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Dramatic Effect of Oxide on Measured Liquid Metal Rheology

Eric S. Elton, Thomas C. Reeve, Luke E. Thornley, Ishan D. Joshipura, Phillip H. Paul, Andrew
J. Pascall, and Jason R. Jeffries

Abstract

Liquid metals have long been treated as Newtonian liquids, but several researchers have recently
indicated that some metals may shear thin. While apparent shear thinning can be caused by surface
oxidation, the reports of shear-thinning metals were investigated using cup and bob type
rheometers, which are expected to only be weakly impacted by the surface contamination effects.
We show here that even small amounts of oxide on the surface of liquid metals can cause dramatic
changes to the measured viscosity of the sample. Using a Searle-type rotational rheometer, we
measured the viscosity of eutectic gallium indium and tin in a low-oxygen environment. When
either metal is slightly oxidized, the measured viscosity increases by orders of magnitude and the
liquid displays erroneous shear-thinning behavior. When the oxide is removed via an active flux,
the measured viscosity is Newtonian. The results outlined here provide insight into the difficulties
of measuring the viscosity of easily oxidized liquids and confirm that liquid metals are likely best

described as Newtonian liquids at all measured shear rates.



Introduction

Understanding the rheological properties of liquid metals and alloys is crucial for any process
involving the flow of liquid metal. For example, the transport of liquid metal during casting [1],
filling of intricate mold geometries [2,3], and the formation of casting defects [4,5] are all
influenced by the viscosity of the liquid and solidifying melts. A complete rheological
understanding of liquid metal melts at different temperatures and shear rates is also important in
additive manufacturing [6-8]. Techniques to perform direct writing [9-12] and droplet printing
[13-15] of liquid metals and metal-bearing suspensions to create solid, metal parts [16-18],
flexible circuits [19-22], and other structures [23,24] are all active areas of research and
development. In particular, the rheology of the liquid metal “ink™ is crucial to understanding how
liquid metal will flow through a print nozzle in either direct-write or droplet-on-demand systems
[10,15]. Similarly, an understanding of rheological properties is crucial to understand how the
liquid metal will spread on the substrate or previous layers of a printed part as the part is built
[6,7].

Liquid metals have long been assumed to be Newtonian liquids, that is, their viscosity is
independent of the applied shear rate [25,26]. Historical reports on the viscosity of several metals,
including tin, copper, aluminum, and gallium, made with capillary viscometers support this
assumption [27-29]. Despite the longstanding assumption that metals are Newtonian liquids,
recent reports indicate that metals may be shear-thinning liquids under certain conditions [30-32].
For example, Malik et al. used a double concentric cylinder geometry in a rotational rheometer to
demonstrate that Zn, Al, and a Sn-Ag-Cu solder alloy all displayed decreasing viscosity with
increasing shear rate, between shear rates of 1 and 100 s—1 [30]. Similarly, Jeyakamar et al.

demonstrated that Zn, Sn, and Cd, as well as several alloys also displayed shear-thinning behavior
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Figure 1. Previous measurements of the viscosity of tin made with rotational rheometers
[32-34]. The dashed line gives the accepted value of the viscosity of tin measured with capillary
viscometers [28].

at shear rates less than 300 s™* [31]. Finally, Ritwik used a single-gap, concentric cylinder to
measure the viscosity of lead and tin and found that both metals demonstrated shear-thinning
behavior [32]. Notably, despite similar reports of shear-thinning behavior, the measured viscosity
of tin varies significantly between different reports (Fig. 1) [31-33].

It is known that oxidation can cause viscoelastic or shear thinning behavior in liquid metals.
For example, experiments using a cone and plate geometry show that both the storage and loss
modulus can be measured for eutectic gallium indium (eGaln) in air [34,35]. However, when
eGaln is kept in an argon atmosphere, Newtonian behavior is observed [36]. The viscoelastic
behavior is attributed to the drag produced on the outside edge of the rotating plate by the oxide
skin which readily forms in air, but not in argon. The torque produced by the oxide skin is akin to
the torque produced by surface tension when there are small variations in the free surface in
rotational rheometers [37]. The so-called “surface tension torque” can produce erroneous
measurements, including observed shear-thinning behavior in Newtonian liquids. While these
effects are pronounced for cone and plate type geometries, cup and bob type geometries are thought

to only be weakly impacted by them since the liquid surface only interacts with the small rotating



shaft, while most of the torque in the system is generated by the interaction of the larger radius
bob surface and liquid [37].

