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In this perspective, we: (a) characterize the multiscale nature of the mechanical (plasticity, fracture, 
twinning, and phase transformations) and thermal behavior, as well as the mass transport behavior 
in a variety of materials with microstructure complexities; (b) examine the applicability of several 
representative experimental/computational techniques/approaches in identifying the mechanisms 
underlying the interface‑dictated mechanical, thermal, and mass transport; (c) highlight the need for 
the development of multiscale methods that can address atomistic and continuum descriptions of 
materials within one framework, together with our preliminary attempts in this regard. This perspective, 
together with the relevant papers collected in this focus issue, will inspire researchers to further develop 
advanced theories, algorithms, and software implementation for bottom‑up predictive simulation of 
the deformation, thermal, and diffusion behavior of advanced materials. Such methods can support 
the design and development of materials with desired combinations of properties, for example high 
strength/ductility/toughness, low/high thermal/ionic conductivity, corrosion‑/irradiation‑resistance.

Introduction
Traditional engineering structural materials, such as steels or 
Ti-6Al-4V alloys (Fig. 1a) [1], and many recently developed 
materials, such as bulk nanolayered metallic composites [2–5], 
semiconductor or oxide superlattices [6–13], contain a high 
number density of interfaces, including grain boundaries (GBs) 
and/or phase boundaries (PBs), characterized by incoherent, 
semi-coherent, and coherent interfaces. The presence of those 
interfaces introduces characteristic length scales that comprise 
material microstructure. For instance: (i) in polycrystalline 
Ti-6Al-4V, the micrometer-sized columnar/equiaxed grains 
(average grain size: ~ 300 μm) [1] and submicron-sized α-/β-
laths are separated by a high density of atomically structured 
GBs, PBs, and triple junctions (Fig. 1a); (ii) in a typical oxide 
superlattice,  BaTiO3/SrTiO3, synthesized from epitaxial beam 
growth, the spacing between the dislocations in the interface 

misfit dislocation network at the semi-coherent interface varies 
from several microns down to a few nanometers [9] (Fig. 1b). 
When such multilevel microstructures are exposed to extreme 
environments, such as imposed significant plastic deformation, 
a sudden temperature change (e.g., heat pulse), or a cyclic elec-
trochemical charge, the dislocation slip, phonon-mediated heat 
flow, interstitial ion diffusion-induced mass transport and even 
a coupling of them will occur. Their interaction with internal 
material interfaces may lead to a series of structure changes 
(twinning, phase transition (PT), fracture, etc.) also spanning a 
wide range of length scales. This is evidenced by: (1) the forma-
tion of a μm-level pileup with a stress concentration at its tip 
when a queue of dislocations is blocked by a GB or PB, If this 
high local stress cannot be fully relieved by cross-slip, atomic-
level slip transfer, twinning or PT (Fig. 1c) nucleation, variant 
selection and growth, may be then activated [14–22]; (2) the 
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Introduction

atomic scale structure reconfiguration of an interface, e.g., 
GB, during a phonon-GB collision when a heat pulse-induced 
phonon wave packet (wave packet size: μm; wavelength: nm) 
impinges (Fig. 1d) [23–25]; (3) the atomic-level ion hopping 
promoted by the nanoscale oxygen octahedron (noted as OCT 
in Fig.  1e) tilting under the high local stress induced by a 
μm-level dislocation pileup at the interfaces in oxides [26–34]. 
Obviously, for heterogeneous materials with a high density of 
interfaces, both the microstructure and its responses to mechan-
ical, thermal, or chemical driving forces are all multiscale in 
nature, necessitating modeling techniques with diverse resolu-
tions ranging from the atomistic to the micrometer level. Such 
multiscale methodologies/techniques will enable the researcher 
to test one hypothesis: with a fine control of the plastic strain 
and the material’s microstructure, the interface-mediated ther-
momechanical behavior can be manipulated to promote desired 
properties or responses. These responses may include favorable 
PTs, suppression of heat flow, and enhancement of ionic trans-
port to achieve, for example: (a) a graphite-to-diamond PT in 
cold-compressed graphite [35] at low pressure without using 
catalysts (Fig. 1h); (b) a performance enhancement of ther-
moelectric materials converting heat flow into electricity [36] 
(Fig. 1i); (c) a fast ionic transport in plastically deformed oxides 
for low-temperature fuel cell applications [26–34, 37] (Fig. 1j).

