributions. By controlling the particle sizes and mixing fractions of component
powders, the powder mixtures can achieve different packing densities. Consequently, this method
can be useful in various applications, such as to increase the powder bed density in additive
manufacturing [ 1-3] and to decrease the porosity of concrete mixtures in construction engineering
[4,5]. Instead of an trial and error approach to finding the mixing fractions to achieve the peak or
a specific powder packing density, analytical models have been developed to predict the packing
density of a powder mixture using certain information such as the size, fraction, and packing
density of each component powder [6,7]. The original linear packing model was proposed by
Stovall et al. [8]. Several enhanced linear packing models, such as de Larrard’s [9], Yu’s [10], and
Kwan’s models [11,12], were developed to improve the prediction performances by accounting
for different particle effects.

Prediction performances of these models can be evaluated in terms of two aspects. The first
is deviation of predicted density from measured density at different mixing fractions. It is useful
when the model is used to guide the selection of mixing fractions to achieve a specific powder
packing density. The second is deviation of predicted optimal mixing fraction from the mixing
fraction for the measured peak powder packing density (i.e., peak density). It is useful when the

model is used to guide the selection of optimal mixing fraction to achieve the peak density.
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Table 1 lists several reported studies to compare the densities predicted by linear packing
models against the densities measured experimentally. Kwan et al. [5] mixed four rock powders
with particle size ranges of 75—150, 150-300, 300—600, and >600 pm, and then compared model-
predicted packing densities (by de Larrard’s and Yu’s models) against the experimentally
measured densities. Chan et al. [ 13] compared model-predicted packing densities (by de Larrard’s,
Yu’s, and Kwan’s models) against publicly available experimentally measured densities of binary
mixtures (prepared from sand, polyethylene, and glass with sizes ranging from 74 um to 20 mm).
Du et al. [1] compared model-predicted packing densities (by de Larrard’s model) against
experimentally measured densities of mixtures from three component powders of alumina each
having a nominal size of 2, 10, and 70 pum, respectively. However, no study has been reported
about comparing different linear packing models against experimentally measured densities for
such fine micropowders. Moreover, no study has been reported for any powder mixture about the

deviation of predicted optimal mixing fraction from the mixing fraction for the measured peak

density.
Table 4.1 Reported studies of linear packing models in the literature
Model Material Particle size ~ Application Reference
de Larrard’s [9] and 75 um — 1.8  Construction Kwan et al., 2009
, Rock and cement . .
Yu’s [10] mm Engineering [5]

de Larrard’s [9], Yu’s

Sand, polyethylene, 74 pm — 20 Chan et al., 2014

H(l)],1 ;ild Kwan’s and glass mm Not specified [13]
de Larrard’s [9] Alumina 2,10,and 70 Additive Duetal., 2021 [1]

pum manufacturing

This paper, for the first time, reports a study that compares the prediction performances of

three packing models using experimental data from fine micropowders. In this paper, firstly, three
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linear packing models (de Larrard’s model [9], Yu’s model [10], and Kwan’s model [11,12]) were
introduced. Packing densities for various powder mixing systems at different fractions of
component powders, as well as optimal mixing fractions for the peak powder packing density,
were calculated from these models. Various mixing fractions were selected to prepare binary and
ternary powder mixtures, and the packing density for each powder mixture was measured. The
prediction performances of these three models were assessed against experimental data.
4.2. Theoretical Framework

The three enhanced packing models assessed in this study are de Larrard’s model [9], Yu’s
model [10], and Kwan’s model [11,12]. These models are based on the assumption that all
component powders and powder mixtures are under the state of dense packing and composed of
non-deformable particles [8]. In the case of a powder mixture with n components (the components
are ranked such that d; > di+1, where d; is the diameter of the ith component), the model-predicted
packing density (y) is given by [16]:

Yy =min(yy, ¥z, Ve ¥a) D

where y; is the model-predicted packing density of the powder mixture assuming the ith
component is “dominant” [8]. Here a dominant component means that its particles are tightly
packed against each other, while the other smaller component particles fill voids of the dominant
component particles, and the other larger component particles contact dominant particles only [5].
Moreover, all modeled powder packing densities in this paper are relative densities.

Adding a powder with a different size to an existing powder with a specific size can either
increase or decrease its packing density. The added powder can increase the density by occupying
the voids between finer particles, which is called the occupying effect [14], as illustrated in Figure

1(a), or by filling the voids between the coarser particles, which is called the filling effect, as
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illustrated in Figure 1(b). These two effects are included in the original linear packing model by
Equation 2 (and therefore in all three enhanced linear packing models).

The added powder can also decrease the powder packing density by three different effects.
The first one is called wall effect of the coarse powder [12] when coarse particles disrupt the
packing of fine particles at wall-like boundaries of coarse particles, as illustrated in Figure 1(a).
The second is called loosening effect of fine powder [12] when fine particles are squeezed between
the coarse particles, as illustrated in Figure 1(b). The third is called wedging effect [11] when
coarse particles are close to each other and the space between them is not enough for a fine particle
to occupy (if fine powder is dominant, as illustrated in Figure 1(a)), or when fine particles trapped
between coarse particles preventing coarse particles from contacting each other (if coarse powder
is dominant, as illustrated in Figure 1(b)). All these three effects can be included in the model by
using interaction functions [13]. Different interaction functions can be fitted using the

experimental data.

- Occupying effect
Filling effect

L ——  Wall effect
Loosening effect 1

™~ Wedging effect 1

Figure 4.1 Illustrations of (a) occupying, wall, and wedging effects when fine powder is
dominant (dashed circles in the coarse particle are imagined fine particles assuming the
coarse particle is not present), and (b) filling, loosening, and wedging effects when coarse
powder is dominant
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In the following part of Section 2, three enhanced linear packing models are introduced. All
models consider wall effect and loosening effect (by different interaction functions of these two
effects). Kwan’s model also considers wedging effect (by a third interaction function).

4.2.1. Two-parameter models (de Larrard’s model and Yu’s model) for both binary and
ternary mixtures

A two-parameter model incorporates two effects, i.e. wall effect and loosening effect [9,10].
In a two-parameter model, the model-predicted packing density (y;) assuming the ith component

is dominant is given by the following equation [5]:

Bi
Bi

s 1_ﬁi+bi"'ﬁi<1_ﬁlj)]yf_ 7=f+1[1‘ai'fﬁ_j]yj ©

Yi =

where f; and y; are the packing density and volumetric fraction of the jth component,
respectively. a; j and b; ; are two interaction functions that reflect loosening and wall effects,

respectively.

The interaction functions in de Larrard’s model are [9]:

d] 1.02
o, = 1_( ‘dT) 3

d 15
bij=1- - d_l (4)
The interaction functions in Yu’s model are [10]:
3.3 2.7
d; d; d;
2 3.7
bi,j=1—<1—ﬂ> —O.4-ﬂ-<1—ﬂ> (6)
d; d; d;

The final model-predicted packing density is determined by Equation (1).
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4.2.2. Three-parameter model (Kwan’s model)

A three-parameter model incorporates three effects, i.e. wall effect, loosening effect, and
wedging effect [11].
4.2.2.1. Three-parameter model for binary mixture

The model-predicted packing density (y;) assuming ith component is dominant is given by the

following equations [11]:

l_ & & —C; i —

FoGieR)- e el o
1 i |
v (ﬁl ) (1-ay,) 5[t -,y @87 - D) ®

where the loosening effect, wall effect, and wedging effect interaction functions are [11]:

iy = 3) —2e-g(1-2 ©)
1.9 6
b.. =1— 1_ﬁ _z.ﬂ. 1_ﬂ (10)
Y d; d; d;
¢;j = 0.322 - tanh(11.9 - s) (11)

The final model-predicted packing density is determined by Equation (1).
4.2.2.2. Three-parameter model for ternary mixture
When the first component (the powder with the largest particle size) is dominant, the packing

density of the ternary mixture is given by the following equation [12]:

y_ll =——(1=by,)A-8) ﬂ (1= 1,(2.602772) —1)] = (1 = by 3)(1 = Bs) i;_z

(1= cy3(2.6@2779) — 1))] (12)
When the second component (the powder with the intermediate particle size) is dominant, the
packing density of the ternary mixture is given by the following equation [12]:
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1_1 - RN T D)= (1— _py.203
Y. Br (1-as) B, [1— 1,387 = D] = (1= by5)(1 — 3) B,
(1= cy5(2.673 = 1)] (13)

When the third component (the powder with the smallest particle size) is dominant, the

packing density of the ternary mixture is given by the following equation [12]:

}/13 _ B_lT_ (1-as) % [1— cis(3.8% — D] = (1— ays) % [1- ¢, 5(3.8% — 1)] (14)

The interaction functions are the same as Equations (9)—(11), and the final model-predicted
packing density is given by Equation (1).
4.3. Experimental Method
4.3.1. Characterization of particle morphology

Three alumina powders with nominal particle sizes of 2, 10, and 70 um, respectively, were
purchased from Inframat Corporation and used as component powders in this study. Particle
morphologies of these component powders were characterized by scanning electron microscopy
(SEM, TESCAN VEGA 1I LSU, Brno-Kohoutovice, Czech), and are shown in Figure 2. The
shapes of powder particles are primarily spherical. The particle size within each powder is not
perfectly uniform, but the size variation is much smaller than the size differences across the three

powders.

Figure 4.2 Particle morphologies of component powders: (a) 2 pm, (b) 10 pm, and (c) 70
pm
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4.3.2. Preparation of powder mixtures

Three binary mixing systems and one ternary mixing system were prepared from the three
component powders with sizes of 2, 10, and 70 um. These mixing systems are denoted by 10/2,
70/2,70/10, and 70/10/2 in this study. Various mixing fractions were selected to prepare different
powder mixtures for each mixing system. All mixing fractions in this paper are based on the true
(solid) volume of each powder. Since all component powders are composed of the same material
(i.e., alumina), volumetric fractions are the same as mass fractions. A scale with an accuracy of
0.1 mg (AGCN200, Torbal, Oradell, NJ) was used to measure the fraction of each component
powder. Measured component powders were mixed by ball milling (Jar Rolling Mills, Paul O.
Abbe, Wood Dale, IL) for 1 h, using alumina balls with a diameter of 2 mm. The amount of balls
was 10% of the powder mixture by mass. A low milling speed (~60 RPM) was used.
4.3.3. Measurement of tap density

The packing density of all component powders and powder mixtures is evaluated by tap
density, a good estimation for the packing density of a densely packed powder [15,16]. The tap
density of each powder was measured by a tap density meter (DY-100A, HongTuo, Dongguan,
Guangdong, China) following an ASTM standard [17]. Specifically, the mass of each powder for
tap density measurement was 100 g. Each measurement included 3000 tapping cycles with a 3-
mm stroke. After tapping, the absolute tap density was calculated by dividing the mass by the
volume of the powder inside the cylinder. The absolute tap density was then divided by the
theoretical density of alumina (3.97 g/cm® [18]) to obtain the relative tap density. All
experimentally measured packing densities in this paper are relative tap densities. The tap densities
of component powders of 2, 10, and 70 um are 61.0%, 61.0%, and 62.2%, respectively.