The reports by Malik et al., Jeyakumar et al., and Ritwik summarized above used flowing
gas (either argon or nitrogen) to protect the sample from oxidation and did not report any evidence
of oxidation affecting their measurements [30-32]. Given the precautions to guard against
oxidation, the lack of evidence of oxidation, and the expected weak effect of surface tension and
surface oxide on measurements made with cup and bob type geometries, it is natural to assume
that the observed shear-thinning behavior is not due to oxidation. The work presented here was
motivated by a need to understand the physical processes causing the previously observed shear-
thinning behavior in liquid metals.

In this work, we show that the measurement of liquid metal viscosity in cup and bob type
rheometers is, in fact, greatly affected by the presence of trace surface oxide. Using tin and eGaln,
we demonstrate that oxidized metals readily display shear-thinning behavior. When oxide growth
is prohibited by the addition of a low viscosity active flux to the top of the sample, the expected
Newtonian behavior is recovered. We demonstrate that after exposure to small amounts of oxygen,
or enough time in very low-oxygen environments, the measured viscosity of eGaln can increase
by as much as a factor of 70. These results suggest that the measurement of liquid metal viscosity
is highly sensitive to oxide formation on the liquid surface in this measurement geometry. We use
these results to suggest methods to accurately measure the viscosity of other liquid metals in cup

and bob rheometers.



Experimental Methods

Searle type rheometers measure the torque on the rotating bob to infer the liquid viscosity. In
general, it is assumed that the torque on the large radius bob surface is much larger than the torque
on the submerged shaft or any other part of the bob [38]. For this geometry, the measured viscosity

is calculated by

— M(Rc - Rb)
1= 2%RZLR wC,

(1)
where M is the measured torque, R, is the radius of the bob, R, is the cup radius, L is the length
of the bob, w is the angular velocity of the bob and C; = 0.8 is an empirical correction for end
effects [38]. Since the measured viscosity is directly proportional to the measured torque, the
lowest viscosity that can be measured is set by the lowest torque the rheometer can accurately
measure [39]. Expressed in terms of the applied shear rate y, the lowest measurable viscosity is
given by

Mmin
= TR 2
Nmin 2 RIZ,LCL. ( )

where M,,;,, is the minimum measurable torque, or 50 nN-m for the instrument used in this study.

The onset of Taylor vortices between the cup and bob limit the accuracy of the measured
viscosity at higher shear rates. For Newtonian liquids, Taylor vortices occur when the Taylor

number exceeds approximately 1700. The expected shear rate at which this occurs is described by

n+/1700 R,

i p(R; — Rb)s/z ®)

max

where p is the liquid density and 1700 is the critical Taylor number[39].



Experiments were conducted using an Anton Paar MCR502 Searle-type rheometer with a
high temperature furnace (CTD-1000) attached. A graphite cup (inner diameter 26 mm) and
Mooney-Ewart-style bob (20 mm diameter, 25 mm in length) were used to accommodate the high
temperature and needed material compatibility. The entire rheometer system was enclosed in a
high purity argon atmosphere glovebox with an average O content between 0.15 and 0.25 ppm
and an average water content of 3 ppm. The accuracy of the rheometer was tested using both a
high temperature and low temperature viscosity standard (R-400 and S600, respectively, both from
Cannon Instrument Company).

Eutectic gallium indium (eGaln) was purchased from Indium Corporation and was certified
to be 75.5% gallium and 24.5% indium. eGaln is a liquid at room temperature and quickly oxidizes
to form a stiff oxide skin that is only a few nanometers thick [34, 36, 40]. To remove the oxide
skin, the eGaln was immersed in 1M HCI while in the glovebox. Once submerged in the acid, the
oxide quickly dissolves leaving only the alloy behind. The rheometer sample was extracted from
the interior of the submerged metal by a syringe and placed directly into the rheometer cup. The
bob was then lowered into the liquid, and the measurement was started. Rheology measurements
were made at room temperature (~25°C).

Pure tin extruded bars were purchased from Amerway Incorporated. Prior to rheology
experiments, appropriately sized pieces of tin were melted with solder flux (SRA Flux #135) on a
hot plate to eliminate any native oxide. Solder flux was continuously added to the molten tin while
cooling to inhibit oxide formation. Once cooled, the tin was placed in an argon glovebox and wiped
clean with isopropanol to remove the excess flux.