To meet this need for bottom-up control toward manipulat-
ing properties, a popular approach is to leverage the synergy of 

versatile experimental techniques, each of which is at a specific 
resolution, to characterize certain microstructure and behavior 
at particular length scales, respectively, to achieve a full length-
scale understanding of the behavior of interest. For instance: (i) 
to understand how the plasticity flow occurs in polycrystalline 
metals or in multilayered metallic composites at the microscale, 
the electron backscattered diffraction (EBSD) technique together 
with the digital image correlation (DIC) can be used to measure 
microstructure evolution in the vicinity of strain localization 
near the slip-interface intersection [38–43]. At the nanoscale or 
the atomic scale, transmission electron microscopy (TEM) or 
high-resolution TEM (HR-TEM) can be then deployed [44, 45] 
to resolve the detailed slip-interface reaction process (cross-slip, 
transmission, absorption, and many others); (ii) to gain insights 
into the nature of phonon-mediated thermal transport across the 
material interface, a technique referred as the time domain ther-
moreflectance (TDTR) may be used to first measure the overall 
thermal conductance of interfaces [46]. As a supplement, an ultra-
fast pump–probe technique, utilizing ultrafast laser pulses, can 
be then deployed to achieve extremely fine temporal and spatial 
resolution at the interface for imaging the detailed phonon scatter-
ing process [24, 47–51]; and similarly, (iii) to correlate the material 
microstructure with its ionic transport properties, electrochemical 
impedance spectroscopy (EIS) experiments are often conducted 
to measure the ionic conductivity [52–54]. If desired, the result 
from EIS can be then correlated with the interface ion diffusion 

Figure 1:  Microstructure of materials containing interfaces and its response to mechanical, thermal, and chemical driving forces: (a–d) the multilevel 
microstructure of polycrystalline Ti-6Al-4V and  BaTiO3/SrTiO3 superlattices; (e–f ) dislocation slip, phonon wave propagation, twinning, PTs, ion 
hopping and their interactions with the interfaces; (h–j) a manipulation of the interface-mediated mechanical, thermal, and mass transport toward 
various applications.
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Introduction

kinetics, which is usually extracted from the secondary-ion mass 
spectrometry (SIMS) [55, 56].

These sorts of experimental methods have of course provided 
researchers with valuable knowledge on how interfaces mediate 
mechanical, thermal, and mass transport behavior in heteroge-
neous materials, but are still limited in several aspects: (a) many 
of them are based on either surface analysis, e.g., EBSD, which 
only collect data on sample surfaces instead of probing the in situ 
behavior at a buried interface, or foil analysis (TEM or TDTR), 
which requires the samples to be sufficiently thin and does not 
consider the effect of the complex microstructure environment 
on the interface-mediated thermomechanical behavior; (b) each 
experimental technique has its own spatial–temporal domain of 
suitability, none of which can simultaneously resolve the μm-level 
dislocation plasticity, nanoscale phonon dynamics and the atomic 
scale ion diffusion, which act together to contribute to the inter-
face-mediated thermomechanical behavior; (c) several key quanti-
ties, such as local stress and heat flux at the interface, are usually 
not directly measured in experiments. Instead, they are calculated 
from the strain measurement in EBSD/TEM and the temperature 
gradient in TDTR, respectively, using phenomenological consti-
tutive rules such as Hooke’s law [42, 43] and Fourier’s law [24] 
in particular. Moreover, like computational models, experiments 
have uncertainty both in terms of sensor outputs, processing, and 
conceptual models that translate measurements into properties. 
These limitations lead to a series of un-answered questions: Will 
the mechanical, thermal and mass transport behavior near an 
interface embedded within a complex microstructure largely dif-
fer from that of an isolated interface? If yes, how does the micro-
structure-induced internal stress contribute to such differences? 
Is it possible to directly quantify the internal stress/heat flux at 
the buried materials interfaces rather than measuring the strain/
temperature gradient and then converting them into stresses/heat 
flux according to the empirical constitutive laws? Would it be pos-
sible to establish and even manipulate the correlation between the 
local dislocation density, internal stress intensity factor, twinning/
PT nucleation/growth, variant selection, thermal resistance and 
ion diffusivity? Clearly, answering these questions through experi-
ments alone is extremely challenging, if even possible. Multiscale 
computer simulations are essential to augment such experimen-
tal information to mitigate experimental uncertainties of various 
forms, including limited regimes of responses and a priori assump-
tion of specific theories or mechanisms, as well as high cost.

