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Abstract

High Speed Sintering (HSS) is a novel polymer additive manufacturing process which utilises inkjet printing of an infrared-

absorbing pigment onto a heated polymer powder bed to create 2D cross-sections which can be selectively sintered using

an infrared lamp. Understanding and improving the accuracy and repeatability of part manufacture by HSS are important,

ongoing areas of research. In particular, the role of the ink is poorly understood; the inks typically used in HSS have not

been optimised for it, and it is unknown whether they perform in a consistent manner in the process. Notably, the ambient

temperature inside a HSS machine increases as a side effect of the sintering process, and the unintentional heating to which

the ink is exposed is expected to cause changes in its fluid properties. However, neither the extent of ink heating during the

HSS process nor the subsequent changes in its fluid properties have ever been investigated. Such investigation is important,

since significant changes in ink properties at different temperatures would be expected to lead to inconsistent printing and

subsequently variations in part accuracy and even the degree of sintering during a single build. For the first time, we have

quantified the ink temperature rise caused by unintentional, ambient heating during the HSS process, and subsequently

measured several of the ink’s fluid properties across the ink temperature range which is expected to be encountered in

normal machine operation (25 to 45 ◦C). We observed only small changes in the ink’s density and surface tension due to this

heating, but a significant drop (36%) in its viscosity was seen. By inspection of the ink’s Z number throughout printing, it

is concluded that these changes would not be expected to change the manner in which droplets are delivered to the powder

bed surface. In contrast, the viscosity decrease during printing is such that it is expected that the printed droplet sizes do

change in a single build, which may indeed be a cause for concern with regard to the accuracy and repeatability of the inkjet

printing used in HSS, and subsequently to the properties of the polymer parts obtained from the process.

Keywords High Speed Sintering · Ink · Inkjet printing

1 Introduction

High Speed Sintering (HSS) is a polymer additive

manufacturing (AM) process which aims to increase

production rates and reduce machine costs relative to

better-established polymer AM technologies, such as laser
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sintering [13]. In HSS, parts are built up by sequential

deposition of a polymer powder layer, inkjet printing

of a liquid ink containing an infrared-radiation-absorbing

material (RAM) onto the powder bed in a desired cross-

section, followed by passage of an infrared (IR) heating

lamp over the powder bed to selectively sinter the printed

shape (i.e. where the RAM has been deposited). Parts are

obtained after multiple repetitions of this cycle.

The ink used in HSS is generally a suspension of carbon

black particles (the RAM) in a mixture of petroleum distil-

lates [5]. The ink is continually circulated through the print-

heads in the build chamber, with droplets being delivered

to the powder bed surface when needed using a drop-on-

demand piezoelectric system. While some effort has been

made to expand the suite of polymer materials which can be

used in HSS [2, 3] little attention has been paid to the inks

and their properties. Indeed, the inks usually used in HSS

/ Published online: 1 February 2021

The International Journal of Advanced Manufacturing Technology (2021) 113:1073–1080

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-020-06508-y&domain=pdf
mailto: c.majewski@sheffield.ac.uk
mailto: rhys.williams@sheffield.ac.uk
mailto: patrick.smith@sheffield.ac.uk


have not been optimised for the process, but rather chosen

as suitable candidates from a range of existing inks avail-

able for different applications (e.g. barcode marking) [5].

This means that it has never been established whether the

properties of the inks change during the HSS process. Per-

haps most obviously neglected is the effect of unintentional,

ambient heating of the inks on their properties.

