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Abstract: We have assessed the role of thermal softening in ultrasonic powder compaction by
comparing the densification behaviors of nominally pure Cu and a thermally stable CuTa alloy.
These materials have'similar thermal properties, but pure Cu softens at much lower temperatures
than does the,Cufa.alloy, thus allowing us to isolate thermal softening effects. Using a specialized
ultrasonic powder-ecompaction setup, we collected in situ measurements of relative density,
sonotrode power consumption, and temperature, which together provided a time-dependent
geometric hardening-parameter that reflects the structure of the compact. The geometric hardening
data for the pure Cu powder revealed three distinct stages of densification: an initial particle
rearrangement stage; a jamming transition where strong junctions develop between particles; and a
final stage characterized by compatible plastic deformation. By contrast, the geometric hardening
data for the thermally.stable CuTa powder showed that it remained a weak fluidized granular
medium, despite experiencing higher normal pressures, oscillation amplitudes, and temperatures.

The contrasting*behaviors of the Cu and the CuTa powders suggest that a thermally activated
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jamming transition drives interparticle junction growth and densification in ultrasonic powder

compaction.

Keywords: ultrasonic processing, powder consolidation, powder processing, nanocrystalline

metals, grain growth

1. Introduction

Ultrasonic powder€ompaction is a promising technique for synthesizing bulk components from
thermally unstable materials, such as nanostructured reactive materialst:? and metallic glasses,™
which are easy to prepare in powder form but challenging to densify. The process is a uniaxial die
compaction technigue“in which the upper punch oscillates perpendicular to the loading axis at
ultrasonic frequency. This shearing motion causes rapid consolidation as well as a brief thermal
excursion as plastic,work is converted into heat. The temperature rise during ultrasonic compaction
aids densification;!> *! however, the peak temperature must be minimized to preserve the structure
and properties of thermally unstable powder feedstock. Thus, there exists a set of optimal
processing conditions that fully densifies a given feedstock powder while minimizing thermally
activated structuralkevolution. Predicting such optimal parameter sets for ultrasonic compaction
remains a challenge'because the linkages between process variables, material properties, and

densification are poorly understood.

The common approach of using classical powder metallurgy results to model the densification is
complicated by'the"exotic conditions in ultrasonic powder compaction. A typical ultrasonic
compaction cycle lasts several seconds, produces pellets with a height on the order of 1 mm, and
uses a sonotrode oscillation frequency on the order of 10 kHz with an oscillation amplitude on the
order of 10 pm. These parameters correspond to ~10* oscillation cycles, macroscopic shear strain
rates of ~10° s, and cumulative plastic shear strains of ~10%. Such high strain rates and deviatoric

strains are not encountered in standard compaction processes used in powder metallurgy, which
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tend to be much slower and involve relatively low deviatoric stress and strain components (notable
exceptions to this generalization include roll compaction® ® and explosive compaction”). As a
result, the underlying assumptions of conventional powder metallurgy frameworks often conflict
with the behaviors.expected in ultrasonic compaction. The micromechanical analysis of powder
compaction due to Fleck and co-workers, for example, assumes that the particles undergo affine
deformation duringsdensification, > an assumption that is strongly violated in the early stages of
ultrasonic powder compaction. There are similar problems with most of the standard treatments of
metal powder compaction in the open literature.*>*® More recent finite element simulations of
junction growth under oscillatory shear loading are also limited in that they only consider small

numbers of particles, relatively low strain-rates, and few oscillation cycles.**?!

An alternative approach for describing ultrasonic powder compaction is to consider the compact as
a granular medium with frictional and cohesive particle contacts. There have been many studies on
particle rearrangement and densification in granular media during oscillatory shear loading that are
relevant to the eafly.stages of ultrasonic powder compaction,?22* as well as many studies that link
the far-field applied stresses and structure of the powder charge to the loading conditions at
individual contacts.™** 2271 However, experiments and theoretical analyses of granular media
typically use orassume isothermal particles with fixed amounts of cohesion and internal friction.
This is clearly not'the case in ultrasonic powder compaction, where the particle contacts have
internal friction-and.cohesion parameters that change over time, the particles deform plastically, and
the local temperature can strongly influence the behavior at particle contacts. Thus, standard
granular mechanies.frameworks also fail to capture some of the key physics in ultrasonic

compaction.

Ultrasonic powder compaction involves a combination of process conditions and particle behaviors
that, to our knowledge, have not been studied in detail. In the present work we address this gap in
understanding by using ultrasonic powder compaction to densify pure nanocrystalline Cu powder as

well as a thermally stable Cu-10Ta (at.%) alloy. We focused on these two materials because they
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have similar thermal properties but very different mechanical properties; in particular, the CuTa
alloy retains its strength to much higher temperatures than does the Cu powder,?® 2! thus allowing
us to isolate the effects of thermal softening on densification. We assessed the consolidation and
structural evolution.behaviors of these different powders using a servo-driven ultrasonic welder that
can measure the height of the compact with micron-accuracy, thereby enabling accurate in situ
measurements of:thesrelative density. By combining these relative density measurements with in
situ measurements of the temperature within the compact and the power consumed by the
sonotrode, we gaingmechanistic insights into the particle-scale phenomena that control the
densification behavior of the powder charge. These results represent an important first step towards
a general framework for predicting processing parameters (e.g. oscillation amplitude, normal
pressure) that minimize the thermal excursion during ultrasonic powder compaction to create

compacts with high'relative density and non-equilibrium microstructures.
2. Materials and ‘methods