Perspectives on the development 
of multiscale materials modeling 
methodologies
Researchers have made considerable progress on the devel-
opment of multiscale modeling methodologies over the past 
twenty years [57–64]. Multiscale methods generally fall into two 

categories: sequential and concurrent approaches. In sequential 
approaches, the pertinent information is extracted from atom-
istically resolved simulations, e.g., molecular dynamics (MD) 
or density functional theory (DFT) calculations. This informa-
tion is then used to inform higher length-scale models, such 
as dislocation dynamics (DD) [65–71], Boltzmann transport 
equation (BTE) [72–74], Poisson’s equation of diffusion [75–77] 
(Fig. 2a–c), and among many others. With the atomistic nature 
of materials being smeared out, such atomistically informed 
continuum approaches enable an appreciable gain in compu-
tational efficiency compared with MD or DFT. The calibration 
of constitutive rules through fine-scale simulations is, however, 
non-trivial, especially when a predictive description on how 
dislocation plasticity, heat and mass flows across the buried 
interface is concerned. One main reason is that, due to the high 
computational cost, the periodic simulation cell size in a typi-
cal MD model using modest computational resource is usually 
limited to less than hundreds of nanometers. As a consequence, 
it can: (i) only accommodate a few dislocations very near the 
interface and cuts off the μm-level long-range stresses induced 
by a high density of dislocations accumulation at the interfaces 
(Fig. 2d); (ii) only allow for nanometer-long-wavelength phonon 
propagation in small samples and cut off long-wavelength pho-
nons that significantly contribute to the thermal conductivity of 
superlattices or thin films (Fig. 2e); (iii) only retain the atomis-
tic structures of equilibrium GBs or misfit dislocation networks 
composed of periodic structure units and cut off the long-range 
structure heterogeneity of non-equilibrium interfaces, such as 
the non-equilibrium GB [78] (Fig. 2f).These limitations cast 
doubts on using atomic-level simulations to extrapolate to the 
continuum-level constitutive models for practical applications. 
It renders many sequential approaches not fully predictive when 
applied for simulating the interface-mediated thermomechani-
cal behavior in engineering materials with coarser scales of 
microstructure heterogeneity.

In contrast, concurrent methods, such as the Quasicon-
tinuum (QC) [57], coupled length-scale (CLS) approach [58], 
bridging domain method (BDM) [59], coupled atomistic and 
dislocation dynamics (CADD) [60], and among many others 
[61–64], combine atomistic and continuum description in one 
model. These approaches can accommodate the long-range 
stress field at the continuum level and also resolve the atom-
istic structures of critical regions, such as material interfaces. 
They offer researchers unique platforms for modeling the inter-
face-mediated thermomechanical behavior under the effect of 
long-range stress fields, which can be evidenced by a series of 
benchmark examples demonstrating the applicability of those 
methods in the literature. However, it should be noted that, in 
most of these models, the atomistic domain fundamentally dif-
fers from classical continuum domain in two main aspects: (a) in 
the atomistic domain, an interatomic potential is used to govern 
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the material’s behavior, which is non-linear, non-local and give 
rise to full branches of dispersive phonon dynamics. Instead, the 
constitutive relation used in the classical continuum domain of 
those models is linear, local and only gives rise to a limited set 
of non-dispersive phonon branches; (b) the material defects, 
e.g., interstitials, vacancies, dislocations, cracks, and many oth-
ers, can be all naturally allowed in an atomistic domain, but 
are treated at a lower resolution in the continuum domain. For 
example, in CADD, the dislocations in the continuum domain 
are considered as line segments, which have no core structure 
and interact with each other through the long-range stresses 
according to the theory of elasticity. In a concurrent model, 
which combines BDM and extended finite element method 
(XFEM) [101], the dislocations or cracks are enabled in the con-
tinuum domain by introducing a Heaviside step function for 
capturing the discontinuity across the pre-defined slip or cleav-
age planes. Due to the above mismatches, an extensive effort has 
been devoted to constructing a transition region for handshak-
ing atomistic with continuum. For instance, in a QC simula-
tion of the dislocation-GB interaction [102], the finite elements 
(FEs) in the continuum domain were adaptively refined to fully 
atomistic along the dislocation migration path, even well away 
from the GB. Such adaptive refinement removes much of the 

