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Abstract

The use of bimodal powders has been shown to offer the

possibility of dramatically improved surface finish in 3D

printing. This work focused on individual lines, the

primitive building block of 3D printed parts. It was

observed that the fine component of bimodal ceramic

powders, while uniformly distributed in the original

powderbed, was preferentially found at the surface of the

printed line, while the interior of the line was denuded of

fines. Microscopic examination and approximate

quantitative analysis supports the assertion that

essentially all the fines have moved to the surface of the

line. The mechanism for this rearrangement is not known,

but is speculated to be related to the relative difficulty of

wetting fine powders. The parameter space in which this

phenomenon can be observed was examined in a

preliminary manner.
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1. Introduction

Three-dimensional printing (Sachs et al.,

1992, 1993) is an example of solid freeform

fabrication (SFF) or layered manufacturing

technology. Powdered materials are deposited

in layers and selectively joined with binder

from an ink-jet printhead. More recently

(Sachs et al., 2000), the evolution from

prototyping to production is stressed for the

inherent advantages of the layered method.

Surface finish in 3D printing is, however, one

of the major technological constraints on its

widespread utilization.

Surface finish is an intrinsic limitation of

powder-based processing (Ippolito et al.,

1995) and has been approached by authors in

different ways, including the selection of the

optimal build orientation (Campbell et al.,

2002; Xu et al., 1999). The impact of the

surface finish of ceramic shell moulds on cast

parts has been dealt with by Jia et al. (2001); it

is also related to the powder density, which

can also be predicted as in German (1992)

and Zheng et al. (1995).

Surface finish in 3D printed parts can be

greatly improved by using very fine powders

as they allow the use of thinner layers and also

provide improved finish within each layer;

Plate 1 shows examples of parts made with

1mm alumina powders. But these powders

have to be processed by the slurry method

(Moon et al., 2000) because the fine powders

cannot be spread dry. In this process, powders

2mm or less are deposited as a wet slurry.

After drying the layer, binder is printed to

define the component. This wet process is

more complex and slower than the dry

process. In addition, larger powders have

preferred physical and thermal properties for

some applications.

The goal of this work is to achieve

dramatically improved surface finish in using

dry powders in 3D printing. The specific

application under consideration is the
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fabrication of ceramic molds for metal casting

using alumina powders (rapid tooling).

However, improved surface finish with dry

powder processing will be of widespread

application in 3D printing technology.

1.1 Current work

This work examines the surface finish of

individual line segments. As 3D printed parts

are made by the assembly of many such

individual line segments, it is felt that this is

the simplest case that can be meaningfully

examined (Lanzetta and Sachs, 2001a, b).

A line printed with a 20mm spherical

alumina powder (Alunabeads CB-A20S)

shows the quality attained with a unimodal

powder (Plate 2).

The beneficial effects of bimodal

distributions of powders are well known

(German, 1992, 1994) and are exploited in

applications such as powder injection

molding, slip casting and sintering. The main

properties of bimodal powders include:
. improving the surface finish, by having

the small grains fill the voids among the

large grains;

. increasing the packing density for the

above reason, according to the size ratio

of the two main components.

In this work, experiments have been carried

out to assess the behaviour of different bimodal

distributions in 3D printing with dry powders.

Regarding the printing technology (Heinzl

and Hertz, 1985), a drop-on-demand (DoD)

printhead has been selected because it yields

smaller drops, allowing a higher process

resolution than the continuous jet. Another

advantage of the DoD technology is the better

performance in vector printing, which is also

indicated in applications where the quality

requirements are critical (Sachs et al., 2000).

In vector printing, the execution of curved

trajectories and the associated speed changes

require controlling the drop frequency in a

wide range, which is only possible with DoD.

2. Experimental technique

2.1 Printhead and machine

An HP DoD ink-jet cartridge model 51626A

(HP, 1999) was used for this work. This

Plate 1 Functional parts 3D printed with the “slurry” method and detail of the surface

Plate 2 SEM image of the line surface with a 20mm spherical alumina powder

Improved surface finish in 3D printing

Michele Lanzetta and Emanuel Sachs

Rapid Prototyping Journal

Volume 9 · Number 3 · 2003 · 157–166

158

D
ow

nl
oa

de
d 

by
 M

cG
ill

 U
ni

ve
rs

ity
 A

t 0
7:

51
 0

9 
N

ov
em

be
r 

20
15

 (
PT

)



printhead is based on the thermal or

evaporative bubble principle (Heinzl and

Hertz, 1985). With the unusual material used

for this work (see later), the printhead could

be operated at speeds of up to 1.5 kHz to

produce droplets which range in a diameter

from 50 to 70mm at speeds of 15 ^ 1:5 m=s:

This printhead was positioned between 1 and

8 mm from the powderbed (little effect of

different printhead distances was noted).

