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A B S T R A C T   

In this work, we present a nanostructure-sensitive crystal plasticity model for the deformation 
response of nanolaminate composites. The model is applied to investigate the strength of Mg/Nb 
nanocomposites, wherein the Mg phase has either a hexagonal close-packed (HCP) or a body- 
centered cubic (BCC) crystal structure. To account explicitly for the effects of layer thickness 
and biphase interface on crystallographic slip, the model features a hardening law, called dual- 
mode confined layer slip (CLS). The model is applied to a suite of stress-strain measurements 
made on Mg/Nb nanocomposites, varying layer thickness, texture, and interface structure. Ex
periments show that the BCC/BCC Mg/Nb nanocomposites achieve substantially higher strength 
than the HCP/BCC nanocomposites. Apart from the finer layer thicknesses, the model indicates 
that the pseudomorphic BCC Mg phase contributes to strength by increasing the slip strengths of 
the 〈111〉 slip modes compared to the 〈a〉 slip modes in HCP Mg. It also suggests that the coherent 
interface poses less resistance to dislocation motion than the incoherent interface. It is, therefore, 
found that the BCC/BCC composite strength benefited from both the confinement on dislocation 
motion imposed by the reduced layer thickness and higher inherent strength of its BCC phase, but 
that it would be even higher if the interface was not a sharp coherent interface.   

1. Introduction 

Over the years, metallic nanolayered composites (MNCs) have been drawing increasing attention in the materials community. 
MNCs are a type of composite made from constituents with different physical properties that are nanoscale in dimension. Multiple 
studies on MNCs have reported that compared with coarse-layered composites of the same composition (layer thickness 
h~10−3 ∼ 10−5m), MNCs exhibit substantially better thermal stability, shock resistance, radiation resistance, and ultra-high strength 
(Cao et al., 2019; Chen et al., 2020a; Clemens et al., 1999; Han et al., 2011; Mara and Beyerlein, 2015; Mara et al., 2008; Misra et al., 
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2005, 2004; Misra and Hoagland, 2005). Among these properties, the enhancements in strengths have been the most impressive, 
ranging from three to ten times that of the coarser layered version, inspiring many investigations to study their mechanistic or 
microstructural origins. 

In MNCs, the relatively small h compared with the dislocation core (~ 1 nm) limits the amount of volume in which dislocations can 
be stored or pile up and how far dislocations can move (Chen et al., 2020b; Hoagland et al., 2004; Misra et al., 2005; Zhang et al., 2017; 
Zhao et al., 2019). Consequently, in this nano-scale limit, the dislocation processes involve one to a few dislocations. Fine nanoscale 
layers also limit the size of grain boundary sources and force dislocations to bow-out or thread through the layers between adjacent 
interfaces (Chen et al., 2020b; Mastorakos et al., 2009; Zbib et al., 2011). The latter has been conventionally referred to as confined 
layer slip (CLS), in which an individual dislocation must thread in between the two interfaces in order to glide on its plane. Due to the 
increased line tension as it bows within the layer, the dislocation critical resolved shear stress (CRSS) scales as (ln(h)/h) (Anderson 
et al., 1999; Ardeljan et al., 2018; Chen et al., 2020b; Liu et al., 2019; Misra et al., 2005). This mechanism for dislocation glide indicates 
that MNC strength in the nanoscale regime should depend sensitively on the individual layer thickness h, increasing as h decreases. 

Besides the fine nanoscale layering, the types of biphase interfaces, the crystal structure, and crystallographic orientations of the 
constituents can also affect the strength of MNCs. Certain types of interfaces are more thermally stable than others or provide more 
resistance (Beyerlein et al., 2015; Snel et al., 2017; Wang et al., 2018; Zhang et al., 2017). The introduction of high density, coherent 
interfaces or interfaces free of extrinsic defects, can result in higher material stability with respect to temperature, high rates, and large 
strain deformations (Mara and Beyerlein, 2015; Yang et al., 2019). 

Another phenomenon that may accompany reductions in layer thickness in MNCs is a pseudo-morphic phase transformation 
(Frank and Vandermerwe, 1949; Jesser, 1969). When two metals of dissimilar crystal structure are joined, a phase transformation can 
be induced in one phase from the stable crystal structure to a new crystal structure that matches the adjoining phase and the biphase 
interface between them is coherent. For this to happen, the layer thickness of the transformed phase needs to be sufficiently fine such 
that the energetic preference of a low energy, coherent bimetal interface outweighs the energetic penalty associated with the co
herency strains. As a result, one constituent adopts the crystal structure of the other. 

One material that has benefitted from a pseudomorphic phase transformation is magnesium (Mg) (Ham and Zhang, 2011). The 
mechanical properties of Mg and its alloys have been extensively studied as these materials could have important applications where 
high strength and lightweight materials are desirable, such as military, aerospace, and portable electronics industries (Zeng et al., 
2019). However, some limitations need to be overcome. The inherent strength of Mg at room temperature relative to other commonly 
available metals, like steel, is very low (Pan et al., 2016). Also, due to the low symmetry HCP crystal structure of Mg, its plastic 
behavior is sensitive to loading direction, temperature, and strain rate, leading to low room-temperature formability (Arul Kumar 
et al., 2017; Miller et al., 2016). By transforming from an HCP metal to a pseudomorphic body-centered cubic structure (BCC) metal, 
Mg changes its slip properties dramatically. Usually the critical stresses in Mg for pyramidal 〈c + a 〉 slip are several times larger than 
those in the basal 〈a〉 slip (Bong et al., 2019; Risse et al., 2017). Thus the crystals in which the stress orientations benefit 〈c +a〉 slip 
activity deform under higher stress than those oriented well for 〈a 〉 slip (Ardeljan et al., 2016; Kabirian et al., 2015; Kumar et al., 
2017a, 2017b; Sandlöbes et al., 2011; Savage et al., 2020). Meanwhile, in BCC crystal, at least 48 available slip systems with similar 
activation stress and a more symmetric structure make it more ductile than HCP metals. 

It has been shown that when combined with Nb in an MNC, the Mg phase can change from HCP to BCC (Ham and Zhang, 2011; Jain 
et al., 2019; Pathak et al., 2017). Based on DFT calculations and theory, a critical layer thickness for the transformation was predicted 
to be h = 4.2 nm (Kumar et al., 2014). TEM, X-ray diffraction, and synchrotron experiments have shown that h = 5.5 nm can produce 
an MNC with a uniformly BCC Mg phase. Recent work has reported that when compressed normal to the layers, the 5.5/5.5 nm 
BCC/BCC Mg/Nb composites were approximately 50% stronger than a 35/65 nm HCP/BCC Mg/Nb composite and sustained a higher 
strain to failure (Pathak et al., 2017). The role of the pseudomorphic phase in strengthening, however, remains to be clarified. 
Furthermore, these two composites differ in many ways apart from the HCP to BCC phase change. The interface type has also changed 
from an incoherent HCP/BCC to a coherent BCC/BCC interface, the crystallographic texture has been completely altered, and the layer 
thickness has reduced by an order of magnitude. 