Rheology experiments on pure tin were conducted once the temperature of the molten tin

had stabilized at 250°C as determined by a thermocouple placed just below the surface of the liquid



tin. Oxide was removed from molten tin while in the rheometer by adding a mixture of
commercially available dross reducers (Superior Flux Dross Reducer BA1-135D) and solder flux
(SRA Flux #135) in an approximate 10:1 ratio. The solder flux quickly removes any oxide which
formed, while the dross reducer provides a protective inert cover to prevent oxidation. The dross
reducer has a low viscosity, which was not observed to vary significantly with the addition of small
amounts of solder flux.

The measurement protocol for all experiments carried out here was as follows unless
otherwise specified in the text. The metal was placed in the cup and, in the case of tin, heated to
the correct temperature (250°C). After the temperature of the metal was constant, the bob was
inserted and a 20-minute preshear was performed at a shear rate of 2 s. Following the preshear,
the viscosity was measured at increasing shear rates from 0.1 to 10 s™. Each data point was the
average of 30 seconds of data collection. If a flux was placed on top of the metal, the metal was
sheared at a constant rate of 2 s for 5 minutes after the addition of the flux, and the viscosity was
then measured as the shear rate was increased from 0.1 to 10 s. Experiments showed that the
measured viscosity did not depend on the preshear rate or time after a flux was placed on the metal.
In order to purposefully cause the growth of an oxide layer on the cleaned rheology samples, air
was introduced into the glovebox via a sealed syringe which was unsealed and evacuated near the
rheometer sample. Deoxygenated water was prepared by bubbling nitrogen through the water for
60 minutes, in accord with common practice [41]. The water was then quickly capped and placed

into the glovebox.
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Figure 2. Effect of surface oxidation on measured flow curves. (a, ¢) The measured viscosity
of a tin (a) and an eGaln (c) sample in an argon atmosphere measured for shear rates between
0.1 and 10 s. The filled and open makers represent data that was obtained as the shear rate
was increased and decreased respectively. The solid lines are a best fit line with the equation
specified on the plot, where y is the shear rate. (b,d) The measured viscosity of a tin (b) and an
eGaln (d) sample beneath a layer of an active flux or 1 M HCI measured for shear rates between
0.1 and 10 s*. The solid lines are guides for the eye. In all panes, the gray, shaded region
indicates the area where the measured viscosity is inaccurate due to torque limitations of the
rheometer (Eg. 2). The dashed vertical line indicates the expected onset of Taylor instabilities

for a 2 or 3 mPa-s liquid (Eqg. 3), respectively.

Results

Both pure tin and eutectic gallium indium (eGaln) have low reported Newtonian

viscosities; 1.5 and 2.0 mPa-s, respectively [27, 34, 36, 42]. It is well known that eGaln rapidly

forms a stiff oxide skin that can impart viscoelastic properties to the material [34, 35]. Tin can also



oxidize when molten, albeit at a much slower rate than eGaln [40, 43]. The oxide films that form
on tin and eGaln can be removed by chemical fluxes, such as the commercial solder flux previously
mentioned or dilute hydrochloric acid (HCI), respectively.

To prohibit the formation of surface oxidation, the rheometer was placed in a closed argon
atmosphere glovebox with an oxygen content typically less than 0.5 ppm. The bob was placed into
the sample so that only the small radius shaft that supported the bob was exposed to the metal
surface. This is standard practice for experiments with this geometry as it minimizes the effect of
surface tension or surface oxidation on the measured viscosity [37].

Despite attempts to protect these metals from oxidizing, shear-thinning behavior was
observed for tin in the shear rate range of 0.1 to 10 s (Figure 2a). The best fit power law exponent
for the flow curve was determined to be 0.44 (i.e. T~y>** or n~y~°°). Similar shear-thinning
behavior was also observed when the viscosity of eutectic gallium indium alloy (eGaln) was
measured (Figure 2¢). In this case, the best fit power law exponent for the flow curve was 0.21.
The results shown in figure 2a and ¢ were obtained after a 20-minute preshear at a rate of 2 s™.
Similar shear thinning behavior was observed for eGaln when the preshear time was varied from
20 minutes to 2 hours, and when the preshear rate was changed from 2 s to 10 s (Figure S1). No
hysteresis in the measured viscosities was observed for any of the flow curves obtained.

