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We demonstrate a process to selective laser melt a metal alloy directly onto graphite. The heat trans-
fer applications of metal features printed onto annealed pyrolytic graphite are compelling, as pyrolytic
graphite has the second highest in-plane thermal conductivity (>1500 W/m-K at room temperature) of
any bulk material. While the bonding of metal alloys commonly used in selective laser melting (SLM)
with graphite is relatively weak, the proper interlayer material drastically improves the wetting and bond-
ing. The challenge is the alloys that typically bond to graphite require extended bonding times at elevated
temperatures (minutes to hours), while the SLM process delivers only brief exposures to high tempera-
tures (~100 ps). In this paper, we employ a Sn3Ag4Ti alloy that rapidly forms a nanometer-thin layer
of TiC, as verified by transmission electron microscopy. The influence of graphite thermal properties on
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interfacial bond strength is shown by mechanical testing and simulations of selective laser melting.
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1. Introduction

Graphite consists of strong graphene sheets with relatively
weak interplanar Van der Waals bonding [1]. The thermal conduc-
tivity in the hexagonal basal plane is remarkable (>1500 W/m-
K) [2], which makes it an attractive material for heat spreaders.
These properties of graphite lead to cooling applications for wide-
bandgap semiconductor devices [3], microprocessors [4-7], lasers
[8], and electronic packages in aerospace [9-12]. The ability to ad-
ditively manufacture onto pyrolytic graphite would be beneficial
to thermal and non-thermal applications. Moreover, such a process
could translate to polycrystalline graphite, which has excellent me-

SLM, selective laser melting; RMS, root mean square; SEM, scanning electron
microscopy; SE, secondary electron; BSE, backscattered electrons; EDS, energy-
dispersive X-ray spectroscopy; TEM, transmission electron microscopy; HRTEM,
high-resolution transmission electron microscopy; Cp, specific heat capacity; ED, en-
ergy density; P, laser power; S, laser scanning speed; H, hatch distance; L, layer
thickness; HAADF, high-angle annular dark field; STEM, scanning transmission elec-
tron microscopy; XRD, X-ray diffraction; CTE, coefficient of thermal expansion; Eg,
activation energy; kg, Boltzmann constant; T, absolute temperature; V, shear force;
A, cross-sectional area; 7mqx, maximum shear stress.
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chanical properties (Young’s Modulus ~10 GPa; coefficient of ther-
mal expansion ~5.9 x 10-6 K-1) and a high isotropic thermal con-
ductivity (up to 140 W/m-K) [1].

Joining of graphite to metals is challenging due to the non-
wetting behavior (large contact angles) of most metals, high tem-
peratures required for bonding, and thermal stresses at the in-
terface. In the electronics industry, graphite is often metalized by
electroless plating of NiB or NiP [13,14]. However, both coatings
suffer from weak mechanical properties and often experience flak-
ing. Direct bonding of metals to carbon-based materials, which in-
clude carbon composite and graphite, has been previously demon-
strated with conventional interlayer brazing [15-19] and solid-state
diffusion bonding [20]. In both processes joining occurs by an in-
terfacial reaction, which results in modification of interfacial ener-
gies and consequently decreases the contact angle due to chem-
ical bonding [21,22]. Wetting in these systems is limited by the
diffusion of reactive elements and local reaction kinetics [23-25].
Therefore, the joint strength is strongly influenced by the concen-
tration of reactive species, temperature, and pressure at the inter-
face. Reactive metals, such as Ti, Ta, Zr and Nb (group IV and V),
have been bonded to graphite by carbide formation at the interface
[26]. Despite this literature on conventional bonding of graphite
to metal, our literature search discovered no literature on bond-
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ing graphite to metals via selective laser melting or laser welding
from other researchers.

