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Ultrasonic additive manufacturing has been used to fabricate laminated composites of commercially
pure aluminum and a nanocrystalline nickel-cobalt (nc-NiCo) alloy. The nc-NiCo alloy would not weld
to itself but readily welded to aluminum. Thus, by alternating between foils of nc-NiCo and Al, we
achieved multi-material laminates with strong interlayer bonding. Electron microscopy showed that
the nanoscale grain structure of the nc-NiCo was preserved during deposition and that the nc-NiCo/Al
weld interface was decorated with comminuted surface oxides as well as Al-Ni-Co intermetallics. These
findings are considered in light of process models of junction growth, interdiffusion, and grain growth,
which together reveal how the different pressure- and temperature dependences of these phenomena
give rise to a range of processing conditions that maximize bonding while minimizing coarsening and
intermetallic formation. This analysis quantitatively demonstrates that using a soft, low melting point
interlayer material decouples junction growth at the weld interface from grain growth in the nc-NiCo,
expanding the range of optimal processing conditions.
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List of symbols

Ay Nominal contact area (m?)

A,  Real contact area (m?)

b Half-width of sonotrode contact area (m)
c Concentration (m™>)

DSB  Grain boundary interdiffusivity (m?/s)

DY Lattice interdiffusivity (m?/s)

Grain boundary interdiffusivity prefactor (m%/s)
D} Lattice interdiffusivity prefactor (m?/s)
d Grain size (m)

Sonotrode diameter (m)

) Grain boundary width (m)

E Elastic modulus (GPa)

é Strain rate (s™%)

F Normal load (N)

H Hardness (MPa)

K Thermal diffusivity (m?/s)

K Thermal conductivity (W/m K)

ks, Boltzmann constant (eV/K)

I Heat diffusion distance (m)
L Mass interdiffusion distance (m)
A Sonotrode oscillation amplitude (m)

M,  Grain boundary mobility prefactor (m?/s)

v Friction coefficient (-)
n Grain growth exponent (-)
v Poisson’s ratio (-)

q Frictional heat flux (W/m?)
Qg Activation energy for grain growth (eV)
Activation energy for grain boundary interdiffusion
(eV)
Qv Activation energy for lattice interdiffusion (eV)
pCp  Volumetric heat capacity (J/m® K)
o Normal stress (MPa)
t Time (s)
To Build-plate temperature (K)
T Temperature (K)
Tm Melting point (K)
Sonotrode travel velocity (m/s)

Sonotrode width (m)

v
f Sonotrode oscillation frequency (sH
w
X Weighting factor (-)

Ultrasonic additive manufacturing (UAM) is a hybrid additive
manufacturing technique that uses ultrasonic welding to deposit
foil feedstock, then CNC machining to selectively remove excess
material. During the deposition process, a cylindrical sonotrode

rolls across the build envelope while it compresses the feedstock
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and vibrates transverse to its travel direction. The mechanical
action of the sonotrode disrupts oxides and plastically deforms
surface asperities at the weld interface, facilitating junction
growth and metallurgical bonding [1]. Asperity deformation
underneath the rolling sonotrode is promoted by frictional
heating at the weld interface, which results in homologous
temperatures in the range 0.4-0.8 [2]. Importantly, the thermal
excursion during UAM is brief, making it an attractive approach
for fabricating net-shaped components from thermally unstable
materials [2-4]. Indeed, UAM has successfully densified Ni-base
and Fe-base metallic glasses without disturbing their amorphous
structure [5-7].

Nanocrystalline alloys are an important class of thermally
unstable materials that, in theory, are ideal candidates for UAM
because they can be economically produced as foils. However,
a key challenge for UAM of nanocrystalline alloys is that their
high hardness can inhibit asperity deformation and attendant
interlayer bonding. In other high hardness materials systems
(e.g., 316L [8], Ta [9], Ti [10, 11]) issues with weldability have
been overcome by placing a soft constituent (e.g., Al foil)
between layers of the harder constituent. The interlayer facili-
tates bonding by flowing around asperities on the harder con-
stituent. Still, even with soft interlayers, junction growth requires
some frictional heating which can activate structural evolution
processes such as grain growth and, in multi-material laminates,
intermetallic formation. These structural evolution processes are
undesirable: grain growth leads to softening, and intermetallics
can result in embrittlement. Thus, there are tradeoffs between
junction growth, grain growth in the nanocrystalline constitu-
ent, and intermetallic formation which motivate the search for
optimal processing conditions (e.g., sonotrode travel velocity,
oscillation amplitude, normal load) that simultaneously maxi-
mize junction growth and suppress structural evolution.