To simulate the deformation response of nanolaminates, a 3D model, accounting for the texture, interface character, and slip 
systems is needed. Mean-field polycrystal plasticity models have indeed become a commonly used approach to determine the 
constitutive response of polycrystalline materials (Al–Fadhalah et al., 2005; Lebensohn and Tomé, 1993; Nizolek et al., 2016; Wang 
et al., 2020). For many years, the spatially resolved crystal plasticity mechanics techniques, such as crystal plasticity finite element 
(CPFE), have been used to research the deformation behavior of polycrystalline materials (Bronkhorst et al., 1992; Hansen et al., 2013; 
Kalidindi et al., 1992, 2006; Knezevic and Beyerlein, 2018; Zhang et al., 2019). While computationally more intensive, unlike 
mean-field models, 3D full-field, crystal plasticity models, like CPFE, spatially resolve the topology and crystallinity of the local 
neighborhood of each grain, an important ability for the highly oriented and layered materials of interest here. In the CPFE method, the 
deformation at each point in the material is governed by elasticity and dislocation slip via crystal plasticity. In a deformation simu
lation, CPFE can relate the macroscopic stress-strain response, typically measured experimentally, with the underlying slip and 
twinning activity (Ardeljan and Knezevic, 2018; Ardeljan et al., 2018; Bronkhorst et al., 2006; Roters et al., 2010). Over the bulk 
material, it can predict the evolution in texture, grain boundary character, and interface character distributions during deformation. At 
the microstructural level, it can calculate the spatially resolved inter- and intra-granular stress, strain, and rotational fields in a 3D 
microstructure. Recently a 3D CPFE model was developed to calculate the elastic and plastic stress-strain responses of the Mg/Nb 
nanolaminates (Ardeljan et al., 2018). Comparisons with the elastic curves from micropillar testing enabled calculation of the elastic 
constants of BCC Mg, which were not possible earlier even with DFT or high-pressure synchrotron diffraction (Su et al., 2020). For the 
plastic response, the model incorporated the standard CLS law in order to account for the h-effect on strength (Misra et al., 2005). 
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While the h-size effect on the plastic responses of these composites was captured, it was still unclear which microstructural conse
quence of the pseudomorphic change was responsible for the high strength, since too few cases and loading directions were considered. 

In this work, using 3D CPFE modeling, we investigate the strengthening mechanisms of pseudomorphic BCC Mg/Nb composites. 
We present a modified confined layer slip model, called dual-mode CLS, and incorporate it into a 3D crystal plasticity finite element 
model that explicitly represents the grain structure and texture of the nanocrystalline layer in order to calculate the deformation 
responses of the nanocomposites. The model is applied to a set of stress-strain measurements made on Mg/Nb nanocomposites. Most of 
the experimental data were previously reported; however, here we carry out just a few key distinct tests, such that the data set spans 
three types of MNCs, which differ not only in crystal structure for the Mg phase and nanolayer thicknesses, but also in interface type, 
texture, and loading direction. Taken together, we identify that the pseudomorphic BCC Mg phase is stronger than the HCP Mg phase, 
with the slip strengths of {110} and {112} <111> slip in BCC being higher than basal and prismatic <a> slip in HCP. The analysis 
indicates that coherent interface, however, is weaker than the incoherent one; therefore, the reduction in layer thickness was helpful 
for strengthening the material and compensating for the otherwise weakening effect of this change in interface type. Last, the model 
forecasts that if the Mg/Nb composite were to remain HCP/BCC with reductions in layer thickness, the size effect in strengthening 
would be minimal since Nb accommodates more of the deformation. As a pseudomorphic phase, Mg, on the other hand, accommodates 
more of the applied strain than Nb. 

This paper is structured as follows. We begin with a description of the experimental synthesis and micropillar methods used, 
followed by a review of the CPFE formulation. Then the dual-mode CLS model for the hardening law for slip is presented. Next, the 
methods for building the 3D nanolaminate microstructures, their properties, and boundary conditions for CPFE deformation simu
lation are described. The results are then presented, beginning with direct comparison with stress-strain response in different loading 
directions and layer thickness and including discussion of the slip and interface strengths in the pseudomorphic BCC phase of Mg and 
relative activities of the slip modes, which are not available experimentally. We conclude with an analysis of the data to identify the 
key contributors for strengthening the BCC Mg/Nb nanolayer composite over the HCP Mg/Nb composite. 

2. Materials and experimental methods 

Mg/Nb MNCs were synthesized via PVD, using methods described in Ardeljan et al. (2018), Jain et al. (2019) and Pathak et al. 
(2017). Here we study a set of MNCs made with one of three layer thicknesses– 5.5/5.5 nm, 7/7 nm, and 35/65 nm Mg/Nb nano
composites. Note that only the 7/7 nm nanocomposite is newly made here, and the others have been characterized previously. 

X-ray diffraction (XRD) was used to measure the initial texture of each phase and transmission electron microscopy (TEM) was used 
to confirm the uniformity in layer thicknesses (Jain et al., 2021). Fig. 1 shows the initial texture of the HCP Mg phase and the BCC Mg 
and Nb phases from XRD Ardeljan et al. (2018). The Nb and Mg phases in the 5.5/5.5 nm composites are the same, wherein the {110} 
poles are aligned through the thickness of the film. In the HCP Mg phase, the basal poles are strongly aligned through the thickness. The 
finest 5.5 nm BCC Mg nanolaminates had nearly equal Mg and Nb layer thicknesses and, consistent with the XRD results, TEM 
confirmed that the Mg phase has a BCC crystal structure and the interface that joins with the Nb phase is coherent (Ardeljan et al., 
2018; Pathak et al., 2017). TEM analyses of the 7/7 nm composite reveal that the layer thicknesses in some regions in the same sample 
can range from 7 to 10 nm in Mg and 7 to 20 nm in Nb (Jain et al., 2021). The occasional larger Mg layer thicknesses close to 10 nm had 
an HCP crystal structure but a thin 1–2 nm BCC layer at the Mg/Nb interface(Jain et al., 2021). Since the strength of the composite is 
controlled by the lowest feature size (Misra et al., 2005; Pathak et al., 2015), these samples will be analyzed and modeled using their 
minimum layer thickness of 7/7 nm where Mg is in its pseudomorphic BCC crystal structure. Last, TEM analysis confirmed that largest 
layered nanolaminate has on average a Mg layer thickness of ~35 nm and a Nb layer thickness ~65 nm. An incoherent HCP/BCC 
interface joins the Mg and Nb phases. 

