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Abstract  

Small scale mechanical testing (SSMT) allows for the quantification of the mechanical responses 

for microscale and nanoscale material volumes. It has significant potential in improving our 

fundamental understanding of plastic deformation and in providing an engineering solution for 

testing complex and/or critical materials. Importantly, previous studies have revealed that plastic 

intermittency, manifested as strain bursts, are characteristic of the plastic flow behavior at the small 

length scale. In this work, interfacial constraint has been utilized to suppress strain bursts in order 

to stabilize plasticity. A new parameter, blocked volume ratio (BVR), is introduced to quantify the 

degree of constraint for a microscale specimen due to an interface. We showed that the plastic flow 

behavior in FCC Ni-based metals is highly dependent on the BVR of the specimen. 
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1. sssIntroduction  

The introduction of small-scale mechanical testing (SSMT) by M. Uchic et al.[1] has 

enabled a thorough understanding of mechanical properties of materials at small length scales, 

from nanoscale to microscale [2–7]. With the ability to probe specific microstructural features and 

infer qualitative bulk properties from microscale tests, SSMT offers unparalleled practical 

advantages over conventional macroscale testing in many important industries such as nuclear 

power, micro-electro-mechanical system (MEMS) devices [8], and advanced coating [9]. Because 

of its significant potential for engineering applications, there has been an extensive amount of 

research dedicated to understanding mechanical properties at small length scales [1–15].  

Past research suggest that the mechanical stress response of the micropillars/microtensile 

samples are susceptible to various extrinsic favors such as the sample dimensions [1,2,5,6,10–16], 

sample-aspect ratios [17,18], and experimental constraints [19–23]. While these studies have 

extended our understanding of the complexity of the mechanical response at the nano-to-micron 

length scale, they have also raised various questions that must be addressed in order to expand the 

capability of SSMT for engineering applications. In particular, numerous experimental and 

theoretical studies have revealed that strain bursts or plastic intermittency, caused by dislocation 

avalanches, are characteristic of the plastic flow behavior of microscale and nanoscale crystals 

[1,24–26]. These dislocation avalanche processes effectively suppress dislocation multiplication 

and strain hardening in small single crystal tests; in contrast, the large sample volume of the 

macroscale polycrystalline and single crystal experiments prevents dislocation starvation and 

allow sufficient dislocation interactions for strain hardening [27]. Furthermore, macroscopic-like 

necking [27] is not observed in microscale samples. With the exception of nanocrystalline or 

nanostructured materials, SSMT almost exclusively samples single crystal properties, and thus 
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measurements such as work hardening, total elongation, and ultimate tensile strength cannot be 

extrapolated to the bulk scale, hindering access plasticity related properties such as fracture 

mechanics on ductile materials at the small length scale. From the standpoint of the development 

of miniaturization of devices, strain bursts at the microscale can also lead to problems for the 

plastic forming of micro-size crystals [25]. Additionally, the plastic instability can increase the 

likelihood of sudden failure of miniaturized devices.  

Recognizing the importance and the negative effects associated with strain busts, different 

research groups have investigated different strategies to suppress the strain burst behaviors [22,28–

30] . The majority of these studies looks at the effect of passivation layers on thin films and 

microscale/nanoscale pillars. The common findings among these studies are that (1) the strain 

bursts can be suppressed by trapping dislocations using passivated layers, (2) the Bauschinger 

effect is present for passivated pillars and thin films, (3) the yield stress is higher for the passivated 

samples compared to the non-passivated samples. The major drawback of fully passivating the 

samples is that catastrophic failure, associated with large strain bursts, occurs when the passivated 

layer breaks during the deformation process [23] ; thus, it is not possible to suppress strain bursts 

in microscale tensile samples because the passivated layers (often an oxide layer or a ceramic 

coating) will break in tension loading. Additionally, fully coating the samples is problematic even 

when the coating does not break, for it impedes plastic deformation because the sample and the 

coating are in a parallel loading configuration (i.e. in order for the sample to plastically deform, 

the coated layer has to also deform to maintain geometric continuity). Our study proposes and 

validates a new experimental method to effectively suppress strain bursts in FCC nickel-based 

microtensile samples throughout the entire deformation process until failure. Furthermore, we have 

developed a new conceptual framework to validate our new experimental methodology. In this 
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work, we have uniquely incorporated the coupled effects of deformation by dislocation glide, 

crystal loading orientation, sample crystallinity, and sample dimensions into a single parameter, 

the blocked volume ratio (BVR), to describe the interfacial constraints on the plastic deformation 

behavior of FCC nickel-based microtensile samples. Our proposed framework aims to provide a 

new methodology to continue investigating the influence of interfacial constraints on microscale 

slip-dominated plastic deformation. 

