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Utilizing metal nanoparticles (NPs) in Additive Manufacturing (AM) enables fabricating parts with sub-
micrometer resolution. The thermal properties of metal NPs are drastically different from their bulk and micron-
size counterparts due to nanoscale thermal transport effects, e.g. ballistic phonon/electron transport instead of
diffusive transport described by Fourier’s Law. Rough estimation of metal NPs’ thermal properties with bulk values
will inevitably cause large errors for AM applications, because thermal properties evolve along with the sintering
process. In this study, thermal properties of 100 nm Cu NPs are examined at different sintering stages. Effective
density is measured between 3500 and 5300 kg/m? at a sintering temperature range of 100 and 400 °C, and the
sintering of Cu NPs is determined to be around 300 °C using Thermogravimetry analysis (TGA) with Differential
Scanning Calorimeter (DSC). A picosecond Transient Thermoreflectance (ps-TTR) technique is employed to mea-
sure the effective thermal conductivity of Cu NPs, which jumps from 18.5 + 0.8 W/meK to 26.8 + 2.1 W/m-K onset
of sintering around 300 °C. These values are less than 1/10 of the bulk value (398 W/m-K). The effective thermal
conductivity is almost independent on porosity except in the temperature range close to 300 °C, which comes
from two factors related with nanoscale thermal transport: (i) ballistic electron transport is important in particles
with size comparable with electron mean free path; (ii) effective thermal conductivity is dominated by interface
scattering on particles surfaces. Our results provide insights about the importance on accurate characterization
of thermal properties in metal nanoparticles due to the nanoscale phenomena.

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing tech-
nique that adds material in patterned layers to build a desired shape
part [1,2] and can reduce process complexity and cost [3,4]. Among
a variety of AM processes, selective laser melting (SLM) and selective
laser sintering (SLS) are capable to fabricate objects out of a wide range
of materials including metals, ceramics, and polymers [1,2]. However,
current commercially available microscale AM processes are constrained
in a few ways: (a) many techniques can work only with polymers, via
two-photon lithography and interface lithography; (b) very challenging
to produce specific three-dimensional (3-D) structures, such as electro-
hydrodynamic jet printing and direct ink writing; (c) too slow to be
used in large quantity manufacturing processes, such as electrochem-
ical deposition. These limitations make them incompatible with many
applications, especially electronics packaging applications or electrical
circuits for electronic devices [5]. Recently, a new AM technique called
microscale selective laser sintering (p-SLS) has been developed [6,71,
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that is able to produce 3-D metallic parts with sub-5 um feature size.
This p-SLS requires usage of ink-form metal particles with nanometer-
scale sizes to achieve dense parts with desirable mechanical properties.
The p-SLS process include three key steps: (1) nanoparticle bed forma-
tion, (2) sintering of particles, and (3) high precision sample transfer
and alignment [7].

For all the SLS/SLM processes, knowing the thermal properties be-
fore and during the sintering is critical to predict/determine the opti-
mum sintering parameters for producing desirable final products. So far,
thermal properties of metal particles used in SLS/SLM are usually esti-
mated based on bulk counterparts [8,9]. Determination of thermal prop-
erties experimentally is challenging due to lack of proper techniques,
which result in very few studies reported in literature. Wei et al. [10] ap-
plied the hot-wire method to measure the effective thermal conductivity
of five different metal powders with a nominal diameter about 35 ym
and concluded that, at the unsintered conditions, the effective thermal
conductivity is only less than 1% of the solid bulk materials. Ebrahmimi
et al. [11] measured the thermal conductivity of 32 ym (diameter) cop-
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per particles using a parallel-plate set up with thermocouples and re-
ported a value of 1.5 W/m-K for un-sintered particles and 30 W/m-K
for sintered particles. (As a reference, the thermal conductivity of bulk
copper is about 398 W/m-K).