Fig. 1. Initial texture for the (a) Mg phase in the in the HCP Mg/BCC Nb nanocomposites. (b) The Nb phases and Mg phase in the BCC Mg/Nb 
nanocomposite had the same initial texture. The deposition direction is the Z direction and X-Y are the two in-plane directions. 
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To determine the plastic anisotropy of the composite stress-strain response, micropillar compression experiments were conducted 
on these nanolaminates. Details of the micropillar fabrication and in-situ SEM testing procedures are described in (Pathak et al., 2017). 
In brief, the micropillars were fabricated in the dual beam FEI Helios™ and Scios™ FIB Scanning Electron Microscopy (SEM), using a 
beam of Ga+ ions to remove the material and shape it in pillar form. Micropillars with layers oriented at three distinct angles with 
respect to the pillar axis (which is also the compression axis), 0◦ (normal), 45◦, and 90◦ (parallel), were fabricated. Most of the 
micropillar stress-strain responses have been reported earlier (Ardeljan et al., 2018; Pathak et al., 2017), and here we additionally 
analyze the plastic flow response of the 7/7 nm the 0◦orientation nanolaminate and the 5.5/5.5 nm 45◦orientation nanolaminate. 

3. Experimental results 

Fig. 2 shows the true stress-strain curves of the 35/65 nm, 7/7 nm and 5.5/5.5 nm nanocomposites obtained from the micropillar 
compression tests. One representative stress-strain curve for each composite and loading orientation (normal, parallel and oblique 45◦) 
is shown. The yield stress and instability stress of each stress-strain curve are listed in Table 1. 

The plastic flow response of all but two of the responses have been discussed in prior works, but with the newly added curves a few 
aspects of the deformation response are worth noting. First, the flow stresses for the BCC Mg/Nb composites in all loading directions 
are higher than the HCP Mg/Nb composites. Both the 5.5/5.5 and 7/7 nm composites exhibit exceptionally high strength, especially in 
normal compression. In normal loading, the two BCC/BCC composite have similar hardening rate, while the 35/65 nm HCP/BCC Mg/ 
Nb composite has a relatively lower hardening rate. Interestingly when the composites are loaded in the parallel orientation, the 
hardening rates between the 5.5/5.5 nm BCC/BCC and 35/65 nm HCP/BCC composites are similar, which is also similar to hardening 
rate of the 5.5/5.5 nm BCC/BCC composite in the 45◦ orientation. Second, the peak (or instability) strength generally increases with 
reduced layer thickness, from 1.80 to 2.30 GPa and 2.48 GPa in the normal direction, as the layer thickness h in Mg decreases from 35 
nm, 7 nm, to 5.5 nm, respectively. This scaling in strength with reductions in h is frequently seen in nanolaminates (Mara and 
Beyerlein, 2014; Misra et al., 2005; Snel et al., 2017; Subedi et al., 2018). Notably, here, the scaling prevails across all composites, 
despite the changes in interface type and crystal structure that accompany the reduction in h. Third, the behavior of the BCC/BCC 
Mg/Nb and HCP/BCC Mg/Nb composites is plastically anisotropic, apparent most noticeably by the difference between the normal and 
parallel compression responses. The strength of the composite under layer-normal compression is consistently higher than under 
layer-parallel compression for the same layer thicknesses. For example, in the BCC/BCC Mg/Nb 5.5/5.5 nm composite the yield stress, 
the flow stress and the instability stress all have their highest values for the layer normal compression direction (see Table 1 and Fig. 2). 
The HCP/BCC Mg/Nb 5.5/5.5 nm composite also shows a similar trend between the normal and parallel orientations (see Table 1 and 
Fig. 2). Another important finding is that the difference of stress between the normal compression and parallel compression increases 
as the layer thickness decrease. For instance, for the 35/65 nm composite the percentage difference in the instability stresses between 
the normal and parallel orientations is ~24%, whereas for the 5.5/5.5 nm composite the difference is much larger, ~53%. 

Fig. 2. Comparison of the true stress-strain responses between (a) Mg/Nb 5.5/5.5 and (b) Mg/Nb 35/65 nm and Mg/Nb 7/7 nm multilayered 
nanocomposites with interfaces oriented normal (isostress), parallel (isostrain) and 45◦ (shear) to the loading direction. 

Table 1 
Yield stress and Instability stress for three composites in different loading directions.  

Layer-thickness Compression direction Yield stress (GPa) Instability stress (GPa) 

35/65 nm Normal compression 1.05±0.9 1.80 
Parallel compression 0.83 ± 0.4 1.46 

7/7 nm Normal compression: 1.38 ± 0.11 2.30 
5.5/5.5 Normal compression: 1.17 ± 0.01 2.48 

Parallel compression: 1.01 ± 0.04 1.62 
45◦ compression: 0.39 ± 0.2 0.70  
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4. Methodology 

4.1. Basic CPFE framework 

The CPFE framework is employed here as a method to calculate the stress-strain response of the Mg/Nb nanolaminates (Knezevic 
and Beyerlein, 2018; Knezevic et al., 2014). In brief, a 3D two-phase polycrystalline laminate structure is constructed of finite ele
ments. At each finite element integration point, the material constitutive response is modeled utilizing CP theory by Kalidindi et al. 
(1992). In application of the CP theory, plastic strain is realized by simultaneous action of crystallographic slip on multiple slip 
systems. Below, we briefly review the formulation, then follow with the construction of the 3D laminate model and its properties, and 
the simulation boundary conditions. 

The following description adopts standard continuum mechanics notation, where tensors are denoted using roman boldface 
symbols, while scalars are italicized and not boldfaced. A dot is placed over a particular quantity to represent a time derivative. 

A global stress equilibrium solution for each step is found using the numerically iterative procedure of the FE method. This end is 
achieved by solving the nonlinear FE governing equation in its linearized form given by 

⎛

⎝
∫

V

BTJBdV

⎞

⎠ΔU = R −

∫

V

BTσdV (1) 

In this relation, B is the FE strain-displacement matrix, J is the material Jacobian matrix, ΔU is the displacement increment so
lution, R is the applied force vector and σ is the Cauchy stress tensor (Ardeljan et al., 2014, 2015; Bathe, 1996; Knezevic and Beyerlein, 
2018; Zecevic et al., 2015a, 2015b). 

An essential part of CPFE is the CP constitutive law, which links the material stress with material distortion at each FE in the model 
microstructure. The finite deformation CP-based formulation used here is based on the one developed in Kalidindi et al. (1992). We 
begin with the decomposition of the total deformation gradient tensor F into elastic and plastic components according to 

F = F∗FP (2)  

where F∗ encompasses the deformation gradients due to both elastic stretching, as well as lattice rotation, while Fpdenotes the 
deformation gradient due to plastic deformation. The constitutive relationship between F∗and σ is given by: 

T∗ = CE∗ = F∗−1
{(detF∗)σ}F∗−1

, E∗ =
1
2

{
F∗T F∗ − I

}
(3)  

where C is the fourth order elasticity tensor. Tensors T∗ and E∗ are the work conjugate stress and strain measures, respectively. The 
plastic deformation gradient Fp evolves according to plastic slip at each material point via: 

ḞP
= LPFP, LP =

∑

s
γ̇s(bs

0 ⊗ ns
0

)
, FP(τ) = {I + ΔtLp(τ)}FP(t) (4)  

where γ̇s is the slip rate on slip system s, bs
0 and ns

0 are slip direction and slip plane normal of the slip system, and I is the second-rank 
identity tensor. The tensor LP is the plastic velocity gradient. 