It is typical in a HSS build for the powder bed to be

heated before and during sintering. This is achieved by

a combination of resistance heaters below the bed, static

ceramic lamps above the bed, and repeated strokes of the IR

heating lamp over the bed before printing starts. The goal

is to keep the polymer powder at a temperature between

its recrystallisation and melt temperatures, so that only

a relatively small input of energy is required from the

heating lamp for sintering to occur, and so that already-

sintered polymer does not begin to recrystallise during the

remainder of the build [3]. This helps to prevent unnecessary

sintering of the polymer away from the printed cross-

section, and warpage of the polymer due to crystallisation-

induced shrinking. For the example of Nylon-12, the most

commonly used polymer in HSS, the powder bed needs to

be kept at a temperature between 150 and 180 ◦C throughout

the build [3]. This heating, as well as heat applied during

sintering, causes a rise in the ambient temperature of the

whole machine, including in the inkjet printheads and

associated ducting. Before this work, this temperature rise

has never been discussed or quantified.

Such a change in the temperature of the ink would be

expected to cause various changes in its fluid properties; it

is well known that temperature governs a fluid’s viscosity

(η) [11], surface tension (γ ) [8], and density (ρ) [14].

These properties in particular are often used to predict

and explain droplet formation in inkjet systems. More

specifically, provided that the printhead nozzle diameter

(α) is also known, they can be used to calculate the

dimensionless Ohnesorge (Oh) number for the fluid, and

in turn the reciprocal Ohnesorge number, Z (Eq. 1) [1].

This Z number can be used to predict the behaviour of

inkjet-printed droplets: a common criterion for stable, single

droplet formation is 1 < Z < 10 [1], although recent

studies have concluded that this range may be as wide

as 2 < Z < 20 [7]. If Z is below this range, then the

fluid is predicted not to be printable, with too much of the

energy imparted to the fluid by the piezoelectric transducer

being dissipated by viscous damping [1]. If Z is above the

printable range, then the energy imparted by the transducer

will lead to ejection of multiple droplets, which can reduce

the precision of the printing [1]. In HSS specifically, this

could lead to inconsistent deposition of RAM, or deposition

away from the intended cross-section, both of which might

affect the properties of the final parts. Relying solely on

Z number to predict ‘printability’ is an oversimplification,

since droplet formation also depends on the voltage and

exact waveform applied to the piezoelectric transducer [10,

12], as well as the wetting behaviour of the ink on the nozzle

wall [6]. Nonetheless, a significant change in Z number can

be an indication of changing print quality.

Z =
1

Oh
=

(γρα)
1
2

η
(1)

The fluid properties of the ink used in HSS have

not been reported in literature. Similarly, the changes in

these properties over the temperature ranges encountered

during the HSS process have not been studied. If these

properties were found to change significantly across these

temperatures, it could be inferred that print quality and

therefore part quality might vary over the course of a

single build. For example, splashing of the ink away

from the intended print area could affect the dimensional

accuracy of the parts being printed, and changes in the

distribution of RAM across the part surface could influence

the eventual degree of sintering achieved and subsequently

cause variations in part mechanical properties [4].

The aim of this study was therefore to assess the extent

to which the ink used in a HSS system heats up during a

build, and to quantify the ink’s fluid properties across this

temperature range. From this information, the goal was to

calculate Z number as a function of print time, in order

to predict whether any significant changes in part quality

might be expected to occur due to changes in the properties

of the ink.

2Materials andmethods

2.1 Materials

The ink used in the HSS process was JetStream PCO7774,

which was obtained from SunChemical.

2.2 Methods

2.2.1 HSS build and printing parameters

The ink temperature was measured during a build of Nylon-

12 parts on a voxeljet ‘alpha’ VX200 High Speed Sintering

system. The powder bed was preheated to 160 ◦C, and

maintained at this temperature throughout the build. The ink

supply system was a Xaar Hydra, with an ink temperature

of 25 ◦C set in the Hydra software console. Ink was printed
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onto the powder bed using a system of three Xaar 1001 G6

printheads.

2.2.2 Ink temperature measurements during a HSS build

The temperature of the ink return feed was measured either

using the Hydra software console, or by means of a K-type

thermocouple (RS Components; tolerance = 1.5 ◦C in the

relevant temperature range) adhered to the corresponding

return pipe with high-temperature sticky tape. In order to

validate the reading from the thermocouple adhered to the

pipe, an identical thermocouple was suspended in air a short

distance away from the machine, and the readings from this

thermocouple were compared to the temperature displayed

by a generic digital thermometer in the same vicinity. Data

from both thermocouples were recorded using a PicoTech

TC-08 USB Thermocouple Data Logger.