4.4. Results and Discussion
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4.4.1. Experimental and modeling results

Experimentally measured densities and model-predicted densities from the three enhanced
linear packing models for the three binary mixing systems are presented in Table 2 and Figure 3.
As shown in Figure 3, the increase in the coarse powder fraction initially increased and then
decreased the packing density of the powder mixtures. The increase in the fine powder fraction
also initially increased and then decreased the packing density of the powder mixtures. The general
trends of the relation between packing density and mixing fraction from the experiments and

models match well.
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Table 4.2 Experimentally measured and model-predicted packing densities for three binary
mixing systems

Predicted
Binary Fraction Fraction Fraction Experimentally density Pred.icted Pred.icted
mixing of2pm  of 10 pm  of 70 pm measured by de, den,s1ty by dens1t§f by
system powder powder powder density (%) Lard’s Yu’s model Kwan’s
(vol.%)  (vol.%)  (vol.%) model (%) model (%)
(%)

10/2 53.7 46.3 / 68.7 65.1 70.0 69.4

10/2 43.7 56.3 / 70.0 66.1 72.3 71.6

10/2 33.7 66.3 / 71.0 69.0 74.8 73.9

10/2 28.7 71.3 / 71.4 71.0 72.4 75.1

10/2 23.7 76.3 / 71.6 71.4 70.1 74.9

10/2 18.3 81.3 / 69.4 70.0 68.0 71.5

10/2 13.7 86.3 / 67.1 65.7 65.9 68.3

70/2 50.0 / 50.0 74.5 73.7 75.0 74.9

70/2 40.0 / 60.0 77.6 75.8 78.6 78.5

70/2 30.0 / 70.0 80.8 78.2 82.6 82.5

70/2 25.0 / 75.0 81.1 78.5 78.4 82.4

70/2 20.0 / 80.0 76.6 74.7 74.5 77.4

70/2 15.0 / 85.0 72.5 71.9 71.0 72.9

70/2 10.0 / 90.0 68.8 66.1 67.8 69.0
70/10 / 52.3 47.7 70.5 68.6 71.7 71.3
70/10 / 42.3 57.7 72.1 72.6 74.5 73.9
70/10 / 323 67.7 73.5 76.3 77.4 76.8
70/10 / 27.3 77.7 74.0 76.4 74.6 78.3
70/10 / 22.3 77.7 74.2 74.0 72.0 77.0
70/10 / 17.3 82.7 71.4 70.9 69.5 73.1
70/10 / 12.3 87.7 68.7 69.0 67.2 69.6
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Figure 4.3 Experimentally measured and model-predicted packing densities for three
binary mixing systems: (a) mixing system of 10 pm and 2 pm powders, (b) mixing system of
70 pm and 2 pm powders, and (¢) mixing system of 70 pm and 10 pm powders (the double
arrows show the derivations of optimal mixing fraction for de Larrard’s model as
examples)

Experimentally measured densities and model-predicted densities from the three enhanced
packing models for the ternary mixing system are presented in Table 3 and Figure 4. The method
to read the ternary plot can be found in the authors’ previously published paper [1]. Based on both
experimental and modeling results, the highest packing density can be achieved at relatively low

fractions of 2 and 10 um powders and a relatively high fraction of 70 pm powder. The general
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trends of the relation between packing density and mixing fraction from the experiments and
models match well.

Table 4.3 Experimentally measured and model-predicted packing densities for the ternary
mixing system

Fraction of Fraction of  Fraction of Experimentally Predicted Predicted Predicted
2 pm 10 pm 70 pm measured density by de density by Yu’s density by
powder powder powder density (%) Lard model (%) model (%) Kwan’s model
(vol.%) (vol.%) (vol.%) (%)

10 10 80 74.1 72.6 76.3 75.2

10 80 10 66.7 66.7 68.4 67.8

20 20 60 78.2 84.7 84.3 80.6

20 30 50 77.7 83.1 83.0 79.0

20 40 40 76.1 79.7 81.8 77.5

20 60 20 71.1 73.7 78.0 74.5

30 20 50 79.0 80.5 80.1 77.9

30 30 40 76.4 79.5 79.0 76.4

30 40 30 76.6 78.6 77.9 75.1

40 20 40 75.3 76.7 76.4 75.1

40 30 30 73.1 75.8 75.3 73.8

40 40 20 70.8 74.9 74.3 72.7

60 20 20 67.5 70.1 69.8 69.6

80 10 10 64.4 65.2 65.1 65.2
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Figure 4.4 Packing densities for the ternary mixing system from (a) experiments, (b) de
Larrard’s model, (¢c) Yu’s model, and (d) Kwan’s model
4.4.2. Performances of three enhanced linear packing models

4.4.2.1. Deviation of predicted density from measured density at different mixing fractions
The deviation of predicted density from measured density (Dev, ) at a specific mixing fraction

was calculated based on the following equation:

Yo = Vm

Dev, = 15
Y . (15)

where y,, and y,, are the model-predicted and experimentally measured packing densities,

respectively.
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Figures 5 and 6 show the deviations of predicted density for binary and ternary mixing systems,
respectively. A positive deviation value indicates that the model-predicted density is higher than
the experimentally measured one. de Larrard’s model has both higher and lower predications than
experimental values for all three binary mixing systems. Yu’s model predictions are consistently
higher than the experimental values. Kwan’s model predictions are consistently higher than the
experiment values for the 70/2 mixing system, but sometimes higher and sometimes lower than
the experiment values for the other two mixing systems.

There are more positive deviation values than negative ones in both Figures 5 and 6, indicating
that the model-predicted results are higher than the experimental ones. Predictions by Kwan’s
model (maximum deviation is 5.9%) have smaller positive deviations than those by de Larrard’s
and Yu’s models (maximum deviations are 9.4% and 9.6%, respectively). Possible reasons include
the consideration of the wedging effect in Kwan’s model [11] that leads to lower density
predictions (closer to the experimental results).

10 (a) de Larrard (c) Kwan

10 10

Deviation (%)

Deviation (%)

Deviation (%)
(o]

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Fraction of 10 um powder (vol.%) Fraction of 70 um powder (vol.%) Fraction of 70 ym powder (vol.%)

o 10/2 mixing system 70/2 mixing system o 70/10 mixing system

Figure 4.5 Deviations of predicted density for three binary mixing systems from three
models: (a) de Larrard’s, (b) Yu’s, and (¢c) Kwan’s

121



00 80 60 40 20 0
Fraction of 2 ym powder (vol.%)

0 60 40 20 0
2 Fraction of 2 pm powder (vol.%) 10 2 Fraction of 2 ym powder (vol.%) 02

o 10
2
QO
~
QO
&° . 9
=N S @
)o (XS S
< 29 o
2 < 0
o SRS
>0, y
°% ol =)
% N o
&7z £/ E
o S
%o &
> 2 -10

Figure 4.6 Deviations of predicted density for the ternary mixing system from three
models: (a) de Larrard’s, (b) Yu’s, and (¢c) Kwan’s

Mean absolute error (MAE) is a measure of the degree of deviation [19]. It was used in this
study to evaluate the overall deviation of a model for a mixing system. For a specific model (i.e.,
de Larrard’s, Yu’s, or Kwan’s), its MAE (e) for a mixing system (i.e., e19/2, €70/2, €70/10, OF

€70/10/2) 18 given by:

n —
e = ZL=1|}/I:; YE1| (16)

where yy;, is the model-predicted density and yg, is the experimentally measured density of
the ith powder mixture. Here # is the number of powder mixtures in the corresponding mixing
system that were experimentally studied (i.e., number of rows in Tables 2 and 3 for each mixing
system).

To evaluate the overall performance of a model for all mixing systems, the average MAE
(eavg) of the model was calculated based on the MAE values of all four mixing systems, which
was given by:

€10/2 + €70/2 T €70/10 T €70/10/2
ane = ‘ a7

The MAE values from Eq. (16) and Eq. (17) are shown in Table 4. Kwan’s model has the

smallest MAE values 0f 2.6%, 1.7% , and 1.8% for the mixing systems of 10/2, 70/10, and 70/10/2,
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respectively. For the mixing system of 70/2, Yu’s model has the smallest MAE value of 2.2%.
Overall, Kwan’s model has the smallest average MAE of 2.2% among all three models.

Table 4.4 Mean absolute error (MAE, e) values of three enhanced linear packing models

MAE de Larrard (%) Yu (%) Kwan (%)
€10/2 4.6 5.5 2.6
€70/2 2.2 3.6 2.6
€70/10 2.6 24 1.7
€70/10/2 3.8 4.2 1.8
Cavg 33 3.9 2.2

4.4.2.2. Deviation of predicted optimal mixing fraction from the mixing fraction for the
measured peak density

In this section, the deviation of predicted optimal mixing fraction for all three binary mixing
systems is calculated. The deviation of predicted optimal mixing fraction was determined by the
following equation:

Devy, = yy — yg (18)

where y), and y are the model-predicted and experimentally determined values of optimal
mixing fraction of the coarse powder corresponding to the peak density, respectively. In each
subfigure of Figure 3, the black vertical line corresponds to the value of y;, and the other three
vertical lines correspond to three values of y,, for three models, respectively. In each subfigure,
the blue vertical line (i.e., model-predicted optimal mixing fraction by de Larrard’s model) is
always the furthest from the black vertical line (i.e., experimentally determined optimal mixing
fraction), meaning that de Larrard’s model has the largest absolute deviation values. The double
arrows show the deviations of optimal mixing fraction (i.e., Dev, ) for the de Larrard’s model as

examples.
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Table 5 lists the model-predicted optimal mixing fractions from all three models and the
corresponding experimental results for the three binary mixing systems. Figure 7 illustrates
deviations of model-predicted optimal mixing fraction for all three binary mixing systems. Positive
and negative deviation values mean larger and smaller model-predicted optimal mixing fraction
than the mixing fraction for the measured peak density, respectively. For binary mixing systems
of 10/2 and 70/2, all three models underpredicted the optimal mixing fractions of the coarse powder.
For the binary mixing system of 70/10, de Larrard’s model underpredicted the optimal mixing
fractions of the coarse powder and the other two models overpredicted it.

For assessing performances of different models in terms of optimal mixing fraction, the
absolute values of deviations calculated from Equation 18, i.e., |Devy|, is used. When absolute
deviation values across different models were compared, Kwan’s model outperformed the other
two models for mixing systems of 10/2 and 70/2, and Yu’s model outperformed the other two
models for the mixing system of 70/10.

Table 4.5 Optimal mixing fractions of the coarse powder predicted from three models and
experiments for three binary mixing systems

Binary

. . s Yu’s Kwan’s .
mixing  de Larrard’s model model Experiment
system
10/2 66.3 74.9 76.2 76.3
70/2 67.7 75.2 77.3 72.7
70/10 70.0 73.5 73.9 75.0
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Figure 4.7 Deviations of model-predicted optimal mixing fraction of the coarse powder
from the mixing fraction for the measured peak density of three binary mixing systems

4.5. Conclusions

This paper assessed the performances of three enhanced linear packing models in predicting
packing densities and optimal mixing fractions of mixtures of micropowders with different sizes.
The results on deviation of predicted powder packing density showed that Kwan’s model achieved
the best overall prediction performance (with a 2.2% average mean absolute error) among all three
models. The results on deviation of predicted optimal mixing fraction showed that Kwan’s model
outperformed the other two models for the mixing system of 10 and 2 pym powders (with a -0.1%
deviation value) and the mixing system of 70 and 2 pm powders (with a deviation value of -1.1%)),
and that Yu’s model outperformed the other two models for the mixing system of 70 and10 pm
powders (with a deviation value of 2.5%). This assessment study of prediction performances of
three linear packing models provides a guidance for preparing micropowder mixtures.
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5. COATING POWDER PARTICLES FOR INCREASING POWDER SINTERABILITY AND
PART STRENGTH*

5.1. Introduction

Ceramic materials have outstanding properties, such as extraordinary hardness, excellent
resistance to wear and heat, etc. Therefore, high added-value ceramic components can be applied
in a wide range of fields such as aerospace, electronics, and health care. However, it is very costly
to fabricate ceramic parts of a complex shape using conventional manufacturing techniques. For
conventionally fabricated ceramic parts with a complex geometry, the tooling can contribute to up
to 80% of the overall cost [1]. Conventional techniques have other disadvantages including
excessive cost in prototypes and difficulty to make design changes [2]. All of these disadvantages

have impeded the applications of advanced ceramic materials in the industry.

Binder jetting is an additive manufacturing process in which a liquid bonding agent is
selectively deposited to join powder materials [3]. It has demonstrated its considerable potential
in fabricating ceramic parts to avoid the substantial tooling cost, in addition to its advantage of
minimal geometrical limitation. Currently, the relative density of ceramic parts resultant from
binder jetting additive manufacturing is quite low, making the mechanical properties far from
satisfactory [2,3]. The main reason comes from the low sinterability of current powder feedstock
since a large particle size (10-100 pm) with a high flowability is required to deposit a smooth layer

of powder for binder jetting.

*Reprinted with permission from “Ceramic Binder Jetting Additive Manufacturing: Particle Coating for Increasing
Powder Sinterability and Part Strength” by Du, W., Ren, X., Ma, C., and Pei, Z., 2019. Materials Letters, 234, p. pp.
327-330, Copyright [2021] by Elsevier B.V.
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The driving force of sintering is the reduction of the surface energy of a powder compact by
the replacement of solid-air interface with solid-solid interface [4]. Increasing the surface area or
the specific surface energy can enhance the driving force and consequently promote the sintering.
Amorphous material has a higher specific surface energy and thus larger sintering driving force,
leading to an enhanced necking. In this paper, a new powder surface modification method, i.e.
particle coating is reported to assist with sintering, and consequently increase the strength of the
printed and sintered parts. Specifically, coarse crystalline alumina particles were coated with
amorphous alumina, forming a core-shell structure. The coarse crystalline core can help to

maintain the high flowability and the amorphous shell can promote sintering due to its high activity

[4].