In this paper, we investigate UAM of laminated composites
of an ultrahigh strength nanocrystalline (nc) NiCo alloy and
a commercial purity Al interlayer. We begin by assessing the
processing and structure of nc-NiCo/Al laminated compos-
ites, focusing specifically on the effects of frictional heating
on junction growth, grain growth, and intermetallic formation
at the nc-NiCo/Al heterophase interfaces. Next, we use our
experimental results to validate process models of these struc-
tural evolution phenomena. By integrating these models into a
single framework for predicting the structure of heterophase
interfaces in multi-material laminated composites fabricated
via UAM, we determine processing conditions that maximize
weld strength while minimizing coarsening and interdiffu-
sion. This analysis suggests approaches for UAM of thermally
unstable materials and for selecting interlayer materials that

optimize mechanical properties and performance.
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Figure 1: (a) Optical macrograph and (b) SEM micrograph of a nc-NiCo/Al laminate.

UAM of nc-NiCo/Al laminated composites

We determined UAM parameters for consolidating the nc-
NiCo feedstock by independently varying the normal load (F),
oscillation amplitude (), sonotrode velocity (v), and build-
plate temperature (T,) over the following ranges: F=7-10 kN;
A=16-23 um; v=11-42 mm/s; T=339-394 K. In initial tests,
we welded nc-NiCo to itself and assessed weld quality through
manual lap shear tests and peel tests. These attempts to print
monolithic nc-NiCo builds were unsuccessful: Although some
nc-NiCo welds were strong in shear, all had negligible tensile
strength normal to the weld interface. Increasing F, increas-
ing A, and decreasing v to their respective limits—common
strategies for improving interlayer bonding—resulted in frac-
ture of the nc-NiCo sheet. In contrast, nc-NiCo sheets readily
welded to commercially pure Al 1100 foil. Thus, by alternating
between foils of Al 1100 and nc-NiCo, we fabricated nc-NiCo/
Al laminates with robust interlayer bonding.

We used the following deposition procedure to prevent
the Al from welding to the sonotrode. First, we simultane-
ously deposited a four-layer stack of foils in which two layers
of nc-NiCo sandwiched a layer of Al foil while a 150 um thick
foil of a Ti alloy (ATI 425) separated the feedstock from the
build-plate. Subsequently we deposited two layers at a time—
one layer of Al foil and one of nc-NiCo sheet—with the layers
arranged so that the nc-NiCo sheet was always closest to the
sonotrode. To prevent tooling wear, we also placed an ATI
425 foil between the sonotrode and the nc-NiCo feedstock. A
specialized vacuum fixture held the feedstock in place.

We found that the parameter set F=6 kN, A =16 um,
v=42 mm/s, and T;;=333 K produced well-bonded nc-NiCo/
Al laminates. While this parameter set has a higher F and
lower A than is typically used to consolidate monolithic Al

©The Author(s) 2021

[13], Al alloys [1, 3, 14-16], and Al-base laminates [10, 17,
18], it resulted in a sonotrode power consumption of ~ 1.8 kW,
in line with typical power values in UAM of Al alloys [14, 19].

Structural characterization

Figure 1 shows a nc-NiCo/Al laminate fabricated using the
parameters reported above. The optical macrograph (Fig. 1a)
and higher magnification SEM image (Fig. 1b) reveal flat, fully
dense nc-NiCo/Al heterophase interfaces. These nc-NiCo/Al
interfaces are distinct from the wavy weld interfaces commonly
observed in UAM laminates [10, 17, 20, 21]. Such interfacial
waviness results from the sonotrode indenting into the feedstock
during the deposition process. This effect was suppressed in the
present nc-NiCo/Al composites because of the ATT 425 spacer
foil placed between the sonotrode and the feedstock.

The bright-field TEM micrograph of the nc-NiCo/Al inter-
face shown in Fig. 2a reveals that the heterophase interface is
flat even at the nanoscale, suggesting surface asperities on the
rough Al foil flattened against the harder, smoother nc-NiCo
material, which likely remained rigid and thus maintained its
smooth initial surface profile. Figure 2a also highlights the
distinct final structures of the Al and the nc-NiCo. In the Al
foil, oxide dispersoids and intermetallic inclusions with dimen-
sions on the order of several hundred nanometers decorate the
grain boundaries. The mean grain size in the bulk is that of the
as-received foils (1.5 pm) and decreases to ~ 50 nm in a region
adjacent to the weld interface. Similar grain refinement observed
in laminates of Al 3003 [21], steel [22, 23], and Cu [20] has been
attributed to dynamic recrystallization processes, in which dislo-
cations accumulate to form low-angle grain boundaries, which
then coalesce into high-angle grain boundaries [23]. Interest-
ingly, the thickness of this nanostructured region, 250 nm, is