The nanocrystalline.Cu powder was prepared via high-energy ball milling of nominally pure Cu
powder (sourced from Alfa Aesar) in a SPEX 8000M for 10 hours under an Ar atmosphere. The
ball mill was fitted.with a fan to cool the vial during milling. Milling was performed using a 10 g
powder charge,'a 5:1 ball-to-powder mass ratio, and 0.8 wt.% stearic acid as a process control
agent. The as-mitled-powder was sieved to remove particles with a diameter greater than 100 um.
The resulting nanocrystalline Cu powder consisted of platelet-shaped particles (Figure 1a), with a
mean thicknessof:6:um and a mean spherical-equivalent diameter (d) of 18 um. The cumulative
particle size distribution is shown in Figure 1c. High-resolution scanning electron microscopy of
cross-sectionedsas-milled particles revealed 6% porosity in the form of closed nanopores with a
mean circular-equivalent diameter of 10 nm. Stereological measurements on these particles gave an

average grain size of 70 nm.
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The thermally stable CuTa alloy powder (provided by Army Research Laboratory) was prepared via
high-energy cryo-milling for 8 hours under an Ar atmosphere, following the same milling

procedure described in B%. The particles were equiaxed and irregularly shaped (Figure 1b), with a
mean spherical-equivalent diameter of 9 um, half that of the pure Cu powder. The cumulative
particle size distribution for the CuTa powder is shown in Figure 1c as well. Although not
measured in thespresent work, the structure of CuTa powder with a similar composition and
processing history was previously found to comprise a Cu matrix with an average grain size of 50

nm and Ta-rich precipitates that ranged in diameter from 3 to 30 nm.**

The ultrasonic compaction experiments were performed at room temperature using an instrumented
servo-driven Tech-Sonic 3020S ultrasonic spot welder, shown schematically in Figure 2. The
powder charge was contained within a cylindrical tool steel die with a 1 cm inner diameter. The
sonotrode, which has a diameter slightly smaller than 1 cm, serves as the punch during the powder
compaction process=The work surface of the sonotrode features square-pyramidal knurls with a
height of 190 um-and a width of 400 um. This welder provides in situ measurements of the compact
height, which'can"be"used together with the known mass of the powder charge and the inner
diameter of thedie to compute the instantaneous relative density. The welder also provides in situ
measurements of the'peak power required to drive the ultrasonic transducer at an oscillation
frequency of 20 KHz over the prescribed oscillation amplitude. Calibration experiments without a
workpiece showed.that machine losses were negligible. Thus, essentially all the power consumed
by the ultrasonic transducer is deposited into the powder compact as mechanical work. This allows
us to directly relate.the power consumption to the shear strength of the compact, as discussed in

Section 4.

To measure the thermal excursion in select consolidation experiments, a fine-gauge K-type
thermocouple (AWG 42; 60 um bead diameter) was embedded inside the charge. This
thermocouple had a temporal resolution on the order of 0.1 ms and was the finest gauge that could

survive the experiments without breaking. A Polytec OFV-5000 laser vibrometer was used to
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ensure the sonotrode oscillation amplitude was constant during the consolidation experiment. The
initial mass and height of the powder charge were typically 0.5 g and 1.4 mm, corresponding to a

relative density of approximately 0.5.

The Vickers hardness values of the recovered materials were measured using a Leco LM-310AT
microhardness tester.with loads ranging from 0.25-2.0 N and a five second hold. A TEM lamella
was extracted from the center of a compact using the focused ion beam (FIB) lift-out technique in
an FEI Helios Nanolzab 660 DualBeam system. To minimize beam damage, the sample was thinned
with a low-energy (2 kV) Ga ion beam in the final thinning step. This sample was imaged in a FEI

Titan Themis operated at 300 kV.

3. Ultrasonic compaction experiments

3.1. Optimization:of:process parameters

In our initial setefieompaction experiments, we independently varied the normal pressure (o),
oscillation amplitude (A), and compaction time (t;) to determine parameter sets that give strong
compacts without-excessive heating. The sonotrode oscillation frequency (f) was always 20 kHz.
The peak compact temperature increased with oscillation amplitude and normal pressure. The
nanocrystalline purexCu powder densified in 2 to 3 seconds when the normal pressure and
oscillation amplitude were greater than 20 MPa and 16 pm, respectively; lower normal pressures
and oscillation amplitudes could not densify the powder, even for compaction times longer than 5
seconds. Through trial-and-error we found that the parameter ranges ¢ = 38-40 MPa, A = 18—

21 um, and t.=.2-3.s gave cohesive, dense compacts while minimizing the thermal excursion. We
were unable to.densify the CuTa feedstock, which remained a loose powder even under the highest
normal pressure (¢ = 70 MPa) and oscillation amplitude (A = 24 um) accessible with the current

setup.

3.2. Insitu measurements during ultrasonic compaction
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Figure 3 shows representative in situ measurements of the compact height, relative density,
temperature, and sonotrode power consumption from two compaction experiments — one using pure
Cu powder with 0 = 38 MPa and A = 18 um, and the other using the CuTa alloy with o = 64 MPa
and A = 21 ums These conditions represent the optimal processing parameters for Cu, and our best
attempt to densify CuTa. Note that while the initial height of the CuTa compact was larger than that
of the Cu compactyboth compacts had similar initial relative densities. The laser Doppler
vibrometry measurements confirmed that the sonotrode oscillation amplitude remained constant

during these experiments.