2.2.3 Density measurements

Density was measured using a Lauda TD3 Tensiometer

with a glass buoyancy probe, which was calibrated using

deionised water. The ink temperature was controlled using

a Lauda PTT thermostat. The data were fitted via linear

regression in OriginPro 2019b.

2.2.4 Surface tension measurements

Surface tension was measured using a Lauda TD3

Tensiometer and a Du Nouy ring. The ink temperature was

controlled using a Lauda PTT thermostat. The data were

fitted via linear regression in OriginPro 2019b

2.2.5 Viscosity measurements

Viscosity measurements were made using an A&D SV-

1A Vibro Viscometer, with the ink temperature being

controlled using a Grant TXF200 circulation bath. Before

measurement of the ink, the viscometer was calibrated in

two-point calibration mode using N2 and N10 viscosity

standards provided by Paragon Scientific Ltd. Data points

were recorded at 30-s intervals, with the temperature of

the ink being periodically changed by changing the set

temperature of the water bath until the whole extent of the

desired temperature range had been explored.

This viscometer measures ‘static viscosity’ which is

defined as the product of dynamic viscosity and density.

As such, the values for the ink’s dynamic viscosities

were obtained by dividing each measured static viscosity

by the density at the corresponding temperature. Because

viscosities were not measured at the exact temperatures

at which density measurements were taken, the densities

used in this calculation were obtained from the straight-

line equation fitted to the experimental density data. The

uncertainty in dynamic viscosity was propagated from

the instrumental uncertainty in static viscosity and the

uncertainty in the linear regression of density as a function

of temperature. An exponential function was fitted to

the dynamic viscosity data using the curve-fitting app in

MATLAB R2019a.

3 Results and discussion

3.1 Measurement of ink temperature during a HSS
build

The temperature of the ink was monitored during a 6-

h HSS build of Nylon-12 parts using the temperature

read-outs from the software console controlling the Hydra

ink supply system. Specifically, data was taken from the

temperature sensor in the ink return feed, i.e. after the

ink has passed through the printheads in the warm build

chamber. It should be noted that 6 h is an especially long

build for this machine, and most other builds are shorter.

That is to say, this temperature data should cover the entire

temperature range which is likely to be reached by any

Nylon-12 build using this machine. Significantly different

HSS machines might be expected to reach temperatures

above this range; for example, a larger machine might

dissipate excess heat to the surroundings less effectively,

and subsequently reach higher temperatures. On that basis,

it is probably wise to establish ink temperature ranges for

each unique machine. Nonetheless, the temperature range

found here is certainly applicable to this specific machine,

and probably applicable to similar machines elsewhere

(provided that ambient temperatures in the vicinity of the

machine are not too dissimilar from those reported here).

As can be seen in Fig. 1, during the build, the ink

temperature rose from room temperature, 24 ◦C, to a

maximum of 45 ◦C, a difference of 21 ◦C. During the time

in which sintering was occurring, i.e. ink was actually being

printed onto the powder bed, the temperature rose from 33

to 45 ◦C, a difference of 12 ◦C. The temperature appears

to plateau at longer times, and the data can be fitted with

an exponential curve of the type shown in Eq. 2, where T

is temperature, and t is time. Inspection of the residuals for

this fit suggest it is reasonable, as the residuals are small,

and seem to be randomly distributed around 0. This fit is

necessary to allow for the conversion of ink fluid properties

measured as functions of temperature to functions of print

time, as will be shown later.