computational advantage sought by a continuum model. Alter-
natively, in CADD, a "detection band" to transfer dislocations 
between atomistic and DD was adopted [60]. The construction 
of it for curved dislocations in 3D is non-trivial and was not 
attempted until recently [103–105]. Overall, an inconsistency 
between atomistic and classical continuum description of mate-
rials gives rise to challenges for many concurrent methods when 
applied for understanding the interface-mediated mechanical, 
thermal, and mass transport behavior from the bottom-up.

Distinct from the multiscale approaches above, a concur-
rent atomistic-continuum (CAC) method [87–100, 106–110] 
was developed over the past decade. Fundamental to CAC is 
a formulation that unifies atomistic and continuum descrip-
tion of materials [79–86]. This formulation generalizes Kirk-
wood’s statistical theory of transport [111–114] by including 
a two-level description of crystals. It considers material as 
a collection of continuously distributed lattice cells, within 
each of which a group of atoms is embedded (Fig. 2g). The 
atomic displacement field is then expressed as the sum of a 
continuum-level lattice cell deformation and a discrete sub-
lattice deformation. In this way, the continuum field quantities 
(mass, energy, and stress) can be defined in terms of atomic-
level variables (forces, displacement, and velocities) [79–82]. 

Figure 2:  A summary of continuum, atomistic, and a concurrent atomistic-continuum (CAC) model: (a–c) the continuum theories and computer models 
for simulating dislocation plasticity, phonon transport, and diffusion; (d–f ) the atomic-level MD models cutting off the long-range stress field, long-
wavelength phonons and the GB structure heterogeneity; (g–j) an atomistic field formulation [79–86], the resulting CAC model and its unique features 
in accommodating dislocations [87–93], cracks [94–96], full sets of phonons [97–100] (LA, TA, LO, and TO are longitudinal acoustic, transverse acoustic, 
longitudinal optic, and transverse optic, respectively), and interstitial diffusion in continuum.
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The atomistic-decorated balance equations [83, 84] were then 
derived. They are identical in form to the balance equations in 
continuum theories. Thus, continuum modeling techniques, 
such as the FE method, can be used to solve them. The discre-
tization of a sample into FEs leads to a unique coarse-grained 
(CG) description of materials: (1) it is non-local and non-
linear in nature by using the interatomic potential as the only 
constitutive rule; (2) the FE in it conforms to the geometry 
of a material’s primitive cell [87, 94]. This element ensures 
that dislocations/cracks can migrate along the FE boundaries, 
which are along the slip/cleavage planes [87–96] (Fig. 2h); (3) 
it retains the full spectrum of dispersive phonon dynamics 
by allowing various phonon modes [97–100] (Fig. 2i); (4) it 
allows interstitial ion hopping in the FE domain where the 
interstitial sites have been built in (Fig. 2j). A combination 
of such unique CG descriptions with fully atomistic bases 
leads to a CAC model that can be well suited for bottom-up 
simulation of μm-level plasticity, heat, and mass flow across 
atomistically resolved interfaces. The applicability of such a 
concurrent multiscale model approach to support the under-
standing of dislocation plasticity, fracture, twinning, PTs, 
thermal transport, diffusion, and their interactions in a variety 

of heterogeneous materials containing GBs, PBs, and other 
interfaces is discussed and analyzed in detail in the following.

Perspectives on the applications of multiscale 
material modeling methodologies
It is widely accepted that the factors or phenomena that affect 
many mechanical behaviors of materials, such as plasticity, 
creep, fatigue, damage, and facture, all span a broad range of 
length scales. As a sample demonstration, the multiscale nature 
of slip transfer in polycrystalline Ti alloys (Fig. 3a–c), fracture 
of multiphase aggregates (Fig. 3d–f), and plastic flow in multi-
layered metallic composites (Fig. 3g–i) are analyzed in detail. 
Figure 3a shows the image of a plastically deformed polycrystal-
line Ti-6Al-4V composed of micron-sized grains [1], in each of 
which a large number of slip bands can be clearly recognized. 
With its length of hundreds of micrometers and width of tens 
of nanometers (Fig. 3a, b), respectively, each slip band in Fig. 3a 
involves a large number of dislocations. Experimental analysis 
[14–17, 42, 43] have revealed that, upon the arrival of such a 
large number of dislocations at the slip-interface intersection, 
the strain/stress severely localizes and does not decay to zero 