Figure 3a shows'that for the pure Cu powder, the compact height decreases rapidly during the first
second of the compaction cycle then plateaus. This corresponds to an increase in relative density
from 0.40 to 0.76 (Figure 3b). The sonotrode power (Figure 3c) also changes with time,
transitioning from.an.initial period of low power consumption (0.5 kW) to a regime where the
power steadily increases until reaching a final steady-state regime, where the power remains around
1.5 kW. The temperature measurements presented in Figure 3d show the temperature increasing
over the course of the experiment to a maximum temperature of 620 K, with temperature spikes
during the middle portion of the compaction cycle. Since these temperature spikes are not
accompanied by'spikes in the power curve, they likely correspond to localized heating events in
which the fine-gauge thermocouple is in contact with powder particles undergoing shear at their

contact.

To confirm thatithesthermal mass of the thermocouple bead does not influence the magnitude of
these temperature spikes, we compare its volume (10™** m®) with the volume of material heated
during the temperature spike, estimated as gnLg’, where L is the thermal diffusion distance given by

Jat,. Here a is the thermal diffusivity of the powder (~10™* m?/s) and ¢, is the duration of the

temperature spike (~0.1 s). These values give a heated volume of 10" m?, six orders of magnitude
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larger than the volume of the thermocouple, demonstrating that the thermocouple mass should have

a negligible effect on the magnitude of the temperature spike.

The CuTa powder did not form a strong compact under the processing conditions shown in Figure
3, despite usinga higher oscillation amplitude and normal pressure than those applied to the Cu
powder. The disparate consolidation behaviors of pure Cu and the CuTa alloy are reflected in the in
situ measurements of relative density and power consumption. Figure 3b shows that the relative
density of the CuTa eempact only increased from 0.47 to 0.59 during the consolidation experiment,
which is significantly less than the increase seen in the pure Cu material. The final sonotrode power
consumption forithe CuTa powder was also appreciably lower than that for pure Cu, despite the
CuTa powder being roughly three times harder than the Cu powder. This result reflects how the
CuTa powder remained a weak granular medium while the pure Cu powder transformed into a

stronger porous solid.

In Figure 3d the in situ temperature measurements for the CuTa alloy are similar in form to those
for the Cu powder,although the maximum temperature in the CuTa compact is ~150 K higher.
Since the sonotrode power consumption is lower in the CuTa experiment than in the Cu experiment,
this temperature difference likely results from residual porosity due to the lack of densification,
which lowers the effective thermal conductivity of the CuTa compact. Interestingly, the CuTa
temperature measurements also feature temperature spikes which are similar in magnitude to those
found in the Cu_data. The temperature spikes are evident in the CuTa data well after they have
disappeared fromsthe:Cu data, providing additional evidence that the temperature spikes result from
the motion of loose particles within the compact. Our inability to densify the CuTa powder shows

that localized heating by itself does not guarantee consolidation.

3.3. Structure of compacts
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The hardness of the CuTa powder recovered from the ultrasonic compaction experiments was 4.1
GPa, the same as that of the as-milled powder, indicating that the microstructure of this material
was unaffected by ultrasonic processing. Since the peak temperature recorded during ultrasonic
compaction of.CuTawas ~760 K, which is below the temperature where this material starts to

coarsen, ~875 K.Y the lack of coarsening and attendant softening is reasonable.

Figure 4a shows an optical micrograph of a cross-sectioned Cu compact densified using o = 40
MPa, A = 18 umyandit; = 2.2 seconds. The center of the compact appears fully dense, while the left
edge contains residual macroporosity, indicating that there was non-uniform plastic deformation
and densification'within the compact. Figure 4b is a bright-field TEM micrograph taken from the
center of this specimen. This image shows the nanoscale grain structure of the compact, which,
according to stereological measurements, had a mean circular-equivalent diameter of 120 nm,
approximately twice that of the as-milled powder. The compact had a Vickers microhardness of 1.4
GPa; according to Hall-Petch data for pure copper,©? this hardness corresponds to a grain size of 90
nm which is in rough,agreement with the grain size measurement. These results show that while
there is grain‘growth during ultrasonic powder compaction, it is possible to preserve a fine grain

structure.

The porosity of the Cu compact shown in Figure 4a was 24% according to the Archimedes method.
However, stereglogical measurements on the optical micrograph revealed only 2% residual
macroporosity. The remaining porosity was present as closed spherical nanopores which can be
seen clearly in Figure'4b and which ranged in size from 20 to 200 nm. The nanopores in the
compact are an order of magnitude larger than the pores found in the as-milled powder. In light of
recent reports of.solid-state foaming in ball-milled powders, 33! we suspect that the pores in the
as-milled Cu powder may have grown during ultrasonic compaction due to thermal expansion of
trapped gases, which either were entrained in the powder during the milling process®**4 or were

formed via the decomposition of the stearic acid process control agent.> We believe that further
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optimization of the powder synthesis process to mitigate gas entrainment and avoid process control

agents could eliminate the nanoporosity seen in Figure 4b to yield fully dense compacts.