The conventional brazing literature show Sn-Ag-Ti alloys chem-
ically bond to a wide variety of materials, including graphite, many
metals, and ceramics, at temperatures between 200°C to 450°C and
times on the order of minutes to hours [15,17]. The low melting
point of the alloy results in less thermal stress at the joint upon
cool down. In conventional brazing studies, the presence of 1-3
weight percent of Ti in the interlayer alloy enables the wetting
of graphite by metals through the formation of a titanium carbide
bonding layer [17,19]. Following the bonding of graphite to Sn-Ag-
Ti, different metals can be bonded to Sn-Ag-Ti alloys by formation
of solid solutions and intermetallics at the interface: Al by Al,Ti,
AlTi, and Al3Ti [19,27,28], Cu by CugSns and CusSn [29,30], steel
by FeSn, [27]. The challenge with selective laser melting to bond
a dissimilar substrate with Sn-Ag-Ti is that the conventional bond-
ing time of the alloy is on the order of minutes to hours, while
the selective laser melting process requires printing on the order
of ~100 ps (approximate interaction time of the continuous wave
laser with each voxel).

The multi-material selective laser melting (SLM) literature is
relatively unexplored. However, the literature has investigated
multi-metal printing between Cu, Al, Fe, and Ni alloys [31-33].
Some of these works printed metal onto different metal substrates
[33], while others printed multi-metal composites through multi-
powder feedstocks [31,32]. Prior work demonstrated the print-
ing of metal-ceramic-metal composites via serrated interlocking, a
purely physical bonding mechanism [34]. The authors report these
physical bonds are susceptible to delamination due to the high
thermal stresses during SLM. We did not find examples of chemical
bonding in the limited metal to non-metal SLM printing literature,
aside from our prior work printing metal onto silicon, ceramics,
and glasses [35-37].

This paper elucidates the additive manufacturing and bonding
of metal alloys onto graphite substrates via SLM. The primary chal-
lenges to accomplishing this include the short bonding time and
thermal stresses. The conventional metal-graphite bonding times
are very long, compared to the characteristic laser exposure pe-
riod of a single voxel in selective laser melting (~100 ps) [38,39].
However, the localized high temperatures in SLM enables rapid in-
terfacial reaction which can result in strong bonds. The concept
of using selective laser melting to bond dissimilar materials [35-
37,40] and the potential applications to heat transfer [41,42] have
recently been introduced by the authors. In this process, the acti-
vation energy for interfacial reactions between dissimilar materials
is provided by a localized laser heating source instead of a furnace.
By employing Sn-Ag-Ti alloys, we demonstrate that Ti chemically
bonds to carbon to form a few nanometer-thick TiC bonding layer.
Combined with our prior work printing onto silicon [42], this pro-
cess has important implications to electronics cooling because it
enables the additive manufacturing of pyrolytic graphite thermal
management devices directly onto silicon.

2. Material and methods
2.1. Materials and processing technique

All experiments were performed with Binghamton University’s
EOS M290 SLM system under a N, or Ar atmosphere with O, con-
centrations of less than 0.15%. Ag, Ti, and Sn powders of greater
than 99% purity and respective average diameters of 8 um, 10 pm,
and 20 pym were mixed (Fig. 1b). Further discussion on the powder
mixture and uniformity is included in the supplementary informa-
tion (Fig. S1). Superfine isomolded graphite (isostatically pressed)
(Graphtek LLC, Model #GM-10) and thermally-annealed pyrolytic
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graphite (Minteq International Inc., Model Pyroid® HT) were used
as the SLM print substrate (Fig. 1a) [32,33].

The polycrystalline graphite samples were roughened by laser
ablation using a laser power of 200 W and a scanning speed of
1000 mmy/s (Fig. 1c). Optical profilometry (Veeco NT1100) con-
firmed this ablated ~60 pm of graphite and brought the surface
to a roughness of ~30 pum root mean square (RMS). The roughened
surface led to better adhesion by exposing a clean graphite surface
and improving wetting behavior [21].

The wetting and bonding of metal onto graphite are enabled
by the formation of a TiC interlayer, which is a dictated by the
temperature, transport of Ti to the interface, and reactions of the
species (in depth discussion in section 3.3.2). The SLM process pa-
rameters were varied to find the optimal laser processing parame-
ters to provide the highest wetting and bonding strength between
graphite and the alloy, while minimizing thermal stress. The laser
power was varied from 30 to 200 W and laser scanning speeds var-
ied from 800 to 6500 mmy/s. The hatch spacing and layer thickness
were held constant at 90 pm and 40 pm, respectively. The laser
is rastered over the interlayer twice, the so called double exposure
strategy, which adheres better due to greater time at elevated tem-
peratures [35]. High throughput testing was carried out to evaluate
the SLM process parameters.