Importantly, from these data alone, cursory analysis would suggest that the observed shear
thinning behavior was not caused by oxidation for several reasons. First, there is no visual evidence
of oxidation on the surface of either the liquid tin or eGaln. Both metals were observed to be
reflective and lustrous, consistent with a clean, pure metal surface. Second, the flow indices do not
indicate the clear presence of an oxide layer. Oxide skins on eGaln samples in air have previously

been observed to cause a large surface stress that results in the measured torque being
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Figure 3. Effect of oxidation on measured viscosity. The measured viscosity of an eGaln sample
sheared at a rate of 2 s for 25 minutes in an argon atmosphere. At approximately 3 minutes, 5
mL of room air was released near the sample. At approximately 17 minutes, 2 mL of 1 M HCI
was placed on top of the sample.

approximately independent of the shear rate (i.e. ~y°) [36]. In contrast, the measured torques
here are dependent on the shear rate. Finally, the reported critical surface stress of an oxide film
on an eGaln sample has been previously reported as 0.5 N/m [34]. This stress on the rheometer
shaft (where the oxide would interact with the rotating bob) would produce a torque of ~28 uN m
which is 4-5 times the torques recorded for the data in figure 2 (see the discussion section for more
on this estimate).

Although neither the recorded flow curves nor visual observations of the metal samples
suggested that oxidation was occurring, we placed a small amount of an active solder flux and
dross reducer on top of the tin and a small amount of 1 M HCI on top of the eGaln sample. These
fluxes ensured that the metal surface was not oxidized. The resulting flow curves (Figure 2b,d) did
not display shear-thinning behavior, and, moreover, the measured viscosities for both liquid metals
decreased by as much as two orders of magnitude at some shear rates. No differences in the
measured flow curves for either metal were observed when the shear rate was increased or

decreased. The small increase in measured viscosity of eGaln from 1 to 4 st is within the error



bounds of the instrument and is likely caused by an increase in non-linear flow as secondary flows
become more pronounced but not yet dominant. Importantly, the measured viscosities of both tin
and eGaln under the fluxes were similar to values reported in the literature obtained using other
measurement methods [27, 36]. This suggests that even a small oxide skin on top of the sample
was affecting the measured viscosity.

To test the hypothesis that an oxide skin was affecting the viscosity measurement, we
released room air near the eGaln sample while measuring the sample viscosity. We did not do this
test on the tin sample to avoid interacting with the hot crucible furnace. Figure 3 shows the
measured viscosity of the eGaln sample at a constant shear rate before and after it was exposed to
a small amount of air. Initially the measured viscosity was around 3 mPa-s. Once the air was
released near the sample, the measured viscosity rapidly increased to around 200 mPa-s and
remained constant for several minutes. A layer of 1 M HCI was then placed on top of the sample
to remove any oxide that may have formed. Upon placement of the acid on top of the sample, the
measured viscosity quickly decreased to around 3 mPa-s (similar to the measured viscosity before
oxidation) and remained at a similar value for up to 30 minutes.

Despite the dramatic change in viscosity which occurs after the release of room air near the
sample, there is very little visible changes to the sample. Figure 4 shows images of the eGaln
rheometer sample before and after the release of air near the sample. Both sets of images show a
highly reflective surface which does not visibly appear to be oxidized. Despite the similar
appearance of the sample, the measured viscosity differs by a factor of 50 at a shear rate of 2 s

Careful observation of the eGaln sample, however, does reveal some evidence of a thin
film present after the release of room air near the sample. For example, the images in figure 4 also

show a small amount of surface contaminate (the lighter, less reflective regions) which was
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Figure 4. Lack of visible changes during oxidation. (a,b) Images of an eGaln rheology sample
in the cup before (a) and after (b) release of 5 mL of room air near the sample. The green arrows
indicate the direction of rotation of the rheometer shaft. (c) The measured viscosity of the eGaln
sample before and after the release of air. The viscosity was measured at a constant shear rate
of 2 s1. The measured viscosity increased dramatically when the air was released, but the
surface of the metal appeared unchanged. Also see the supplementary movie (multimedia
view).

unintentionally introduced to the sample during loading. Prior to the exposure of the sample to air,
the surface contaminant is seen rotating on the eGaln surface at approximately the same rate as the
bob rotation, indicating that the surface is free to rotate (Fig. 4a, and the supplemental movie).
After release of air near the sample, the contaminant on the surface of the eGaln stopped rotating
and appeared stuck in place (Fig. 4b). This is consistent with a thin oxide film forming on top of
the eGaln sample, which effectively “freezes” the surface in place. The oxide film could resist the
rotation of the rheometer shaft and generate a torque on the shaft measured by the rheometer. The
increased torque on the shaft results in an increase in the measured viscosity of the sample.
Importantly, measurements of the viscosity of eGaln over time suggest that metals in low-
oxygen environments can slowly oxidize sufficiently to affect the measured viscosity. Figure 5
shows the measured viscosity of an eGaln sample over 40 minutes in a low-oxygen atmosphere