5.2. Materials and Methods

Pechini-type sol-gel process was used to synthesize the amorphous phase material, which is
schematically shown in Figure 5.1 [5]. A precursor solution was prepared by mixing aluminum
nitrate nonahydrate (Al(NOs)3-9H>0, >98%, BeanTown Chemical, USA) and citric acid (CsHgO7,
VWR Life Science, USA) with a mole ratio of 1:2 in deionized water. Ethylene glycol ((CH20OH)o,
VWR Life Science, USA) was then added in the solution with the same mole amount of citric acid.
The solution was stirred until all the materials were dissolved. Spherical alumina powders of two
different sizes (10 and 70 pm, Inframat Corporation, USA) were added into the mixture,
respectively. The solution was then heat-treated to dehydrate the mixture into a gel. The gel was
calcined in air at 700 °C for 3 h to burn out the sacrificial elements (C, H, and N) and obtain core-
shell alumina particles. The obtained powders from the 10 and 70 um seed powders were sieved
through #500 and #170 screens, respectively. The coated powders were dry-pressed at 100 MPa

into cylindrical disks of @12.7 mm in a stainless steel die. The green disks were then sintered at

130



1600 °C for 2 h and cooled in the furnace. Samples were prepared from the raw powders as well

for comparison.
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Figure 5.1 Basic principle of Pechini-type sol-gel process [5]

To verify the presence of the amorphous phase material, the calcined powder was tested by
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) using combined
TGA/DSC equipment (Q1000, TA Instruments, USA) with a heating rate of 10 °C/min and a
temperature up to 1400 °C. Scanning electron microscopy (SEM, TESCAN VEGA II LSU, Brno-
Kohoutovice, Czech Republic) was used to examine the morphology of the raw and coated
powders and the microstructure of the fracture surfaces of the sintered samples. Compressive
testing was carried out on a universal testing machine (STM-100KN-E, United Testing Systems

Inc., USA).

5.3. Results and Discussion

The weight change and the heat flow for the coated powder from the TGA/DSC experiment
is shown in Figure 5.2. The weight loss from 200 to 600 °C indicates the removal of sacrificial
elements, while the spike of the heat flow at around 850 °C indicates the crystallization stage of
the amorphous material. A small amount of weight loss continues to occur after crystallization,
resulting from burning out remaining sacrificial elements. These TGA/DSC results confirmed the

presence of the amorphous phase in the prepared powder.

131



100 T T T T T O

\ Crystallization
e
99.95+ L\ .
\ (@)]
~ \ 0029
S 999+ =
® 99.85 0.04 i
< e o
99.8 T *
-0.06
99.75

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 5.2 The changes of the weight and heat flow with temperature from the TGA/DSC
of the coated powder

The morphologies of the raw and coated powders for the two different particle sizes (10 and
70 um) are shown in the top row of Figure 5.3. After the powder surface modification, the coarse
crystalline particle was coated with a large number of fine particles (the white dots on the surface).
These fine particles are the amorphous alumina introduced by the sol-gel process. Moreover, the

spherical shapes of two crystalline powders were retained after powder surface modification.

The fracture surfaces of the sintered parts are shown in the middle row of Figure 5.3. The parts
from raw powders of both 10 and 70 um have limited sintering densification due to their relatively
low sinterability. No obvious necking was generated between particles and a large number of pores
still exist in the part. For the parts from the coated powders, the amorphous material promoted the

sintering by fusing the raw particles.

The necking between sintered particles for various powders is shown in the bottom row of
Figure 5.3. Generally, a sintering process includes three stages (initial, intermediate, and final):
necking formation, pore shrinkage, and pore closing, respectively [4]. For the raw particles of both

10 and 70 pum, the sinterability is low due to the large particle size. Only limited necking between
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particles formed during the initial sintering stage and there were no further densification from the
intermediate and final sintering stages [6], as Figures 5.3a and 5.3¢ show. For the 10 and 70 um
coated powders, however, enhanced necking was generated due to the introduction of the

amorphous phase, as Figure 5.3b and 5.3d show.

(@) 10 pm, (b) 70 pm, (c) 70 um, (d) 70 pm,
uncoated coated uncoated coated

Figure 5.3 The morphologies of the particles (top row), the fracture surfaces of the
fabricated parts (middle row), and the necking between sintered particles (bottom row) for
(a) 10 pm raw, (b) 10 pm coated, (¢) 70 pm raw, and (d) 70 pm coated powders.

Figure 5.4a shows the diameter shrinkages for different powders. After sintering, the diameter
shrinkage of the samples from 10 and 70 um raw powders are 1.3% and 0.6%, respectively, while

those from 10 and 70 pm coated powders are 13.0% and 8.6%, respectively. The shrinkage for the
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parts from both coated powders is significantly increased (by a factor of 10 for the 10 um powder

and 14 for the 70 um one).

The compressive strength results are shown in Figure 5.4b. For the parts from 10 and 70 pm
raw powders, the sintered compressive strengths were 18.7 and 0.7 MPa, respectively, while those
for the 10 and 70 um coated powders were 25.1 and 3.2 MPa, respectively. The sample from the
10 um raw powder achieved larger strength than that from 70 pm, which was attributed to its
smaller particle size and higher sinterability. Both coated powders led to significantly enhanced
compressive strength compared with the raw powder counterparts, which was attributed to the
better necking and the bond formed between particles with the help from the coated amorphous
phase. The amorphous shells have higher specific surface energy and thus exhibit higher mobility
during the sintering process. Therefore, they fuse with each other at the elevated temperature,
forming a three-dimensional network that connects the crystalline cores, as shown in Figure 5.3.
Eventually, the amorphous network turns into the thermally stable crystalline phase because of the
high sintering temperature and becomes integrated with the crystalline cores. The bonding is strong
between the three-dimensional network and the connected particles due to the fact that the
amorphous shells and the crystalline cores are made of the same material (i.e., alumina). It is of
great interest to confirm the proposed strengthen mechanism because it will help further improve

the strength and extend this approach to other materials and processes.
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Figure 5.4 The diameter shrinkage (a) and the compressive strength (b) of the samples
from raw and coated powders of different sizes

Although the sinterability and compressive strength were significantly improved, the
mechanical properties do not meet the requirements of many load-bearing applications. The reason
for the inferior mechanical properties is the low resultant relative density of the samples (48% for
the 10 um coated powder and 44% for the 70 um coated powder), which may be due to the non-
uniform coating. In addition, the particle coating method was demonstrated by a pressing and
sintering route. The ultimate goal is to apply this method to binder jetting additive manufacturing,
i.e., using a printing and sintering route. Therefore, future work includes investigating the
strengthening mechanism, improving the quality of the powder, and applying the coated powder

to binder jetting additive manufacturing process.

5.4. Conclusions
Crystalline alumina particles (10 and 70 pm) were successfully coated with an amorphous
alumina phase using a sol-gel process. The sintered samples from the coated powders

demonstrated enhanced necking, increased diameter shrinkage, and improved compressive
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strength, compared with those from the raw powders. In summary, the particle coating method is

effective in increasing the powder sinterability and part compressive strength and is promising in

ceramic binder jetting additive manufacturing.
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6. GRANULATING NANOPARTICLES TO MICRON-SIZED GRANULES: EFFECTS OF
PREPARATION PARAMETERS IN SPRAY FREEZE DRYING ON POWDER
PROPERTIES*

6.1. Introduction

Ceramic materials have outstanding properties, such as extraordinary hardness, excellent
resistance to wear, heat, and corrosion, and exceptional biocompatibility [1]. However, it is very
costly to fabricate ceramic parts of complex shapes using conventional manufacturing techniques.
For complex ceramic parts, tooling can contribute to up to 80 % of the overall cost if traditional
processing routes are taken [2]. Compared with that, additive manufacturing (AM), also known as
3D printing, has many advantages, including flexible and customized design, elimination of special
fabrication tooling, and efficient usage of raw materials. Therefore, AM of ceramic materials has
attracted a lot of research interest [3]. Among all AM technologies, binder jetting is considered the
most promising for printing ceramic materials because it is easy to scale up and it does not require
support [4].

A high density of a ceramic part is usually desirable for the load-bearing applications, such as
artificial human joints [5]. However, the achieved density of the printed parts from binder jetting
is relatively low even after sintering [1]. Currently, the bulk density [6] of ceramic parts by this
process ranges from 40% to 68% [7—12], far below the requirement for load-bearing applications.
The main cause comes from the contradicting requirements for the particle size of the feedstock

powder: a large particle size (>5 um) is required for a high flowability while a small particle size

*Reprinted with permission from “Binder Jetting Additive Manufacturing of Ceramics: Feedstock Powder
Preparation by Spray Freeze Granulation” by Du, W., Miao, G., Liu, L., Pei, Z., and Ma, C., 2019. ASME 2019 14th
International Manufacturing Science and Engineering Conference, Errie, PA, VOO1TO1A006 (6 pages), Copyright
[2021] by ASME.
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(<1 um) for a high sinterability. Granulation has been attempted to address this contradiction [1].
By granulating fine particles into coarse granules, the granulated powder will maintain the high
sinterability of the fine particles and increase the flowability by the increased size. Among many
different granulation methods reported in the literature, spraying drying (SD) is the most common
one [13-19]. However, some of its disadvantages impeded its application. For example, spray-
dried granules usually show a hollow structure due to the rapid mass transport of the binder liquid
from the center to the shell of the granule during the evaporation drying, which leads to
inhomogeneous microstructures of the part [20]. The hard shell of SD granules will make them
difficult to break and thus result in inter-granule porosity [20,21].

Another granulation method, called spray freeze drying (SFD), has attracted interest for the
ceramic material preparation [20-25]. As this technology uses a drying route of freezing-
sublimation, the mass transport is slow and controlled during the drying step, which makes the
microstructure of the granules homogeneous. For example, Raghupathy et al. [20] prepared
granulated zirconia powder by both spraying drying and spray freeze drying. Although both
powders achieved similar flow rates, crushable granules with a low granule strength were obtained
only from spray freeze drying, which is beneficial to the microstructure homogeneity of dry-
pressed and sintered parts. Ghanizadeh ef al. [23] prepared granulated alumina powder and
characterized its flow rate. Green and sintered densities (densities of the part after curing and
sintering, respectively) were measured for dry-pressed disk samples to investigate the effect of the
sintering profile on the grain growth.

Despite some existing studies on spray freeze drying of ceramic materials, the effects of the
spraying pressure and slurry feed rate on the flowability and sinterability of the granulated powder

have not been studied. This study aims at filling this knowledge gap by carrying out experiments
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based on a full factorial design. The granule size and morphology were characterized, and the flow
rate of the obtained powder and the density of dry-pressed and sintered disk samples were studied.
Finally, discussion was created based on the results.
6.2. Experimental Methods
6.2.1. Slurry preparation

Nano-sized alumina slurry (100 nm, 20 wt. %, Department of Specialty Grains & Powders,
Saint-Gobain Ceramic Materials, MA, USA) was used to ensure a high sinterability of the
feedstock material. The slurry was frozen in a freezer and then dried in a freeze drier (FreeZone
2.5 L, Labconco, MO, USA) under 1.5 mbar for 12 h to obtain the dry powder. The dried alumina
was mixed with deionized water using a ball mill (Laboratory Jar Rolling Mill, Paul O. Abbe, IL,
USA) to prepare 20 vol. % slurry for spraying. The ball milling parameters are shown in Table 6.1.
6.2.2. Granulated powder preparation

Nano-sized alumina slurry (100 nm, 20 wt. %, Department of Specialty Grains & Powders,
Saint-Gobain Ceramic Materials, MA, USA) was used to ensure a high sinterability of the
feedstock material. The slurry was frozen in a freezer and then dried in a freeze drier (FreeZone
2.5 L, Labconco, MO, USA) under 1.5 mbar for 12 h to obtain the dry powder. The dried alumina
was mixed with deionized water using a ball mill (Laboratory Jar Rolling Mill, Paul O. Abbe, IL,
USA) to prepare 20 vol. % slurry for spraying. The ball milling parameters are shown in Table 6.1.