2. Theory 

2.1. Block Volume Ratio 

In the case of FCC, there are 12 independent slip systems that can contribute to dislocation-

mediated plasticity. Generally, a slip system is activated when its resolved shear stress (RSS) 

overcomes the critical resolved shear stress (CRSS) required to initiate dislocation motion. 

Schmid’s law is used to calculate the resolved shear stress along any given slip system as the 

product between the uniaxial applied stress and the slip system’s Schmid factor  

τα = σapplied*mα      Equation 1 

mα = cos(φ)∗cos(λ)    Equation 2     

Where τα : the resolved shear stress along slip system α, σapplied : uniaxial applied stress, mα : 

Schmid factor of slip system α, φ : the angle between the loading direction and normal vector of 

the slip system, λ : the angle between the load direction and slip direction of the slip system.  

To quantify the degree of constraint due to an interface for a given slip system, the concept 

of the “blocked volume” is introduced. The blocked volume of a slip system is defined as the 

volume where the slip planes intersect the constraining surface, so the dislocations are effectively 

pinned by the constraining surface. A numerical method using Python Scipy library [31] is used 

to calculate the blocked volume of a given slip system. The method uses the Quickhull algorithm 
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[32] to calculate the convex hull of the set of points belong in the blocked volume region. The 

method of introducing the set of points encapsulating the blocked volume region is detailed in 

Section 3.3. The calculated convex hull of the set of points gives the volume of the blocked region. 

The blocked volume ratio (BVR) is defined as the ratio between the blocked volume over 

the total volume of a given sample. Different from the previous studies, the interfacial constraints 

in our study are partial constraints, as shown in Figure 1, hence the need for the BVR parameter. 

The two requirements for the external constraints are that the interface must be impermeable to 

dislocations and it also must remain intact during the deformation process until failure. The both 

requirements can be satisfied by selecting a strongly adhering coating of a different material or a 

grain boundary with a low cumulative transmission coefficient [33]. In general, the cumulative 

transmission coefficient  can be used to estimate whether the grain boundary is a strong barrier to 

dislocation motion [34].  

For a given crystal orientation and sample dimension, the general BVR analysis of FCC 

single crystal is demonstrated in Figure 1 and outlined as follows:  

• Calculate the Schmid factors of all 12 slip systems using Schmid’s law. 

• Determine the corresponding BVR values by quantifying the blocked volume of the 12 

slip systems, as illustrated in Figure 1 and explained in the Method section. 

• If the BVR value of the slip system(s) of the highest Schmid factors is low (< 0.5), then 

strain burst is expected to take place along those systems regardless of the BVR of the 

other slip systems. The influence of the BVR value on the degree of constraint is 

elaborated in Section 2.2. 

• If the BVR value of the primary slip systems is high (> 0.5), then the BVR values of 

the other slip systems are considered. The sample is effectively constrained when the 
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BVR values are high for all slip systems except for those of very low RSS values 

compared to the primary system(s), In other words, slip systems of very low RSS values 

are not expected to activate regardless of BVR values. For example, slip systems 4-6 

have low BVR value of 0.191 and low Schmid factor values (0.127 and 0.253) so these 

slip systems are not expected to take place during the formation (Figure 1).  The 

influence of the BVR value on the degree of constraint is elaborated in Section 2.2.  

 

Figure 1. A BVR analysis for a representative FCC sample at given crystal orientation and 

dimension. The blocked volume visualization of all slip planes is shown. The blocked volume 

indicates the region where the slip plane intersects the constraining interface. The method of 

denoting the blocked volume is shown in Section 3.3. In similar fashion, the free volume indicates 

the region where the slip plane does not intersect the constraining interface. The slip planes 



 7

presented in the visualization are the slip planes that separate the free and the blocked volumes. 