Figure 3:  Multiscale mechanical behavior in three representative materials and the corresponding computer models for simulating such behavior: (a–c) 
the slip transfer in a plastically deformed polycrystalline Ti-6Al-4 V and the CAC model for simulating the slip-GB reactions; (d–f ) the microstructure of 
a multiphase aggregate together with the CAC model for simulating the crack deflection at the buried interface; (g–h) the microstructure of metallic 
composites fabricated through ARB and the CAC model for simulating the dissimilar metal bonding process in ARB.
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even at tens of microns away from the slip-GB intersection. We 
believe that such μm-long-range internal stresses together with 
the atomic-level GB geometries are the two key factors control-
ling the slip-interface reaction and the subsequent structure 
changes (cross-slip, transmission mode selection [90], twinning/
PT nucleation, variant selection and growth [15]). A simultane-
ous incorporation of these two factors into one multiscale model 
like CAC (Fig. 3c) is necessary for simulating the microstructure 
evolution of polycrystalline alloys during plastic deformation. 
It will enable researchers to formulate the local stress- and even 
other higher order stress-informed metrics for predicting slip 
transfer. Such multiscale simulation-based slip transfer metrics 
may be expected to supplant many global resolved shear stress-
based metrics [14], which are commonly used but may not have 
identified precise mechanisms of slip transfer.

Similar to slip transfer, fracture of a polycrystalline or mul-
tiphase aggregate can be also largely controlled by the long-range 
internal stress field together with the atomistic structure at the 
interface. As an example, Fig. 3d, e presents the cross-section of 
a millimeter-sized multiphase aggregate and its fracture behav-
ior (hard phase: white in Fig. 3d and yellow in Fig. 3e; soft phase: 
gray in Fig. 3d and blue in Fig. 3e) [115]. When crack goes either 
‘from the soft to the hard phase’ or ‘from the hard to the soft 
phase’ (Fig. 3e), its propagation direction slightly changes. Here 
we argue that the disorientation of the cleavage planes in soft/
hard phases, the internal stress states upon the crack tip’s arrival 
at the hard/soft interfaces, together with the atomistic structure 
at the crack-interface intersection, co-operate to engender crack 
deflection. To test this hypothesis, there is obviously a need to 
incorporate the crystallographic orientation (cleavage planes in 
particular), the long-range crack tip stress field (decaying as a 
function of 1/r0.5, r is the distance away from the crack tip), and 
the atomistic interface structures all in multiscale model like 
CAC (Fig. 3f). This is not only important for understanding the 
crack deflection observed here, but is also necessary for gain-
ing knowledge on how fracture transits from ‘inter-granular’ 
to ‘transgranular’ in many polycrystalline materials subject to 
mechanical deformation.

Beyond slip transfer and fracture, another multiscale 
mechanical behavior of great interest is the material plastic-
ity involved in the fabrication of layered metallic composites 
(Fig. 3g) through accumulative roll bonding (ARB) [2–4, 116]. 
The multiscale nature of dissimilar metal joining in ARB can be 
evidenced by: (i) the formation of μm-long dislocation-mediated 
slip bands in the millimeter- and μm-sized grains at an early 
stage of rolling (Fig. 3h); (ii) the grain refinement down to the 
nanoscale (Fig. 3h) and then the atomic-level interface misfit 
dislocation network formation at a very late stage of rolling. 
Understanding such a complex process through multiscale 
computer simulations is obviously important for correlating 
the ARB processing conditions with the bonding quality of 

the final products. Figure 3i, j presents the results from one of 
our recent relevant attempts along this direction through CAC 
simulations. It is seen that, when a large number of dislocations 
arrive at the interface between dissimilar metallic materials, the 
lattice in the adjacent layers becomes unstable. This, in turn, will 
activate grain refinement. Through such a preliminary attempt, 
CAC’s unique capability on simultaneously accommodating 
the μm-level dislocation slip and nanoscale recrystallization is 
demonstrated. Its applicability to address the full complexity of 
the bonding process in ARB is, however, not yet benchmarked 
due to the lack of a robust adaptive mesh refinement (AMR) 
algorithm. The development of an autonomous AMR on the fly 
in CAC simulations is being intensively pursued [117]. Its appli-
cations in predicting the multilevel microstructure evolutions in 
heterogeneous materials under severe plastic deformations will 
be reported in the near future.