Spray freeze drying includes spray freezing and freeze drying. Figure 6.1 shows the machine
set up (LS-2, PowderPro AB, Sweden) for the spray freezing. A peristaltic pump feeds the slurry
into an atomizing nozzle that is above the liquid surface and connected with compressed air. The

slurry is atomized into droplets, which are sprayed into liquid nitrogen in the spraying container.
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The frozen granules are then put on a tray in the drying chamber of the freeze drier to sublimate

the water in the granules.

| |

Peristatic pump_-

e

Spraying nozzle 4
1 ]

Slurry  Spraying

container
_—

Magnetic stirrer

Figure 6.1 PowderPro LS-2 freeze granulator

To investigate the effects of the granulation parameters (spraying pressure and feed rate), two
levels of each parameter were tested to form a full factorial design, as shown in Table 6.1.
Therefore, there were four trials with different combinations of the spraying pressure and feed rate.
The freeze drying parameters, as listed in Table 6.1, were kept fixed across all trials.

Table 6.1 The parameters for the slurry preparation, spray freezing, and freeze drying

Alumina concentration (vol. %) 20
Slurry preparation | Ball-to-slurry mass ratio 1:1
Milling time (h) 12
) Pressure (bar) 0.1 and 0.4
Spray freezing Feed rate (L/h) 0.5and 1
Drying chamber pressure (mbar) 1.5
Tray temperature (°C) 20
Freeze drying
Collector temperature (°C) -50
Drying time (h) 12

6.2.3. Material characterization

To prepare the sample for the morphology of the raw particles, the diluted slurry was dripped

onto the surface of a silicon wafer and was left at room temperature to be slowly dried. The
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morphology of the raw particles was characterized by scanning electron microscopy (SEM, JSM-
7500F, JEOL, Japan). After granulation, the morphology of the obtained granules was
characterized by another SEM (TESCAN VEGA II LSU, Brno-Kohoutovice, Czech Republic).
The granule size was studied by sieve analysis. An eight-inch sieve set with opening sizes of 25,
53,75, 90, and 250 pm was used.

As a feedstock powder with a particle size smaller than 25 pm or larger than 250 pum is rarely
used in binder jetting, granulated powders within size ranges of 25-53, 53-75, 75-90, and 90-250
um from all four trials were used for the measurement of flowability and sinterability. Flowabilities
of the raw and granulated (25-250 um) powders were tested by measuring the flow rate, i.e., the
weight of falling granules through a funnel with an opening of @2.54 mm (DF-1-02, Hongtuo
Instrument, China) in one second.

For the sinterability test, these powders were dry-pressed at 100 MPa into disks of @12.7 mm
by a hydraulic cold press (Carver Laboratory Press, Model C, Fred S. Carver Inc., IN, USA). The
pressed disks were then sintered at 1600 °C for 2 h and cooled to room temperature in a bench-top
muffle furnace (KSL-1700X-A1-UL, MTI Corp., CA, USA). A disk sample from the raw powder
was prepared as well for comparison. Sinterabilities of the raw and granulated powders were tested
by measuring the relative sintered density of the disk samples using a density kit (Torbal
AGCN200, Scientific Industries Inc., NJ, USA). The sintered density was measured based on the
ISO standard [6]. Specifically, dry mass (m,) was measured after sintering and cooling. Then the
sample was boiled in deionized water for 2 h and then cooled to the room temperature. The mass
of the sample in water (im,) was measured by the density kit and then the sample was wiped by a

wet cloth to remove the water on the surface, followed by the measurement of the mass of the
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wiped sample (m3). The relative sintered bulk density (p) of the sample was calculated based on

the following equation:

m
—Pwe T 100% (1)
Pen M3z — M,

where p,,; is the water density at the temperature when taking the measurement and p,, is the
theoretical density of the alpha-phase alumina (3.97 g/cm?).
6.3. Results and Discussion

Figure 6.2 shows the SEM of the raw powder in the spraying slurry. The particle has an

irregular shape and its size is around 100 nm.

Figure 6.2 SEM of the raw 100 nm powder

The SEM of the granulated powders from different trials is shown in Figure 6.3. The shape
of the granules is spherical. Granules from Trials 2—4 evidently present a satellite structure, i.e.,
small granules firmly attach to a larger one. Based on a comparison between Trial 1 and Trial 3,
higher spraying pressure leads to a greater extent of satellite structures. Similarly, a comparison
between Trial 2 and Trial 4 leads to the same result. Based on a comparison between Trial 3 and
Trial 4, higher feed rate leads to a greater extent of satellite structures. Similarly, a comparison
between Trial 1 and Trial 2 leads to the same result. In summary, the spraying pressure and feed
rate significantly affect the extent of satellite structure. Higher spraying pressure and higher feed

rate lead to a greater extent of satellite structure, resulting in the greatest extent of satellite structure
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for the powder from Trial 4. One of the reasons is that higher spraying pressure creates more fine
droplets, and higher feed rate increases the amount of the sprayed droplets in a unit time, both of
which lead more collisions between the sprayed droplets in the spraying container and

consequently a great extent of satellite structure in the granulated powder.

Trial 1: 0.1 bar, 0.5 L/h 7 Trial 2: 0.1 bar, 1 L/h

Figure 6.3 SEM of granules from all four trials

Figure 6.4 shows the results of the sieve analysis of all four trials. The dominant size ranges
are 90-250, >250, 25-53, and 90-250 um for Trials 1-4, respectively. The sieve analysis result
agrees well with the SEM characterization. Based on the sieve analysis result in Figure 6.4, it can
be concluded that higher spraying pressure leads to smaller granule size at the same feed rate. At
the same feed rate of 0.5 L/h, for example, the increase of the spraying pressure (Trial 1 to Trial 3)
led to a decrease of the dominant size range from 90-250 pm to 25-53 pm. On the other hand,
higher feed rate leads to larger granule size at the same spraying pressure. At the same spraying
pressure of 0.4 bar, for example, the increase of the feed rate (Trial 3 to Trial 4) led to an increase

of the dominant granule size range from 25-53 to 90-250 pm. In summary, the spraying pressure
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and feed rate significantly affect the granule size. Higher spraying pressure and lower feed rate
lead to smaller granule size, resulting in the smallest dominant size range of 25-53 pm for the
granulated powder from Trial 3.

Trial 1 Trial 2 Trial 3 Trial 4
80

60
40

20

Weight percentage (%)

<25 25-53 53-75 75-90 90-250 >250
Size range (mm)

Figure 6.4 Weight percentages of different size ranges of the granulated powder from
different experiments

Table 6.2 shows the flow rates of the raw and granulated powders and the sintered densities
of the disk samples from these powders. In some cases, the powder has a too low flowability to
fall through the funnel opening and no value was obtained for the flow rate test. To explain the
flow rate results, it is needed to examine the forces that are applied to the granules. Among all the
forces, gravity is dominant for large granules while interparticle forces, such as van der Waals and
electrostatic forces, are dominant for small granules. Therefore, large granules tend to flow easily
while small ones not due to interparticle friction and agglomeration [26]. As shown in Table 6.2,
it can be concluded that granule size significantly affects its flowability. For the granulated powder
within the same trial, the flowability increases (or stay the same) as the size increases. Another
factor that affects the flowability of the granulated powder is the extent of the satellite structure,
which will decrease the flowability due to the increased inter-granule friction. As shown in Figure
6.3, the granulated powder from Trial 1 has the least extent of satellite structure. Within the same

size range, the flow rate of the granulated powder from Trial 1 is larger than (or equal to) that of
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granulated powders from all other trials. On the other hand, granulated powder from Trial 4 has
the greatest extent of satellite structure. Within the same size range, the flow rate of the granulated
powder from Trial 4 is less than (or equal to) that of granulated powders from all other trials.

Table 6.2 Flowability and sinterability test results of raw and granulated powders

. . Flow rate | Relative sintered
Trial Size (um) (/s) density (%)
Raw 0.1 / 93.4

25-53 0.06 96.7
1 53-75 0.19 95.0
75-90 0.24 98.0
90-250 0.24 96.2
25-53 / 97.0
) 53-75 0.19 94.6
75-90 0.20 96.1
90-250 0.24 91.6
25-53 / 93.5
3 53-75 0.09 97.2
75-90 0.10 94.6
90-250 0.21 96.2
25-53 / 96.2
4 53-75 0.08 95.7
75-90 0.10 94.9
90-250 0.10 96.9

Sinterability is another important factor of the feedstock material for the binder jetting process.
Under the same conditions, a material with high sinterability leads to high sintered density of the
printed part [1], and a sintered density of larger than 90% usually indicates a good sinterability.
After granulation, the high sinterability of the raw alumina powder was maintained (or even
increased in most cases) in the spray-freeze-dried granulated powders. Reasons for the increase of
the sintered density include the flowability improvement after granulation and subsequently more
dense packing of the granules of the disk sample after pressing.

6.4. Conclusions
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Experimental trials based on a full factorial design of spraying pressure and slurry feed rate
were carried out to study their effects on the granule size, flowability, and sinterability of the
granulated powder. Size analysis results show that high spraying pressure and low feed rate lead
to small granule size. Morphology analysis revealed the satellite structure in the granulated powder,
whose extent increased as the spraying pressure and feed rate increased. Larger granule size and
less extent of satellite structure led to a higher flow rate and better flowability. Moreover, sintered
densities of the disk samples from most of the granulated powders are higher than that of the raw
powder. This study could guide the feedstock powder preparation process for ceramic binder
jetting additive manufacturing by spraying freeze drying.
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7. GRANULATING NANOPARTICLES TO MICRON-SIZED GRANULES: COMPARING
FLOWABILITY AND SINTERABILITY AMONG NANOPOWDER, MICROPOWDER,
AND GRANULATED POWDER*

7.1. Introduction

Additive manufacturing, also known as 3D printing, has many advantages, including the
elimination of special tooling, flexible and customizable design, and efficient usage of raw
materials. Binder jetting is one of the seven additive manufacturing technologies defined by ASTM
and ISO [1]. When binder jetting is used to fabricate a part, a powder bed is first formed, then a
green part is created by selectively jetting a liquid binder onto the powder bed, and finally the
green part is densitified by sintering [1]. Advantages of binder jetting include complimentary
support and ease of debinding [2,3]. The feedstock powders used in binder jetting include
nanopowder (or submicron powder) [4—7], micropowder [8—14], and granulated powder [7,15—
23]. Granulated powder is often prepared from nanopowder, and the granule size is usually in the
micrometer range [21-23].

Flowability, the ability of a powder to freely flow, is crucial for uniform powder spreading
and thus homogeneous microstructure in green and sintered parts [2]. A flowability comparison
can help select a suitable feedstock powder to avoid spreading-induced defects in the powder bed
and consequently in green and sintered parts. Flowability is a result of a complex combination of
material properties. Particle size is a critical variable that determines the powder flowability [2].
There are some studies in the literature on comparing the flowability among different feedstock

powders. For example, Miao et al. [7] investigated the effect of granulation on the powder

*Reprinted with permission from “Comparison of Flowability and Sinterability among Different Binder Jetting
Feedstock Powders: Nanopowder, Micropowder, and Granulated Powder” by Du, W., Miao, G., Pei, Z., and Ma, C.,
2021. Journal of Micro- and Nano-Manufacturing, 2021, 9(2): 021008 (8 pages), Copyright [2021] by ASME.
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flowability. By comparing the raw nanopowder and granulated powder using various flowability
metrics, it was concluded that the granulated powder had a higher flowability than the raw
nanopowder. In other studies, flowability was compared across micropowders with different
particle sizes [8—14]. Flowability was also compared across granulated powders from different
granulation processes [15,16], such as spray drying and milling in Suwanprateeb et al.’s study [15].
Moreover, the effects of granule composition on various flowability metrics of granulated powder
were reported [17-21]. However, knowledge gaps exist in the literature for the flowability of
binder jetting feedstock powders. First, the flowability of granulated powder has not been
compared with that of micropower of a similar size. In addition, the hierarchical (intragranular and
intergranular) packing structure of granules has not been considered in the flowability comparison.