Difference of the thermal conductivity values between bulk and
nanoparticles (NPs) is expected to be even more dramatic. Lin et al.
[12] reported an effective thermal conductivity value of 2.5 W/m-K for
a copper packed bed with particle size of 50 nm and 4 W/m-K with a par-
ticle size of 500 nm using a hot-wire method. Y. Son et al. [13] reported
thermal conductivity of ink-form Ag NPs with 3 ~ 6 nm using a laser
flash method and obtained a value of 0.37 W/m-K, 3 orders smaller than
that of bulk silver (429 W/m-K). Even though only few, results from lit-
erature reveal that the effective thermal conductivity of metal particles
highly depends on the particle size and form (e.g. powder bed or ink).
Ink form is preferred for sintering of metal NPs to avoid the agglomer-
ation effect, which becomes even more severe with NPs.

All these previous measurements focus on unsintered particles, even
though one or two studies also measured the sintered parts. During the
sintering process, effective thermal conductivity may change continu-
ously along with neck-formation but the history of thermal conductivity
evolution during sintering is largely unknown. In this study, the effective
thermal properties of ink-form Cu NPs at different sintering stages will
be characterized with a non-destructive picosecond transient thermore-
flectance (ps-TTR) technique to improve understanding of heat transfer
among Cu NPs for p-SLS. The thermal behavior of Cu NPs will be investi-
gated to identify the sintering temperature and actual heat capacity will
also be discussed. Density of unsintered and sintered Cu NPs are also
measured. It is found that the effective thermal conductivity of Cu NPs
behaves very different from that in micro particles, due to the nanoscale
thermal transport effect.

2. Material and methods

Cu NPs ink was prepared (100 nm; Applied Nanotechnology; 1J-70)
and spin-coated on a glass substrate (Laurel, WS-650Mz-23NPPB) as
shown in Fig. 1(a). The coated glass with Cu NPs was dried at 100 °C for
30 min to remove the organic solvent residue. Then, the heat treatment
was conducted for the coated glass with Cu NPs at different temperatures
to achieve thermal sintering at different stages. A tube furnace with an
Ar atmosphere was employed to sinter Cu NPs to avoid oxidation. Cu
NPs were heat treated at each target temperature for 2 h.

Scanning Electron Microscopy (SEM) is employed for microstructure
analysis, and the results are shown in Fig. 2. As the sintering tempera-
ture increases, the Cu NPs are getting connected and bonded, and the
well-connected features among the Cu NPs are observed in the sample
sintered at 400 °C. It is well known that bulk Cu is melted at 1085 °C,
but the NPs can be melted at a much lower temperature.

For density measurement, weight was measured by subtracting mass
before and after Cu NPs coated on the glass substrate. Volume was ob-
tained via the following approach: with the image of the Cu NPs coated
on the glass, the area was firstly measured, and the thicknesses at 5 dif-
ferent locations across the whole sample were measured using an optical
profilometer (Keyence; VK-X1100). The average value of the scanned
thickness was used to calculate the volume with the measured area, and

(a) (b)
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the density was estimated as: peasured = Mass/volume. Porosity (¢) was
approximated from the measured density (peasureq) @0d bulk Cu den-
sity (Ppuik): €=1-(Pmeasured/ Poulk)- When the porosity (¢) is 0, a sample is
fully densified.

Thermogravimetry analysis (TGA) with Differential Scanning
Calorimeter (DSC) was conducted to observe the thermal behavior of
Cu NPs to determine the sintering temperature of the Cu NPs (Met-
tler; model TGA/DSC1). The temperature was ramped to 500 °C with
10 K/min and two different atmospheres (air and N,) were tested.