The BVR values and Schmid factors of all slip systems are calculated.   

2.2. Expected Influence of BVR on Dislocation-Mediated Plasticity in FCC metals 

It is important to note at the outset that the following theory is developed for FCC single-

crystal metals in which the major deformation mode is slip (i.e. deformation twinning is not 

considered.) By introducing the concept of the blocked volume, the single-crystal microtensile 

sample can be viewed as a bi-layer composite consisting of free and blocked volumes. Since the 

dislocation slip is constrained in the blocked volume while it is permitted in the free volume, the 

BVR value strongly influences the deformation behavior of the single crystal samplesUsing this 

approach, a single-crystal-sample’s flow behavior can be categorized into three distinctly different 

regimes. Figure 2 outlines the three deformation modes corresponding to the three BVR value 

regimes. In Figure 2A,B,C, the blocked and free volume regions are indicated by the blue and the 

yellow areas, respectively. As introduced in Section 2.1, the blue region is where the slip planes 

intersect the constraining interface and the yellow region is where the slip planes do not intersect 

the constraining interface. The construction of the blocked and free volumes is shown in Section 

3.3. In the blocked volume region, dislocations are pinned by the interface so no slip is permitted. 

In the free volume region, dislocations can escape to the free surfaces so slip is permitted. The first 

deformation regime, active at low BVR, is termed “discrete slip band failure mode”. The 

definition of the blocked volume guarantees that at a lower BVR, the active slip systems are 

relatively parallel to the constraining surface; therefore, the free volume and the blocked volume 

can be thought to be in a serial loading configuration, as shown in Figure 2A. This loading 

configuration implies that the free volume can deform by forming slip bands, independent from 

the blocked volume. 
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Increasing the BVR leads to the fact that the blocked volume is in a parallel loading 

configuration relative to the free volume, as seen in Figure 2B. This configuration is analogous to 

a bi-layer composite in parallel configuration.  In this configuration, the free volume cannot deform 

independently from the blocked volume, and both have to accommodate the same strain in order 

to allow plastic deformation. Therefore, mixed mode deformation, characterized by simultaneous 

slip band formation in the free volume and necking behavior in the blocked volume, occurs in the 

parallel loading configuration. This deformation and failure regime at intermediate BVR is termed 

“mixed mode.” A simple way to determine the loading configuration of the microtensile bar is if 

the boundary plane separating the free and blocked volumes intersects the base of the microtensile 

bar, then the sample is in a parallel loading configuration; otherwise, the sample is in a serial 

loading configuration. The transition between two loading configurations is expected to be around 

a BVR of 0.5, which is illustrated by the schematic of Figure 2B.  

As the BVR of the active slip systems increase to a very high value, the tensile bar enters 

a mostly blocked configuration in which the blocked volume comprises the majority of the micro-

tensile bar; thereby, only the blocked volume governs the deformation, as shown in Figure 2C. As 

a consequence, slip band formation is significantly suppressed. During the deformation process, 

the dislocations of the slip systems with the highest Schmid factor become mobile within the 

sample volumes, but they cannot escape the sample volume due to the constraining surface. As the 

stress increases, the other slip systems with sufficient RSS values also become active, leading to 

dislocation interaction among the different slip systems, which ultimately gives rise to strain 

hardening. After the work hardening stages, macroscopic-like necking is expected to set in, leading 

to failure. This deformation and failure mode is termed “necking and strain hardening mode”. The 
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BVR value that marks the transition between “mixed mode” regime and “necking and strain 

hardening mode” regime is experimentally estimated in the Result section.  
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Figure 2. Schematics of (A) discrete slip band failure mode, (B) mixed mode, and (C) necking and 

strain hardening mode. Representative SEM images of the deformed samples and representative 

experimentally measured stress-strain curves measured experimentally are shown in (D) discrete 



 11

slip band failure mode, (E) mixed mode, and (F) necking and strain hardening mode. The free 

(unblocked) and blocked volumes of the primary slip system are denoted by yellow shading and 

blue shading, respectively.  