The γ̇s for each slip system s is related to the resolved shear stress on the same system given by τs = T∗ ⋅ ms
0, where ms

0 = bs
0 ⊗ ns

0 is 
its Schmid tensor according to the following power-law relationship (Asaro and Needleman, 1985; Hutchinson, 1976; Kalidindi, 1998): 

γ̇s = γ̇0

(
|τs|

τs
c

)1
m

sign(τs) (5) 

In Eq. (5), τs
c is a characteristic resistance to slip, γ̇0 is a reference slip rate (arbitrarily taken here as 0.001 s−1), and m is the strain 

sensitivity parameter (taken as 0.02). 

4.2. Elastic and plastic properties of the Mg and Nb phases 

The elasticity HCP Mg phase is transversely isotropic and the five elastic constants in its elasticity tensor C are given in Table 2. The 
elasticity of the BCC phases is cubic anisotropic and the three elastic constants of the elasticity tensor C for BCC Mg, and BCC Nb used in 
the simulation are also given in Table 2. For the natural HCP Mg and BCC Nb phases, the values are reported from experimental studies 

Table 2 
Elastic moduli for the three phases in the Mg/Nb nanolaminates.   

C11(GPa)  C12 (GPa)  C13(GPa)  C33(GPa)  C44(GPa)  

HCP Mg 59.5 26.1 21.8 65.6 16.3 
BCC Mg 65 35 – – 22.5 
BCC Nb 246 134 – – 28.7  
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(Bolef, 1961; Slutsky and Garland, 1957), while those for BCC Mg were characterized in (Su et al., 2020). The slip families made 
available in the simulation are listed in Table 3. Deformation twinning was not considered since twins were not detected via post
mortem TEM analysis and the conventional signatures of twinning in HCP metals, such as an increase in hardening rate with strain, did 
not appear in the stress–strain curves. Additionally, the back stress due to the geometric and elastic/plastic constraints of the adjacent 
Nb layers are known to impede nucleation and/or thickening of twins in the Mg layer, and twinning in Mg in a Mg/X nanolaminate has 
not yet been observed in literature (Chen et al., 2019). 

4.3. Dual-mode CLS law 

The flow rule in the constitutive law used in CPFE requires a value for τs
c in order to activate slip on slip system s. As shown in 

Table 3, the BCC and HCP phases deform by multiple slip modes, two for BCC and three for HCP. Here for τs
c we introduce a hardening 

law for the evolution of τs
c with strain. There are two primary contributions to the τs

c: a non-evolving resistance, which is independent of 
the interactions with other dislocations and the interfaces, and another component, τs

disl(h
s), which depends on layer thickness. 

Combined the τs
c is given by: 

τs
c = τα

0 + τs
disl(hs) s ∈ α (6) 

In the formulation, we use superscript α to denote quantities that apply to all slip systems belonging to the same slip mode (i.e., 
s ∈ α) and superscript s to those that only apply to the specific slip system s. The resistance τα

0 for a nanocrystal could be very different 
than the slip strengths for traditional polycrystals. It can be closer to the critical stress to activate small nm sources and can be generally 
higher than the values encountered in coarse-grained defective crystals. 

The second term, τs
disl(h

s) represents the resistance to glide imposed by the closely spaced interfaces and is a direct function of layer 
thickness h. The common model for glide resistance assumes that dislocation density accumulates uniformly within the layers. In the 
present composites, the concept of a homogeneous distribution of accumulated dislocation density does not apply to layers of 
nanoscale dimensions. Physically, the nm interface spacing is usually less than one order of magnitude greater than the dislocation core 
itself, indicating that slip is heterogeneous. As confirmation, in previous experiments (Ardeljan et al., 2018; Pathak et al., 2017), 
postmortem TEM analysis did not observe dislocation storage in the composite. Therefore, the glide resistance for dislocations moving 
within layers of nanoscale dimensions needs to account for the resistances from other sources, such as their interactions with surfaces, 
interfaces, and grain boundaries that confine them. 

To this end, the confined layer slip (CLS) law has been proposed to represent the slip resistance when interfaces confine the 
movement of the dislocations, forcing them to bow out between the two adjacent interfaces, in the MNC (Misra et al., 2005, 1999). 
Later, the CLS model was extended to account for energetic expense associated with depositing dislocations within the interfaces 
thread through (Misra et al., 2005, 1999; Nix, 1989). In the conventional application of the CLS law, the CLS size effect is usually 
directly translated to explain the size effect in the macroscopic strength or hardness of the nanolayered composite (Misra et al., 2005, 
1999). Recently in a few works, the basic CLS model is applied to redefine the critical resolved shear stress (CRSS) used for every slip 
system and incorporated into the constitutive law of a CPFE model (Ardeljan et al., 2018; Liu et al., 2019). In Ardeljan et al. (2018), two 
orientations were modeled, but yet still it was found that the standard CLS form was not applicable to general loading directions and 
the origins of strengthening could not be identified. 

At these fine scales, in addition to the interactions of moving dislocations with nearby interfaces, the orientation of the dislocation 
glide planes with respect to the interface also needs to be considered. In all MNCs studied here, the interface planes are also dislocation 
glide planes. Accordingly, for certain orientations of the crystal, some glide planes could, therefore, lie parallel to the interface and, 
accordingly would be unaffected by the interface and layer thickness. Consequently, CLS has two distinct modes. One mode is the 
traditional one, wherein the dislocations gliding on planes that are non-parallel to the interface. The second mode pertains to the 
dislocations gliding on planes parallel to the interface, which do not interact with the interface. These parallel dislocations, are, 
however, constrained, by the in-plane grain boundaries. Here, the hardening model in Eq. (6) is extended to account for these two 
modes and we refer to this modified CLS law as the dual-mode CLS law. Its account for orientation-dependent resistance enables 
prediction of the anisotropic response of MNCs when tested in all possible orientations of the glide planes with respect to the interface. 
Below we describe each mode in the dual-mode CLS law in turn. 

In the first mode, the dislocation slip plane is not parallel with the interface between two layers. To identify the inclined slip planes, 
the angle θ between the slip direction in the slip plane and layer interface normal is calculated. Angles smaller than 85◦ are associated 
with inclined planes and vice versa for parallel planes. In this case, the threading dislocation can experience a resistance to slip that 

Table 3 
Slip systems made available to the crystal plasticity model for accommodating plasticity in the nanolaminates.  