The lines observed have been printed

(Figure 1) using a semi-automatic machine

(Lanzetta and Sachs, 2001c), which has been

developed in order to explore the more

suitable range of the main process parameters.

The powderbed is moved at the selected speed

on a linear ball-bearing guide to insure a

regular movement in the whole speed range.

Parallel lines are printed on the same bed by

moving the printhead between passes on a

secondary controlled axis. An electronic

circuit generates the necessary signal profile to

drive the printhead (at the selected voltage).

Only one nozzle at a time is used. The drop

frequency and the line spacing are controlled

via PC.

2.2 The material system

The bimodal powders consist of a large

powder (referred to as the “main powder”)

and a smaller “additive”.

The main powders tested include single

size 20 and 30mm spherical alumina made by

plasma spherodization (Alunabeads CB-

A20S and CB-A30S). Spherical powders have

been found to produce the best surface finish

for unimodal distributions, presumably owing

to their ability to pack together well. Finer

powders have the potential for improved

surface finish; however, cohesive forces

between the powders make them more

difficult to spread. Thus, it was found that

10mm spherical powder was significantly

harder to spread than the 20mm powder

primarily used in this study (Plate 3, top).

Two smaller additive powders were used in

this work: a 2.5mm platelet shaped powder

(Electro-abrasives F1200) and a 5mm

equiaxial alumina powder (Suritomo

chemical). In the mixtures tested, between 10

and 25 per cent by weight of additive powder

has been used. The mixing has been done by

shaking the two powders in a small bottle for

about 10 min, continuously changing the

direction and the speed of movement to avoid

segregation. After shaking, the powder was

sieved, with a 325 (44mm) sieve, to improve

Figure 1 Configuration of the line-printing machine

Plate 3 SEM images. Details of the main powder (20mm

spherical alumina) and two additives: 2.5mm platelet

(center) and 5mm equiaxial (bottom)
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mixing and to remove clumps that are likely to

occur with small powders, for their tendency

to absorb humidity.

The binder used was a silica solution

in ethylene glycol which is provided at 20.8

per cent wt silica content (Nissan Chemical

Industries EG-ST). This material was diluted

with water in the ratio of 1:1. The use of

ethylene glycol based colloidal silica avoided

the problem of nozzle clogging by drying

which was encountered with aqueous

colloidal silica, although aqueous materials

are the standard in investment casting

practice.

2.3 The process parameters

The three process parameters related to

droplet deposition are:
. printhead speed – the speed of traverse of

the printhead over the powderbed;
. drop frequency – the frequency of droplet

deposition;
. droplet spacing – the spacing between

droplets.

These parameters are related as follows:

Printhead speed ¼

Drop spacing £ Drop frequency

The parameter space was narrowed by fixing

the printhead speed at a convenient value of

8 mm/s. This speed is fast enough to allow for

economical production of important classes of

small, fine-featured parts, yet slow enough to

allow for extremely accurate path fidelity

during vector traversing. For a given

formulation of powderbed, a range of drop

spacing and drop frequency were explored

with the intent of finding parameters which

resulted in good surface finish. For the

exemplar lines shown in the figures, the drop

spacing is stated in the caption and the drop

frequency may be calculated, given a

printhead speed of 8 mm/s.

3. Observations and discussion

3.1 The formation of lines

The interaction of liquid droplets with the

powderbed involves the dissipation of the

kinetic energy of the droplets, engulfing

powder particles into the droplets, infiltration

of the liquid into the powderbed, and

rearrangement of the powder under capillary

forces. Plate 4 shows the formation of small,

roughly spherical aggregates of particles due

to the interaction of single drops from a DoD

printhead with the powderbed. The spherical

shape is the result of the capillary

rearrangement of the powder so as to

minimize surface energy.

When droplets are printed close together

they overlap, a cylindrical line generally

results, due to the minimization of surface

energy by capillary forces. (In such

circumstances, generally with powder that is

not well wetted by the liquid binder, the

capillary forces actually result in the formation

of a series of large, disconnected balls, a

condition of even lower surface area than that

of the continuous line. However, the powders

used in this study are ceramic and are well

wetted.) Plate 5 shows the formation of a line in

30mm platelet shaped alumina powder under

the action of droplets from a continuous-jet

printhead (Straube, 2000). These droplets are

90mm in diameter and travel at a speed of

10 m/s, and arrive a frequency of 40 kHz. The

combination of large drops arriving at high

frequency results in considerable ejection of

powder and the formation of a trench. The

roughly cylindrical line may be seen lying at the

bottom of the trench, retracted inward from

the walls of the trench.