([02] < 0.25ppm). The measured viscosity is initially around 3 mPa-s but begins to increase after
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Figure 5. Slow oxidation of eGaln affects measured viscosity. The measured viscosity of an
eGaln sample sheared at a rate of 2 s™* for 40 minutes in an argon atmosphere. During this time,
the total oxygen concentration in the atmosphere remained below 0.25 ppm. No air was
introduced to the sample. At approximately 35 minutes, 2 mL of 1 M HCI was added to the top
of the sample.

approximately 5 minutes. The measured viscosity increases until reaching a value of around 200
mPa-s. At approximately 35 minutes, a layer of 1 M HCI was added on top of the sample, and the
measured viscosity rapidly decreased. This is in contrast to previous reports which indicated that
eGaln in argon atmospheres did not oxidize sufficiently to affect the measured viscosity [36].
While it is not known how long the previous measurements took, the increase in measured
viscosity in a low-oxygen atmosphere reported here suggests that the small amount of oxidation
that occurs even in low-oxygen atmospheres is sufficient to cause significant errors in the viscosity
measurement.

The impact of the slow oxidation of a liquid metal surface on the measured viscosity during
experimentally relevant time scales, as seen in figure 5, is also consistent with the flow curve
presented in Figure 2c which was taken after a 20-minute pre-shear. Similar apparent shear-
thinning behavior was also observed after the direct oxidation of the eGaln sample by exposure to

air. The impact on the measured viscosity of the small amounts of oxide which form in low-oxygen
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Figure 6. Addition of an aqueous layer does not lower measured viscosity. The measured
viscosity of an oxidized eGaln sample sheared at a rate of 2 s for 20 minutes in an argon
atmosphere. At approximately 4 minutes, 2 mL of deoxygenated water was placed on top of
the sample. At approximately 16 minutes, 0.5 mL of 1 M HCI was added to the aqueous layer.
The addition of an aqueous layer does not lower the viscosity, while adding acid does.

environments is also consistent with the lack of strong visual evidence of oxidation (cf. Fig. 4),
since the small amounts of oxidation caused by exposure to low-oxygen environments
would not significantly change the luster of the metal surface.

Finally we note that, while it is possible that the addition of an aqueous layer alone is
causing sufficient changes to the surface energy of the eGaln to affect the measured viscosity,
addition of a deoxygenated layer of water to the top of the sample did not reduce the measured
viscosity (Figure 6). When a small amount of acid was added to the deoxygenated water layer, the
viscosity returned to the low viscosity value. This indicates that any changes in wetting angle or
surface tension caused by changing from a metal-gas to a metal-water interface are not sufficient
to cause the observed changes in measured viscosity. Instead, a small amount of acid is necessary
to affect the measured viscosity, consistent with the need for acid to remove an oxide layer.

Previous work has indicated that submersion in water weakens the oxide skin on eGaln,

presumably by conversion of gallium oxide to a gelatinous gallium oxide monohydroxide network



[44]. This effect is not observed here, where the measured viscosity actually increases slightly
when a water layer is placed on top of the metal. The previous weakening of the oxide skin was
performed on eGaln oxide films which were formed in air atmospheres, likely resulting in thicker
oxide films than the ones observed here [44]. It is possible that, for the thin oxide skins present in
this work, the strength of the oxide film is not changed significantly by conversion to an equally
thin gelatinous network of monohydroxides, while thicker oxide skins are reduced in strength
through gelation. Regardless, it is clear that the presence of an aqueous layer is not sufficient lower
the measured viscosity. Instead removal of the oxide layer by slight acidification of the water is

necessary to accurately measure the bulk viscosity.

Discussion

The results presented here suggest that thin oxide films on the surface of liquid metals can
dramatically increase the measured viscosity in Searle-type rheometers. The oxide films can form
in low oxygen environments but are easily removed by the addition of a flux to the top of the liquid
metal. The oxide films cause apparent shear-thinning behavior, while metals covered in a flux
display Newtonian behavior. While oxide skins have previously been observed to cause
viscoelastic behavior in liquid metals in air measured using parallel plate rheometers, the results
presented here show the presence of an oxide skin continue to affect viscosity measurement even
when great lengths are taken to mitigate its influence, such as conducting the experiment in a low
oxygen environment and utilizing a cup and bob measurement geometry.