similar to the root-mean-square roughness of the Al feedstock,
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Figure 2: (a) Bright-field TEM image of a nc-NiCo/Al heterophase
interface. (b) Composition as a function of position across the
heterophase interface, as determined by STEM-EDS along the path
indicated by the red line in (a). (c) Predicted equilibrium phase fractions
as a function of position across a nc-NiCo/Al heterophase interface.
Calculated at 800 K using Thermo-Calc software with the TCNI8 Ni-based
superalloys database and the composition data shown in (b). (d) STEM-
EDS chemical map of oxygen content showing high oxide concentration
along the heterophase interface.

375 nm, suggesting the nanostructured region comprises flat-
tened, severely deformed surface asperities.

In contrast with the Al foil, the nc-NiCo material has a
grain structure that is uniform through the foil thickness. Fig-
ure 3a and b compare high-resolution TEM micrographs and
selected-area electron diffraction (SAED) patterns taken from
the virgin nc-NiCo feedstock and the as-deposited nc-NiCo,
roughly 4 um from the nc-NiCo/Al interface. The two materials
are nearly indistinguishable. Both materials contain elongated
grains, as are commonly observed in electrodeposited metals.
The Debye rings in the diffraction patterns of the virgin and
the as-deposited materials are all indexed to a face-centered
cubic solid solution phase with the lattice parameter 3.535 A,
meaning the deposition process did not affect solute distribution
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several microns from the weld interface. Finally, quantitative
stereological measurements of the grain size, summarized in
Fig. 3¢, show that the cumulative grain size distributions before
and after ultrasonic welding are almost identical, with only a
slight increase in mean grain size from 15+ 1 nm to 18 +1 nm.
Although ultrasonic welding did not affect the structure in the
bulk of the nc-NiCo material, there was evidence of nanoscale com-
positional changes in the immediate vicinity of the weld interface.
Figure 2b, for example, presents results of a STEM-EDS line scan
across the nc-NiCo/Al interface, along the path indicated in Fig. 2a.
These data reveal a ~ 100 nm thick interdiffusion layer, with several
steps in the concentrations of Al, Ni, and Co that indicate the pres-
ence of discrete intermetallic layers, each roughly ~ 10 nm wide. We
identified these phases using the Thermo-Calc software with the
TCNI8 materials database [24] and assuming an interfacial tem-
perature of 800 K, slightly below the peak interfacial temperature
of 825 K, determined in Sect. 4.1. The predicted phases and their
respective phase fractions are summarized in Fig. 2c, which shows a
series of intermetallics separating the terminal Al and NiCo phases.
Importantly, the y’ and  phases have high strength but are brittle
[25, 26], and therefore might weaken the interface.
To our knowledge, the only other experimental observation
of intermetallic formation in UAM is due to Sietins et al. [27],
who characterized heterophase interfaces in Al/Cu laminates
and found a 400 nm thick interdiffusion layer that comprised
CuAl and CuAl,. While other investigators have claimed that
UAM can suppress intermetallic formation [10, 17, 18, 28], the
present experimental results, those of Sietins et al. [27], and the
interdiffusion model discussed in Sect. 4.4 suggest that thin
intermetallic layers readily form in multi-material UAM.
Figure 2b also reveals a region of high oxygen content that
extends ~ 250 nm into the Al foil. The Thermo-Calc results indicate
that this oxygen is sequestered as Al,O5, which could have been
present as a surface oxide on the Al feedstock, then dispersed and
mechanically mixed with the underlying metallic aluminum dur-
ing the extensive plastic deformation that accompanies ultrasonic
welding. This view is supported by the STEM-EDS chemical map of
oxygen shown in Fig. 2d, in which a region of high oxygen content
decorating the heterophase interface overlaps with the nanostruc-
tured aluminum region linked to the extensively deformed surface
asperities. Near the interface, the oxide is mostly confined to the
aluminum side of the interface, presumably because the weak Al
surface asperities flowed around the much stronger nc-NiCo surface
asperities without deforming them. This residual interfacial oxide
might inhibit metallurgical bonding and further weaken the weld.
Hardness measurements from a nanoindentation traverse
across several layers of a nc-NiCo/Al laminate are presented in
Fig. 4. The mean hardness values of the Al and nc-NiCo layers
are respectively 670 + 10 MPa and 7.3 £0.1 GPa, identical to the
hardness values of the as-received feedstocks. Consistent with

the lack of grain growth seen in the TEM images, the spatially
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Figure 3: Bright-field TEM images of (a) virgin nc-NiCo feedstock and (b) as-deposited nc-NiCo roughly 4 um from the weld interface. (c) Cumulative
spherical-equivalent grain size distributions of the virgin and the as-deposited materials.
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Figure 4: (a) Optical micrograph of an array of nanoindentation
impressions across several layers of a nc-NiCo/Al composite and (b)
corresponding hardness values.

uniform hardness measurements suggest that grain growth was
negligible through the thickness of the nc-NiCo feedstock.