Sinterability, the ability of the powder to be densely sintered, is often used to compare the
sintering performance of different powders under similar packing conditions [2,3]. A sinterability
comparison can help select a suitable feedstock powder to achieve a desired printed and sintered
density. Sinterability is usually characterized from pressed samples to ensure similar packing
conditions across different powders. For example, a granulated powder was prepared by spray
drying from a tricalcium phosphate powder mixed with a polyvinyl butyral powder as a binder
[18]. The effect of fraction of binder added to the granulated powder on its sinterability was studied
by pressing and sintering. Using the same approach (i.e., pressing and sintering), the effects of
granulation parameters and granule size on the sinterability of granulated powder prepared by
spray freeze drying were studied [22]. However, sinterability has not been compared across
different types of binder jetting feedstock powders, i.e., nanopowder, micropowder, and granulated

powder.
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This research aims to fill the aforementioned three knowledge gaps about flowability and
sinterability of the feedstock powders used in binder jetting. In this study, a granulated powder
with a granule size of ~70 um was prepared by spray freeze drying from a nanopowder with a
particle size of ~100 nm. The granulated powder, the nanopowder, and a third micropowder with
a particle size of 70 um were compared using various flowability and sinterability metrics. The
hierarchical packing structure of granules was considered when comparing its apparent density
(AD) and tap density (TD) with those of other two powders. Conclusions were drawn based on the
comparison results.

7.2. Methods
7.2.1. Materials

Alumina nanopowder (90-187085) was acquired from Allied High Tech, USA. Alumina
micropowder (26R-8S70) was acquired from Inframat, USA. The particle morphology of these
two powders was characterized by a scanning electron microscope (SEM, TESCAN VEGA II LSU,
Brno-Kohoutovice, Czech Republic). The particle size distribution of the micropowder was
acquired by analyzing its SEM images with ImageJ. The volume-weighted mean particle size of
the micropowder was then obtained.

7.2.2. Preparation of granulated powder

Spray freeze drying [7,22] was chosen as the granulation method in this study. A slurry with
a solid loading of 20 vol.% was prepared from the nanopowder described above. The preparation
started with adding water and alumina milling balls into a high-density polyethylene bottle with a
capacity of 1000 mL. To decrease the slurry viscosity, an ammonium salt of an acrylic polymer
(Dispex AA 4040 NS, BASF, Ludwigshafen, Germany) was added as a dispersant, followed by a

manual shaking to evenly mix the dispersant with the water. Half the designed amount of the
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nanopowder was then added, and the mixture was ball-milled (Laboratory Jar Rolling Mill, Paul
O. Abbe, Wood Dale, USA). Ball milling parameters have been reported in the authors’ previous
publication [7]. The remaining nanopowder was evenly separated into five portions, and each
portion was added to the bottle once every hour during ball milling. After all nanopowder was
added, ball milling continued for 12 h. Then a sieve with an opening size of 250 um was used to
filter the slurry into a beaker, after which the slurry was ready for spray freeze drying. The spray
freeze drying consisted of two steps: spray freezing and freeze drying. The procedures have been
reported in the authors’ previous publication [7]. The parameters for spray freezing and freeze
drying are listed in Table 1. After spray freeze drying, the granulated powder was sieved to obtain
a granule size range of 53—90 um by a sieve shaker (AS 200, Retsch GmbH, Haan, Germany). A
scanning electron microscope (SEM, TESCAN VEGA II LSU, Brno-Kohoutovice, Czech
Republic) was used to characterize the granulated powder. Afterward, the granule size distribution
was analyzed with ImageJ. The volume-weighted mean granule size of the granulated powder was
then obtained.

Table 7.1 Parameters for spray freeze drying

Step Parameter Value
Spray freezing Compressed air pressure (bar) 0.3
Spray freezing Slurry feed rate (L/h) 0.5
Freeze drying Vacuum (mbar) 1.5
Freeze drying Tray temperature (°C) 20
Freeze drying Ice collector temperature (°C) -50
Freeze drying Drying time (h) 24

7.2.3. Flowability measurement
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Seven different flowability metrics, as listed in Table 2, were measured for all three powders.
All measurements were repeated three times for each powder.

Table 7.2 Flowability metrics and acronyms

Flowability metric Acronym
Apparent density AD

Tap density D
Volumetric flow rate VFR
Mass flow rate MFR
Hausner ratio HR

Carr index CI
Repose angle RA

7.2.3.1. Apparent density and tap density

Apparent density (AD) is the density of freely settled powder. A Hall flowmeter (DF-1-02,
HongTuo, Dongguan, China), as illustrated in Figure 1(a) [24], was used to obtain the AD of all
powders. The Hall flowmeter includes two funnels, Hall funnel (with an opening diameter of 2.5
mm) and Carney funnel (with an opening diameter of 5.0 mm). The Hall funnel was used for AD
measurements of the micropowder and granulated powder. As the nanopowder could not freely
fall through the Hall funnel, the Carney funnel was used to measure its AD with other conditions
kept the same [25]. For each AD measurement, the mass of the empty density cup was recorded
firstly. Afterward, the funnel was filled with powder while the funnel opening was blocked. The
powder was then let fall, filled the cup beneath the funnel, formed a cone in the cup, and eventually
overflowed from the cup. The cone was gently wiped off with a spatula, followed by weighting
the cup with the powder inside. The net powder mass inside the cup was divided by the cup volume

25 cm’, as predefined in the standard [24]) to obtain the AD of each powder.
p
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Density cup — st

Figure 7.1 Schematics of (a) Hall flowmeter and (b) tap density meter

Tap density (TD) is the density of a powder that has been tapped, to settle contents, in a
container under specified conditions [26]. As the nanopowder and granulated powder have a low
density, 50 g of each powder (i.e., the powder mass specified by the standard for TD measurement
[26]) had a larger volume than 100 mL (i.e., the volume of the graduated cylinder specified by the
same standard [26]). Therefore, each of all three powders was filled into the cylinder to a certain
volume. Specifically, each TD measurement started by weighting an empty graduated cylinder
with a capacity of 100 mL. Afterward, 50 mL of powder was added into the cylinder. The cylinder
with powder was then tapped 3000 times with a stroke height of 3 mm by a tap density meter
(DY100-A, HongTuo, Dongguan, China), as schematically shown in Figure 1(b). The tapped
volume of each powder was then recorded. The net powder mass inside the cylinder was divided

by the tapped volume to obtain the TD of each powder.

7.2.3.2. Volumetric and mass flow rates
Volumetric and mass flow rates (VFR and MFR, respectively), i.e., the volume and mass of

the powder falling through a funnel in unit time, respectively, were measured by the same Hall
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flowmeter as shown in Figure 1(a). The measurement started with blocking the funnel opening
with a piece of tape. Since both the nanopowder and granulated powder have a low density, 50 g
of each powder, which is the specified powder mass in the measurement standard [27], has a larger
volume than the funnel capacity. Therefore, when all three powders were measured, the funnel
was filled to full instead of to a specified mass. To determine the net volume inside the funnel, the
funnel was filled with water, followed by measuring the funnel mass with water in it. The net water
mass was divided by the water density at the measurement temperature to calculate the net volume,
which is the same as the net powder volume. The funnel was then filled with the powder until it
overflowed from the periphery of the funnel. Afterward, the powder above the top surface was
gently wiped off by a spatula, followed by weighting the funnel and the powder inside. Then the
mass of empty funnel was subtracted from the mass of funnel with powder inside to determine the
net powder mass. The time that the powder completely passed through the funnel was recorded.
The net powder volume and mass inside the funnel were divided by the time to obtain the VFR
and MFR, respectively.
7.2.3.3. Hausner ratio and Carr index

Hausner ratio (HR) and Carr index (CI) are two closely-related empirical metrics to assess the

powder flowability. They are defined by the following equations [2]:

=P
Pa

HR €]

CI =100 (1 — i—‘:) (2)

where p; and p, are absolute TD and AD, respectively.
7.2.3.4. Repose angle

As illustrated in Figure 1(a), the Hall flow meter with the Hall funnel was used to measure the
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repose angle (RA) of the micropowder and granulated powder [28] while the Hall flow meter with
the Carney funnel for the nanopowder because it could not freely fall through the Hall funnel. The
funnel opening was blocked first, followed by filling the funnel with powder. Afterward, the
powder fell through the funnel, filled the cup beneath the funnel, formed a cone in the cup, and
eventually overflowed from the cup. The diameter of the cone base (d) and the height of the cone
(H) were measured by imaging the cone and processing the images with ImageJ. The following

equation was used to calculate the RA (6):

0 = tan"1(2H/d) 3

7.2.4. Sinterability measurement

Sinterability has different definitions in the literature [29-31]. In this study, it is considered
as one of the powder properties. Therefore, the sinterability measurement procedures were
purposefully designed to press the powder into a disk to reach a high green density before sintering.
In this way, the sintering process started from a favorable initial state, unleashing the full
densification potential of the powder.

Three different sinterability metrics, as listed in Table 3, were employed for all three powders.
All measurements were repeated three times for each powder.

Table 7.3 Sinterability metrics and acronyms

Sinterability metric Acronym
Sintered bulk density SBD
Volumetric shrinkage VS
Densification ratio DR

7.2.4.1. Sintered bulk density
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Green disk samples were firstly prepared. For each sample, 1 g of powder was pressed at 100
MPa into a cylindrical disk of @12.7 mm by a hydraulic cold press (Carver Laboratory Press,
Model C, Fred S. Carver Inc., Wabash, IL). The disk sample from the micropowder collapsed after
pressing. Therefore, an aqueous solution containing 3 wt. % polyvinyl alcohol (PVA, 363138,
Sigma-Aldrich, St. Louis, MO) was added to the micropowder as a binder. The micropowder and
the binder solution were mixed at a mass ratio of 99.5:0.5. Since the PVA percentage is low, its
effect on sintering of disk samples from the micropowder could be neglected. Then the mixture
was put in an oven with a temperature of 60 °C for 0.5 h to evaporate the water, followed by
pressing.

Sintering of all green disk samples from all three powders was conducted in a bench-top
muffle furnace (KSL-1700X-A1-UL, MTI Corp., CA). The sintering temperature was 1600 °C,
ramp rate was 5 °C/min, and sintering time was 2 h. The samples were cooled inside the furnace
to room temperature after sintering.

Sintered bulk density (SBD) of the disk samples was measured with the Archimedes method
based on an ISO standard [32] using a density measurement kit (Torbal AGCN200, Scientific
Industries Inc., NY). A schematic of the measurement process is shown in Figure 2. Specifically,
the dry mass of the sintered sample (mg;) was firstly measured. Then the sample was boiled in
deionized water for 2 h and then cooled to room temperature. This step allowed the open pores to
be filled with water. The immersed mass of the sintered sample (m,) was measured. Afterward,
the sample was wiped with a wet cloth to remove the water droplets on the surface. The cloth was
previously saturated by water completely to avoid drawing out the water from the open pores of
the sample. The soaked mass (i.e., the mass of the solid plus the water inside the open pores) of

sintered sample (mg3) was lastly measured. The bulk volume (i.e., the volume of the solid, the
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closed pores, and the open pores) of the sintered sample (;) was calculated based on the following

equation:

Moz — M
V= s3 s2 4)
Pwe

where p,,; is the absolute water density at the temperature during the measurement. Finally,

the relative sintered bulk density (pg) was calculated with the following equation:

mg 1
- — % 100% (5)
s Ptn

!

Ps =

where p,, is the theoretical density of alumina (i.e., 3.97 g/cm?® [29]).

Sample
& > L
i [
Dry mass (m;)  Boiling for 2 h and cooling Immersed mass (m,) Soaked mass (ms)

Figure 7.2 Procedures of the Archimedes method

7.2.4.2. Volumetric shrinkage and densification ratio

Green bulk volume and density were measured to determine the volumetric shrinkage and
densification ratio. The diameter and thickness of the green disk samples were measured three
times at different locations of the sample by a caliper (with an accuracy of 10 um). Afterward, the

green bulk volume (V) was calculated.

The volumetric shrinkage (Sy) is the sintering-induced volume reduction divided by the green

bulk volume. It was calculated based on the following equation:

v, -V
Sy :<9V S>><100% (6)
g

The mass (my) of the green disk samples was measured by a balance. The relative green bulk
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density (pg) of the samples was calculated based on the following equation:

’ mg 1 0
pg=7'—X100/() (7)
g

The densification ratio (R;) is the ratio of the sintering-induced density increase to the
difference between the theoretical density and green bulk density. It was calculated based on the

following equation:

a4 = % x 100% (8)
7.3. Results and Discussion
7.3.1. Particle morphology and particle (granule) size of three powders

Figure 3(a) shows the SEM images of some particles from the nanopowder before ball milling.
The nanopowder consisted of irregular agglomerates with a wide size range. After ball milling, the

large agglomerates were crushed into nanoparticles, as shown in Figure 3(b). The particle size of

the nanopowder is about 100 nm.