Previous reports on the viscoelastic properties of eGaln have used parallel plate rheometers
to derive surface storage and loss moduli [34—-36]. In a parallel plate rheometer, the highest torque

occurs at the edge of the plate, where the oxide surface forms. As expected, several researchers



have found that the thin oxide skin at the outside of a parallel plate geometry overwhelms the
torque produced by the bulk sample. Cup and bob type rheometers generally are less sensitive to
sample surface effects since only the small shaft of the rotating bob interacts with the sample
surface [37]. In fact, the torque caused by the interaction of the shaft and liquid is typically ignored
in the processing of the data, since it is assumed that most of the measured torque is generated by
the interaction of the large radius bob and the liquid [38]. This assumption appears to hold for
liquid metals when their surface is not oxidized. In contrast, when the surface of a liquid metal is
even slightly oxidized, the largest portion of the torque measured by the rheometer appears to come
from the interaction of the small rheometer shaft and oxidized metal surface, and not from the
interaction of the bob surface and liquid metal.

Although efforts were taken to reduce the possibility of oxidation, comparison of the
number of available oxygen molecules and metal sites available for oxidation suggests that there
is more than sufficient oxygen to form an oxide layer at the surface. At an oxygen concentration
of 0.25 ppm, there will be ~10'® molecules of oxygen in the glovebox atmosphere, while there are
~10% metal atoms on the surface of the rheometer sample. This indicates that there are
approximately three orders of magnitude more oxygen molecules available for oxidation than
needed. Thus, while extensive oxidation is unexpected given the efforts taken to reduce the oxygen
content, it is not, given enough time, chemically impossible. Thus, it is likely that the oxide skin
will always be present to some extent on samples studied in low oxygen atmospheres unless
chemically removed via an active flux.

Despite the large impact of the oxide skin on the measured rheology, two key observations
suggest that the oxide skin formed in low oxygen environments may have different properties than

oxide skins formed in air. First, the torque measured by the rheometer suggest that the oxide



surface is weaker than previously reported oxide skins formed in air. The surface shear stress
required for an oxide skin formed on eGaln in air to flow has previously been reported to be 0.5
N/m. The torque that an oxide skin of the same strength would produce on the rotating shaft of the
rheometer bob can be calculated as

M = 2nR?a; 4)
where R, is the radius of the shaft (3 mm) and o, is the surface shear stress [34]. From equation 4,
it is anticipated that the oxide skin would produce a torque of 28 uN m on the rheometer shaft, or
approximately 5 times the torque measured from the oxidized eGaln sample at a shear rate of 2 s
1. This suggests that the surface oxide films formed in low oxygen environments may be weaker
than oxide films formed in air.

Second, the measured flow indices indicate that the viscoelastic properties of the oxide film
formed here may be different than previous reports. A flow index of 1 (i.e. t~y° or n ~y~1) has
been previously reported for eGaln samples oxidized in air This is a clear indication of an
additional surface stress caused by the oxide skin, which causes the measured torque to be
independent of the shear rate [36]. Similar results have been observed in other cases where the
surface tension of the liquid sample caused excessive torque on the rheometer, typically from either
under or overfilling the sample [37]. Here, the measured flow index for both tin and eGaln oxidized
samples is not 1, but instead is 0.44 and 0.21 respectively (i.e. n ~y~ %3¢ or n ~y~%7°). Since the
flow indices here do not clearly indicate that a surface effect is dominating the measured torque,
they could erroneously be used to support the notion that the bulk metal is shear thinning. In reality,
the flow indices are an artifact of the thin oxide skin interacting with the shaft of the rheometer
bob. The flow indices are also consistent with the notion that the oxide films formed here flow

more easily and may have different viscoelastic properties than films formed in air.



Notably, the power law exponents for the measured flow curves do not change when the
preshear time or shear rate are varied (cf. Figure S1), which suggests that the oxide film is fully
formed in 20 minutes. This is broadly consistent with the data in Figure 5 which indicates that the
viscosity is approaching an equilibrium value 20 minutes after the start of the shear. In replicate
experiments we observed that the onset of the increase in measured viscosity did not always occur
at the same time after the start of shear, which may impact the measured viscosity at a time before
the measured viscosity begins to approach equilibrium. We believe the changes in the time it took
for the measured viscosity to start increasing are likely due to variations in the glovebox
atmosphere or from experimental delays. Regardless, the oxide film appears to be well established
after a 20 minute preshear, although the preshear time is an important experimental parameter.