Structural evolution

The structural characterization results reveal a fully dense nc-
NiCo/Al heterophase interface; minimal grain growth in the nc-

NiCo; and a nanoscale interdiffusion layer decorated with several

© The Author(s) 2021

different AI-Ni-Co intermetallics. We next consider these results
in light of recently developed process models of junction growth
[2], grain growth [29], and interdiffusion [30] during UAM. Here
we show how these models, which were developed and validated
independently, can be integrated into a single framework for
predicting the structure of the heterophase interfaces in UAM
laminates. For the sake of completeness, we summarize these
different models below, beginning with descriptions of contact
stresses and frictional heating. We then use the models together
to compute generalized UAM process diagrams which reveal
important process-structure linkages, including benefits of using

Al interlayers to consolidate nc-NiCo foils.

Temperature at the weld interfaces

During UAM, junction growth, grain growth, and interdiffu-
sion all depend strongly on the temperature at the weld inter-
face: thermal softening of surface asperities drives junction
growth, while thermally activated grain boundary migration
and mass transport drive grain growth and interdiffusion
respectively. Thus, to model these different structural evolu-
tion processes, we first determine the temperature at the nc-
NiCo/Al weld interface, following the experimentally validated
procedure outlined in [2] with the modifications for multi-
material UAM described in [30]. The key assumptions of this
temperature model are: (i) the temperature field is steady-state
in the moving frame of reference of the sonotrode; (ii) the heat
flux injected into the weld interfaces is due entirely to friction;
and (iii) roller-on-flat Hertzian contact mechanics describe
the size of the contact patches and the normal stress distri-

bution underneath the cylindrical sonotrode. Under this last
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assumption, if the sonotrode travels in the x-direction, with the

origin assigned to the sonotrode centerline, then the normal
stress (o) in the contact patch is

2F x\ 2

SR

A e — b (1)

where w is the sonotrode width (2.54 cm), and b is the half-

width of the contact patch in the sonotrode travel direction,

given by

,_ | 2Fd ((1 —2)

W En ENico

+ (1= viico) ) @)
Here, d; is the sonotrode diameter (9.6 cm), and E and v are the
elastic modulus and Poisson’s ratio of each foil material. The resi-
dence time of the sonotrode over a point on the weld interface is
t, = 2b/v, which ranges from 10 to several 100 ms.

Since nc-NiCo and Al foils are deposited simultaneously,
there are two nc-NiCo/Al interfaces that experience gross
slip and thus frictional heating during deposition. Consider-

ing the small separation between these interfaces (~ 100 um)

b
V2f wiF X\’
T = T, _— 1—( —
ot nwa/ (b)eXp
—b

_v(xjx ) }KO{V
2K 2K

Table 1: Material properties.

Material K(W/mK)  pC, (J/em3K)  k(mm?/s) E(GPa) v(-)
AISI 1008 60.2 3.78° 16 - -

Al 1100-O 222 2.45° 90 69°  033°
ATI 425 9.4¢ 234 4 - -

Ni 832 3.97¢ 21 207* 0312
cp-Ti 19¢ 235° 8 108> 0.34
?Harvey[34].

PASM Handbook[33].
CATI metals[35].
9Johnson and Cook[36].
¢Powell[37].
fWelsch[38].

temperatures during UAM of Al 3003-H18 and Al 6061-T6 [2].
We use this friction coefficient in the following calculations.
Inserting Eqs. 1-3, then convolving the position-dependent
heat flux with the two-dimensional moving heat source solution
due to Jaeger [31], we arrive at the following expression for the
steady-state temperature in the moving frame of reference of

the sonotrode:

(x—x')z—i—zz}dx/, (4)

in comparison to the total heat diffusion distance (~1 cm), we
approximate the total heat flux from these two interfaces as
heating on a single plane at z=0. The heat flux injected into
this effective weld interface (g) is directly proportional to the

normal stress:

q=~2nfuci, 3)
where p is an effective friction coefficient and fis the sonotrode
oscillation frequency (20 kHz). We note that the upper ATI 425
layer is considered an extension of the tooling and therefore
frictional heating between the ATI 425 and nc-NiCo foils is
taken to be negligible in comparison to the heat fluxes at the
two active weld interfaces. To determine p for the nc-NiCo/
Al rubbing interface, we assume the power consumed by the
sonotrode (P) is dissipated entirely as frictional work in the
contact patches (i.e., P=¢). Inserting the known process vari-
ables and the experimentally determined sonotrode power
consumption (1.8 kW) into Eq. 3 gives u = 0.21. This friction
coefficient is within the range typically observed during UAM
of Al feedstock (0.05 to 0.64) [14, 15] and is consistent with

the friction coefficient found to predict accurate interfacial

where it is assumed that heat partitions evenly between the
upper and lower surfaces at the weld interface and that the
sonotrode is oscillating in the y-direction and applying a nor-
mal load in the z-direction. In Eq. 4, K| is the modified Bessel
function of the second kind of order zero.

While the moving heat source solution due to Jaeger was
originally developed for a homogeneous semi-infinite solid,
we can extend his result to multi-material UAM by comput-
ing an effective thermal conductivity (K), effective volu-
metric heat capacity (pC,), and effective thermal diffusivity
(k =K/pC,) to account for the different thermal properties
of the various materials in the build. Approximating the mate-
rials as thermal insulators in series and considering only the
lower half of the weld stack, we calculate K using an inverse

rule-of-mixtures:

1 XAl | XNiCo | XATI
K Ka Ky Kan

Kbuild—plate
Kbuildfplate

(5)

where the subscripts refer to the different constituents and y; is
a weighting factor discussed below. Following Ashby [32], we

calculate pCyp, using a rule-of-mixtures:

Picp = XAl(pCp)Al + XNiCo(pCp)Ni + XATI(pCp)ATI + Xbuildfplate(pcp)buﬂdfplate- (6)
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The mechanical and thermal properties of the constituents
are summarized in Table 1, where the thermal properties of
nc-NiCo are assumed to be the same as those of conventional
microcrystalline Ni [33].

The weighting factor y; is the heat diffusion distance 1;
into each constituent normalized by the sum total heat dif-

fusion distance:

I
1+ Inico 4 a1 + lbuild—plate

Xi (7)
The time for heat to diffuse through each foil individually, esti-
mated as pZ/K, where p is the foil thickness, is on the order of
1 ms. Since this timescale is only a fraction of t,, we set |, for the
Al, nc-NiCo, and ATTI 425 layers to their respective foil thick-
nesses. The heat diffusion distance into the build-plate is esti-

mated using, /Kbuild—plate fr» 8iViNg lyyiid-plate Values between 0.02
and 2 mm.

Junction growth

Junction growth via plastic deformation at the weld interface
is aided by (i) thermal softening of surface asperities due to
frictional heating [2] and (ii) strain ratcheting due to yielding
under the combined action of a normal pressure and a shear
stress [39]. However, the normality condition which gives rise
to strain ratcheting can break down at a sliding interface lubri-
cated with surface contaminants or oxide overlayers [40]. Thus
in the present calculations we only consider thermal softening
effects.

When nominally flat but microscopically rough surfaces
are pressed against each other, their real contact area (4,) is a
fraction of the nominal contact area (A,). At a dissimilar metal
interface, the ratio A /A, which corresponds to the linear weld
density, equals the ratio of the normal contact pressure (o) to
the temperature-dependent surface hardness (H) of the weaker
constituent [30],

A; o
A H (8)
Here, o is given by Eq. 1, and H is computed for Al 1100 using a

modified form of the Johnson-Cook equation:

H =3A*|C+ Dl £Y (=T ;
= [+ “(%)H‘(m—n) } ©

where ¢ is the nominal strain rate at the interface, which we
estimate as 10* s [2], and A" =159 MPa; C=0.46; D =0.49;
m=0.51; p=0.1; éo = 1 s* [41]. Note that because the normal
pressure and the temperature both vary with position under

the sonotrode in UAM, the fractional contact area is also

©The Author(s) 2021

position-dependent. Figure 7 in [2] plots the steady-state frac-
tional contact area under a moving sonotrode under several dif-
ferent processing conditions, showing how the fractional con-
tact area increases monotonically from the leading edge to the
trailing edge of the sonotrode, until reaching a maximum value
that depends on material properties and processing conditions.
Interfacial porosity is eliminated completely when the fractional

contact area equals unity, or o = H.