In addition to mechanical behavior, thermal transport 
behavior, especially phonon-mediated thermal transport, is 
another major concern for many engineering materials in ser-
vice, such as semiconductors, oxides, ceramics, polymers, or 
composites comprised of these materials. In these materials, the 
dynamics of phonons is complicated because phonon waves, i.e., 
thermal-induced lattice vibrations, occur across a wide range of 
length scales (wavelength: nm for high-frequency phonons but 
μm for low-frequency phonons; mean free path: nm at high tem-
perature but μm at low temperature). For materials dominated 
by phonon transport, phonon interactions with the microstruc-
ture in heterogeneous materials subject to thermal loading can 
be more complicated by spanning an even broader length scale. 
This can be elucidated by the two examples shown in Fig. 4. 
Figure 4a, b presents the grain structure of a polycrystalline Si 
(Fig. 4a) and a tri-crystalline CAC model (Fig. 4b), in which a 
coarse-grained (CG) description is deployed for the micron-
sized grains and an atomistic resolution for the GBs. When a 
thermal loading (a high temperature in the middle and a low 
temperature on the two ends in Fig. 4b) is imposed, a μm-scale 
temperature gradient away from the GB together with a nm-level 
temperature drop near the GB (Fig. 4c) simultaneously appear 
on the temperature profile. Such a multiscale temperature profile 
is reasonable because phonons do not meet with any obstacles 
in the micron-sized grains but will be scattered by the crystal 
structure imperfection at the nanostructured GBs. Such temper-
ature profiles can only be captured by multiscale simulations like 
CAC with multiple resolution co-existing in one model. More 
importantly, the concurrent models not only will capture the 
multiscale nature of the temperature profile which is considered 
as a collective behavior of phonons, but also can unravel the 
mechanism underlying the collision between the single pho-
non wave packet and an atomistic interface. As a demonstra-
tion, for a μm-long nanowire composed of alternative Si/SiGe 
layers (Fig. 4d) subject to a thermal loading, Fig. 4e–g shows the 
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CAC model set-up together with the simulation results on the 
propagation of a phonon wave packet across the Si/SiGe inter-
face. Due to the explicit accommodation of atomistic structure 
at the interface, concurrent multiscale simulations will not only 
quantify phonon transmission/reflection coefficient but also 
resolve the phonon-induced interface structure reconstruction. 
This is usually smeared out in continuum, atomistic-informed 
continuum models such as BTE, but obviously cannot be sim-
ply ignored, especially when a prediction of the performance of 
materials subject to cyclic thermal loading is desired.

When materials containing interfaces are exposed to more 
aggressive environments other than stress and temperature, 
such as electrochemical, corrosive, ultrasonic, electromag-
netic, or irradiative conditions, atomic diffusion-induced 
mass transport can occur and indeed control their macro-
scopic behavior. Taking the multilayered oxides in solid oxide 
fuel cells (SOFCs) and Al/Ti alloys under ultrasonic additive 
manufacturing (UAM) as two representative examples, we 

characterize the multiscale nature of atomic diffusion-induced 
mass transport and propose corresponding computer models 
for simulating them. Figure 5a shows the microstructure of a 
typical multilayered solid oxide,  (SrTiO3/MgO)n, which con-
tains alternative µm-thick  SrTiO3 and nm-thick MgO layers. 
At the semi-coherent interface between  SrTiO3 and MgO, a 
network of misfit dislocations (Fig. 5b) with their averaged 
spacing at the nanometer level is formed. Experimental meas-
urements show that the interface misfit dislocations in layered 
solid oxides are favorable paths for interstitial ion hopping 
[122–124]. This is believed to be caused by a long-range elastic 
strain together with the local stress fields induced by the misfit 
dislocations, although a direct in situ experimental evidence 
is still lacking. Also, in each polycrystalline  SrTiO3 layer, the 
interstitial  O2− ions can be easily trapped on certain GBs but 
may penetrate tens of microns into the materials on the oth-
ers. It suggests that the ion mobility is sensitive to either the 
GB structure or the local stress states or both. The interstitial 