35/65 nm Basal (α = 1) {0001}〈1210〉 BCC Nb(α = 1) {011}〈111〉

Prismatic (α = 2) {1010}〈1210〉 BCC Nb(α = 2) {112}〈111〉

Pyramidal (α = 3) {1122}〈1123〉

7/7 nm 
5.5/5.5 nm 

BCC Mg(α = 1) {011}〈111〉 BCC Nb(α = 1) {011}〈111〉

BCC Mg(α = 2) {112}〈111〉 BCC Nb(α = 2) {112}〈111〉
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increases as the layer thickness h decreases. This mode provides a direct size effect to slip resistance. The generalized form of the CLS 
model used here is given by 

τs
disl(hs, α, s) = τs

CLS

(
hs′

bα

)

=
Aint

αμαbα

hs′ ln
(

c
hs′

bα

)

, s ∈ α (7)  

where hs′

is the distance along the slip plane of slip system from one interface to the next. This crystallographic thickness hs′

depends on 
the orientation of the crystal with respect to the interface normal and the layer thickness h. The parameter c is the core-cut off 
parameter that ranges from unity to 

̅̅̅
2

√
and is set to 

̅̅̅
2

√
in the calculations that follow. The bα is the magnitude of Burgers vector and μα 

is the effective isotropic shear modulus. The coefficient Aint
α is related to the self-energy of the dislocation from slip mode α deposited 

in the interface. It will depend on the type of interface: sharp coherent or sharp incoherent or the mixed interface formed as a natural 
consequence of the mixed HCP-BCC Mg phase in the 7/7 nm composite. The ln(h)/h dependence in τs

disl(h
s) results from the resistance 

due to line tension as the dislocation bows out between the layers. 
In the second mode, the slip plane is parallel with the layer interface. In this case, the constraint against the movement of dislo

cation is provided by the in-plane grain size d, spanning from one grain boundary to the next. This value varies from grain to grain in 
the material but for simplicity, we assume that the size distribution can be well represented by an average or equivalent in-plane d. On 
this basis, for the second mode, the GB affected resistance is given by 

τs
disl(hs, α, s) = τs

CLS

(
hs′

bα

)

=
AGB

αμαbα

d
ln

(

c
d
bα

)

, s ∈ α (8)  

where the coefficient AGB
α denotes the self-energy of a dislocation belonging to slip mode α deposited in the grain boundary. It depends 

on the material, whether HCP Mg, BCC Mg, or BCC Nb. Other terms retain the same definition as Eq. (6). Following measurement from 
TEM, the average d is taken to be 100 nm in the simulation. 

In the model, τα
0, Aα

int, and Aα
GB are characterized such that all the strain-stress curves from the multiscale model agree with the 

measured strain-stress curve. Particular interest lies in identifying Aα
int for the coherent interface, thin coherent BCC interphase, and 

incoherent interface in order to assess the strengthening effects of interface type. To condense the parameter set down to contain only 
the essential physical quantities, we elect to make a few more assumptions. First, Nb is the same in all three types of composites and 
thus, have the same values for τα

0 and for the grain boundary AGB
α. Second, the τα

0 depends on mode and does not vary among the slip 
systems belonging to the same mode. Third, we consider the differences between τα

0 for the {110} 〈111〉 and {112} 〈111〉 slip modes to 
be relatively small compared to differences between τα

0 for Mg and Nb. Therefore, a single τα
0 is shared for both BCC slip modes in the 

same phase. While important, the screw/edge dependence on τα
0 or non-Schmid effects in these BCC slip modes is also not considered 

(Cho et al., 2018; Weinberger et al., 2012). Consequently, the value of τα
0 obtained will likely be more representative of the screw 

dislocations, which are much harder to move than the non-screw components. Next, we consider that Aα
int and Aα

GB are the same for all 
types of dislocations belong to the phase. Last, for the 7/7 nm composite, we treat it as a BCC/BCC composite with a potentially 
different value of Aα

int, to represent the possibility that small fractions of the interface are incoherent. 

5. 3D model microstructure 

The 3D microstructure model for the CPFE calculation was constructed to be as close as possible to those of the MNCs. The in
dividual polycrystalline layers containing representative grain shapes were first generated through Dream.3D then assembled in a 
large-scale voxel-based model using a Matlab script. Surface meshing filters implemented within DREAM.3D were then performed to 
generate the surface meshes of all the individual grains. Next, a Laplacian based smoothing filter is applied to smooth the serrate 
boundaries between the grains. We then proceed with performing solid meshing of the interior of each and every grain in MSC Patran. 
Finally, we generated an FE model of the granular microstructure that is composed of linear tetrahedral C3D4 elements. This process 
was applied without adjustment to create the microstructures for the parallel and normal tests. The meshing procedures have been 
described in Barrett et al. (2018) and Knezevic et al. (2014). 

For the test samples with interfaces inclined 45◦ to the compression axis, a different step is employed after the individual layers are 
generated in Dream.3D. Instead of a single bilayer, multiple layers were assembled using the Matlab script. The assembly is then cut by 
selecting voxels from the interior (see Fig. A1 in the Appendix). The cutting profile was defined such that the layers are inclined 45◦

with respect to the global axes. Afterwards, we proceeded with the process of surface and solid meshing. The model for the 45◦ 5.5 nm/ 
5.5 nm composite is shown in Fig. A2 in the Appendix. It contains 20 layers and roughly 1 million C3D4 (continuum three-dimensional 
four-nodal) elements. The dimensions of this model when scaled with respect to the individual layer thickness are 401, 466, 184 nm in 
the x, y, z directions. 

The finer BCC Mg nanolaminates were modeled as having equal Mg and Nb layer thicknesses of 5.5 and 7 nm. As mentioned earlier, 
although the 7/7 nm composite has a range of layer thicknesses for both Mg and Nb, the minimum layer thickness of 7 nm is expected 
to control the strength of the composite. Hence this composite was modeled with a 7 nm layer thickness. The larger layered 35/65 nm 
composite was represented by unequal layer thicknesses of 35 nm for the Mg layer and 65 nm for the Nb layer. While TEM results have 
indicated that there is a possibility of a thin 1–2 nm pseudomorphic BCC layer at some regions of the Mg/Nb interface in the 35/65 nm 
composite, these regions represent a negligible volume fraction of the overall composite. 
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All layers are polycrystalline in-plane and single crystalline through thickness with one grain spanning the layer thickness. In the 
35/65 nm model, the Mg and Nb grains have a low aspect ratio ranging from 2 to 3, being 100 nm wide in-plane and with a thickness 
equal to its own layer thickness. In the 5.5/5.5 nm model and 7/7 nm composites, however, while the layer h is reduced to 5.5 and 7 
nm, the in-plane cross-sectional shape and in-plane grain d of 100 nm are retained. Fig. A3 in the Appendix shows representative 
volumes of the meshed bilayer of Mg and Nb for the 35/65, 7/7, and 5.5/5.5 nm samples. In these models, the grain microstructure is 
periodic. The FE meshes consist of roughly 600,000, 1000,000 and 435,000 C3D4 elements, in the 35/65, 7/7 and 5/5 nm cases, 
respectively. When scaled with respect to the individual layer thickness, the length and width of the 35/65 and 7/7 nm models 
correspond to 1000 nm and of the 5/5 nm model 1650 nm. 

The grain orientations in the model microstructures were randomly selected from the corresponding initial XRD measured texture 
in Fig. 1. For the 7/7 and 5.5/5.5 nm composites, following experimental measurements, the BCC Mg phase and BCC Nb have the same 
initial texture as the BCC Nb phase in the 35/65 nm composite. Since the Mg phase in the 7/7 nm composite may have non-negligible 
volume fractions of the HCP phase, we later construct an alternative model of the 7/7 nm composite in which the Mg phase is HCP with 
a thick BCC Mg interphase and discuss the ensuing implications. 