For thermal conductivity measurement, a 50-nm Au layer was de-
posited on a glass substrate as a metal transducer. Then Cu NPs ink (>
1 um) was spin-coated on the Au layer so that the pump and the probe
can be delivered onto the Au layer through the transparent glass for ob-
taining a temperature change on the Au surface as shown in Fig. 1(c).
The Cu NPs layer of > 1 um is necessary for thermal conductivity mea-
surement to assume Cu NPs as a semi-infinite substrate so that all heat
absorbed by the Au layer is transferred and dissipated within the Cu
NPs. The rest of the preparation processes are the same as the density
measurement sample preparation including drying and heat treatment
at target temperatures. The picosecond transient thermoreflectance (ps-
TTR) technique was employed to measure the thermal conductivity of
Cu NPs [14]. The ps-TTR system includes a picosecond pulse laser as
the heating source (Coherent Talisker Ultra 532-8, 1064 nm, and repe-
tition rate of 200 kHz) and a continuous wave (CW) probe laser (Coher-
ent Verdi 532 nm) (see Supplemental Material for a schematic diagram
of ps-TTR setup). The pump and probe spot sizes (1/e2 diameter) are
120 ym and 10 um, respectively. The reflected probe signal is moni-
tored by an Avalanche Photodiode (APD) detector (Hamamatsu C5658,
1 GHz bandwidth) with an oscilloscope (TDS 744A, 2Gbs sampling rate).
Because pump spot size is much larger than the sample thickness and
probe spot size , a 1D heat conduction model in a multilayer sample
(glass/Au/Cu NPs) is assumed. Volumetric heat capacity (J/m?) is used
for thermal conductivity measurement while bulk heat capacity and ef-
fective density are used.

3. Results

Density measurements are conducted under different sintering tem-
peratures, as shown in Fig. 3(a). The density values are measured
between 3500 and 5300 kg/m3 from 100 to 400 °C (bulk value of
8960 kg/m?3). The density value starts to increase from a temperature of
250 °C and is saturated at a temperature of 350 °C, which indicates that
the Cu NPs begin to be sintered. Fig. 3(b) plots porosity estimated using
density measurement results, which shows an opposite trend with tem-
perature because when the density increases, porosity decreases accord-
ingly. These results suggest that the density/porosity values can change
dramatically during the sintering process and should be determined in-
situ for various purposes, such as for accurate prediction of final product
properties with simulations and determination of in-situ thermal conduc-
tivity change.

TGA/DSC measurement can provide actual sintering temperature in-
formation since Cu NPs are expected to have much lower sintering tem-
peratures than micron-size or even bigger Cu particles due to size effect.
It is well-known that NPs have lower sintering temperatures due to their

Probe 532 nm Probe 532 nm

()

Fig. 1. Sample preparation for (a) density measurement of Cu NPs and (b) thermal conductivity and interfacial resistance measurement of Au and glass, Ryy/giass

and Kglasss

and (c) thermal conductivity and interafcial resistanc of Cu NPs, Ry, cunps and kcynps-



J. Jeong and Y. Wang

fayasoec., o 0 p)300se, S o

-

<
Ve
2]
<

K

Additive Manufacturing Letters 4 (2023) 100114

'(d)léb oC

Fig. 2. Microstructure of sintered Cu NPs at different temperatures of (a) 250 °C, (b) 300 °C, (c) 350 °C, and (d) 400 °C captured by SEM.
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Fig. 3. (a) Density measurement results and (b) estimated porosity under different sintering temperatures.
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Fig. 4. Thermal behavior observation using TGA/DSC: (a) TGA results at N, and air atmospheres and (b) TGA/DSC results at N, atmosphere.

high activity [16]. Fig. 4(a) shows that a significant mass change in both
atmospheres appears up to 300 °C, which indicates the removal of or-
ganics or carbon coatings included in the ink. After 300 °C, the mass
change starts to slow down and eventually saturates, also the trends in
air/N, start to diverge. Under air, above 300 °C, the mass percentage
is always higher than that under N,, which indicates the occurrence of
oxidation of Cu NPs in air. From the DSC measurement, the sintering
behavior is further confirmed by the heat flow involved during heating
the Cu, as shown in Fig. 4(b). The heat flow increases rapidly above
200 °C, and then stabilizes around 300 °C, which also signals the onset
of sintering. Combining the SEM images of microstructure change with
the TGA/DSC results, thermal sintering of Cu NPs starts at about 300 °C.