Grain growth

The physical mechanisms that drive grain structure evolution
during UAM depend on the initial grain size of the feedstock
and on distance from the weld interface. Elevated temperatures
due to frictional heating will activate recrystallization and grain
growth both in conventional microcrystalline materials and in
nanocrystalline materials [29]. In addition, extensive plastic
deformation in the immediate vicinity of the weld interface can
influence grain structure, with different effects depending on
initial grain size. In microcrystalline materials, plastic defor-
mation causes grain refinement (cf. the Al foil in Fig. 3a) [20,
23]. By contrast, in nanocrystalline materials, plastic deforma-
tion can cause shear-coupled grain boundary migration and
grain growth [42]. Such deformation-induced grain growth has
been observed during low-temperature, severe plastic deforma-
tion processing of nanocrystalline metals [42] and is therefore
expected at weld interfaces in UAM, where the cumulative plas-
tic shear strain is of the order 10%, far higher than the cumulative
shear strains in equal channel angular extrusion [43-45] or high
pressure torsion [46-48].

Modeling deformation-induced grain refinement or grain
coarsening remains a major challenge, making it difficult to pre-
dict the grain size at the weld interface under most conditions.
However, in the nc-NiCo/Al laminated composites of interest
here, our structural characterization results show that plastic
deformation at the weld interface is confined to the weaker Al
foil. As a result, we can ignore deformation-induced coarsen-
ing in the nc-NiCo foil and estimate the nc-NiCo grain size
(d) by integrating the classical grain growth law due to Hu and
Rath [49] over the thermal cycle experienced during material
deposition:
t1

——exp[—Qq/ks T (1)]dt.

o T() (10)

& = 4+ My /
Here, d,, is the initial grain size and kg is the Boltzmann constant.
n, My, and Qg are material-dependent grain growth parameters
[50]. Because these parameters have not been determined for
nc-NiCo, the following analysis uses values for nominally pure
ne-Ni [51]: My=1.3x 10" m*/s; Qg = 1.26 eV; n=3.
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Figure 5: Process diagram for UAM of nc-NiCo/Al laminated composites,
assuming A=16 pm; Ty=333 K; f=20 kHz. Color map indicates predicted
final grain size of NiCo material. Iso-contours of interdiffusion distance
are shown in green. Processing conditions above the complete

bonding contour give fully dense nc-NiCo/Al interfaces. Processing
conditions above the aluminum melting contour have a peak interfacial
temperature that exceeds the melting point of Al (925 K). The white
circle corresponds to the experimental processing conditions.

Interdiffusion

Frictional heating also accelerates thermally activated interdiffu-
sion across the weld interface. While several investigators have
claimed that there is anomalously fast interdiffusion during ultra-
sonic welding and have attributed this effect to exotic physics (e.g.,
solute transport via dislocation motion [52], vacancy supersatura-
tion due to extensive plastic deformation [53]), we recently showed
that the extent of interdiffusion can be estimated accurately by
combining the temperature field at the weld interface and the
standard form of FicK’s second law. Following our analysis in [30],

the concentration (c) evolves according to

dc  _d%c

Friatew (11)

where D is an interdiffusivity. D changes with time as the steady-
state temperature profile translates across the region of interest.
Because the thermal diffusivities of the feedstocks are much
larger than their interdiffusivity, we can ignore the z dependence
of the temperature field and just use the x-dependent interfacial
temperature to compute D.

For simplicity, we use an effective interdiffusivity to describe
mass transport across the different phases at the nc-NiCo/Al inter-
face, a common approximation in modeling interdiffusion [54].
Additionally, to account for short-circuit diffusion along grain
boundaries in nc-NiCo, we use a volume average of the lattice inter-
diffusivity (D) and the grain boundary interdiffusivity (D°®) [55]:

©The Author(s) 2021

D = D" + (35/dy)DS® (12)
where 3 is the grain boundary width, assumed to be 0.6 nm [56].
D" and D®® are computed using

D" = Dy exp [-Q"/ks T]. (13)

and

DS = Dy exp[-QB 7k T]. (14)

Since the prefactors and activation energies in Eqs. 13 and 14
have not been determined for the Ni-Co-Al ternary, we instead
use values for Ni-Al interdiffusion [56, 57]: D(% = 0.65 cm?/s;
D§B=0.01 cm?s; Qv =2.7eV; Q8B =1.2¢eV.