T = −27.7e
−t
106 + 45.4 (2)
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Fig. 1 The temperature measured by the Hydra return sensor during a

6-h HSS build. The time in which ink was being printed is highlighted

with the blue rectangle, and the data in this region was fitted with

an exponential function (the red line). The maximum temperature

increase was 21 ◦C, with an increase of 12 ◦C being observed during

the printing time specifically. The instrumental uncertainty in the

sensor reading has been omitted as it is too small to be discernible at

this scale (0.01 ◦C)

In order to confirm that these data were accurate, another

Nylon-12 build was carried out in which a thermocouple

was adhered to the exterior of the return pipe near the

sensor manifold, and another was kept suspended in air a

short distance away from the machine. The thermocouple

reading for ambient, room temperature was consistently the

same as a third digital thermometer in the same vicinity, so

the thermocouple readings are concluded to be accurate. It

can be seen in Fig. 2 that the thermocouple reading on the

return pipe was consistently higher than the corresponding

sensor reading, with relatively small differences of about

0.5 ◦C at lower temperatures, which increased to differences

of up to 6 ◦C at higher temperatures. The exact reason

for these discrepancies is unknown, and they make it

difficult to draw an accurate conclusion with regard to

the ink temperature during the build. However, it can be

concluded that the temperature of the ink was at least that

measured by the Hydra sensor, and probably higher. This

allows the definition of the ink temperature range which

is relevant to HSS using this machine, i.e. the range over

which the ink’s fluid properties should be measured. More

specifically, from Fig. 1, the relevant temperature range

can be concluded to be between around 25 ◦C (i.e. room

temperature), and around 45 ◦C.

Fig. 2 The temperature measured by the Hydra return sensor during

a HSS build, the temperature measured by a thermocouple on the

return pipe during the same build, and the difference between the two.

The thermocouple reading was always higher than the sensor, with

the difference being greater at higher temperatures. The error bars

for both the thermocouple reading and the temperature difference are

the tolerance of the thermocouple. The instrumental uncertainty in the

sensor reading has been omitted as it is too small to be discernible at

this scale (0.01 ◦C)

3.2 Measurement of ink fluid properties as functions
of temperature

Over the established temperature range, the density (ρ) of

the ink was measured using a tensiometer and buoyancy

Fig. 3 Ink density measured as a function of temperature. A small

decrease in density of 2% was observed over the temperature range.

The error bars for temperature and density represent instrumental

uncertainties. The red line is the linear fit of the measured data, as

described in Eq. 3
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probe (Fig. 3). The change in density over the temperature

range was small, with a decrease of 0.0169 g cm−3 (about

2%) being observed. In order to allow calculation of density

at any temperature in the range, the data was fitted. The

change in a fluid’s density with changing temperature is

not expected to be linear [14], but in this temperature

range, it can clearly be modelled well with a linear fit.

More specifically, the low residuals, random distribution of

residuals around 0, and coefficient of determination (R2)

close to 1 seen for the fitted line in Fig. 3 suggest that a

straight line is a good fit for the density data. This line

is described in Eq. 3. Because the change in density over

this temperature range is so small, it is unlikely to have a

significant influence on the ink’s behaviour during printing.

ρ = (−8.20 × 10−4)T + 0.907 (3)

Similarly, the surface tension (γ ) of the ink was measured

over the relevant temperature range using a tensiometer

(Fig. 4). The measured decrease in surface tension was small

at 1.97 mN m−1 (7%). As with density, surface tension is

not expected to change completely linearly with temperature

[8], but inspection of the fit residuals and R
2 value in Fig. 4

show that a linear fit is once again adequate for modelling

the data in this temperature range. The relative change in

surface tension is larger than that in density, but it is still

only a small decrease, and therefore is unlikely to cause a

Fig. 4 Ink surface tension measured as a function of temperature. A

relatively small decrease in surface tension of about 7% is observed

over the temperature range. The error bar for temperature is either

the instrumental uncertainty (0.1 ◦C), or the range of values observed

if the reading fluctuated by more than this during the course of

the measurement. The uncertainty in surface tension represents the

standard deviation of several measurements. The red line is the linear

fit of the measured data, as described by Eq. 4

significant change in printing over the temperature range.