In previous work examining grain growth during ultrasonic spot welding of nanocrystalline foils,=®

we demonstrated that the extent of grain growth inside the weld nugget can be related to the thermal
excursion by combining.in situ temperature measurements with a classical grain growth law. This
grain growth calculation was accurate even for a nanocrystalline Ag-W alloy designed to suppress
grain growth,*®lsuggesting that plastic deformation during ultrasonic processing can mitigate
effects that normally suppress grain growth, such as solute drag and Zener pinning. Following this
same approach, we estimate the instantaneous grain size, D, within the compact during ultrasonic
powder compaction by combining in situ temperature measurements with a grain growth

equation®®” andfintegrating over the compaction cycle as follows:

n _ pi t 1 -Q
D" = Dff 4 My f; 705 exp [kBT (t)] dt. (1)

Here, Dy is the initial grain size, n is the grain growth exponent, M, is the grain boundary mobility
pre-factor, Q'is;anactivation energy, and kg is the Boltzmann constant. Wesetn=4and Q =1 eV,
consistent with values reported by Lu et al. in their study on grain growth in nanocrystalline Cu."®
Using these values*for n and Q and fitting the grain growth equation to the experimental data

provided by Lu etal’, we determined M, = 3.5 x 10®m*.K/s. Note that Eq 1 does not account for

strain-induced.grain.growth, an effect sometimes observed in nanocrystalline materials.*%4?

Figure 5a showssinssitu temperature measurements during a Cu compaction experiment using the
same parameters as used in Figure 4. This temperature profile does not feature the temperature
spikes seen in‘kigure 3d, most likely because they are stochastic, localized events and none
happened close to the thermocouple in this experiment. These temperature measurements were used
with Equation 1 to compute the grain size as a function of time, and the results are shown in Figure
5b. There is negligible grain growth during the first 1.2 seconds of the compaction experiment,

followed by rapid grain growth over the remaining 1 second. The predicted final grain size is 140
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nm, which is in good agreement with the experimental value (120 nm). The small discrepancy
between the predicted and the experimental values may be due to pore drag from the nanopores,

which tends to inhibit grain growth and preserve fine grain structures.!*> *
4. Structuralevolution of the compact

The power consumedby'the sonotrode is dissipated mainly as plastic work within the compact.
Because the sonotrode oscillation amplitude is nominally constant, the increase in sonotrode power
consumption seen in Figure 3c reflects an increase in the shear strength of the compact. Although
thermal softening and\grain growth lead to material softening, formation of interparticle junctions
results in a net increase in shear strength as the compact transitions from a granular medium to a
porous solid. Werquantify this structural evolution using the geometric hardening parameter (1),
defined as the ratio of the instantaneous shear strength of the compact to that of the fully dense base
material. 1 is expected to be low for a fluidized granular medium and to approach unity when the
material achieves full density. Assuming that the plastic strain is uniform and that the power
consumed by the sonetrode is dissipated entirely through plastic shearing of the compact,* it

follows that 1 is related to the sonotrode power consumption (P) by

1 P
1= () @

where 1y is thehear strength of the fully dense base material and r is the radius of the die. We
estimate tys for,Cu using the Khan-Huang-Liang (KHL) model for the high-rate flow stress of
nanocrystalline materials.***! Because nanocrystalline materials do not work-harden
appreciably,* 5% we use a modified form of the KHL model that omits the work-hardening terms

as follows:

R A VAAN AT S
Tys =73 (a + \/B) (y) (Tm—To) ' )
Here vy is the shear strain rate, given by
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where h is the height of the compact. In Eq 3, y* is a reference shear strain rate of 1 s, a and k are
Hall-Petch parameters, T, is the melting temperature, Ty is a reference temperature, c is the strain-
rate sensitivity expenent, m is the temperature sensitivity exponent, and D is the instantaneous grain
size, determined USiNG'Eq 1. For pure copper, a = 40 MPa, k = 110 MPa-um™?, ¢ = 0.022, and m =
1.5.3%%1 T estimate 1, for CuTa, we use the following constitutive law taken from a study on

high-rate deformation of fully dense, nanocrystalline CuTa:*?

Tys = A(F+ BIn())) (TTH‘:‘—_‘;)C 5)

where A =1 GPa, B=0.008, and C = 1.12. For the ultrasonic compaction experiments shown in
Figure 3, Equation 3 predicts that the shear strength t,;0f the nanocrystalline Cu material decreases
from 320 to 180 MPaover the course of the experiment due to thermal softening and grain growth,
while Equation-5-predicts that T, of the CuTa alloy decreases from 1 GPa to 580 MPa due to

thermal softeningalone.

The geometric hardening data from the experiments shown in Figure 3 are plotted against relative
density in Figures6=Considering that the nanocrystalline Cu powder densifies into a cohesive
compact, its n values towards the end of the experiment are surprisingly low. A potential
explanation for this low geometric hardening parameter is that as the knurls indent into the Cu
surface, there is strain localization and intense heating near the top of the compact, giving rise to

excessive thermal softening and an artificially low .

Neverthelessjithe Cu data clearly reveals three distinct stages of densification, as indicated in
Figure 6. The first stage, spanning the relative density range 0.4-0.58, lasted ~0.3 seconds and was
characterized by a low geometric hardening parameter that remained nearly constant as the powder
aggregate densified. Samples recovered from this stage of the consolidation experiment were still

loose powder. Considering the lack of geometric hardening and the granular nature of the compact,
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we conclude that in this first stage, the powder aggregate is a fluidized granular medium, densifying
via particle rearrangement under excitation by ultrasonic vibrations. This conclusion is consistent
with experiments!?® >%¢1 and discrete element simulations®" *® which show that loose granular

media subjected to.oscillatory loading initially densify via particle rearrangement.