Figure 5 is a UAM process diagram that shows the extent of
junction growth, grain growth, and interdiffusion at hetero-
phase interfaces in nc-NiCo/Al laminates. The diagram was
computed using the expressions developed above, assuming the
same preheat temperature (333 K), sonotrode oscillation fre-
quency (20 kHz), and sonotrode oscillation amplitude (16 pm)
as used in our UAM experiments. The axes of normal load and
sonotrode travel velocity span typical ranges accessible with
high-power UAM [58]. The color map corresponds to the final
grain size of the nc-NiCo material at the weld interface. The
iso-contours shown in green indicate processing conditions that
yield a given interdiffusion distance (L), defined as the distance
normal to the weld interface between Ni concentrations c=0.01
and 0.99. The Al melting boundary, shown in red, indicates
combinations of normal load and sonotrode travel velocity for
which the peak interfacial temperature just reaches the melt-
ing point of aluminum (T, =933 K). Lastly, the contour labeled
complete welding indicates parameters for which o = Hjj, thus
resulting in fully dense welds; combinations of normal load and
sonotrode travel velocity that lie above this curve will also give
fully dense welds but involve excessive heating of the feedstock.

In Fig. 5, the filled circle corresponds to the combination of
normal load and sonotrode velocity that we determined through
trial-and-error experimentation. These processing conditions
result in a predicted mean contact pressure of 230 MPa, contact
width of 1 mm, contact time of 20 ms, and peak interfacial tem-
perature of 825 K. This peak interfacial temperature is~30 K
higher than that predicted for UAM of monolithic aluminum
processed under identical conditions because the lower thermal
diffusivity of the nc-NiCo foil retains heat near the weld inter-
face. The experimental processing conditions lie between the
melting boundary and the complete welding boundary, consist-

ent with our observations of a fully dense nc-NiCo/Al interface,
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Figure 6: Process diagram for the consolidation of nc-NiCo/cp-Ti
laminates using the same oscillation amplitude, oscillation frequency,
and ambient temperature as used in Fig. 5. Processing conditions above
the Ti melting boundary lead to peak interfacial temperatures higher
than the melting point of cp-Ti (1941 K).

free of features characteristic of melting. The predicted nc-NiCo
grain size and interdiffusion distance are 23 nm and 115 nm,
respectively, in reasonable agreement with the experimental val-
ues of 18 nm and 105 nm. The overall good agreement between
the interfacial structure determined through experiment and
that predicted by the process models give confidence that this
computational framework can be used to identify optimal pro-
cessing conditions, eliminating some of the trial-and-error in
UAM of new materials and material combinations.

The processing conditions in the region bounded by the Al
melting contour and the complete welding contour give fully
dense laminates without melting of Al. Within this window,
grain growth in nc-NiCo is minimal. Additionally, following
the complete welding contour to the right shows that simulta-
neously increasing sonotrode travel velocity and normal load
should help minimize coarsening and interdiffusion. The dif-
ferent forms of the grain growth, junction growth, and interdif-
fusion contours highlight the disparate interfacial temperature-
and contact pressure dependences of these structural evolution
processes. In particular, Fig. 5 shows how the presence of the
aluminum interlayer decouples the junction growth and grain
growth behaviors, since the mechanical properties of the soft
Al interlayer determine the extent of junction growth while
the physical properties of nc-NiCo determine the extent of
coarsening.

To further illustrate the effects of interlayer properties on
structural evolution, Fig. 6 shows another UAM process diagram
for laminated composites of nc-NiCo and 210 pm thick sheets of

commercially pure Ti (cp-Ti). This diagram was calculated using

©The Author(s) 2021

the Johnson-Cook parameters of cp-Ti (A"=1289 MPa; C=1;
D=0.019; m=0.66; p=1;€9 =1 [59]) and the thermal properties
of cp-Ti listed in Table 1; all other parameters are the same as in
Fig. 5. Again, the processing conditions in the region bounded
by the Ti melting contour and the complete welding contour
give fully dense laminates without melting either constituent.
The location of this processing window is shifted to higher nor-
mal loads and lower sonotrode velocities as compared to the
processing window in Fig. 5. Additionally, the processing win-
dow in Fig. 6 is much narrower and the extent of grain growth
much greater than in Fig. 5. Specifically, the predicted final nc-
NiCo grain sizes on the complete bonding contour for nc-NiCo/
Ti laminates range from 295 to 660 nm, compared to nc-NiCo
grain sizes of 15 to 40 nm for completely bonded nc-NiCo/Al
laminates. These changes are due to the higher melting point
and strength of Ti versus Al, which mean higher peak interfacial
temperatures are required to achieve complete bonding in nc-
NiCo/Ti composites. Comparing Figs. 5 and 6 clearly demon-
strates the benefits of using soft, low melting point interlayers
to minimize the thermal excursion at the weld interface during

UAM of laminates with a thermally unstable constituent.