More specifically, as well as only having a small influence

on Z number, the small decrease in surface tension means

that it is reasonable to conclude that the ink will wet the

printhead nozzle walls in a similar manner across the range

of temperatures encountered during HSS.

γ = (−9.69 × 10−2)T + 29.7 (4)

Finally, the viscosity (η) of the ink was measured

at different temperatures (Fig. 5). The clumping of data

points arises from the fact that heating was controlled

by an external water bath, the temperature of which was

periodically increased once the set temperature had been

reached (i.e. the sample spent more time at temperatures

close to the set water bath temperatures). As noted

in Section 2.2.5, the dynamic viscosities are calculated

from the ‘static viscosities’ measured by the viscometer

by dividing each static viscosity by the density at that

temperature. The viscosity of the ink has an exponential

relationship with temperature, which arises from Arrhenius-

type behaviour [9]. There are many choices of exponential

equation of varying complexity for fitting viscosity data

[11], but it was found that the data here could be

fitted well using the simple relationship shown in Eq. 5.

Once again, the goodness-of-fit is evidenced by the

distribution of the residuals around 0, as well as the small

Fig. 5 The viscosity of the ink measured over the ink temperature

range observed in HSS. The viscosity of the ink drops by 36%

over this range, which may have implications for the sizes of the

printed droplets. The instrumental uncertainty in temperature has been

omitted as it is too small to be discernible at this scale (0.01 ◦C).

The uncertainty in viscosity is propagated from the instrumental

uncertainty in static viscosity and the uncertainty in density. The

exponential fit of the viscosity data (red line) is described by Eq. 5
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Fig. 6 The reciprocal Ohnesorge number, Z, calculated for the ink over

the temperature range observed in HSS using the equations fitted to the

ink’s fluid properties as functions of temperature. It can be seen that Z

stays in the range in which stable droplet formation is predicted (i.e.

2 < Z < 20) [7]

root-mean-squared-error (RMSE) for the fit, which was

0.02 mPa.s. In comparison to density and surface tension,

the relative decrease in viscosity over the temperature range

is significant. Specifically, the viscosity decreases from 8.4

to 5.4 mPa s between 25 and 45 ◦C, which is a decrease of

3 mPa s (36%). A large decrease in viscosity such as this

may lead to a significant decrease in the viscous damping of

the energy imparted by the piezoelectric transducer, which

in turn might lead to the ejection of bigger droplets at higher

temperatures [10].

η = 0.329e
414

T +103 (5)

3.3 Prediction of droplet behaviour during HSS

Using Eq. 1, the functions fitted to the ink’s fluid properties,

and a nozzle diameter of 25 µm, the Z number of the ink

can be plotted as a function of temperature (Fig. 6). It can be

seen that the Z number stays well within the range in which

stable droplet formation is predicted (i.e. 2 < Z < 20) [7] at

the temperatures observed during the HSS build. However,

a significant increase of 48% is observed.

Using the fitted equation describing temperature as a

function of time, all of the ink’s properties, including the

Z number, can be plotted as functions of time. Figure 7

shows these properties as functions of print time, i.e. only

taking into account the time when ink was being printed

onto the powder bed. Because the temperature change

during printing is smaller than that seen over the entire

process, the changes in the ink’s density, surface tension,

and viscosity are obviously also smaller during printing

Fig. 7 A plot of Z and the relative changes in density, surface tension,

and viscosity for the ink as functions of print time. Here, print time is

the time in the HSS process during which ink is actually being printed

onto the powder bed

(these properties saw decreases of 1%, 4%, and 20% during

printing, respectively). While Z remains in the ‘printable’

range throughout printing, it does increase by 22%, which

is principally driven by the substantial viscosity drop during

the print. Therefore, while stable droplet formation is

predicted for the duration of print time, it is also clear that

changes in the ink’s fluid properties are to the extent that

it can be concluded that the ink might be printed in an

inconsistent manner throughout the build. Most obviously,

the decrease in viscosity might lead to an increase in printed

droplet size as less energy is being dissipated in the fluid via

viscous damping (assuming that the voltage being applied

to the piezoelectric transducer does not change). A change

in droplet size during a build could be a potential cause

for concern, since it might affect dimensional accuracy.