Figure 7.3 SEM images of nanopowder: (a) before ball milling and (b) after ball milling

Figure 4 shows morphology of the micropowder and granulated powder. Particles in both

powders are almost perfectly spherical. Figure 5 shows the particle (granule) size distribution of
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these two powders. The mean sizes for the micropowder and granulated powder are 77.4 um and

69.2 um, respectively.

Figure 7.4 SEM images of some particles from (a) and (b) micropowder, and (c¢) and (d)
granulated powder
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Figure 7.5 Particle (granule) size distribution of (a) micropowder and (b) granulated
powder

7.3.2. Flowability
7.3.2.1. Apparent density and tap density

The measured absolute and relative values of apparent density (AD) and tap density (TD) of
the three powders are listed in Table 4. The standard deviation was calculated based on three
measurements for each powder. Both metrics are basic indexes of bulk density to indicate the
powder flowability [33]. A powder with a low flowability has a low bulk density (i.e., low AD and

TD). A powder with a high flowability, on the contrary, has a high bulk density (i.e., high AD and

TD).

162



Table 7.4 Apparent density and tap density of three powders

Absolute Relative Absolute tap .
apparent . Relative tap
Powder . apparent density R
density density (%)  (g/om’) density (%)
(g/cm?)
Nanopowder 0.29+0.001 7.24+0.03 0.55+0.012 13.8+0.31
Micropowder 2.09+0.004 52.5+0.11 2.38+0.019 59.8+0.47
Granulated powder 0.46+0.006 11.6+0.15 0.56+0.007 14.2+0.17
Granulated powder (monolithic) / 58.0+3.75 / 71.0+4.25

The comparisons of AD and TD between the nanopowder and granulated powder result in
similar findings to the previous study [7]: the nanopowder has a lower AD than the granulated
powder while these two powders have a similar TD. However, the hierarchical packing structure
of granules in granulated powder was not considered in the previous publication [7]. This
consideration is discussed as follows.

The relative AD and TD of the granulated powder (pg,) are governed by the relative packing
density of the monolithic granules within the occupied macroscopic space (i.e., intergranular
density, pinerg ) and the relative packing density of nanoparticles within a granule (i.e.,
intragranular density, pin;yq4), as schematically illustrated in Figure 6. The relation among these
relative packing densities is given by:

Pgra = Pinterg " Pintrag 9

As granules are the smallest units when a granulated powder flows, relative AD and TD of
monolithic granules should be assessed for evaluating its flowability. Therefore, the relative AD
and TD of monolithic granules (0}, e, g) [34] were calculated by Equation (9), as listed in Table 4.
The relative packing density of nanoparticles within a granule (pjy;yqq) Was assumed to be the

solid loading of the slurry for spray freezing (20 vol.%). This assumption is fair because of no
significant volume change during the freezing and drying processes of the employed granulation
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method, as experimentally shown in other work [34,35].

Granule| |Inter-granule porosity

Nanoparticle

Intra-granule porosity

Figure 7.6 Packing structure of granulated powder

With the hierarchical packing structure of granulated powder considered, the relative AD and
TD of the monolithic granules (as shown in Table 4) are much higher than those of the nanopowder.

This finding makes sense considering the severe agglomeration and irregular agglomerate shape

of the nanopowder.

The relative AD of the monolithic granules, 58.0%, is higher than that of the micropowder,
52.5%. The relative TD of the monolithic granules, 71.1%, is also higher than that of the
micropowder, 59.8%. The difference in relative TD (11.3%) between these two powders is larger
than that in relative AD (5.5%). It could be attributed to the porous structure and thus low strength
of the granules. This can lead to plastic deformation and fracture of the granules [36] during the

tapping, decreasing the intergranular porosity and increasing the packing density of the monolithic

granules.

7.3.2.2. Volumetric and mass flow rates
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The volumetric and mass flow rates (VFR and MFR, respectively) of the three powders are
listed in Table 5. It should be noted that VFR and MFR cannot be measured for the nanopowder
due to the dominant interparticle cohesion and large interagglomerate friction. Therefore, the

volumetric and mass flow rates are not suitable metrics to characterize the flowability of the

nanopowder.
Table 7.5 Volumetric and mass flow rates of three powders
Powder Volumetric flow rate (cm?/s) Mass flow rate (g/s)
Nanopowder / /
Micropowder 0.70+0.01 1.54+0.01
Granulated powder 0.30+0.01 0.15+0.01

The micropowder has a VFR value that is about twice that of the granulated powder. This
could be explained by their different apparent densities. As the powder was freely settled in the
funnel before the measurements of flow rates, the absolute powder packing density in the funnel
(pf, 2.19 g/em’® and 0.48 g/cm? for the micropowder and granulated powder, respectively) was
close to the absolute AD (p,, 2.09 g/cm? and 0.46 g/cm?® for the micropowder and granulated
powder, respectively). The micropowder has a larger AD and thus a larger gravity-induced
pressure at the funnel opening. Therefore, the micropowder has a larger VFR.

The difference in MFR between the micropowder and granulated powder is more significant
than that in VFR. This could be explained by the relationship among MFR, VFR, and absolute
powder packing density in the funnel (approximately, absolute AD) as follows:

Qm = Qv ps = Qv " pq (10)
where Q,, is the MFR, Qy is the VFR, p; is the absolute powder packing density in the funnel,

and p, is the absolute AD. This equation suggests that the difference in MFR between two powders
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is actually a product of differences in both VFR and AD. It means that MFR is even more
dependent on AD. Since both the VFR and MFR are heavily dependent on the powder packing
density itself, they are not suited for comparing the flowability of different powders.

7.3.2.3. Hausner ratio and Carr index

Both Hausner ratio (HR) and Carr index (CI) represent the difference between AD and TD.
When AD is measured, a cohesive powder (i.e., of a low flowability) obtains a loose packing
structure after free falling from the funnel while a free-flowing powder (i.e., of a high flowability)
obtains a relatively dense packing structure [33]. When TD is measured, the loose packing
structure of a cohesive powder (i.e., of a low flowability) changes under tapping and its packing
density increases significantly, resulting in a large difference between the AD and TD. On the
contrary, a free-flowing powder (i.e., of a high flowability) has little room for further
rearrangement due to the already dense packing structure induced by gravity during free falling,
and thus its packing density only slightly increases after tapping [33].

Table 6 lists the HR and CI values of the three powders. Based on the definition, the smaller
the HR (i.e., closer to one), the higher the flowability. Both the micropowder and granulated
powder achieved relatively small HR values while the nanopowder had a relatively large HR value.
For CI, the same rule applies: the smaller the CI (i.e., closer to zero), the higher the flowability.
Similar trends were observed on CI. It should be noted that the HR and CI values of the granulated
powder are slightly higher than those of the micropowder. One possible reason is the plastic
deformation or fracture of the granules during tapping and thus an unusually high tap density of

the monolithic granules (as listed in Table 4).
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Table 7.6 Hausner ratio and Carr index of three powders

Powder Hausner ratio  Carr index

Nanopowder 1.93+0.04 48.15+0.96
Micropowder 1.14+0.01 12.17+0.58
Granulated powder 1.23+0.02 18.66=1.20

7.3.2.4. Repose angle

Table 7 and Figure 7 show the repose angle (RA) values of all three powders. The granulated
powder achieved an RA close to that of the micropowder. Both the RA values of these two powders
are much smaller than that of the nanopowder. This is probably due to the much less interparticle
(or intergranular) cohesion.

Table 7.7 Repose angle of three powders

Powder Repose angle (°)
Nanopowder 67.80+5.80
Micropowder 25.22+0.59
Granulated powder 29.88+0.49

Figure 7.7 Measurements of repose angle for (a) nanopowder, (b) micropowder, and (c)
granulated powder

7.3.2.5. Summary of flowability
Normalized values for five flowability metrics are summarized in Figure 8. Flowability values

of the micropowder were set as the baseline to obtain the normalized values of each flowability
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metric for clear comparisons among different powders. High flowability is associated with large
AD and TD and small HR, CI, and RA. The VFR and MFR are not summarized because they are
not suitable for comparing the flowability of different powders as discussed in Section 3.2.2.

All flowability metrics show a large difference between the nanopowder and micropowder
while a small difference between the micropowder and granulated powder. Specifically, AD and
TD suggest the flowability of the granulated powder is slightly higher than that of the micropowder
while HR, CI, and RA suggest the opposite. These results indicate the flowability of the granulated
powder is comparable to that of the micropowder.

Moreover, the consideration of the hierarchical packing structure of granules in granulated
powder makes AD and TD more appropriate for comparing its flowability with other powders.
With this consideration, AD and TD of granulated powder are significantly larger than those of

the nanopowder, which agrees with the results of other flowability metrics.
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Figure 7.8 Normalized values for different flowability metrics, including apparent density
(AD), tap density (TD), Hausner ratio (HR), Carr index (CI), and repose angle (RA)

7.3.3. Sinterability

7.3.3.1. Sintered bulk density
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Results for relative sintered bulk density (SBD) are listed in Table 8. As a smaller particle size
corresponds to a higher sintering driving force, more significant densification occurred for the
nanopowder and granulated powder than the micropowder, leading to higher SBD values. The
relative SBD values of the granulated powder and the nanopowder are close since the granulated
powder has the same primary particle size (i.e., ~100 nm) as the nanopowder.

Table 7.8 Relative sintered bulk density of three powders

Powder Relative sintered bulk density (%)
Nanopowder 89.7+0.8
Micropowder 62.4+2.7

Granulated powder 96.9+1.3

7.3.3.2. Volumetric shrinkage and densification ratio

Results for volumetric shrinkage (VS) and densification ratio (DR) are listed in Table 9. The
nanopowder and granulated powder have comparably large values of VS, indicating the high
sinterability of these two powders. The micropowder has only a limited VS value, suggesting the
low sinterability of the micropowder. Similarly, the nanopowder and granulated powder have
much higher DR values than the micropowder. Both VS and DR values of the granulated powder
are close to those of the nanopowder as the granulated powder has the same primary particle size
(i.e., ~100 nm) as the nanopowder.

Table 7.9 Volumetric shrinkage and densification ratio of three powders

Powder Volumetric shrinkage (%) Densification ratio (%)
Nanopowder 61.2+1.6 83.9+2.3

Micropowder 5.2+3.7 7.1+£1.0

Granulated powder 57.2+1.4 94.5+£1.9
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7.3.3.3. Summary of sinterability

All sinterability metrics, as summarized in Figure 9, show a large difference between the
nanopowder and micropowder while a small difference between the nanopowder and granulated
powder. Specifically, SBD and DR suggest the sinterability of the granulated powder is slightly
higher than that of the nanopowder while VS suggests the opposite. This indicates that the

sinterability of the granulated powder is comparable to that of the nanopowder.
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Figure 7.9 Sinterability results of three powders, including relative sintered bulk density
(SBD), volumetric shrinkage (VS), and densification ratio (DR)

7.4. Conclusions

This study compares the flowability and sinterability of three types of feedstock powders for
binder jetting additive manufacturing, i.e., nanopowder, micropowder, and granulated powder.
Various flowability metrics employed include apparent density, tap density, volumetric flow rate,
mass flow rate, Hausner ratio, Carr index, and repose angle. Various sinterability metrics employed
include sintered bulk density, volumetric shrinkage, and densification ratio.

Experimental data on all metrics indicate that the nanopowder has a significantly lower

flowability than the micropowder and granulated powder (with the hierarchical packing structure
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considered). The flowability comparison between the granulated powder and micropowder using
different metrics has slightly different results. Results on apparent density and tap density indicate
that the flowability of the granulated powder is slightly higher while results on Hausner ratio, Carr
index, and repose angle indicate that the flowability of the micropowder is slightly higher.
Therefore, it is concluded that these two powders have a comparable flowability. Moreover, the
consideration of the hierarchical packing structure of the granulated powder makes apparent
density and tap density more appropriate for comparing its flowability with other powders.

Experimental data on all metrics indicate that the micropowder has a significantly lower
sinterability than the granulated powder and nanopowder. The sinterability comparison between
the granulated powder and nanopowder using different metrics has slightly different results.
Experimental data on sintered bulk density and densification ratio indicate that the sinterability of
the granulated powder is slightly higher while experimental data on volumetric shrinkage indicate
that the sinterability of the nanopowder is slightly higher. Therefore, it is concluded that these two
powders have a comparable sinterability.