Heat capacity of Cu NPs can also be estimated from the DSC mea-
surement result. As shown in Fig. 4(b), that heat flow becomes sta-
ble at 1.4 W/g from 300 °C. According to the TGA result, no signif-
icant mass change happens after 300 °C so most of the heat is spent
to heat up the Cu NPs for phase change (melting/partial melting), and
this is the point from which heat capacity can be calculated. Since the

temperature ramp rate is 10 K/min, the heat capacity is estimated as
1.4 W/g x 10 K/min = 233.3 J/kg+K, which is about 60% of bulk heat
capacity (385 J/kgeK). This 60% of the bulk heat capacity value is con-
sistent with the density measurement result, and these results indicate
that the Cu NPs samples are a mixture of Cu NPs and ambient gas with
6:4 ratio. In literature, heat capacity in NPs sometimes is larger than
bulk [15] and, the bulk value of heat capacity is used, and effective
density is used for micron-size particles [11]. It is important to point
out that the effective heat capacity and effective density could not be
used simultaneously in thermal conductivity analysis, which will dou-
ble count the lower mass effect in NPs and cause unreasonable thermal
conductivity values.

In the multilayer sample geometry shown in Fig. 1(c), two interfaces
are involved: Au/Glass interface and Au/Cu NPs interface. The thermal
interfacial resistance at Au/Glass interface (Rpy/glass) is predetermined
using ps-TTR with Au coated on a glass microscope slide as shown in
Fig. 1(b) (without any Cu NPs), along with the thermal conductivity
of glass (kglas). The extracted values are Ry glaes = 25.9 m2.K/GW
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Fig. 5. Results of (a) thermal conductivity of Cu NPs compared with reported values [11,17] (micron size particles), and (b) interfacial thermal resistance between

Au and Cu NPs measured by ps-TTR.

and kgjag = 1.58 W/meK, which are consistent with the reported val-
ues [14,18]. These values are used as input parameters in the 1D heat
conduction model to fit the experimental data to determine the thermal
conductivity of Cu NPs (k¢ nps) and interfacial thermal resistance value
between Au and Cu NPs (R, ,cunps)- Since the Au layer is always pre-
pared with e-beam deposition under the same conditions, the values of
Rau/glass @0d Kglass are not expected to change within the temperature
range of the sintering experiment (250 ~ 400 °C).

Measured thermal conductivity values of Cu NPs under different sin-
tering temperatures are plotted in Fig. 5(a). Below 250 °C, the xcunps
is around 18.5 + 0.8 W/meK. Around 300 °C, a big jump occurs, above
which the k¢ yps increases to around 26.8 + 2.1 W/meK. It is interesting
to observe that the fluctuation of k¢ \ps above 300 °C is below the de-
tection limit of our system. There is clear evidence that effective thermal
conductivity (kc,nps) increases with the onset of sintering, mainly due to
the formation of necks among NPs that overcomes the thermal resistance
caused by the air gap among particles and the particle/particles inter-
faces. Even though at higher temperatures, the microstructure with SEM
image shows more necking among particles and we may expect further
improvement of thermal conductivity, this increase could be small com-
pared to the effect from the initial necking around 300 °C. Even though
the effective thermal conductivity increases by about 35% with sintering
onset, this value is only about 5% of the bulk thermal conductivity of Cu,
398 W/meK. It is surprisingly small when considering the 60% effective
density after sintering, which indicates that the air gaps and interfaces
among NPs are very effective as thermal barriers. These results suggest
that the traditional approach to evaluate the effective thermal conduc-
tivity with effective density is far away from the real scenario, and would
cause a large discrepancy between the design and actual manufacturing
products for the AM process. Fig. 5(b) shows that the Ry, ¢ nps decreases
from 6.2 + 0.3 m2.K/GW to below 3.4 + 0.6 m2.K/GW. This trend is as
expected because the melted NPs at the Au/NPs interface increases the
contact area and reduce the thermal resistance.

4. Discussion

There have been many studies to investigate a relationship between
porosity and effective thermal conductivity of sintered metal particles.
In Fig. 6, our measured values of k- nps are plotted together with results
reported in literature (both experimental results [11,19,20] and simula-
tions [17,21,22]) as a function of porosity. By comparing the data, there
are two main differences: (1) at similar porosity, our measured kcynps
are much lower than the literature results. (2) before and after the on-
set of sintering, our measured k¢ nps do not show obvious dependence
on porosity, except for the jump at around 300 °C. It is worth to point
out all these literature results are about the micron-size Cu particles,
while ours are for the Cu NPs. It is not a surprise to observe much lower
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Fig. 6. Normalized thermal conductivities of sintered Cu particles as a func-
tion of the porosity compared with the references for both experimental results
[11,19,20] and simulations [17,21,22].