Additionally, variation in droplet sizes would result in

different amounts of RAM being delivered to the powder

bed at different times during the print, which has previously

been shown to affect part properties [4].

4 Conclusion

In conclusion, it was found that the ink used in HSS reached

temperatures up to at least 45 ◦C (i.e. a maximum increase

of 21 ◦C) during a single, 6-h build of Nylon-12 parts.

Measuring the fluid properties of the ink over the observed

temperature range revealed that this heating led to only

small decreases in the ink’s surface tension and density,

but led to a significant decrease in its viscosity. Using

fitted equations describing the ink’s fluid properties as

functions of temperature, the reciprocal Ohnesorge number,

or Z number, of the ink was calculated as a function of

Int J Adv Manuf Technol (2021) 113:1073–10801078



temperature throughout the build, and it was shown to

remain in the range over which stable droplet formation

would be predicted. However, the change in ink viscosity

over the print time was such that it cannot be concluded

that ink jetting is consistent for the duration of a HSS build.

More specifically, the decrease in viscosity might be an

indication that different droplet sizes are being delivered to

the powder bed at different times during printing. This could

feasibly affect part accuracy; larger parts than intended

will be printed if the ink droplets are larger than expected,

and different layers of the HSS build might be printed

with different dimensions if the ink droplet sizes vary

significantly between each printed layer. Changes in droplet

size during a build could even affect the degree of sintering

achieved, since varying amounts of RAM would be being

delivered to the powder bed at different times. It has already

been shown that changing the amount of RAM delivered to

the powder surface has a significant affect on the properties

of Nylon-12 parts made by HSS, including mechanical

properties such as Young’s modulus and tensile strength [4].

Because of this, it is concluded that the viscosity decrease

caused by ink heating may indeed be a cause for concern

during the HSS process since it has potential to reduce

the repeatability of both the dimensional accuracy and

mechanical properties of parts obtained using the process.

To continue to establish the extent to which ink

heating might have an effect on actual part properties,

several avenues of investigation may be of interest. For

example, recording images of droplets of the ink as they

are ejected from the printhead at different temperatures

would allow confirmation that stable droplet formation

occurs, as well as quantification of any changes in droplet

size. However, it may be difficult to either film the

droplets being ejected from the Xaar printheads, or to

jet the ink on a different inkjet printing system. In the

latter case, this is because it is difficult to replicate the

exact printing parameters used in HSS, such as nozzle

wall materials, reservoir dimensions, and piezoelectric

transducer waveforms. Perhaps the simplest and most direct

way to further investigate the effect of ink heating in HSS

would be to carry out various HSS builds in which the

ink temperature is carefully maintained throughout printing.

This would also allow identification of the optimum

ink viscosity required to achieve the most accurate and

mechanically robust parts. However, such an experiment

would require a more sophisticated ink-temperature-control

system than currently available on the HSS machine used in

this work.

Despite the associated difficulties, continuing to investi-

gate the effect of ink heating would be a worthwhile step in

the development of HSS, not least because ink heating could

affect the repeatability of the process. That is to say, were

it found to be the case that RAM was unintentionally being

delivered to the powder bed in different amounts at differ-

ent build times, it could be inferred that part quality was

also a function of build time. Such inconsistencies in quality

would have implications for the future use of HSS as a man-

ufacturing technology. In particular, developing a means of

ensuring that ink temperature (and hence viscosity) can be

precisely controlled throughout a HSS build is suggested as

an important step towards optimising the mechanical prop-

erties and dimensional accuracy of the parts obtained from

the HSS process.
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