We have used ultrasonic additive manufacturing (UAM) to fab-
ricate multi-material laminates from nanocrystalline nc-NiCo
sheets and commercially pure Al foil. Composites fabricated
with optimized parameters had smooth, fully dense weld inter-

faces. TEM investigations on these composites revealed that:

e The nanoscale grain structure of the nc-NiCo feedstock was
preserved during consolidation.

e The Al adjacent to the weld interface was nanostructured
and contained a dispersion of nano-oxides, indicating that
the soft, oxide-covered Al surface asperities experienced
severe plastic deformation as they flattened against the
harder, smoother nc-NiCo surface.

e The constituents diffused into each other, forming several
different Al-Ni-Co intermetallics, confirming that inter-
metallic layers on the order of 100 nm can grow at the weld
interface during ultrasonic additive manufacturing despite
the brief thermal excursion.

These experimental observations were in quantitative
agreement with process models of grain growth, junction
growth, and interdiffusion. By combining these models into a
single framework, we showed how the different temperature-
and contact pressure dependences of grain growth, junction
growth, and interdiffusion give rise to a range of process-
ing conditions that simultaneously preserve the structure of

nanocrystalline feedstock, achieve fully dense interfaces, and
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minimize interdiffusion. Process diagrams computed for dif-
ferent material combinations show how judicious selection of
the interlayer material can expand this process window, by
decoupling junction growth (which depends on the mechani-
cal properties of the interlayer material) from grain growth
(which depends on the physical properties of the nanocrystal-
line constituent). These calculations quantitatively demonstrate
the benefits of using soft, low melting point interlayers to con-
solidate nanocrystalline foils.

The process modeling framework introduced here can
accurately predict the structure of heterophase interfaces in
UAM laminates; however, going one step further to predict
interlaminar strength remains a significant challenge. The
underlying reason is that interlaminar strength depends
not only on the extent of junction growth, but also on the
presence of interfacial phases, such as oxides and interme-
tallics, whose effects on mechanical properties are poorly
understood. Brittle intermetallics, like those found at the nc-
NiCo/Al interface, are generally expected to degrade inter-
facial strength; however, thick intermetallic layers formed
during post-processing heat treatments have been found to
strengthen the interfaces in Al/Ti and Al/Cu laminates fabri-
cated using UAM [17, 60]. Interfacial oxides, like those seen
in Fig. 3b, ¢, prevent the growth of strong metallurgical junc-
tions, but estimating their effect on interlaminar strength is
difficult, in part because explanations of oxide breakdown
are qualitative and cannot predict the final spatial distribu-
tion of the oxide at the weld interface. Future work should
address these gaps in understanding, with a view toward
quantitatively assessing how interfacial phases, such as the
oxides and intermetallics found at the nc-NiCo/Al interface,

degrade the interlaminar strength of UAM laminates.

A Fabrisonic SonicLayer 4000 UAM machine was used to
print laminated composites from Al 1100-O foils and elec-
trodeposited sheets of a nanocrystalline Ni-28Co, at.% alloy
(nc-NiCo). The UAM build-plate material was AISI 1008, and
the sonotrode material was 350 maraging steel. The sonotrode
had a diameter of 9.6 cm and width of 2.54 cm. The Al foil feed-
stock had a nanoindentation hardness of 660 MPa, thickness of
210 pm, and an initial grain size on the scale of microns. Note
that the initial grain size near the surface of the Al foil was also
on the scale of microns. The nc-NiCo foil (Integran Technolo-
gies) had an initial nanoindentation hardness of 7.2 GPa, thick-
ness of 130 um, and initial grain size of 15 nm. The nc-NiCo
alloy comprised a single-phase FCC solid solution of Ni and Co,
with S and C impurity concentrations on the order of several
hundred ppm [12]. The root-mean-square surface roughness

values of the nc-NiCo and the Al foils were 15 nm and 375 nm,

©The Author(s) 2021

respectively, as determined using optical profilometry. The ini-
tial nanoindentation hardness values of the as-received Al and
nc-NiCo foils were 660 + 10 MPa and 7.3+ 0.1 GPa, respectively.

Electron microscopy was used to characterize the struc-
tures of the nc-NiCo feedstock and the nc-NiCo/Al laminated
composites. The laminated composites were mounted in
epoxy, polished, and imaged using a FEI Quanta 400 scan-
ning electron microscope (SEM) operated at 20 kV. Trans-
mission electron microscopy (TEM) samples were extracted
from the nc-NiCo and the nc-NiCo/Al materials using the
focused ion beam (FIB) lift-out technique, then imaged in a
FEI Talos F200X operated at 200 kV and fitted with a SuperX
EDS system.

Nanoindentation testing was used to assess the hardness of
each constituent in the as-deposited composites. These experi-
ments were performed on a Hysitron TI 980 Triboindenter,
operated in load control with a Berkovich indenter, using peak
loads of 7.2 mN on Al and 11 mN on nc-NiCo.
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