2.2. Characterization of the substrates

The polycrystalline and pyrolytic graphite substrates were char-
acterized by Raman spectroscopy, X-ray diffraction, and flash diffu-
sivity in order to evaluate crystallographic and thermal properties.
The details and results of these characterizations are provided in
the supplementary information (Fig. S2, S3).

2.3. Characterization of the interlayer alloy

The ADMET eXpert 4000 Horizontal MicroTest System was used
to measure the mechanical properties of three rectangular selective
laser melted Sn3Ag4Ti alloy test specimens. The interlayer alloy
thermal conductivity was previously studied with frequency do-
main thermoreflectance [35].

2.4. Microanalysis of the interface

Different modes of scanning electron microscopy (SEM) that in-
clude secondary electron (SE), backscattered electrons (BSE) and
energy-dispersive X-ray spectroscopy (EDS) were used to examine
the interface of the samples. For SEM studies, the graphite-alloy in-
terfaces for both pyrolytic and polycrystalline samples were epox-
ied and fine wet polished with silicon carbide abrasive disks from
120 to 1200 grit; and then with 3, 1, and 0.25 pm diamond slur-
ries, followed by a final 0.02 pm colloidal silica suspension. Trans-
mission electron microscopy (TEM) characterization was performed
using an FEI Talos F200X operating at 200 kV equipped with a
four-quadrant energy dispersive X-ray spectroscopy (EDS) detector
for elemental mapping. High-resolution TEM (HRTEM) and elec-
tron diffraction analyses were performed with a JEOL JEM 2100F
microscope operating at 200 keV. Specimens for TEM were pre-
pared using a focused ion beam system (FEI Helios Nanolab 600
Dual Beam).

2.5. Mechanical analysis of the interface

To characterize the small 3-D printed joints, shear tests were
performed by the same method as our previous study of printing
this alloy onto silicon [35]. Pins with average diameter of 0.35 mm
were tested in shear using a bond tester (Nordson Dage 4000Plus
Model with 5 kilograms-force load cell) with an offset height of



A. Azizi, X. Chen, E. Gou et al.

Applied Materials Today 26 (2022) 101334

Fig. 1. (a) Polycrystalline graphite sample installed on a custom graphite build plate holder in the EOS M290. (b) Scanning electron microscope image of mixed Sn3Ag4Ti
powder (EHT= 9kV, WD=8.6 mm, SE2 mode). (c) Optical profilometry of roughened polycrystalline graphite surface by laser ablation. The ablated surface area is 1.7 x 1.1

mm?.

0.02 mm and shear speed of 0.1 mm/s. The number of samples
measured on polycrystalline and pyrolytic graphite substrates for
each process parameter were 12 and 19, respectively. The maxi-
mum shear stress values were calculated based on the shear for-
mula for a circular cross section Tmgx = ‘;—X, where V is shear force
and A is the cross-sectional area of the cylinders deposited onto
the graphite substrate [45].

2.6. Simulation of the SLM process

The domain consisted of a graphite substrate (5 x 2.5 x 0.5
mm) with a 40 pm powder layer on top of the substrate. A mov-
ing semi-elliptical heat source (q) with the laser power of 60 W
and a laser scanning speed of 800 mm/s was used to melt the
powder layer [46] and the powder absorptivity was assumed to be
36% [47]. The SLM simulations employed the default stainless steel
316L edge laser processing parameters, which were not modified
for printing onto Sn3Ag4Ti. The solid-liquid phase transformation
was implemented with an equivalent specific heat capacity (Cp)
[48]. The energy loss due to the vaporization of the powder, con-
vection, and radiation were considered in the heat transfer model-
ing [49]. The thermal conductivity was estimated to be 0.2 W/m-K
for the powder [50] and 39.4 W/m-K for solidified region [35]. The
remaining thermophysical properties of the powder were approxi-
mated based on pure Sn and Sn-Ag temperature-dependent data
[51]. The thermal conductivities of the graphite substrates were
based on our measurements, which are available in the supple-
mentary information (Fig. S3). A finite element analysis was car-
ried out using the COMSOL Multiphysics V5.5. The conservation of
momentum and energy equations were solved in two domains that
were linearly discretized using tetrahedral elements. A mesh inde-
pendence study validated the chosen element sizes.