It is unclear why the measured torque values and flow indices are lower than would be
expected from previously reported properties of oxide films on eGaln. One possibility is that a
film which forms under constant shear, as done here, has different viscoelastic properties than one
formed under little or no shear, similar to how the oxide film on eGaln has been shown to “stretch”
and change viscoelastic properties over time when placed under constant low stress [35]. A film
formed under constant shear could form in the “stretched” condition, while the previously reported
critical shear stress was for films which formed under no stress (i.e. “unstretched” films). It is also
possible that oxide surface could be perpetually damaged during constant shear, which may cause
the skin to constantly “slip” at the edge of the cup or bob or at a rupture in the middle of the film
[34]. In air, the damaged oxide portion (i.e. clean metal) could be rapidly oxidized again, while
the oxidation needed to repair the slip gap or break in the oxide film would be slower in low oxygen

environments.



The results presented here suggest that oxide films which form in low oxygen environments
may have different properties than those formed in air, as determined by Larsen et al. and Xu et
al. [35, 36]. While these results are suggestive of differences in the oxide film properties, the
limited sensitivity of the rheometer shaft to surface oxide means that we cannot gain a sufficient
understanding of the full rheology of the oxide skin to conclusively compare it to work done by
Larsen et al. and Xu et al. [35, 36]. Instead, more work is needed to fully characterize the formation
and rheological properties of oxide surfaces that form in low oxygen environments to fully
compare them with oxide surfaces formed in air. Techniques which are more sensitive to the oxide
skin rheology, such as Du Noly rings [45, 46] and tapered bicones [47-49] would be more
appropriate for this type of study than the cup and bob geometry used here.

It is clear that oxidation of liquid metal is important to consider when measuring its
rheology in cup and bob geometries due to interaction of the oxide with the rheometer shaft.
Although addition of a liquid flux to the top of the liquid metal prevents oxidation and any impact
of an oxide skin on the measured rheology, the addition of a second liquid layer may not always
be possible or desired. Since cup and bob type rheometers depend on the majority of the torque
being generated from the interaction of the outer bob surface and liquid, it may be possible to use
a different sized measuring system to reduce the impact of the oxide skin on the measured torque.
Here we give a scaling analysis to compare the amount of torque caused by the metal surface to
the amount of torque generated by the bulk metal.

The torque on a rotating shaft, such as the rheometer shaft, passing through a liquid surface

is given by

4mwRZRZ
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where R; is the shaft radius and 7 is the surface viscosity [50]. Comparison of equation 5 and



equation 1 indicates when the surface oxide layer is providing a significant amount of the measured
torque in a cup-and-bob geometry. The ratio of torque generated by the surface oxide compared to
the torque generated by the bulk liquid metal will scale as

Moxide . 11s B(B-1)
Mpyye  nL (@?-1) (6)

where 8 = R./R,, is the ratio of the cup inner radius to the bob radius and @ = R./R; is the ratio
of the cup inner radius to the shaft radius. Equation 6 can be thought of as a modified Boussinesq
number. The Boussinesq number, defined as Bo = ns/na where a is the characteristic length,
compares the surface viscosity contributions to the bulk viscosity contributions in fluid flow [46].
Here we use the geometric ratios of the cup and bob system to modify the Boussinesq number in
order to compare the surface viscosity contribution to the bulk viscosity contribution to the
measured torque. Cup and bob geometries that have large o (small shafts compared to the cup) and
B close to 1 (small gaps between the cup and bob) are less likely to be affected by any surface
oxide which forms.

A comparison between a larger geometry used previously by other researchers and the
geometry used in this work provides a clear example of how the measuring system dimensions can
affect the measured viscosity as described by equation 6. Jones and Davies previously measured
the viscosity of tin to be ~2 mPa s using a cup-and-bob geometry much larger than the one used in
this work while keeping a small shaft attached to the bob (cf. Fig. 1) [33]. Jones and Davies used
a 15 cm long, 5.5 cm radius bob suspended by a torsion wire in a 6 cm radius cup [51], while this
study used a geometry almost an order of magnitude smaller (Rb = 10 mm, Rs =3 mm, Rc = 13
mm, L = 25 mm). Comparison of the right-hand side of equation 6 for the two geometries suggests
that the geometry used by Jones and Davies will produce a torque ratio almost 100 times lower

than the geometry used here. In other words, the larger geometry used by Jones and Davies is



relatively immune to any oxide on the metal surface while our smaller measuring system is much
more susceptible to interference from an oxide layer.

Note that for this comparison, we assumed that Jones and Davies used a torsion wire of the
same radius as the shaft attached to our bob (Rs = 3 mm) since they do not report the radius of the
wire. It is likely that the torsion wire was of smaller radius than this, meaning that the the geometry
used in their experiment would be even less susceptible to torques generated by the oxide skin than
estimated here. Regardless, this example clearly illustrates that geometries with small shafts
compared to the cup are capable of accurately measuring the viscosity of liquid metals regardless
of any surface oxidation.