Figure 4:  Multiscale thermal transport behavior in two representative materials and the corresponding computer models for simulating such behavior: 
(a–c) the grain structure of a polycrystalline Si, CAC model for simulating the thermal transport in a tri-crystalline sample and the temperature profile 
extracted from CAC simulations; (d, e) the microstructure of a μm-long nanowire composed of alternative Si/SiGe layers [6] and the corresponding 
CAC model; (f ) CAC simulation of the phonon wave packet propagation across an interface showing the reflection and transmission; (g) the CAC 
simulation-predicted atomistic structure of the misfit dislocation network at the Si/SiGe interface [118].
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ion diffusion in plastically deformed solid oxides becomes 
even more complicated. For instance, when the  SrTiO3 layer is 
indented, the  SrTiO3/MgO interface can block the dislocations 
and lead to the formation of a pileup as discussed before. This 
pileup has a long-range character and spans several microns, 
which can tilt the lattice structure unit, an oxygen octahe-
dron (OCT) in the adjacent  SrTiO3 layer. Such OCT tilting 
in oxides may largely promote the interstitial ion hopping 
through a “cog-wheel” manner [30–34]. Clearly, the micro-
structure and the ionic diffusion-induced mass transport in 
solid oxides span from the atomistic to the micrometer level. 
A resemble of the multilevel microstructure together the ion 
diffusion dynamics under the effect of the microstructure-
induced long-range internal stresses necessitates a multiscale 
computer models like CAC to overcome many inherent dif-
ficulties in traditional continuum or MD simulations.

Another example which can clearly demonstrate the multi-
scale nature of atomic diffusion-induced mass transport is the 
ultrasonic-assisted bonding of dissimilar materials in UAM, 
where the materials under a clamping force and ultrasonic vibra-
tion are bonded together through interface diffusion (Fig. 5c). 
The material bonding in UAM is argued to occur through four 
steps: surface oxide fragmentation, ultrasonic-assisted plastic 
flow, grain refinement, and then interface diffusion. Step-1 is 
less important if materials surfaces are well polished. Despite 
that, the occurrence of step-2 and step-4 still spans a broad range 
of length scales and remains not fully understood up to date in 
the following three aspects: (a) how does the kHz ultrasonic 
vibration (wavelengths: μm-mm) affect the dynamics (mobility, 
de-pinning from nanosized obstacles, etc.) of single dislocation 
lines and then their collective behavior (annihilation, junctions, 
pileup at GB, etc.)? (b) how does the long-range internal stress 

Figure 5:  Multiscale mass transport behavior in two representative material systems and the corresponding computer models for simulating such 
behavior: (a, b) the multilevel microstructure in layered oxides,  SrTiO3/MgO and the proposed CAC model for simulating the interstitial ion diffusion in 
the complex microstructure; (c) the experimental set-up for bonding Al and Ti foils through ultrasonic additive manufacturing (UAM) [119–121]; (d) the 
proposed CAC model for simulating the interface bonding of dissimilar metallic materials in UAM.



Introduction

© The Author(s), under exclusive licence to The Materials Research Society 2021 2609

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 1

3 
 J

ul
y 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

induced by the ultrasonic-promoted dislocation accumulation at 
the Al/Ti interface contribute to the nanoscale twinning, phase 
transformations, and grain refinement nearby? (c) how does 
the ultrasonic-assisted motion of a large number of dislocations 
and their arrivals at the interface promote the inter-diffusion 
between Al and Ti layers? Clearly, the interface bonding pro-
cess in UAM is inherently multiscale. Answering those questions 
necessitates concurrent multiscale simulations. Here we argue 
that the CAC platform provides us with a suitable, perhaps opti-
mal approach to meet this need because it can naturally accom-
modate the dynamics of kHz-GHz waves, dislocations, and ion 
diffusion all together in one model. Figure 5d presents a mul-
tiscale model set-up to simultaneously resolve the ultrasonic-
promoted plastic flow at the mesoscale, the plasticity-induced 
structure instability (twinning, PTs, grain refinement, etc.) at the 
nanoscale, and the atomic-level interface diffusion/bonding. It 
will elucidate the atomistic-to-mesoscale mechanisms behind 
the interface diffusion bonding process in UAM. Such multiscale 
simulations, if successful, may fill a knowledge gap in correlating 
the UAM processing conditions, material microstructure evolu-
tion in UAM, with the resultant bonding quality.