In a nutshell, the micropowder has a high flowability but a low sinterability, the nanopowder
has a low flowability but a high sinterability, and the granulated powder has both a high flowability
and a high sinterability.

This comparison study of flowability and sinterability among nonopowder, micropower, and
gtranulate powder has follwing impacts on binder jetting: (1) it can guide the selection of a proper
feedstock powder to avoid spreading-induced defects and achieve a desired printed and sintered
density; (2) it confirms that granulated powder has relatively high flowability and high sinterability,
and is a promising binder jetting feedstock powder.
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8. GRANULATION NANOPARTICLES TO MICRON-SIZED GRANULES: EFFECTS OF
POWDER PREPARATION ON POWDER BED CONDITIONS IN ROLLER-COMPACTION-
ASSISTED BINDER JETTING

8.1. Introduction

Binder jetting (BJ), as one of the seven additive manufacturing (AM) technologies defined by
ASTM and ISO [1], has advantages such as complimentary support structure, high scalability, and
low consumption of sacrificial materials [2]. To increase the green or final densities of the part
from BJ, many post-processing techniques (such as sintering, infiltration, isostatic pressing, etc.)
have been reported. Among all different post-processing techniques, sintering is a favorable route
because it can avoid the introduction of a different materials and provide relatively high freedom
for part size and geometry. However, one challenge of BJ with the sintering route is the low printed
and sintered density, and therefore inferior mechanical properties. This challenge limits the wide
applications of BJ [3].

To achieve a high printed and sintered density, the BJ feedstock powder is required to have
high flowability (to decrease spreading-induced defects in powder bed) and high sinterability (to
achieve high sintering densification) [3]. Granulation with nanopowder is promising to meet both
requirements. The nanopowder ensures high specific surface energy and therefore high
sinterability, and the enlarged micron-level granule size ensures the dominance of inertia force
over intergranular force and therefore high flowability. Various granulation technologies have
been studied in the field of BJ, including grinding and sieving [4,5], spray drying [6,7], and spray
freeze drying [8,9].

One drawback of granulated powder is the intragranular pores [8], which can decrease the

powder bed density and therefore the sintered density. Powder bed compaction by forward-rotating
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roller is a promising method to effectively increase the powder bed density in BJ [10—-13]. This
enhanced BJ process is called roller-compaction-assisted binder jetting in this paper. In the
compaction step of this process, the roller rotates forward while it traverses above the powder bed,
meaning the rotation tangential speed on the top surface of the roller is the same as the traverse
direction.

In this paper, for the first time, powder spreading and compaction experiments with granulated
powder from alumina nanopowder were conducted on a commercially available binder jetting
printer equipped with forward-rotation roller compaction. A granulation method called direct
freeze drying was used to prepare granulated powder. Four different granulated powders were
prepared from slurries with different solid loadings (i.e., 2, 5, 10, and 15 vol.%). Apparent density
for each granulated powder was characterized. The powder bed density achieved by each powder
was measured. Conclusions were drawn based on the experimental results.

8.2. Methods
8.2.1. Materials and feedstock preparation

Four different granulated powders were prepared from slurries with different solid loadings,
which were 2, 5, 10, and 15 vol.%. Alumina nanopowder (90-187125, Allied High Tech, Rancho
Dominguez, CA) was used as the solid material in the slurry. About 800 mL of slurry was prepared
for each batch. The preparation started with adding 1 kg alumina milling balls (~5.6 mm in
diameter) to a high-density polyethylene bottle (with a capacity of 2 L and diameter of 67 mm).
Then the nanopowder was measured by a scale and added to the bottle, followed by adding water
with a corresponding volume for the desired solid loading. Moreover, a dispersant (DOLAPIX CA,
ZSCHIMMER & SCHWARZ Chemie GmbH, Lahnstein, Germany) was added to two slurries

with high solid loadings of 10 and 15 vol.%. The dispersant amounts added were 2 and 4 vol.%
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(based on the solid volume of alumina nanopowder) for the slurries of 10 and 15 vol.%,
respectively. Then each slurry was ball-milled (Jar Rolling Mills, Paul O. Abbe, Wood Dale, IL)
for 48 hours at a low milling speed (~60 RPM).

After ball milling, the slurry was transferred to a circular pan with a diameter of 15 cm.
Thereafter, liquid nitrogen was gradually poured into the pan until the whole slurry froze. Then
the frozen slurry was put into a freeze dryer (FreeZone 2.5 L, Labconco, Kansas City, MO) for
drying at a vacuum level of 2 mbar. The pan holder in the freeze dryer was heated to accelerate
the drying process. The pan holder was set to a drying profile of staying at each temperature of -
20, -10, 0, and 10 °C for 1 hour and then staying at 20 °C for the rest of the drying time. The total
drying time was 48 hours. Right after drying, all powders were ready for sieving directly without
any further comminution. All dried powders were sieved to a size range of 25-90 um.

8.2.2. Characterization of granule morphology

The granule morphology was characterized by a scanning electron microscope (SEM,
TESCAN VEGA II LSU, Brno-Kohoutovice, Czech Republic).

8.2.3. Measurement of apparent density

Apparent density was measured for each granulated powder with a Hall flowmeter [14,15].
The measurement for each granulated powder was repeated three times. Detailed measurement
procedure was reported in the authors’ previous publication [16].

8.2.4. Powder spreading and compaction test

The granulated powders were spread on a commercially available binder jetting printer
(Innovent+, ExOne, North Huntingdon, PA), which was equipped with a forward-rotating roller
compaction system. There are two critical parameters during forward-rotating roller compaction:

layer thickness (LT) and compaction thickness (CT). The compaction ratio, i.e., (LT+CT)/LT,
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affects the compaction significantly [10]. The larger the ratio, the higher the powder bed density
after compaction. However, as the ratio increases, the powder bed density can reach a plateau and
some compaction-induced defects may occur on the powder bed surface including surface ridges
[10]. Therefore, an optimal compaction ratio exists that can achieve the highest powder bed density
without compaction-induced defects. The method for powder spreading and compaction test is

schematically shown in Figure 1. The following subsections describe this method.

Foundation Optimal compaction Powder bed
preparation ratio locating formation
Level recoating "Normal recoating (four layers) ‘ ‘ Normal recoating with ‘
without compaction | Wwith LT 20 ym and CT 200 pm | | optimal compaction ratio
! | !
No Is the clearance Is there compaction= No
gap fully filled? g induced defect on
powder bed?
l Yes Is the total height oi
—— } Yes [No the powder bed
L.evel recoatlpg (spread using
with compaction @ Qptimal compactio
( (CT 200 pm) ) Yes No ratio) 5mm?
¢ | Decrease CT || Increase LT |
No Have 20 layers l i
been recoated? " Normal recoating (four layers) ‘ Yes
| with updated LT and/or CT
| Yes |

Figure 8.1 Method for powder spreading and compaction test

8.2.4.1. Foundation preparation

When the build platform (BP) rises to its topmost position, there is still a clearance gap (with
a thickness of about 1.5 mm) between the roller and the BP, which needs to be fully filled first.
The step to fill the gap is called foundation preparation in this study. A specific powder recoating
function of the printer called level recoating was used. Level recoating can be conducted at any
height between the topmost and bottommost positions of the BP. Here in this study the level
recoating was conducted only when BP at its topmost position. As shown in the left column of

Figure 1, the foundation preparation started with level recoating without compaction until the gap
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was filled. Thereafter, level recoating with compaction was conducted using a CT of 200 pm for

20 layers. This was to obtain a dense foundation for locating the optimal compaction ratio next.

Suppose that the topmost and bottommost heights of the BP are 0 and -B, respectively. A

level recoating without compaction works as follows:

)

2)

3)

4)

5)

As shown in Figure 2(a), at the initial stage, BP stays at its topmost position (i.e., BP ata
height of 0);

As shown in Figure 2(b), BP descends by a specific height of / (i.e., BP at a height of -4
after descending);

As shown in Figure 2(c), the ultrasonic hopper stays above the right edge of the build box
for a defined period and then traverses to dispenses the powder onto the powder bed;

As shown in Figure 2(d), BP rises to its topmost position (i.e., BP at a height of 0 after
rising);

As shown in Figure 2(e), the roller counter-rotates to spread the powder.
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Initial'stage
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Figure 8.2 Schematic of level recoating without compaction conducted at the topmost
position of the build platform (BP): (a) initial stage, (b) BP descending, (¢) powder
dispensing, (d) BP rising, and (e) counter-rotating roller spreading

It should be noted that the descending height of BP before powder dispensing (4, as shown in
Figure 2(b)) is pre-defined by the printer software. Other parameters used for powder dispending
(Figure 1(c)) and spreading (Figure 1(e)) are listed in Table 1. The screen size represents the hole
size of the screen installed at the bottom of the hopper. Dispense on delay determines the dwelling
time of the hopper at the beginning of dispensing above the right edge of the build box. Both

ultrasonic mode and ultrasonic intensity control the output power of the ultrasonic vibration unit.
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Table 8.1 Parameters of powder dispensing and spreading

Parameter Value
Screen size (um) 300
Ultrasonic mode A
Ultrasonic intensity (%) 100
Dispense on delay (s) 2
Spreading roller traverse (mm/s) 5
Spreading roller rotation (rpm) 100

A level recoating with compaction conducted at the topmost position of the BP is illustrated
in Figure 3. An important parameter of forward-rotating roller compaction is the number of
compaction pass segments (CPS), which is controlled by the number of compaction passes in the
printer software. One compaction pass (i.e., one back-and-forth traversing of forward-rotating
roller) corresponds two CPS. In this study, four CPS (i.e., two compaction passes) were used for
all recoatings with compaction. A level recoating with compaction through four CPS conducted at
the topmost position of the BP works as follows:

1) As shown in Figure 3(a), at the initial stage, BP stays at a height of 0;

2) As shown in Figure 3(b), BP descends by a specific height of 4 (CT<h<B, and BP ata
height of -/ after descending);

3) As shown in Figure 3(c), a hopper with ultrasonic vibration stays above the right edge of
the build box for a defined period and then traverses over the BP to dispense the powder
onto the powder bed;

4) As shown in Figure 3(d), BP rises to a height that is lower than its initial height of 0 by

CT (i.e., BP at a height of ~CT after rising);
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5) As shown in Figure 3(e), the roller counter-rotates to spread the dispensed powder into an
un-compacted layer with a height of CT;

6) As shown in Figures 3(f)—(i), the BP rises by a quarter of CT in each CPS, and the roller
traverses while forward-rotating to compact the spread layer, which is repeated by four

times.

”~ " Traversing
Axis of BP direction
Height '

Initial stage

4t CPS

Figure 8.3 Level recoating with compaction through four compaction pass segments (CPS)
conducted at the topmost position of the build platform (BP): (a) initial stage, (b) BP
descending, (¢) powder dispensing, (d) BP rising, (e) counter-rotating roller spreading, (f)
first CPS, (g) second CPS, (h) third CPS, and (i) fourth CPS
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Parameters of powder dispending (Figure 3(c)) and spreading (Figure 3(e)) used in level
recoating with compaction are the same as those used before (listed in Table 1). Moreover, other
parameters used for powder bed compaction are listed in Table 2.