In the next stage, which lasted ~1.2 seconds and spanned the relative density range 0.58-0.75, the
geometric hardening parameter n increased by a factor of five, from 0.01 to 0.05. Specimens
recovered from the end of this second stage were porous solids, suggesting the dramatic increase in
n corresponds with a jamming transition, in which junctions grow between the particles to form a
stiff, percolatingnetwork of metallurgical bonds. Because the individual Cu particles were
nanoporous, with a relative density that decreased from 0.96 to ~0.80 over the course of the
consolidation experiment, the packing fraction at which jamming sets on in Figure 6 is in the range
0.62-0.78. It is interesting to note that the form of the geometric hardening curve for the Cu powder
near the jamming transition closely resembles the strengthening behavior observed in previous
work on jammingof.a fluidized granular medium,®*®! which revealed a 4x increment in strength

as the powder chargejammed.

In the final stage,of densification, densification slowed while the geometric hardening parameter n
reached a maximum value of 0.065 before starting to decrease. Since the sonotrode power
consumption remained nominally constant in this stage while the temperature continued to increase,
this drop in n reflects softening of the base metal. Although densification slowed in this final stage,
qualitative bendstestsishowed that the strength of the compacts continued to increase with time,
demonstrating that ultrasonic shearing strengthened the interparticle bonds, presumably by

disrupting oxide.overlayers that encapsulated the particles.

In contrast with the behavior of the Cu powder, the geometric hardening data of the CuTa alloy
reveal just a single stage of densification, in which 1 increased from 107 to a final value of 0.01,

then hovered around this value for the remainder of the experiment. Notably, n = 0.01 is identical to
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the geometric hardening parameter of the Cu powder at the onset of its jamming transition, showing
how the CuTa feedstock rearranged into a dense packing, similar to the Cu material, but did not
develop strong interparticle junctions, consistent with the fact that the recovered material was a

loose powder.

Jamming transitions have been studied extensively using simulations of particle aggregates, which
have revealed that jamming can occur under a wide range of conditions, including isostatic
compaction of frictionless particles,'®? unidirectional shear of frictional particles,'® and oscillatory
shear of both frictional particles!®! and frictionless particles.®® However, to our knowledge, the
jamming transition seen in the Cu data is the first direct experimental evidence of jamming in a soft,
temperature-sensitive material under oscillatory shear loading. While oscillatory shear jamming
does not occur &t a unique packing fraction in a polydisperse granular medium,™® the random
close-packed configuration provides a good lower-bound estimate for the packing fraction at the
onset of jamming. According to the analysis by Brouwers,'®® the packing fraction F of a random

close-packed aggregate of rigid platelets with a log-normal particle size distribution is given by
F=1-— Xe—\/ﬁﬁ(l—x)q (6)

where the fitting parameters x and (3 are 0.503 and 0.374, respectively, and ¢ is the standard
deviation of the'leg-normal particle size distribution. Using the experimentally determined ¢ of 1.2
for the as-milled Cu powder, Eq 6 predicts F = 0.71, which is directly in the middle of the range of
the experimentally-determined jamming onset. Jamming may have occurred at a higher packing
fraction in our experiments than that predicted by the Brouwers model because ultrasonic vibrations
can drive the Cu.poewder into a more organized, denser packing than a statistically random

packing.!®®!

5. Mechanisms of junction growth, jamming, and densification

5.1 Thermal softening at particle contacts
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To summarize the experimental results, the geometric hardening data of the Cu feedstock reveal
three distinct stages of ultrasonic compaction: (1) an initial particle rearrangement stage, during
which the powder charge densifies but its overall strength remains low; (2) a jamming transition
where the compact.develops a percolating network of strong contacts; and (3) a final stage
characterized by compatible plastic deformation. Comparing the geometric hardening data of the Cu
and the CuTa powders demonstrates that a critical step in this sequence is junction growth during
the jamming transition (Stage 2); without junction growth, the feedstock remains a fluidized
granular mediumgassin the case of CuTa powder. In ultrasonic spot welding and ultrasonic additive
manufacturing, junction growth results from thermal softening of surface asperities due to frictional
heating.!®”! Similarly, the distinct consolidation behaviors of the temperature-sensitive pure Cu
material and the.thermally stable CuTa alloy indicate that thermal softening controls junction

growth during ultrasonic powder compaction.

Several other recentistudies have also hinted at the important role of temperature effects during
ultrasonic compactien. Two-dimensional finite element simulations on the ultrasonic compaction of
a stack of wires‘revealed uniform heating within the charge, as well as thermal softening and
resulting densification.! In separate work on ultrasonic compaction of Ti-base metallic glass
powder by Chenetak®! and aluminum powder by Liu et al.,'®® interparticle junction growth was
attributed to thermal softening from transient flash heating events at particle contacts, as one
particle is sheared.past another. These authors used a simple frictional heating model to estimate
flash heating temperature increments in the range 200-400 K for Ti powder and ~100 K for pure

aluminum, which.they argued was sufficient to enable the growth of strong interparticle junctions.

The temperature spikes in Figure 3d are on the order of 100 K, similar in magnitude to the values
predicted by Liu et al. Additionally, in the case of the Cu powder, the temperature spikes coincide
with the jamming transition, supporting the view that thermal softening via local temperature spikes
promotes interparticle junction growth and the resulting jamming transition. However, while

thermal softening clearly plays an important role in ultrasonic powder compaction, there are several
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problems with the flash heating mechanism proposed by Chen et al. First, the expression that these
authors used to estimate the flash heating temperature does not describe flash heating at contacting
asperities, but instead gives the steady-state temperature increment at the interface between a
stationary semi‘infinife body and a flat pin moving with constant velocity.[*® " Second, Chen et al.
predicted such high flash heating temperatures in part because they assumed unreasonably high
interparticle contactsstresses, on the order of 10 GPa,'* ®® which titanium particles could not
physically support. Third, the timescale of the temperature spikes in Figure 3 is on the order of 0.1
s, many orders ofsmagnitude longer than the expected lifetime of a sheared contact, which we

estimate below.