3. Results and discussion
3.1. Print process optimization

Sn3Ag4Ti powder was selective laser melted onto polycrys-
talline and pyrolytic graphite substrates in various geometries
(Fig. 2). The laser energy density in selective laser melting is
ED=P/S x H x L, where ED is the laser energy density (J/mm?3),
P is the laser power (W), S is the laser scanning speed (mm/s),
H is the hatch distance (mm), and L is the layer thickness (mm)
[52]. A wide range of laser energy densities were tested for initial
process development (5.77 J/mm3 to 55.56 J/mm?3). In these ex-
periments, the laser power, hatch distance and powder layer thick-
ness were held constant while changing the laser scanning speed.
A narrower range were tested for mechanical testing based on ap-
pearance from this screening test (7.24-9.46 ]/mm?3). The entire
multi-dimensional laser processing parameter space was not ex-
haustively studied due to its vastness. However, the trends versus
volumetric energy density can be used to anticipate how the print-
ing process would change for parameters not studied (eg scanning

power, hatch spacing), though additional process parameter test-
ing should be considered for future studies. The optimization cri-
teria for these tests were based on visual observation of the de-
posited alloy onto the graphite substrate. The prints were evalu-
ated for SLM induced defects such as lack of fusion, spattering, and
oxidation. Furthermore, the selected process parameters with com-
plete fusion were mechanically tested to evaluate the interfacial
bond strength. The influence of each SLM process parameter on the
print quality and bond strength should be investigated in future
studies. Compared to polycrystalline graphite, pyrolytic graphite re-
quired larger laser energy densities, owing to its greater in-plane
thermal conductivity. The optimum process parameters for poly-
crystalline graphite were at 7.24 J/mm3 (laser power of 150 W, a
laser scanning speed of 5750 mm/s). The optimal process parame-
ters for pyrolytic graphite were at an energy density of 9.46 J/mm3
(150 W, 4400 mm/s). Lower laser scanning speeds lead to a greater
heating period and maximum temperature, improving the diffusion
of reactants and assisting spreading. However, slower scanning re-
sults in more vaporization-induced defects (spattering and vapor-
ization).

To demonstrate the fabrication of 3D metal structures, three
layers of the Sn3Ag4Ti alloy with a thickness of 40 pym were de-
posited onto the graphite surface by SLM. The remaining Sn3Ag4Ti
powders were extracted by a wet-separator to prevent cross-
contamination. Afterwards, two layers of powder mixed with 50
wt% of stainless steel 316L were deposited with the same laser
processing parameters to create an elemental gradient. Subsequent
layers of stainless steel 316L were printed with EOS’s default laser
processing parameters for 316L support structure. Noteworthy, it
is possible to automate this multistep manually deposition process
by using alternative multi-material deposition systems [31,32]. The
choice of material was due to its availability in our research facil-
ity. However, this would also work with higher thermal conduc-
tivity metals, such as AlSi10Mg (aluminum alloy), GRCop-42 (cop-
per alloy), or pure copper, as desired for heat transfer applications.
While printing pure copper in the ~1 um laser wavelength is chal-
lenging, recent studies have shown the feasibility of printing cop-
per with low laser powers (<500 W) [53,54]. These metals bond
to Sn3Ag4Ti via intermetallic formation. Because printing stainless
steel onto Sn3Ag4Ti leads to greater thermal stresses than Al and
Cu alloys due to their greatly lower melting points, mechanical
properties measured with stainless steel are anticipated to be con-
servative.