However, in the present work, using DoD

printheads result in significantly lower droplet

frequencies and smaller droplet size, the

cylindrical lines have been observed to form

partly submerged in the powder as shown in

Plates 6 and 7. Observation shows a groove,

corresponding in width roughly the diameter

of the droplets, with a larger cylindrical line

buried under the powder. Plate 7 shows a

particularly large diameter line printed with

small drop spacing.

3.2 Bimodal powderbeds

The focus of this study is on bimodal powders.

Qualitatively, comparing the unimodal line

displayed in Plate 2 with the bimodal lines in

Plates 8 and 9, the lines made with bimodal

powders are more regular and have a better

surface finish. From a closer view, such as that

of Plate 10, it can be observed that the

improved surface finish is due to a smoothing

effect where the small additive powder fills

the gaps between the larger main powder.

In Plate 10, the additive powder is 5mm

equiaxial. In Plate 11, a similar effect can be

seen in a case where the additive powder is

2.5mm and platelet in shape. In both cases,
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some of the voids have not been filled by the

additive powder.

Comparing the line surface of Plates 9

and 11 with a top view of the original

powderbed (Plate 6, detail) a higher

concentration of small particles is observed on

the line surface. The cross-sections of lines

shown in Plates 12 and 13 make it clear that,

while the exterior of the lines has a heavy

concentration of fine particles, the interior is

denuded of fines. These observations suggest

that during the formation of the line, the fines

within the powder which will form the line

becomes concentrated on the exterior of the

line.

While not an exhaustive study, the results

do indicate a similar behaviour over a range of

fine powder size (2.5 and 5mm), shape

(equiaxial and platelet) and concentration

(12.5 and 25 per cent wt). Note that, not

surprisingly, the case of 25 per cent wt gives a

more complete coating. Further, it is likely

that concentrations higher than 25 per cent wt

would create significant difficulties in

spreading the powders due to the increased

agglomeration of the powder.

Plate 6 SEM images. Top view (left) of a line submerged in a powderbed and groove made by the binder drops. 20mm

spherical with 25 per cent wt 2.5mm platelet alumina powder. Detail of the same powderbed (right)

Plate 4 SEM images. Top view of single-drop primitives in a powderbed. The ejection and contraction are clearly visible

Plate 5 High-speed frame (top) of the drop impact and

the line formation in continuous jet printing with large

equiaxial alumina powder. The powder ejection is

clearly visible and it does not depend on the grain shape.

Detail of a line (bottom) lying in the wide groove formed

within the bed
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3.2.1 Estimating the rearrangement

The hypothesis that the fines from the powder

of the interior of the line have moved to the

exterior can be examined by calculating the

coating thickness that would result from such

rearrangement. Let VR represent the ratio of

the volume of the small and the large grains.

Suppose that all the fines have redistributed to

the exterior in an uniform coating of thickness

Ct, around a cylindrical line of radius LR. The

volume ratio can be calculated as:

V R ¼
2pLRCt

pL2
R

¼ 2
Ct

LR

ð1Þ

In this case, both the main powder and the

fine additive are alumina and so, the volume

ratio is the same as the weight ratio. In the

application to the case of Plates 8, 10 and 12,

where 5mm particles are used, it can be

assumed that the coating thickness is a single

layer of particles as evident in Plate 12.

Assuming a line radius of 65mm as in Plate 12,

a volume ratio of 14 per cent is calculated –

very close to the mixed ratio of 12.5 per cent.

This further supports the hypothesis that the

fines have moved to the exterior of the line

from the powder which makes up the line.

The above simple geometrical relation also

shows that, when printing thinner lines, the

same coating thickness is obtained with a

lower weight ratio. In Plate 10 (top and

bottom), lines of different thickness from the

same bed seem to have the same

concentration of small powder. This probably

means that there is an upper limit to the

available coating thickness.

The application of equation (1) to the cases

of Plates 10 and 13 predicts that if all the fine

powder has moved to the surface, then the

coating should be about 10mm (or five

particles) thick. This is in keeping with the

micrographs of the lines.

3.2.2 Interaction between line and bed

The printed lines are revealed by removing the

unprinted powder using an air jet. During

such procedures, a small gap has been

observed between the printed line and the

powderbed around it, as evidenced in the

lower half of Plate 7.