We simulate compression deformation in all microstructural models (Jahedi et al., 2015). In the loading direction, the displacement 
is prescribed, while the lateral faces were kept free to expand. The grain microstructure is fully periodic for normal and parallel models, 
while only the layered structure (not grain structure) is periodic for the 45◦ model. The loading applied normal and parallel to the 
Mg/Nb interfaces is compressive in the z- and x-directions, respectively. Boundary conditions are such that the deformation of each 
pair of boundary faces (top/bottom, front/back, and left/right) is equal and the stress tensors on each pair are opposite in sign. In the 
45◦ model, compression is only applied in the x-direction. 

The single crystal constitutive law at each integration point is written as a user-defined material (UMAT) subroutine and imple
mented into the finite element software Abaqus (Kalidindi et al., 1992, 2006). In a given deformation simulation, the applied 
deformation is divided into time/strain increments. As output, the model calculates at every increment the crystallographic orien
tation, slip activity, and intergranular and intergranular stress, strain rate, and strain fields. 

Fig. 3. Comparison of the mechanical stress-strain responses from modeling and experiments (see Fig. 2 for the experimental stress-strain graphs) of 
the multilayered composites (a). 35/65 nm normal compression; (b). 35/65 nm parallel compression; (c). 7/7 nm normal compression; (d) 5.5/5.5 
nm oblique 45◦ compression; (e) 5.5/5.5 nm normal compression; (f) 5.5/5.5 nm parallel compression. 
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6. Results 

6.1. Stress–strain response 

The dual-mode CLS model within CPFE microstructure is applied to simulate the deformation of 35/65, 7/7 and 5.5/5.5 nm Mg/Nb 
composite from the beginning of loading to the peak stress. Fig. 3 compares the experiment results with the calculated ones using the 
material parameters in Tables 4 and 5. As shown, in each test, calculated stress-strain responses achieve good agreement in yield stress 
and hardening rate for all curves. 

6.2. Material and interface properties 

The key set of local material and interface parameters are characterized such that they reproduce the stress-strain response for the 
entire straining period for all samples. The parameters should transcend texture, layer thickness, and loading orientation, such that a 
single set of parameters can be used as long as the material composition and interface do not change. When analyzing these model 
parameters, a key question of interest is how the plastic properties of Mg change from the stable HCP state to the metastable BCC 
pseudo-morphic state, independent of the interface. This can be address by analyzing the slip strength τα

0. For the HCP Mg phase, the τα
0 

are found to be much lower for <a> slip than <c+a> slip, a trend consistent with many prior studies on bulk HCP Mg alloy studies 
(Ardeljan et al., 2018; Kumar et al., 2017a, 2017b; Lentz et al., 2016; Risse et al., 2017; Savage et al., 2020). Second, a single value of τα

0 
is found for both <111> slip modes in BCC Mg, for which there are 24 slip systems. This τα

0 resistance for BCC Mg <111> slip is higher 
than that of <a> slip in Mg. Therefore, the BCC Mg phase, not only becomes stronger, but it naturally lowers its slip plane anisotropy, 
since the CRSS values among slip modes of a pure BCC metal are closer in value than those of a pure HCP metal. Another notable result 
is that a single effective value for τα

0 in the Nb phase could be obtained for all composites. This value in Nb is higher than that of BCC 
Mg. Its value is relatively high, and likely reflects the resistance of the screw-character portions of the dislocation loops than the 
non-screw parts. For reference, DFT calculations at 0 K have estimated that the Peierls stress for screw dislocations is 740 MPa 
(Weinberger et al., 2013). Therefore, for all types of Mg/Nb composites studied here, we find that Nb remains the harder phase. 

While the τα
0 strength is unaffected by the interface and its properties, the two interface coefficients Aint

α and AGB
α pertain directly to 

the local change in the core of the dislocation when deposited in the interface and grain boundary, respectively. They directly reflect 
the effect of interface type resisting propagation of a dislocation in the layers. First, we notice that the contribution of grain boundaries 
is less than or equal to the interface. For HCP Mg, the resistance to all dislocations by grain boundaries and the incoherent interface 
alike is the highest among the other cases of dislocations in simple cubics or with coherent interfaces. Next, we find that Aint

α is much 
higher, by an order of magnitude, for the incoherent interface in the HCP/BCC 35/65 nm composite compared with the coherent (or 
mostly coherent) bimetal interface in the BCC/BCC composites. This implies that the HCP/BCC incoherent interface much more 
strongly resists the interaction with the moving lattice dislocation than the coherent BCC/BCC interface. 

6.3. Slip activity in the Mg and Nb phases in deformation 

The model can be used to predict the slip activities in each crystal at each strain level. We first analyze the relative contributions of 
parallel vs. non-parallel interface glide. Their relative activities are calculated as the average slip rate of each mode to the total slip rate 
in each grain. In all cases, non-parallel dislocation activity dominates. Due to the orientation of the crystals relative to loading, the 
resolved shear stress is non-zero on the glide planes inclined to the interface planes. For the BCC/BCC composites, interface-parallel 
glide accommodates less than 2% of the deformation, while for the HCP/BCC composites, it accommodates about 10%. Even in the 45◦

Table 4 
Material parameters for the HCP Mg/BCC Nb nanocomposites.   

Mg Nb 
Slip mode Basal Prismatic Pyramidal {011} {112} 

τα
0  100 160 240 485 485 

Aα
int  1.0 1.0 1.0 0.35 0.35 

Aα
GB  1.0 1.0 1.0 0.157 0.157  

Table 5 
Material parameters for the BCC/BCC Mg/Nb nanocomposites.   

Mg Nb 
Slip mode {011} {112} {011} {112} 

τα
0  185 185 485 485 

Aα
int  0.097–0.127 0.097–0.127 0.187 0.187 

Aα
GB  0.087 0.087 0.157 0.157  
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5.5/5.5 nm composite test, the amount of parallel glide is the same as in the normal and parallel tests. The greater parallel glide 
contribution in the HCP composite results from the substantially weaker lattice resistance for basal <a> slip that lies parallel to the 
basal interface plane in the HCP/BCC composite than the other HCP slip modes that lie non-parallel to the interface. In contrast, in the 
BCC/BCC composite, the lattice resistances are the same for all modes. Last, the propensity for non-parallel glide has implications on 
the strength of the layer-size effect. Non-parallel glide is directly affected by the layer thickness, whereas parallel glide is independent 
of it. It can, therefore, be expected that the pseudo-morphic Mg/Nb MNCs are more sensitive to changes in layer thickness than the 
regular HCP/BCC MNCs. 