Future developments of multiscale modeling 
methodologies and potential applications
Given the extreme complexity of the interface-mediated ther-
momechanical behavior of advanced engineering materials, we 
are fully aware that a “silver bullet” for the diversity of problems 
under consideration in this focus issue does not yet exist. Fur-
ther development of predictive multiscale materials modeling 
methodologies requires clear management of a variety of priori-
ties, which include but are not limited to: (i) an incorporation of 
the quantum effects into the description of the mechanical, ther-
mal, and mass transport behavior in materials, which leads to a 
need of, whenever possible, unifying the electronic, atomistic, 
and continuum description of materials in one single theoreti-
cal framework; (ii) an infusion of existing multiscale modeling 
methodologies with multiphysics simulations for understand-
ing how materials respond to electro-magneto-thermo-chemo-
mechanical fields because many new materials are developed 
with a multifunctional purpose and will be exposed to mul-
tiphysics environments (electromagnetic, irradiation, corro-
sive, etc.); (iii) simulations of material behavior at the µs- and 
µm-level as a convolution of many atomic scale events. The tem-
poral/spatial scales of many existing multiscale methods are still 
not directly comparable to those of conventional experimental 
measurements at relatively longer time scales (seconds to hours) 
and larger length scales (millimeters to centimeters). We have 
emphasized that bottom-up, concurrent multiscale methods 
are more likely to yield predictive insight and understanding 
to guide materials design at larger scales. The development of 

multi-timescale algorithms is thus necessary to address this 
gap. A combination of existing multiscale methods with those 
approaches, such as accelerated molecular dynamics [125, 126], 
kinetic Monte Carlo (kMC) [127], nudged elastic band (NEB) 
[128], and quasi-static CAC [93], developed for modeling rare 
events might provide an alternative option to address the time 
scale challenge; (iv) modeling the thermomechanical or diffu-
sional behaviors of materials at a relatively high temperature. 
In this situation, the short-wavelength phonon waves in the 
atomistic domain cannot be directly passed into the continuum 
domain in many existing concurrent models yet if a tri-linear 
shape function is employed. The reflected short-wavelength 
waves may alter the atomistic structure evolution at the inter-
face. In this situation, a smooth passage of the short-wavelength 
waves from the atomistic to the continuum domain using a lat-
tice dynamics-based finite element shape function [100] will be 
needed. Although with an increase in the computational cost, 
the lattice dynamics-based finite element shape functions will 
effectively eliminate the wave reflections at the numerical inter-
faces in concurrent simulations at a finite temperature; (v) the 
establishment of an ab initio data-driven multiscale simulation 
tool that can directly predict the material behavior from the 
electronic to the macroscopic level, because the interatomic 
potentials used in the existing multiscale simulation tools, may 
create uncertainties. The CAC simulator driven by an ab initio 
quality potential trained from quantum mechanical data using 
a machine learning algorithm may be one option to meet this 
need. It is under development in the group of LX and will be 
reported in the near future.

An extensive effort dedicated to the further development of 
multiscale materials modeling methodologies as outlined in the 
foregoing will lead to the establishment of predictive multiscale 
material modeling tools. This in turn, will provide decision sup-
port in the design and development of new high-performance 
materials for energy generation, storage and conversion, cor-
rosion mitigation, damage and failure prevention, and thermal 
management. The obtained material modeling platforms will be 
general and the knowledge to be gained from the relevant multi-
scale simulations will be transferable. Their applications will not 
be limited in engineering sectors, but will also find widespread 
applications in geophysics, such as explaining and predicting 
the deep mantel earthquakes, or the fracture of glaciers or ice 
sheets in polar regions, and even the on-demand synthesis of 
‘born-certified’ materials in deep space where many on-earth 
material characterization and testing facilities are simply not 
available. We hope this perspective together with the relevant 
articles collected in this focus issue will inspire researchers to 
develop even more advanced theories, algorithms, and software 
implementations toward a shift to more predictive multiphysics, 
multiscale materials modeling methodologies.
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