In light of these discrepancies, we revisit the expected temperature increment from flash heating
during ultrasonic compaction. Flash heating at particle contacts in a granular medium has been
modeled extensively in the geomechanics literature because of its important role in fault weakening
and shear localization'during earthquakes.”> "2 Conveniently, the particles sizes (1-100 pm), slip
rates (1-10 m/s), hydrostatic pressures (10-100 MPa), and thicknesses (~1 mm) of the shear
localization zonesthat develop in a fault during an earthquake match the conditions in ultrasonic
compaction, thus enabling straightforward application of these geomechanics flash heating models
to ultrasonic compaction. Following the analysis of flash heating in a granulated fault core due to
Rice,["? we estimate the flash heating temperature (T;) at a circular interparticle contact with

diameter | and:shearstrength t. using

To=T, %o (%)", ™

pCp Ao

where Ty, is the average temperature in the bulk of the compact, V is the tangential relative velocity
of the contacting particles, and pC,, is the volumetric heat capacity of the base material. The
volumetric heat capacity pC, of Cu is 3.85 J/em®-K.I"*! This same value is used to estimate pC,, of

CuTa. The thermal diffusivity of nanocrystalline Cu is 75 mm?s,l’? and that of the CuTa alloy is 65

mm?/s.["!
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We estimate V using results from discrete element simulations of granular media undergoing plane

shear, which have shown that particle motion correlates with the ratio of inertial forces to confining

[76-78] : : : : . (m\/? :
forces, represented by the dimensionless inertial number I =y (&) , where m is the mass of

a particle and d'is the mean particle size. Despite the high slip rates in ultrasonic powder
compaction, | isquite’small (~10™). Based on the results in ®!, this indicates that the compact is in
the quasi-staticiregime characterized by intermittent particle motion, with some particles remaining
stationary and others'moving at velocities approaching the net slip rate. In the case of ultrasonic
powder compactionsthe net slip rate corresponds to the sonotrode velocity, so we set V to the root-

mean-square sonotrode velocity of ~1.6 m/s.

To estimate the"mean contact size |, we use the approximation formula due to Helle et al. which
gives | in terms of the initial relative density of the compact p,, its instantaneous relative density p,

and the particle/diameter d:["®

L= L () ®)

Although Eq 8 was originally developed to describe isostatic compaction of an aggregate of
monodisperse, spherical particles, it provides a reasonable first-order estimate of the contact size in
ultrasonic compaction. For the Cu powder, using p, = 0.4 and setting p equal to the packing

fraction at the onset of the jamming transition, 0.71, Equation 8 predicts | = 7 pm.

At a frictionalinterparticle contact, the shear strength of the contact t. is related to the normal
stress of the contact o by t. = po,, where p is the friction coefficient of the contact. Here we
assume p equals-thé macroscopic friction coefficient of a sliding Cu/Cu contact in air, 0.4.5% 6. is
bounded by the onset'of plastic yielding; by approximating the particle contact as two indenting

spheres, it can be shown that o ~ 6t,,."") Combining these expressions gives t. = 6ptys.

Finally, evaluating Eq 7 with the parameters listed above gives flash heating temperature

increments AT = Ty — T}, of 20 K for the Cu powder and 30 K for the CuTa powder. These values
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are much smaller than the temperature spikes in Figure 3d, and likely not large enough to result in
appreciable thermal softening, as previously claimed by Chen et al. The underlying reasons for the
low flash heating temperatures during ultrasonic compaction of Cu alloys are (i) that the particles
are relatively weaksthus limiting the maximum shear stress T, and (ii) that the thermal diffusivity
of Cu is high, epabling heat to rapidly diffuse from the contact into the particle core. In fact, the
timescale of heat-diffusion across a Cu particle, d? /a, and the lifetime of a sheared contact, 1/V, are

both on the order of 1 ps, meaning the contact can thermalize as it is being sheared.

Since flash heating at isolated particle contacts cannot account for the temperature spikes in Figure
3d or the thermal‘softening required for junction growth, we consider other forms of particle motion
which might reproduce the heating that drives junction growth, jamming, and densification. It is
well-established that in the quasi-static regime (i.e., I < 10°%), dense granular media exhibit shear
localization along.slipiplanes under plane-shear loading "®. Hence, one possibility is that during
ultrasonic compaction, there is shear localization within the compact, and the mating surfaces of the
slip plane accommedate the sonotrode motion by rubbing against each other, resulting in frictional
heating. Shearing at the slip plane would continue until the local temperature activates interparticle
junction growthrand seizure. Subsequently, shear localization would commence in a different,
weaker region of the'compact, and the process would repeat until the compact formed a percolating

network of strong contacts.

We can estimate the temperature increment AT at a slip plane active for time t using!*®!

_ it
AT = WLOA 5o, o ©)

The thermal condugctivity and the volumetric heat capacity are both scaled by the relative density to
account for porosity in the compact. Assuming t is the lifetime of a temperature spike, 0.1 s, and

using the material properties of Cu and the processing conditions ¢ = 38 MPa, A = 18 um, f =20
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kHz, Eq 9 predicts AT = 100 K for the Cu powder, in excellent agreement with the magnitude of the

temperature spikes in Figure 3c.