Fig. 4(a) and (b) show the relative activities of the three slip modes in HCP Mg and two slip modes in BCC Nb in the HCP/BCC MgNb 
composite under normal and parallel compression. The relative slip activity is defined as the average contributions of the slip rate for 
each slip mode to the deformation. The results show that initially slip begins in the Nb phase and develops later in the straining in the 
Mg phase. The two reasons for this are that the volume fraction of Nb phase is larger than that of the Mg phase, and incoherent HCP/ 
BCC interface acts as a much stronger obstacle against all dislocation types in the Mg phase (Aint

α = 1) than those in the Nb phase (Aint
α 

= 0.35). In the Mg phase, we observe that, initially, basal slip is the dominant deformation mode, while pyramidal slip contributes the 
least, in both loading configurations. This can be expected as basal slip has the lowest τα

0 of the three modes. Another observation 
pertaining to the Mg phase is that basal slip contributes more in normal compression, while prismatic slip contributes more in parallel 
compression. In the Nb phase, the slip activities in Fig. 6(a) and (b) in the two loading orientations are similar. The {110} slip mode 
dominates the deformation in the early stages of straining, while the {112} model prevails and becomes dominate in the later stages. 

In BCC/BCC MgNb composites, the slip activities are completely different than in the HCP/BCC composites. The first notable 
difference is that the Mg phase accommodates most of the deformation compared to the Nb phase. In these two composites, the Mg and 
Nb phases have equal volume fraction and the interfaces impose less resistance on the {112}<111> and {110}<111> dislocations 
from Mg (Aint

α = 0.1) than on the same dislocations in Nb (Aint
α = 0.19). However, with straining, in all three loading orientations, 

eventually both slip modes contribute to accommodating deformation. In the parallel test, the Mg and Nb phases are co-deforming, as 
signified by the similar contributions of all four slip modes. In contrast, in the normal and in the 45◦ tests, the relative slip activity of 

Fig. 4. Calculated slip activities in the HCP Mg/Nb and BCC Mg/Nb nanocomposites (a). 35/65 nm normal compression; (b). 35/65 nm parallel 
compression; (c). 7/7 nm normal compression; (d) 5.5/5.5 nm oblique 45◦ compression; (e) 5.5/5.5 nm normal compression;(f) 5.5/5.5 nm parallel 
compression. 
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dislocations in Nb is initially (in early stages, less than 0.02 strain) negligible. In the parallel case, co-deformation is promoted by the 
approximate “isostrain” conditions (equal strain in both phases). The normal case, however, represents nearly “isostress” conditions 
and the 45◦ case, an approximate shear mode, and thus, most of the deformation is taken up by the weaker Mg phase. Both slip modes 
{110} and {112} in the Mg phase dominate throughout deformation. Because the two modes {110} and {112} have the same initial 
resistance τ0, and interactions with the grain boundary and interfaces (e.g., reflected by coefficients Aint

α, and AGB
α), the preferences in 

activation between the {110} and {112} modes are a result of their differences in orientation. In addition, the two phases have the 
same initial texture, and consequently, the favored slip mode should be the same initially in both the Mg and Nb phases. As seen in 
Fig. 4(c)–(e), the {112} slip mode is the major deformation mode in the Mg and Nb phases during normal compression. 

7. Discussion 

7.1. Interface between Mg and Nb phase in 7/7 nm composite 

The mixed phase 7/7 nm nanocomposite is modeled here as a predominantly BCC/BCC composite with a largely coherent interface. 
X-ray diffraction and deformation modeling results indicate that the layer is mostly pseudomorphic BCC Mg phase and this phase 
contributes to the strength of the composite via highly resistance to <111> slip. Nevertheless, the occasional HCP Mg phase mixed 
with the BCC Mg phase could render some portions of the interface incoherent. The model suggests that the mixed effect manifests as a 
slight raise in the coefficient Aint

α = 0.127, signifying a slightly higher resistance to dislocation propagation. 
Alternatively, we could have assumed that the 7/7 nm composite is an HCP/BCC Mg/Nb composite with special BCC Mg inter

phase, a few nanometers thick, lying in-between the HCP Mg layer and BCC Nb layer. To represent this nanostructure, we model the 7/ 
7 nm composite as an HCP Mg phase bound to a BCC Nb phase and adopt for the HCP Mg phase, the same material and grain boundary 
parameters of the HCP/BCC composite as listed in Table 4. We only recharacterize a coefficient Aint

α associated with the BCC Mg 
interphase. We find that Aint

α = 2 provides a stress-strain response in agreement with the measured 7/7 nm response. This value is 
twice as high as a sharp incoherent interface. While we cannot confirm the HCP Mg/interphase Mg/BCC Nb nanostructure prevails 
over the entire nanocomposite, this result would indicate that the BCC Mg layer poses a much greater resistance against the motion of 
dislocations in Mg than a sharp HCP/BCC interface. 

7.2. Plastic anisotropy of BCC/BCC composite 

Considering the mechanical responses in Fig. 3, an interesting finding is substantial differences between the stress-strain responses 
of the three loading orientations of the BCC/BCC 5.5/5.5 nm composite. The normal compression response has the highest hardening 
rate and strength, and the 45◦ compression has the lowest ones. Such significant plastic anisotropy is usually explained by differences 
of crystallographic orientations of the grains with respect to the loading direction or texture or plastic anisotropy in the HCP phase. In 
this composite, both phases are BCC and the two slip modes in the same phase have the same strength. Thus, the plastic anisotropy in 
the macroscopic response arises not from differences in material slip strengths but from the different orientations of the layers with 
respect to the loading axis in the three tests. Comparing Fig. 4(c)–(e), we observed that in normal compression, the contribution of Nb 
{112} slip is high compared to that in the other two directions. The dominance of this mode largely explains the high flow stress and 
high hardening rate seen in normal compression, since Nb is the harder phase in this 5.5/5.5 nm composite. In 45 ◦compression, 
however, Mg {110} slip is actively contributing to the deformation, particularly in the early stages, while in the normal and parallel 
tests, this mode does not. This difference could explain why 45◦ compression has the lowest hardening rate since between Nb and Mg, 
the τα

0 of Mg {110} is low and the interface and grain boundaries in Mg pose a lower resistance to the dislocations in Mg. The different 
layer orientations also change how the layer thickness h evolves with strain. During the deformation, normal compression experiences 
the most severe reduction in h, which results in a higher CRSS. This hardening effect also contributes to the highest strength achieved in 
normal compression. Compression in the 45◦ test also causes a reduction in h with straining but to a smaller degree than in the normal 
test. In contrast, the layer thickness increases in the parallel compression test with straining, following volume conservation. This effect 
further decreases the strength of parallel relative to the other two orientations. 

7.3. Origins of the high strength of the BCC Mg/Nb MNCs compared to HCP Mg/Nb MNCs 

A question that arose earlier concerns the origin of the observed high strength of the BCC Mg/Nb composites compared with the 
HCP Mg/Nb composites. Between these two types of composites the interface, layer thicknesses, and phase structures are different. 
With the 3D CPFE microstructural model incorporating the dual-mode CLS model, we are able to separate effects of interface type, 
layer thickness, and crystal structure (BCC vs. HCP), furthermore identify key strengthening mechanism. 
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First, we examine the effect of crystal structure, which possess different slip modes and their associated initial slip resistances. This 
comparison is not straightforward since the HCP Mg has three slip families that are distinct from the two families in BCC Mg. We see 
that the initial resistance of basal <a> slip and prismatic <a> slip is lower than the initial resistance of two slip modes in the BCC Mg 
phase. As long as the <a> slip modes are just as active as the <111> slip modes, then the pseudomorphic phase transformation itself 
leads to strengthening. The BCC phase is overall stronger than its stable HCP phase. At the same time, it important to note the pre
diction of slip activity in Fig. 4. In the compression tests, none of the three deformation modes in HCP Mg contribute much to the 
deformation and most of the deformation is accommodated by the Nb. The opposite is true in the BCC/BCC composite, wherein the 
pseudomorphic phase contributes more than the Nb phase. Thus, it suggests the increase in the intrinsic glide resistance from <a> slip 
in the HCP Mg phase to the [112} and {110}<111> slip in BCC Mg is one main reason for strengthening. 