thermal effective thermal conductivity in Cu NPs. However, indepen-
dence of porosity is somewhat counter intuitive. The two discrepancies
described above can be understood from the perspective of different
heat conduction mechanisms at nano- and micro- scale. Nanoscale heat
transfer has been a very active field for three decades [23-25]. At large
scale, heat carriers (phonons and/or electrons) in solids propagate diffu-
sively and the thermal conductivity can be extracted via Fourier’s law.
When the characteristic length reduces to an extent that is compara-
ble with the electron/phonon mean free path (the average path elec-
tron/phonon travels without any scattering event), the possibility that
electron/phonons can travel across the whole sample without any scat-
tering (Ballistic Heat Transfer) increases. This ballistic behavior of ther-
mal transport has two consequences: (i) size-dependent thermal conduc-
tivity; and (ii) violation of Fourier’s law. In metals, the main heat carriers
are electrons. For Cu, the electron mean free path is about 40 nm [26].
In the micron-size Cu particles, electrons propagate diffusively and the
size effect is not important. The thermal conductivity of each individual
Cu particle should be close to that of bulk values. The overall effective
thermal conductivity is still governed by the mass volume of particles
themselves, which explains the strong dependence on porosity. Our Cu
NPs have nominal diameter about 100 nm, comparable with the electron
mean free path and hence size effect becomes important. Within indi-
vidual Cu NP, most electrons travel ballistically and the thermal conduc-
tivity is governed by the boundary scattering at NP surface, no longer
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the mass volume of particles. As a result, the overall effective thermal
conductivities are determined by the surface area of Cu NPs, which can
be related with surface-volume ratios. Surface area per volume (SA/V)
can be calculated for spherical particles using a formula of 3/r1J [27].
For comparing Cu NPs of 100 nm diameter with Cu micron-sized parti-
cles of 35 um, SA/V for each particle is 6 x 10° and 1.7 x 105, respec-
tively. Cu NPs have more than 35 times the surface area for the same
volume, which explains the much lower effective thermal conductivity
of Cu NPs, as well as the independence on porosity. When the sintering
starts to occur around 300 °C, surface area of NPs can experience a large
decrease due to necking and hence the surface scatterings are reduced,
which result in a thermal conductivity jump. At higher temperature, the
neck can grow thicker but the overall surface area is not going to change
significantly, so does the effective thermal conductivity. There are also
experiment and simulation studies for nanoparticle composites that sug-
gest the thermal conductivity of NP composites can be lower than the
alloy value due to a high interface density [28,29], which is a consistent
interpretation with our observation. Note that Grose et al. [30] recently
reported the particle thermal model to calculate the thermal conductiv-
ity of Cu NPs as a function of the density of the NPs. According to the
reported value, the predicted thermal conductivity of the NPs at the ef-
fective density of 5300 kg/m? is 22.7 + 6.3 W/mK, which is consistent
with our measured thermal conductivity value of 26.2 + 2.7 W/m-K.

5. Conclusion

The thermal properties of Cu NPs are characterized at different sin-
tering stages, including effective density, sintering temperature, and
effective thermal conductivity. Effective density is measured between
3500 and 5300 kg/m? at a sintering temperature range of 100 and 400
°C, and the sintering of Cu NPs starts above 300 °C, which is very low
compared to the bulk melting temperature of 1085 °C. A picosecond
Transient Thermoreflectance (ps-TTR) technique is employed to mea-
sure the effective thermal conductivity of Cu NPs, which jumps from
18.5 + 0.8 W/meK to 26.8 + 2.1 W/m-K onset of sintering around 300
°C. These values are less than 1/10 of the bulk value (398 W/m-K). The
effective thermal conductivity is almost independent on porosity except
in the temperature range close to 300 °C. This can be understood from
two aspects: (1) non-diffusive (ballistic) heat transfer occurs in NPs with
size comparable with electron mean free path; and (2) an increase in
the surface area producing large boundary scatterings that hinder heat
transfer across NPs.
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