3.2. Thermal and mechanical properties of the interlayer alloy

Thermal conductivity of Sn3Ag4Ti alloy was previously stud-
ied with frequency domain thermoreflectance and found to be
39.4+6.7 W/m-K [35]. The thermal properties of materials fabri-
cated by SLM are significantly affected by processing conditions
and annealing [55-57]. Therefore, we suspect that with further
process development, the thermal conductivity could potentially be
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Fig. 2. (a) SLM process parameter study for Sn3Ag4Ti deposition onto polycrystalline graphite. (b) 316L stainless steel lattice structure printed by SLM onto polycrystalline
graphite using Sn3Ag4Ti interlayer alloy. (c) Sn3Ag4Ti geometries deposited onto pyrolytic graphite. (d) A line of Sn3Ag4Ti deposited onto pyrolytic graphite surface viewed

by optical profilometry.
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raised closer to the Sn value (73 W/m-K [58]), but that is outside
the scope of this study.

The ultimate tensile strength (UTS) of 43.1+2.8 MPa and
Young's modulus of 3.2 +1.4 GPa were obtained for the laser-
processed Sn3Ag4Ti alloy (Fig. 3). The UTS value was in good
agreement with the tensile strengths of common lead-free solders
that include Sn-3Ag-2Bi (54.7 MPa), Sn-3Ag-4Cu (48.3 MPa), and
Sn-3Ag-2Sb (42.2 MPa) [58]. However, the selective laser melted
samples were found to possess a much lower Young's modulus as
compared with traditionally manufactured Sn3.5Ag (51.0 GPa) or
pure Sn (44.5 GPa) specimens [59,60].

3.3. Characterization of the printed interface
3.3.1. Microanalysis of the interface

Polycrystalline graphite was chosen for high magnification
study because it has a cleaner interface with less fracture and

residues due to polishing. Pure Ti phases and Sn-Ti intermetallics
are visible in Fig. 4a, where the darker color indicates Ti due to
its relatively lower atomic mass than Sn and Ag. This is further
confirmed by our EDS map in Fig. 4b. Quantitative EDS analysis
provides a better understanding of the composition of elements at
three locations of interest (Fig. 4c and table). A uniform mixing
of Sn and Ag is observed in the matrix. Sn-Ti intermetallic phases
can be clearly observed in Fig. 4 in both BSE and EDS images. The
EDS shows a low concentration of titanium everywhere in the Sn-
rich phase and clusters of titanium randomly distributed in the Sn
alloy. To overcome the ~1um electron interaction volume of SEM
EDS, this interface was further characterized by transmission elec-
tron microscopy.

Fig. 5a illustrates a high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM) image that shows
the typical morphology of the produced sample, which includes
differently orientated grains (Sn-Ti phase) and the metal matrix
(Ag-Sn phase). Fig. 5b shows the electron diffraction pattern ob-
tained from the individual grain close to graphite, as marked with
white dashed circle in Fig. 5a. The diffraction patterns in Fig. 5b
indexes well with the structure of Sn3Tis phase, which is consis-
tent with the XRD results in the literature [19,61]. Fig. 5c is the
corresponding HRTEM image obtained from the grain marked with
a dashed circle in Fig. 5a.

A zoomed-in HAADF STEM image of the interface at the lo-
cation with a relatively higher concentration of Ti is provided in
Fig. 6a. The distribution of elements can be seen in Fig. 6b-f. A
clear Ti layer was observed at the interface in Fig. 6f which verifies
the rapid diffusion and formation of a nanometers-thin TiC layer.

High magnification TEM at the interface of the Ti-rich layer and
polycrystalline graphite (Fig. 7) was performed to study the distri-
bution of elements and crystal structure of the wetting layer. The
formation of TiC is expected, as it has been shown that bulk TiC
composites can be formed by SLM [62,63]. This phase is also ther-
modynamically expected as formation energy per atom of TiC (-
0.810 eV) is larger than Sn3Tis (-0.348 eV) [64,65,74].