As a test, we forecast the strength of the 7/7 nm composite as an HCP/BCC composite, under the supposition that the pseudo
morphic transformation did not occur and the Mg phase remained in its HCP structure and hence the interface remained incoherent. 
Fig. 5(c) compares the calculated stress-strain responses for the 35/65 nm and 7/7 nm for the two HCP/BCC composites. As shown, the 
reduction in layer thickness did not lead to a significant increase in strength, in contrast to the significant increase seen when the Mg 
phase undergoes the pseudomorphic phase transformation. The reason, as explained above, is that the Nb accommodates most of the 
strain and a good fraction of the slip activity entails basal <a> slip parallel to the interface plane and hence is not size dependent. For 
further consideration, Fig. 5(a) compares the hypothetical 7/7 nm HCP/BCC composite with the calculated 7/7 nm for the actual BCC/ 
BCC composite, identifying a substantial drop in the strength compared to experiment should the Mg phase in the composite remain 
HCP. 

Second, we investigate the effect of biphase interface type, setting aside the effects of grain boundaries, since those are equivalent in 
the two composites. The HCP/BCC composite has an incoherent interface, while BCC/BCC composite has a coherent interface. The 
coefficient Aint

α, representing the dislocation/interface interaction identifies that the incoherent HCP/BCC interface provides the 
higher resistance. For Nb, for the same dislocations, we find that Aint

α is higher for their interaction with the incoherent interface (0.35) 
than the coherent interface (0.187). For Mg, the differences in Aint

α are greater from 1.0 for the incoherent interface to ~0.1 for the 
coherent interface. However, we still need to bear in mind that the types of dislocations interacting with these interfaces are also 
different. Thus, given the order of magnitude difference, it is reasonable to conclude that the incoherent interfaces are the stronger 
interface against dislocation threading. Further, by comparing AGB

α, we can see that the grain boundaries in HCP Mg impose a higher 
resistance to <a> and <c+a> dislocations than those in BCC Mg to the {110} and {112} dislocations. The change in the interface type 
from incoherent to coherent in the pseudomorphic phase transformation did not contribute to strengthening. 

Fig. 5. Simulation of compression in normal direction (a) 7/7 nm HCP/BCC composite with parameters for 35/65 nm composite; (b) 5.5/5.5 nm 
composite with parameter for 7/7 nm; (c) Comparison of the HCP/BCC composites with 7/7 nm layer thickness and 35/65 nm layer thickness. 
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Third, the BCC/BCC composites have a much finer layer thickness h, which we can anticipate provides substantial strengthening by 
increasing the resistance to dislocation CLS, with all else being the same. This CLS effect has been directly incorporated into the dual- 
mode CLS law in Eq. (6). The 7/7 nm composites had a higher Aint

α, due to the mix phased interface. If this type of interface was 
retained as the layer thickness reduced to 5.5/5.5 nm, then the composite would be even stronger. Fig. 5(b) shows a prediction from 
the simulation of a 5.5/5.5 nm composite with the Aint

α interface coefficient. The calculations indicate that the composite would be 
slightly stronger if the mixed phase was preserved. Therefore, the reduction in h from 7 nm to 5.5 nm helped to strengthen the 5.5/5.5 
nm nanocomposite, compensating for the concomitant weakness accompanying the change to a coherent interface. 

8. Conclusions 

In this work, using a combination of nanomechanical testing and 3D crystal plasticity finite element (CPFE) modeling, we 
investigate the strengthening mechanisms of pseudomorphic BCC Mg/Nb nanocomposites. We focused on a set of nanocomposites, 
which were synthesized via physical vapor deposition (PVD) to have one of three layer thickness composite, 35/65, 7/7 and 5.5/5.5 
nm. The mechanical response in compression applied either normal, parallel or 45◦ to the Mg/Nb interface planes are carried out via 
micropillar compression testing to assess plastic anisotropy. Among the suite of tests, the response of the intermediate layer thickness 
7/7 nm nanocomposites and the large strain response of the 5.5/5.5 nm composite tested 45◦ to the interface layers are new. Alto
gether, they made a complete set of composites differing in crystal structure of the Mg phase, Mg/Nb interface type, and texture. To 
identify the individual roles of the interface and pseudomorphic phase transition to the deformation behavior, we construct a 3D CPFE 
model of the two-phase polycrystalline laminate and incorporate into it, an extended confined layer slip model, called dual-mode CLS. 
The model differs from the conventional version by incorporating the interaction not only between the gliding dislocation and the 
bimetal interfaces, but also interactions with the grain boundaries. In dual-mode CLS, dislocation glide is separated into glide parallel 
to the interfaces, in which dislocations directly interact with the grain boundaries and not the interfaces, and glide non-parallel to the 
interfaces, which directly interact with the biphase interfaces. The first mode does not lead to a layer size effect on dislocation motion, 
is affected by the grain boundary energy, and is relatively easier, while the second mode does have a layer size effect, is affected by the 
biphase energy, and is relatively harder. In the experiment, we find that the flow stress and plastic anisotropy of the nano-layered 
composite scale inversely with the layer thickness. The CPFE model with the dual CLS law agrees well these mechanical responses 
during the compression in three directions and in all three composites using one set of material parameters. Analysis of the model 
predictions and associated parameters identify that the higher strength for the BCC/BCC Mg/Nb composite is contributed by the initial 
resistance, finer thickness and primarily due to the BCC Mg phase itself. The results also show that the incoherent HCP/BCC MgNb 
interface provides much more resistance to dislocation propagation than the BCC/BCC coherent interface. The present model does not 
include a backstress term from strain gradient theory, since the nanolayers are too fine for a pile up to develop and the current model is 
aimed at capturing the layer size effect on strength. Nevertheless, accounting for backstress due to strain gradient would further 
improve the model. Such developments will be part of future works. 
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Fig. A2. Finite element meshes used in the crystal plasticity calculations for the 5.5/5.5 nm composite in 45◦compression.  

Fig. A3. Finite element meshes used in the crystal plasticity calculations for the (a) 35/65 nm (b) 7/7 nm (c) 5.5/5.5 nm composites. The zoom in 
view in the insets help to show the mesh used within the individual layers. 

Fig. A1. Schematic of the developed procedure for 45◦ finite element model generation. (a) Large scale voxel-based model that contains large 
number of layers used for cutting, (b) 45◦ voxel-based model obtained as a result of cutting, (c) corresponding 45◦FE model. Reprinted with 
permission from Su et al. (2020). 
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