In the fabrication of a glass bonded

ceramic, the common practice in 3D printing

is to fire the entire powderbed with the printed

region still embedded in it. The firing sinters

the glass bond and creates a stronger body

while the surrounding powder supports the

part during the firing and minimizes

distortion. When fired at temperatures of up

to 1,0008C, the bimodal lines separate cleanly

from the surrounding powderbed. This is

attributed to two factors: the gap between the

lines and the surrounding powderbed, as

noted above, and the smooth surface of the

bimodal lines does not contain protruding

Plate 8 SEM image of a good line made with 20mm

spherical with 12.5 per cent wt 5mm equiaxial alumina

powder; drop spacing: 10mm

Plate 7 SEM image. A partially (bottom) uncovered large

line made with 20mm spherical with 25 per cent wt

2.5mm platelet alumina powder; drop spacing: 5mm

Plate 9 SEM image of good lines made with 20mm

spherical with 25 per cent wt 2.5mm platelet alumina

powder; drop spacing: 7mm
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Plate 11 SEM image of a good line made with 20mm

spherical with 25 per cent wt 2.5mm platelet alumina

powder; drop spacing: 7mm

Plate 12 SEM image of a line section showing the internal

part of a line made with 20mm spherical alumina powder,

partially denuded of the 12.5 per cent wt 5mm equiaxial

alumina powder additive; drop spacing: 25mm

Plate 10 SEM images. A larger (top) and a smaller (bottom left) line made of 20mm spherical with 12.5 per cent wt 5mm

equiaxial alumina powder. Detail of the line surface (bottom right) showing the concentration of small grains. Drop

spacing: 12mm (top), 40mm (bottom)
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grains which would act like an anchor for the

loose powder.

3.3 The effects of drop spacing

The maximum theoretical drop spacing to

print a line is given by the size of the primitive

single-drop. It has been observed that the

smoothing noted with bimodal powders

is most effective when the drop spacing is

25mm and smaller. However, reducing

the drop spacing results in a higher dosage

of binder and will therefore result in lines

of larger diameter, thereby degrading

resolution.

Plate 13 SEM images of line sections showing the internal part of lines made with 20mm spherical alumina powder,

partially denuded of the 25 per cent wt 2.5mm platelet alumina powder additive; drop spacing: 7-8mm
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The relationship between drop spacing and

line diameter can be developed by assuming

that the binder wicks out into the powderbed

and is distributed uniformly through the

cross-section of a line. Further, it is assumed

that the degree of wicking depends only on the

properties of the binder and powderbed and

not on the dosage of binder. Under these

assumptions, it can be observed that the

cross-sectional area of the printed line should

be proportional to the binder dose and

therefore inversely proportional to the drop

spacing. It follows that:

line�diameter ¼
K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

drop�spacing
p ð2Þ

where K is a constant that will depend on the

combination of binder and powderbed.

Figure 2 shows the experimental data for

20mm unimodal spherical powder over a range

of drop spacing and the model of equation (2),

where the constant K has been fitted by least

squares. The agreement is quite good.

4. Conclusions

The interaction of powder and binder is the

central physical interaction underlying the 3D

printing process. This interaction is especially

critical to the attainment of good surface

finish with the technology. This work has

demonstrated that bimodal powders have the

potential to result in much improved surface

finish, at least in the formation of individual

lines – the building blocks of 3D printed

parts.

The fine component of the bimodal powder

was uniformly distributed in the powderbed

prior to printing. However, the surprising and

useful result attained was that the fines were

found to be preferentially located at the

surface of the line after printing. In this

manner, the fines were able to provide very

effective smoothing of the surface of the line.

Indeed, nearly all the fines were found on the

surface of the lines and little in the interior.

Further, the amount of fines at the surface

closely matches the hypothesis that all the

fines in the powderbed that was bound by

binder have migrated or moved to the surface

of the lines.

The mechanism for this movement of fines

to the surface of the lines is not known. One

speculation is that during the interaction of

binder and powder, the larger component of

the powder readily enters the binder liquid,

but the fines are more difficult to wet. This

might lead to a coating of fines on the surface

of the line during the drying process.

However, elucidation of this mechanism and

its extension to whole layers and then multiple

layers will await further effort.

Some sense of a range of parameters over

which this “coating” effect can be created was

attained experimentally, including the

demonstration of the effect with two different

powders as fines. These powders differed in

both size and shape. Further ranges of droplet

spacing were explored and the effect of

droplet spacing on line diameter was verified

to follow a simple model based on a constant,

but material specific, saturation of the

powderbed with binder.
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