The TEM image (Fig. 7a) reveals moiré fringes at the Ti-rich
layer, which indicates crystallinity at the interface. Next, an EDS
line scan across the interface (Fig. 7b) was performed to study
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(a) Sn-Ag Phase
Sn-Ti Phase ,/

Element C(K) Ag (L) Sn (L) Ti (K)
Measurement Wt% At% Wit% At% Wt% At% Wt% At%
1 06.55 31.06 00.24 00.13 59.26 28.44 33.95 40.38
2 10.67 40.76 00.40 00.17 45.67 17.65 43.25 41.42
3 03.83 27.80 00.68 00.55 94.18 69.26 01.31 02.39

Fig. 4. (a) Sn3Ag4Ti-polycrystalline graphite interface, Ti-Sn and Sn-Ag phases are observed [BSE mode, 12 kV, working distance (WD) 8.5 mm] (b) Sn3Ag4Ti-polycrystalline
graphite interface showing concentration to Ti next to graphite (EDS mode, 12 kV, WD 8.5 mm) (c) Regions for quantitative EDS analysis marked in the image (SE mode, 12
kV, WD 8.5 mm) with the results in the table.

Fig. 5. TEM characterization of the Sn3Ag4Ti deposited onto polycrystalline graphite. (a) HAADF STEM micrograph showing the typical morphology. (b) Selected area electron
diffraction pattern from the grain close to graphite. (c¢) HRTEM image obtained from the corresponding grain marked in (a).

Fig. 6. TEM characterization of the Sn3Ag4Ti deposited onto polycrystalline graphite by HAADF STEM (a) and EDS map of C (b), Ag (c), Sn (d), Ti (e) and substitution overlay
(f). Wetting of graphite with Ti is clearly observed in (f) with a ~10 nm Ti layer at the polycrystalline graphite-Sn3Ag4Ti interface.

compositional variations. High accumulation of Ti with the pres- tion for TiC showed great agreement to the interatomic spacings
ence of carbon was observed at the interface, which provides fur- reported by the literature.[66]

ther evidence of TiC phase formation. Next, a nano-beam electron

diffraction (NBD) pattern (beam diameter of 8 nm) was obtained 3.3.2. Mechanical analysis of the interface

from a location on the Ti-rich layer indicated in Fig. 7a to verify The reliability of the printed graphite-alloy bond is a function of
the TiC phase formation (Fig. 7c). Finally, structure factor calcula- the bonding strength of the joint. The median value for a group of
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Fig. 7. (a) Presence of moiré fringes indicate crystallinity of the ~10 nm Ti-rich wetting layer observed via high magnification TEM imaging. (b) The EDS line scan shows
a high concentration of Ti in a 10 nm layer, and the presence of C. (c) nano-beam electron diffraction pattern obtained from the wetting layer marked in (a) with a beam
diameter of 8 nm. (d) the corresponding structure factor calculation of TiC demonstrates a good match between the obtained NBD pattern and literature [66].

samples that represent one process parameter was plotted (Fig. 8).
A boxplot of interfacial strength versus scanning speed is shown
in the SI (Fig. S4), which captures statistical uncertainty of the ex-
periments. The maximum interfacial shear strength is 24 MPa for
pyrolytic graphite and is 36 MPa for polycrystalline graphite. These
values are compared to Ti-based brazing alloys bonded to graphite
using non-localized heating (ie., without a laser) (Table 1). The
laser scanning speeds were chosen based on earlier process pa-
rameter studies. It was observed that slower scanning speeds led
to excessive vaporization and splattering defects, and faster speeds
led to incomplete fusion and partial sintering.

The values obtained in the current study are in good agreement
with literature values of interfacial strengths of Sn-Ag-Ti/graphite
bonds obtained without laser processing [17,19]. The energy bar-
rier for diffusion and crystallization must be overcome with ther-
mal energy, as the reaction rate and Ti diffusivity are known to
have an Arrhenius rate dependence, exp(—E,/kgT), where Eq is the
activation energy, kg is the Boltzmann constant , and T is abso-

lute temperature [69]. Due to the hot laser processing tempera-
ture, the energy barrier to atoms that diffuse and react can be
overcome more rapidly than reactions just above the alloy melt-
ing point, which explains why this bonding occurs rapidly (~100
us). The Gibbs free energy favors TiC over Sn-Ti intermetallics and
pure Ti, but the formation of TiC is kinetically limited. Higher tem-
perature induced by the SLM process accelerates the diffusion and
reaction of Ti into TiC. Furthermore, rapid bond formation by SLM
results in a decrease in TiC thickness at the Sn3Ag4Ti-graphite in-
terface, which improves overall interfacial strength. Shrinking the
thickness of the TiC layer changes the fracture mechanism at the
interface from brittle to ductile failure, and consequently the inter-
layer can tolerate a larger stress [70-72].