Finally, we note that the measured viscosity of tin (2.4+0.3 mPa-s) is higher than previously
reported values of 1.8+0.3 mPa-s [27]. While this value is in rough agreement with the previous
reports, the cause of the variation is unclear. One possibility is that thermal gradients within the
molten tin caused by uneven heating of the crucible could cause secondary fluid flow that could
affect the measured viscosity. This notion is supported by the fact that the Rayleigh number, which
is a balance of the buoyant and viscous forces in a fluid with an applied temperature gradient, is
~7000 for a 5°C temperature difference over the length of the bob. This is well above the critical
Rayleigh number of 1700 needed for temperature driven flow to occur (see the supplementary
information for more details) [52, 53]. We also note that the variation in the measured viscosity of
tin presented in the measured flow curves is higher than that of eGaln (Fig 2b,d). We believe that
thermal noise in the instrument or small amounts of flow in the active flux layer could have caused
these variations.

The apparent viscosity of eGaln measured here (2.8£0.2 mPa-s) is also slightly higher than

previously observed 1.9 mPa-s [36]. To our knowledge, only a few direct measurements of the



viscosity of eGaln have been made to date, thus the discrepancy from the previous results could
be from the high surface tension of eGaln which could affect the measurements. Regardless of
these variations, the measured viscosities of tin and eGaln are in rough agreement with previous

results and much lower than the measured viscosity when either metal is oxidized.

Conclusions

In summary, the results presented here suggest that a thin oxide film on a liquid metal
surface can dramatically increase the measured viscosity of the liquid in a cup and bob rheometer.
This is in agreement with previous work by Larsen et al. and Xu et al. that showed that the oxide
skin on eGaln increased the measured stress in parallel plate rheometers [35, 36]. When air is
deliberately released near the liquid metal sample, the viscosity increases almost instantly.
Similarly, when the possibility of an oxide film is eliminated by the addition of an active flux or
acid layer, the measured viscosity decreases rapidly. Importantly, the oxidized metal is observed
to shear thin, while the metal protected against oxidation by a flux or acid layer is observed to be
Newtonian.

Notably, despite the dramatic increase in viscosity, there is little visible evidence of
oxidation since the metal surface remains lustrous. Finally, the measured viscosity of liquid metals
in low-oxygen atmospheres is observed to increase in as little as 20 minutes, suggesting that the
slow oxidation of the metal surface in low oxygen environments is sufficient to affect the measured
viscosity over the course of a single experiment.

The results presented here highlight the difficulty of measuring the viscosity of liquid
metals in rotational rheometers and suggest that the presence of an oxide skin may affect the

measured viscosity of any easily oxidized surface, including pure and semi-solid metals, when



measured using a rotational rheometer. Furthermore, it is apparent that the active removal of an
oxide layer is necessary to ensure an accurate measurement, since very small amounts of oxide
can affect the measurement. The addition of an active flux to the metal surface, as outlined here,
should be considered for all measurements of metal rheology using rotational rheometers.
Alternatively, if the critical surface stress of the oxide film is known or can be measured, the metal
viscosity could be calculated as outlined by Xu et al. or Larsen et al. [35, 36]. Furthermore, the
results presented here suggest that the material properties of the oxide skin may depend on
processing conditions.

In terms of practical application, the results presented here confirm that liquid metals
behave as Newtonian liquids over a wide range of shear rates. Despite this confirmation, the sharp
increase in measured viscosity with small amounts of oxide also highlights the potential for liquid
metals exposed to air to effectively behave as non-Newtonian liquids due to an oxide skin. The
oxide skin formation may impact any process where liquid metals flow through air including
casting [1-3], wave soldering [54, 55] and additive manufacturing techniques [9, 10]. The
timescale on which these effects become important is likely dependent on the process atmosphere
and time scale. If the liquid metal is only required to behave as a Newtonian liquid for a short time,
then atmospheres with low ppm oxygen concentrations may be sufficient. As the time required for
Newtonian behavior increases, purer atmospheres will be needed, and oxidation may impact the
process.

Finally, the quick development of stiff oxide skin and its subsequent impact on the apparent
viscosity of liquid metals may be particularly crucial in understanding additive manufacturing
techniques such as direct writing or droplet based systems where the oxide formation may directly

impact the “printability” of the liquid metal [7, 10, 23, 24].
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