Another possible frictional heating mechanism is that at the early stages of the jamming transition,
the particles lock into a metastable configuration that accommodates the sonotrode oscillations via
microslip at particle eontacts, without gross particle motion. This physical picture is consistent with
the small shear strain regime found in simulations of oscillatory shear jamming by Sastry et al.®®
Based on obseryations of jamming in experiments®#% and in discrete element method
simulations, %" we expect that under these conditions, a minority of the particles carry a majority
of the load, with*most particles behaving as spectators in the deformation process. Consequently,
frictional heating via ascillatory microslip would be a rare event within the compact, with local hot
spots shifting among different active contacts throughout the compact as it densifies, potentially
giving rise to the sporadic temperature spikes shown in Figure 3d. Again, we can use Equation 9 to
estimate the temperature rise at these contacts. At an active contact, we anticipate that the
oscillation amplitude,A would be a fraction of the sonotrode oscillation amplitude but that the
interparticle contact stress would remain near the yield condition g, = 67Ty, resulting in
significantly higher local stresses than the nominal pressure applied by the sonotrode. In Eq 9, the
smaller oscillation amplitude and higher contact pressure would cancel out, resulting in a
temperature increment similar to that expected for the macroscopic shear localization mechanism.
Ultimately, because'shear localization and interparticle microslip are expected to cause similar
temperature increments, resolving whether frictional heating at the jamming transition results from
shear localizatienpmicroslip at particle contacts, or some combination thereof will require in situ
imaging to assess the kinematics of particle motion. Regardless, it is clear that thermal softening
due to particle rubbing activates junction growth and the resulting jamming transition in ultrasonic

powder compaction.
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Finally, we consider how much thermal softening is required to drive junction growth in ultrasonic
powder compaction using the ratio of the mean normal interparticle contact stress, ., to the
hardness of the base material, H ~ 6ty. This ratio 6./H is analogous to the ratio of normal pressure
to hardness usedsinsthe classical Tabor relation to estimate the fractional contact area between rough
surfaces.®”! Under a purely isostatic stress, the compact should only densify via plastic deformation
when the ratio &./H"is'greater than unity; however, in ultrasonic compaction, junction growth and
densification can,occur at lower values of ./H because of the multiaxial stress state. Here we
estimate o, as the'normal stress o normalized by the relative density of the compact (i.e., o/p). For
the nanocrystalline Cu powder, 6./H was 0.04 at the peak of the temperature spike labeled in
Figure 3d, which corresponded to the onset of the jamming transition. In the CuTa alloy powder,
a./H was 0.02 at'the'temperature spike near the end of the test in Figure 3d. These two values serve
as rough upper and lower bounds, respectively, on the minimum ratio of a./H required to trigger
junction growth'in‘ultrasonic compaction. Of course, higher values of this ratio should also drive
junction growth"and densification. This appears to have been the case in the work on ultrasonic
compaction of Alspowders by Liu et al.,'®® where we estimate G./H was 0.1 at the onset of junction

growth.
5.2 Other potential mechanisms: acoustic softening and associated flow

An effect sometimes used to explain junction growth in ultrasonic spot welding is acoustic
softening,®®4 whichirefers to a decrease in flow stress under ultrasonic excitation. Acoustic
softening was first observed in uniaxial tension tests on fully dense metals, where it was found that
the extent of softening scaled with the sonotrode oscillation amplitude.® It has since been
observed during"eempression testing™®*! and metal-forming operations,'® and in a wide range of
different materials, including pure metals®® ° and engineering alloys®* *® *! Acoustic softening is
reversible, and the flow stress quickly recovers when the ultrasonic excitation stops.'*®! Acoustic

softening has important practical implications for ultrasonic powder compaction because if acoustic
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softening does not require elevated temperatures, it might enable the athermal growth of

interparticle junctions.

While acoustic softening is now an established phenomenon, its underlying physical mechanisms
are still debated. Proposed mechanisms of acoustic softening include: thermal softening due to
frictional heating.between the ultrasonic transducer and the test specimen; dislocation-based
effects related to dislocation annihilation™**°") and to unlocking of pinned dislocations;%% 101-103l
and stress superposition,’®® 1% which holds that the peak stress in each oscillation cycle still equals
the conventional flow stress even though the mean stress appears lower. The thermal softening
hypothesis conflicts with in situ temperature measurements that reveal a lack of heating™®® and
with the nearly instantaneous recovery of strength when the ultrasonic excitation stops. Dislocation-
based explanations of acoustic softening are similarly inconsistent with the reversible nature of
acoustic softening. Inaddition, the dislocation annihilation theory of acoustic softening directly
conflicts with the present results. This theory holds that the extent of softening scales with stacking
fault energy."'® Aecordingly, because the stacking fault energy of the CuTa alloy is higher than
that of pure Cu;thistheory predicts that CuTa should soften to a greater extent than Cu and should
therefore be easier to densify than pure Cu.l*®! This behavior is of course the exact opposite of that

observed experimentally.

In light of thesedssues; we contend that stress superposition is the most likely explanation of
acoustic softening, but that the conventional assumption that the static stress component must be co-
linear with the oscillatory stress is overly simplistic. Instead, we argue that when ultrasonic
vibrations excite a fully dense metallic specimen during a uniaxial tension or compression test, the
resulting multiaxial stress state oscillates between two points displaced from the uniaxial loading
condition on the yield surface. As result, the material yields, but at a seemingly lower uniaxial
stress. The plastic strain increment averaged over the oscillation cycle is still parallel with the

uniaxial loading direction because of plastic strain normality and the biasing action of the uniaxial
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load. Thus, while it appears that the flow stress is reduced when ultrasonic vibrations excite the

specimen, the applied stress is in fact just probing a different region of the yield surface.