Based on Fig. 8, pyrolytic graphite has a lower bond strength
than polycrystalline graphite at all laser scanning speeds. Such
variation stems from multiple factors: (1) High in-plane thermal
conductivity of pyrolytic graphite results in rapid heat removal
from the laser exposure location that results in shorter reaction
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Maximum interfacial shear strength of Ti-based interlayer alloys bonded to carbon materials.

Alloy nominal
composition [wt%]

Processing method

Substrate

Interfacial shear Reference

strength [MPa]

Sn3Ag4Ti Laser processed, microseconds Polycrystalline graphite 18-36 * Current study
Sn3Ag4Ti Laser processed, microseconds Thermally annealed pyrolytic graphite 16-24 Current study
Sn0.3Ag0.7Cu-(3%-5%)Ti Brazing at 900-1050°C for 60-300 seconds Polycrystalline graphite 19-24 [17]
Sn5Ag5Ti Ultrasonic vibration-assisted brazing at 20 Polycrystalline graphite ~13 [19]

kHz and 500°C for 5 seconds and then
gradual cool down in furnace

Ag35.2Cul.75Ti Brazing at 830-850°C for 300 seconds and Carbon fiber reinforced carbon 10-35 MPa [67]
then gradual cool down in furnace composite

AgCu2Ti Brazing at 830°C for 300 seconds at Carbon fiber reinforced carbon 14-18 MPa [67,68]
9.7 x 10~° Torr and then gradual cool composite

down in furnace

* The reported values are lower limit of interfacial shear strength.
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Fig. 8. (a) Shear tests of the bonding to pyrolytic graphite shows the maxi-
mum bonding strength at lower scanning speeds. (b) Shear tests of polycrystalline
graphite demonstrate higher interfacial strength at faster laser scanning speeds than
pyrolytic graphite. The laser power and hatch distance were kept at a constant value
of 150 W and 0.09 mm, respectively. The data points reported for shear strength are
median values.

time and lower interfacial temperatures which limits reactive wet-
ting; (2) The laser energy density influences the porosity of se-
lective laser melted test balls, which directly affects interfacial
shear strength values [55]; (3) The coefficient of thermal expansion
(CTE) difference between the Sn3Ag4Ti alloy (approximated as Sn,
23 x 10-6 K-1 [58]) and pyrolytic graphite (in-plane, -0.4 x 10-6
K1 [44]) is larger than that of polycrystalline graphite (5.9 x 10-6
K-1 [43]), which results in larger stresses at the interface during
the solidification and cool down; (4) The polycrystalline graphite
substrate has a 12% porosity, as compared to almost zero poros-
ity reported for pyrolytic graphite [43,44]. The pores in polycrys-
talline graphite may act as an interlocking mechanism by pen-
etration of the melt into the pores at the interface, which im-
proves the bond strength. Among the mentioned factors for rela-
tively lower bond strength in pyrolytic graphite, a high anisotropic
thermal conductivity of pyrolytic graphite and a larger mismatch
in CTE are expected to play the largest role. The opposite trends in
shear strength versus laser scanning speed is due to the optimal
volumetric energy density being greater for printing onto pyrolytic

Top View Laser Scanning |MS
Direction 227
\ 207

Melt Pool
e

187
167
Side View (Cross-Section) 147

Fig. 9. Top view and side view (cross-section) of Sn3Ag4Ti layer deposition onto
polycrystalline graphite by SLM. The location of the laser beam is visible in orange.
An arrow is used to show the laser the scanning direction. Color coded temperature
isotherms with legend are provided around the melt pool (red) and the graphite
substrate (grey).

graphite than onto polycrystalline graphite, owing to the vastly dif-
ferent thermal conductivities of these substrates. The thermal con-
ductivity influence on processing is further explored in the follow-
ing simulation section.