Table 8.2 Parameters for forward-rotating roller compaction

Parameter Value
Compaction pass 2
Compaction roller traverse (mm/s) 5
Roller diameter in software (mm) 12

8.2.4.2. Optimal compaction ratio locating

To find the optimal compaction ratio (i.e., the highest (LT+CT)/LT ratio without compaction-
induced defects), a specific powder recoating function of the printer called normal recoating with
compaction was used. A normal recoating with compaction through four CPS conducted at an
arbitrary BP position of -5 is illustrated in Figure 4. It should be noted that b is smaller than B. To
compare all three kinds of recoating functions in Figures 2—4, their differences are summarized in
Table 3. Parameters for powder dispensing, spreading, and compaction are the same as used in

foundation preparation (as listed in Tables 1 and 2).
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Figure 8.4 Schematic of normal recoating with compaction through four compaction pass
segments (CPS) conducted at an arbitrary build platform (BP) position of -b: (a) initial
stage, (b) BP descending, (¢) powder dispensing, (d) BP rising, (e) counter-rotating roller
spreading, (f) first CPS, (g) second CPS, (h) third CPS, and (i) fourth CPS

Table 8.3 Comparison among all three recoating functions used in this study

. BP height before BP height during BP height change
Recoating . - .
recoating spreading after recoating
Level recoating without . . .
compaction 0 (Figure 2(a)) 0 (Figure 2(e)) 0 (Figure 2(e))
Level recoating with . . . .
0 (Figure 3(a)) -CT (Figure 3(e)) 0 (Figure 3(1))

compaction

Normal recoating with

compaction -b (Figure 4(a)) -b-LT-CT (Figure 4(e))  -LT (Figure 4(1))
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Optimal compaction ratio locating (as shown in the middle column of Figure 1) was conducted
as follows. After foundation preparation, four layers of normal recoating with compaction using a
high compaction ratio of 11 (at a LT of 20 um and CT of 200 um) were conducted first. If
compaction-induced defects were observed during recoating, the compaction ratio would be
lowered by increasing the LT value or decreasing the CT value (depending on the current LT
value), and another four layers of normal recoating with compaction were conducted. Finally, the
first (i.e., the largest) compaction ratio without compaction-induced defects was located as the
optimal compaction ratio for powder bed formation.

It should be noted that there was some powder dropping at the edges of the build box during
compaction, especially at high compaction ratios. Therefore, not all powder dispensed on the BP
and/or powder bed would be compacted to form the compacted powder layer. This was the reason
that high compaction ratios could be used.
8.2.4.3. Powder bed formation

After locating the optimal compaction ratio for each granulated powder, powder bed
formation (as shown in the right column of Figure 1) was conducted to a total powder bed height
of 5 mm by normal recoating with compaction through four CPS (as illustrated in Figure 3).
Parameters used for powder bed formation are the same as those for foundation preparation (as
listed in Tables 1 and 2). Since numerous layers were repeatedly spread and the compacted powder
layers were relatively consistent, powder bed formation was conducted once for each granulated
powder.

8.2.5. Powder bed density measurement
Powder bed density was calculated based on the measurements of whole powder bed

dimension and mass. Specifically, the height of the powder bed was measured by a caliper (with a
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resolution of 0.01 mm) at the four corners of the build box with three repetitions at each corner, as
well as the length and width of the build box. Afterward, the powder left inside the build box was
collected and its mass was measured. The mass was then divided by the volume of the whole
powder bed to calculate the powder bed density. Relative powder bed density was finally
calculated based on the theoretical density of alumina (i.e., 3.97 g/cm? [17]).
8.3. Results and Discussion
8.3.1. Granule morphology

The granule morphology was shown in Figure 5. The granules have an irregular shape and a
rough surface. Both characteristics could decrease granule sliding by increased intergranular

interlocking and consequently benefit the powder bed compaction.

Figure 8.5 SEM of granulated powder (slurry solid loading of 2 vol.%)
8.3.2. Apparent density

As listed in Table 4, relative apparent density results show an increasing trend as slurry solid
loading increases. Possible reasons for the increasing trend include the increasing solid loading

and consequent intragranular density.
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Table 8.4 Apparent densities of granulated powders

Slurry solid loading (vol.%) Relative apparent density (%)

2 6.3
5 6.2
10 7.1
15 8.3

8.3.3. Powder bed defects and optimal compaction ratios

At high compaction ratio values, compaction-induced powder bed defects occurred. Surface
ridge was one of the most common defects that occurred on the powder bed while the optimal
compaction ratio was being located. As shown in Figures 6(a—c), at a compaction ratio of 11,
surfaces ridges appeared on the powder layers after normal recoating with compaction of 10 and
15 vol.% granulated powders, while there were no surface ridges from the normal recoating with
compaction of 2 and 5 vol.% granulated powders. It should be noted that under the same recoating
settings, the larger the compaction ratio, the more the surface ridges on the powder bed.

Edge ridge is another kind of compaction-induced powder bed defect that appears at the edge
of the build box. It appeared in two cases: (1) at the end of 20 layers of level recoating with
compaction in foundation preparation of all powders, and (2) during optimal compaction ratio
locating of 2 vol.% granulated powder at a compaction ratio of 11. Moreover, the higher the
compaction ratio, the larger and higher the edge ridge.

The location where edge ridge appeared depended on the traversing direction of the final CPS.
As shown in Figure 6(c), the edge ridge appeared only at the right-side edge of the build box while
the roller traversed from right to left for the final CPS. As shown in Figures 6(c) and 6(d), the edge

ridge was right above the boundary line between the powder bed and the build box. This means
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that the powder bed was distorted and powder was shifted towards the right side, leading to powder

accumulation near the right edge of the build box.
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Figure 8.6 (a) surface ridge on powder bed, (b) and (c) close-up photos of surface ridge on
different coordinate planes, (d) edge ridge at right edge of build box, and (e) empty build
box

The resultant optimal compaction ratios with corresponding LT and CT values are listed in
Table 5. Due to the (minor) edge ridges for the 2 vol.% granulated powder at the beginning of
optimal compaction ratio locating, the compaction ratio was decreased by increasing LT from 20
pm to 30 um (leading to a compaction ratio of 7.67). The 5 vol.% granulated powder had no
compaction-induced defects during optimal compaction ratio locating and powder bed formation
even using the highest compaction ratio of 11. Due to the severe surface ridges that appeared on
the powder beds, the powder bed formation using 10 and 15 vol.% granulated powders had to use
much lower compaction ratio (i.e., 2.25 for 10 vol.% granulated powder and 2.67 for 15 vol.%
granulated powder). These findings suggest that, as slurry solid loading decreased, compactibility
(i.e., the ability to be compacted by a forward-rotating roller without compaction-induced defects)
increased. Therefore, powder beds from 2 and 5 vol.% granulated powders can be flawlessly

formed with high compaction ratios. On the contrary, the 10 and 15 vol.% granulated powders
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cannot be compacted at high ratios due to much more compaction-induced defects on the powder

bed.

Table 8.5 Optimal compaction ratios with corresponding layer and compaction thicknesses

Slurry solid loading  Layer thickness Compaction Optimal compaction
(vol.%) (nm) thickness (um) ratio

2 30 200 7.67

5 20 200 11.0

10 120 150 2.25

15 120 200 2.67

8.3.4. Powder bed density

The powder bed densities achieved after powder bed formations by four granulated powders

are listed in Table 6. The 2 vol.% granulated powder achieved the highest powder bed density of

19.5%. This is significantly higher than the powder bed density (15.8%) achieved by a spherical

granulated powder without compaction [8]. This increase in the powder bed density indicates the

effectiveness of compaction. Moreover, the irregular granule shape might have benefitted the

powder bed density by intergranular interlocking during compaction.

Table 8.6 Powder bed densities achieved by all granulated powders

Slurry solid loading (vol.%) Powder bed density (%)

2 19.5
5 17.2
10 14.6
15 16.0

8.3.5. Compactibility

As discussed in Section 3.3, the compactibility of a powder is critical for a high powder bed

density under forward-rotating roller compaction. Since the highest powder bed density without
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compaction-induced defects on powder bed, as shown in Section 3.4, has been measured, the
compactibility of each granulated powder is assessed by the ratio of powder bed density with
compaction to that without compaction in this paper. Moreover, apparent density is a strong
predictor for powder bed density without compaction [18]. Therefore, the compactibility for each
granulated powder can be quantified as the ratio of powder bed density with compaction to
apparent density, as in the following equation:

PpB
C=— 1
Pa 1)

where C is the compactibility, and ppg and p, are the powder bed density after compaction
and apparent density, respectively.

The calculated compactibilities for four granulated powders are shown in Figure 7. All
compactibilities in Figure 7 are larger than one, indicating that powder bed density significantly
increased (compared with apparent density) after compaction. The 2 vol.% granulated powder has
the highest compactibility of 3.10. Furthermore, the compactibilities of 2 and 5 vol.% granulated
powders are much higher than those of 10 and 15 vol.% ones. The reason for the higher

compactibility of granulated powders with lower solid loadings will be investigated in future work.
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Figure 8.7 Compactibilities for four granulated powders

8.4. Conclusions
Four slurries with different solid loadings of 2, 5, 10, and 15 vol.% were prepared for
granulation. A commercially available binder jetting printer equipped with a forward-rotating
roller compaction system was used afterward for investigating the effect of slurry solid loading on
powder bed conditions. Compactibility, defined as the ratio of powder bed density with
compaction to apparent density, was calculated for each granulated powder. The granulated
powder prepared at a slurry solid loading of 2 vol.% achieved the highest powder bed density of
19.5% as well as the highest compactibility of 3.10. This study indicates that a low slurry solid
loading helps enhance powder bed density in roller-compaction-assisted binder jetting.
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APPENDIX A

Supplementary data for Figure 2.9

Special Density or porosity Value (Slglili?zg Reference
treatment  type (%)
(%)
/ Bulk density 32 / [55]
/ Bulk porosity 60.5 1.4 [108]
/ Bulk density 40 / [82]
/ Bulk density 46.8 1.9 [61]
/ Bulk density 50.7 / [62]
/ Bulk density 55 / [73]
/ Apparent porosity 35.28 / [158]
G Bulk density 31 / [68]
G Bulk density 35.3 / [67]
G Bulk density 36 / [68]
G Bulk density 42 / [91]
G Appgrent solid 45 / [60]
density

G Bulk density 45.9 / [86]
L Bulk density 54 / [25]
L Bulk density 57.2 / [38]
L Bulk density 58 / [27]
L Bulk density 63.4 / [23]
L Bulk density 66 / [77]
L Bulk density 67 / [24]
S Bulk density 36.05 0.57 [54]
S Bulk density 39.6 0.6 [59]
S Bulk density 45 / [74]
S Bulk porosity 55 / [153]
S Bulk density 65.7 / [62]
S,G Apparent porosity 55 / [88]
S,G Bulk porosity 55 / [87]
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Supplementary data for Figure 2.10

APPENDIX B

Value Standard
Special Density or porosity (%) deviation Reference
treatment type (%)
/ Bulk density 35 / [55]
/ Bulk density 38.4 / [69]
/ Apparent porosity 46.07 8.52 [127]
/ Bulk density 55.89 / [89]
/ Apparent porosity 41.42 4.35 [154]
/ fipparent solid 65.2 / [167]
ensity

/ Bulk porosity 32.1 2.6 [108]
/ Bulk porosity 32 [107]
C Bulk density 55.3 / [53]
C Bulk porosity 12.9 0.5 [83]
G Appgrent solid 392 / [85]

density
G Bulk density 38.78 3.64 [130]
G Apparent porosity 59.43 / [147]
G Bulk density 42.95 1.6 [125]
G Bulk density 43.2 / [155]
G Bulk density 48 / [124]
G Appgrent solid 48 / [60]

density
G Apparent porosity 51 0.9 [152]
G Bulk density 62.5 / [68]
G Apparent porosity 36 / [70]
G Bulk density 67 [67]
G ?pp‘i‘rem solid 91.4 2.8 [133]

ensity

I Bulk density 85 / [69]
L Bulk density 99 / [24]
L Bulk density 99.9 / [27]
M Bulk porosity 65.3 / [142]
M Bulk porosity 44 / [106]
M Bulk density 66 / [96]
M Bulk density 72 2 [95]
M Bulk density 94.5 / [171]
P Bulk density 60.1 / [55]
P Bulk density 94.33 / [89]
S Bulk density 65.5 2.4 [57]
S Bulk porosity 30 / [153]
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APPENDIX C

Supplementary data for Figure 2.13

Density before sintering Density
Powder bed Gre?n Pressed sil?{et:;ng Reference
density (%) density green °
y (%) density (%) (%)
39.7 / / 46.8 [57]
452 / / 50.7 [57]
51 / / 87.1 [83]
53 / / 100 [93]
57.1 / / 57.5 [57]
58.2 / / 60.5 [57]
59.5 / / 64.3 [57]
53.6 / / 64.8 [57]
61.7 / / 65.5 [57]
67 / / 99 [24]
/ 31 / 62.5 [68]
/ 32 / 35 [55]
/ 43.6 / 61.5 [67]
/ 45 / 48 [60]
/ 45 / 70 [153]
/ 46.9 / 64.1 [67]
/ 48 / 67 [67]
/ 57.2 / 99.2 [38]
/ 58 / 99.9 [27]
/ / 47 87.9 [68]
/ / 54 95.9 [68]
/ / 56 97.8 [68]
/ / 61 99.2 [68]
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