In contrast with fully dense metals, granular materials do not exhibit normality; instead they are
best described by non-associated flow rules which capture effects like pressure-dependent yield, not
fully matched by.inelastic dilatancy.!*2%*2 Hence, if acoustic softening results from associated
flow, as we suspect, then acoustic softening by itself cannot drive junction growth and the resulting
jamming transition during ultrasonic compaction. Only after the compact has transformed into a
porous solid, which can be described with an associated flow rule, would acoustic softening aid

densification.

6. Conclusions

Instrumented ultrasonic compaction experiments have been used to assess the densification
behaviors of a temperature-sensitive, nanocrystalline pure Cu powder and of a thermally stable
CuTa alloy. While the Cu powder transformed from a weak granular medium into a strong porous
solid via a jamming transition, the CuTa powder densified via particle rearrangement but resisted
jamming and thus.remained a loose powder. Because the main difference between the Cu and the
CuTa materialsiis'that'the CuTa alloy resists thermal softening to much higher temperatures, we
conclude that thermal softening drives interparticle junction growth and the resulting jamming

transition in ultrasoenic powder compaction.

In situ temperature' measurements from a thermocouple embedded in the compact revealed
intermittent temperature spikes during ultrasonic compaction of both materials. The temperature
spikes coincided with the jamming transition in the Cu powder, suggesting they may facilitate

junction growth. The temperature spikes had a magnitude of ~100 K and a lifetime on the order 0.1
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s. While previous investigators have attributed such temperature spikes to transient flash heating at
particle contacts, as one particle is sheared past another, a simple flash heating model shows that
this cannot be the case, as flash heating events are too brief (~1 ps) and result in too small of a
temperature increment. Instead, the temperature spikes likely arise from oscillatory slip along shear
bands, which are commonly observed in granular media under plane-shear loading, and from
oscillatory micreslip-at particle contacts, which was observed in recent simulations of oscillatory

shear jamming.

We speculate that the acoustic softening effect observed during mechanical testing and deformation
processing of fully dense metals is likely a manifestation of associated flow. Following this
argument, because powder aggregates exhibit non-associated flow, acoustic softening cannot
contribute to densification in ultrasonic powder compaction until after the jamming transition, when

the compact has transformed into a porous solid.

The present conclusions align closely with our recent work on ultrasonic additive manufacturing of
foils,'" 1% which showed that thermal softening drives junction growth and welding. That work
also established how the different temperature and pressure dependences of junction growth and
grain growth give,rise.to a range of processing conditions that impart strong interlayer bonding
while minimizing coarsening. This processing window can be expanded by incorporating soft, low
melting point interlayer materials that facilitate junction growth at lower temperatures and
pressures. Considering the clear evidence of thermally activated jamming and densification in
ultrasonic powderscompaction, many of the guidelines that we developed for ultrasonic additive
manufacturing likely also apply to ultrasonic powder compaction. Namely, higher pressures and
shorter compaction times should help mitigate coarsening. Additionally, developing mixtures of
temperature-sensitive powders and thermally stable powders should expand the range of processing

conditions that give strong compacts with retained nanostructures.
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Figure 1: SE icrographs of (a) the Cu powder and (b) the CuTa powder. (c) Cumulative particle

size distributi e feedstock powders.
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Figure 2: Instrumented ultrasonic compaction setup.
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1 mm

Figure 4. (a) Optieal micrograph of a cross-sectioned Cu compact, densified using ¢ =40 MPa, A =18
um, and t; = 2:2.seconds. (b) Bright-field TEM micrograph of a sample extracted from the center of

the same campaet:showing nanoporosity and nanoscale grain structure.
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Figure 5. (a) In situ'temperature measurements and (b) predicted grain size as a function of time

during a com experiment performed with the same parameters as in Figure 4.
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Nomenclature

thermal diffusivity (m?/s)

ratio of normal stress to yield strength (-)
shear strain rate (s™)

grain size (m)

mean particle diameter (m)
packing-fraction’(-)

standard deviation of log-normal distribution (-)
compact-height (m)

hardness (GPa)

geometric*hardening parameter (-)
inertial number (-)

mean particle contact size (m)

oscillation amplitude (m)

> — — 3 T o4 Mo g= ™R

grain boundary mobility prefactor (m*-K)
particle mass (kg)

friction coefficient (-)

grain growth exponent (-)

oscillation frequency (s™)

sonotrode power consumption (P)
activation.energy for grain growth (eV)
radius ofdie"(m)

relative density (-)

pC,  volumetrie:heat capacity (I/m3K)

=

= = QO U S5 F 3

o compaction noermal pressure (MPa)

0O mean normalsdnterparticle contact stress (MPa)
T temperature(K)

T bulk temperature (K)

Ts flash heating.temperature (K)

Tm melting temperature (K)

To reference temperature (K)

t time (s)

tc compaction time (s)

Tc shear strength'of particle contact (MPa)
Tys  shear strength of base material (MPa)

\ particle relative tangential velocity (m/s)
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Austin A. Ward, Christopher A. Hareland, Nathan E. Palmerio, Zachary C. Cordero”
Title: Thermally activated jamming in ultrasonic powder compaction

This work examines the role of thermal softening in ultrasonic powder compaction. Ultrasonic
compaction experiments on pure Cu reveal three stages of densification characterized, respectively,
by particle rearg

B
compaction ber&iors of pure Cu and a thermally stable CuTa alloy demonstrates that a thermally

, jamming, and compatible plastic deformation. Comparing the

activated jamming transition drives interparticle junction growth and densification.
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