3.3.3. Simulation of the SLM process

To demonstrate the effect of pyrolytic and polycrystalline
graphite’s thermal conductivity on the temperature of the bond-
ing layer during the SLM process, two simulations of Sn3Ag4Ti al-
loy deposition were performed (Fig. 9). The temperature and heat-
ing/cooling rate for a point at the Sn3Ag4Ti-graphite interface in
the central plane of the laser track is captured in Fig. 10. Accord-
ing to Fig. 10b, the maximum temperature for pyrolytic graphite
(313 °C) is much smaller than that for polycrystalline graphite (632
°C), which limits the occurrence of interfacial reactions. Moreover,
the temperature cannot simply be increased by increasing the laser
power or slowing scanning speed, as higher laser energy densities
will lead to vaporization defects. Furthermore, the period that the
interlayer alloy is above the melting point is longer for polycrys-
talline graphite (270 ps) compared to pyrolytic graphite (170 ps).
This leads to 60% increase in time for the intermetallic bond to
form at the polycrystalline graphite interface. As a result, the py-
rolytic graphite bond is weaker than polycrystalline graphite bond
with the alloy. Because the simulation is for a single-laser line
scan, the temperatures are lower than a print consisting of multi-
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Fig. 10. Simulation results for (a) heating and cooling rates and (b) temperature at
the Sn3Ag4Ti-graphite interface for a single-laser line scan. The maximum temper-
ature at the pyrolytic graphite interface is 313 °C and at the polycrystalline graphite
interface is 632 °C. The melting period at the interface for pyrolytic graphite is 170
ps and for the polycrystalline graphite interface is 270 ps.

ple scan lines [41]. Furthermore, our double laser exposure strategy
(two consecutive laser rasters of the interlayer) was used to assist
alloying and to increase the time of melting, which also affects the
thermal history depending on the time between exposures.

3.4. Potential thermal applications

Printing metal onto pyrolytic and polycrystalline leads to many
potential thermal applications. Pyrolytic graphite fins have higher
conductivity than any other readily available bulk material. Fins
made of pyrolytic graphite has a conductivity over 4X that of cop-
per, which means pyrolytic graphite would have 2X lower thermal
resistance than copper, assuming constant geometry, sufficiently
long fins, and heat transfer coefficients that are held constant. This
is owing to the thermal resistance of a long fin being propor-
tional to the k!/2, where k is thermal conductivity [73]. Because
Sn3Ag4Ti has been shown to bond well to silicon [41], pyrolytic
graphite could be laser welded vertically to silicon using a similar
process as developed here. Fins or evaporative cooling wicks can
be printed on top of pyrolytic graphite for hot spot heat spread-
ing. The local heat spreading of pyrolytic graphite is excellent and
can outperform copper, especially considering the lower thermal
interface resistance posed by thinner pyrolytic graphite film. The
detail of this analysis is explained in the supplementary informa-
tion section 3 (heat transfer applications discussion).
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5. Conclusion

We have demonstrated an additive manufacturing process that
enables robust bonding of metals onto graphite. Common dissim-
ilar material bonding takes several minutes to hours. However, in
this process, the bonding timescale is in the order of ~100 ps. Our
TEM inspection confirmed that the Ti element in the interlayer al-
loy diffused to the graphite interface and formed a 10 nm thin
TiC layer during laser processing. The optimized process param-
eters for selective laser melting of Sn3Ag4Ti onto polycrystalline
and pyrolytic graphite were shown to be different according to
the shear test results. This variation comes mainly from extreme
anisotropy in thermal conductivity and coefficient of thermal ex-
pansion of pyrolytic compared to polycrystalline graphite, which
affects the temperature and thermal stresses at the interface. The
influence of substrate thermal conductivity was later demonstrated
by simulations that found the maximum temperature at the inter-
face of pyrolytic graphite and polycrystalline graphite for identical
process parameters. Both maximum temperature at the interface
and the time of interfacial reaction for polycrystalline graphite are
considerably greater compared to pyrolytic graphite.

By using this method, thermal management devices can inte-
grate pyrolytic graphite with metals and silicon devices to im-
prove thermal performance and reliability. Printing onto pyrolytic
graphite may be desired for applications that demand high thermal
conductivity and excellent heat spreading, as the in-plane thermal
conductivity exceeds 1500 W/m-K, while applications that require
excellent mechanical and thermal shock resistance with moderate
thermal transport could benefit from polycrystalline graphite.
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