3. Methods  

3.1. Material Preparation  

Pure Ni and Ni-based Alloy 600 are selected in our study. Pure Ni samples (99.99% purity) 

were mechanically polished to Sa=50 nm. The hard coating was deposited using a cathodic arc 

deposition system (Kobelco AIPocket). Prior to the deposition samples were heated to 400 °C and 

then ion etched in order to remove surface contamination. A power of 3 kW was used on each of 

four targets (Ti:Al = 50:50) at -70 V of bias voltage and a deposition pressure of 4 Pa. Pure N2 gas 

was used to produce a nitride coating. The deposition time was set to 45 min, which resulted in 4 

µm thick coatings on Ni samples mounted on a double rotation stage. The deposited TiAlN coating 

exhibits cubic structure and 32 GPa hardness. Afterwards several 500 µm long areas on the 

sample’s side were ion cleaned with FIB (Helios Nanolab 650) in order to expose large Ni grains 

at the coating-substrate interface. For Nickel-based alloy 600, three thermal histories of the same 

heat were evaluated: solution annealed (SA), solution annealed and thermally treated (SATT), and 

mill annealed and cold-forged (MACF). The heat was received from the supplier in the mill-

annealed (MA) condition (heat treated at 927 °C for 3.5 hours, water-quenched) and was 

subsequently cold forged (CF) to 15% deformation to produce the MACF condition. To produce 

the SA condition, the MA material was solution annealed at 1100 °C for a 0.5 h, followed by a 

water quench. Further thermal treatment of the SA material at 704 °C for 12 hours with a 

subsequent air quench produced the SATT condition. The materials were part of a larger effort to 

study the issue of intergranular stress corrosion cracking (IGSCC) of Ni-base Alloy 600 in the 
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primary water loop of pressurized water reactors. In this paper, only non-oxidized materials are 

discussed. 

3.2. Microtensile Sample Fabrication 

To understand the role of interfacial constraints on the plastic deformation behavior in FCC 

metals, we performed a series of microscale tensile tests as a function of the BVR parameter. Ni 

alloys with three distinct thermal treatments — solution-annealed (SA), solution-annealed 

thermally treated (SATT), and mill-annealed 15%-coldforged (MACF)— and pure Ni were tested 

with the constraining interface being grain boundaries and a ceramic coating, respectively. For 

ease of fabrication and testing, we used two different testing setups for the two constraint types.  

A FEI Quanta 3D FEG SEM/FIB dual beam was utilized for the fabrication of microtensile 

specimens and for their subsequent testing. First, Electron Backscatter Diffraction (EBSD) was 

used to obtain crystal orientation information for grains of interest. The EBSD data allowed us to 

perform the BVR analysis in order to fabricate the microtensile samples with the desirable BVR. 

The microtensile tensile T-bone setup was used for the pure Ni samples with ceramic coating. The 

microtensile bars were fabricated using the focused Ga+-ion beam according to the schematic in 

Figure 3. The sample width dimensions were between 1-2 µm and the sample’s dimensional 

aspect-ratio was chosen based on the selected BVR. The rough milling was conducted at 30 keV 

with currents of 1-3 nA, and the final cleaning was performed at 0.3 nA. The same fabrication 

procedure was reported in [35]. 
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Figure 3. T-shape microtensile schematic and the SEM image of a representative tensile bar after 

fabrication. 

A bicrystal tensile testing setup was used when a grain boundary was the constraining 

surface. Grain boundaries of low dislocation transmission probability were identified from the 

EBSD orientation map. The tensile bars containing such grain boundaries were then mounted on 

the Push-to-Pull device, manufactured by Bruker. Further thinning and cleaning of the tensile bar 

was done to obtain the final tensile dimensions, as shown in Figure 4. The detailed fabrication was 

reported in [36]. Since the grain of the lower BVR deforms while the other grain remains 

undeformed, the placement of the grain boundary in the tensile bar is carefully selected to obtain 

the desirable BVR values.. Table 1 lists the grain boundary angles, the corresponding cumulative 

transmission coefficients (λ), and the BVR values of the individual grains of the bicrystal samples. 

The λ values are calculated using the formulation proposed in [34]. A λ value of 12 means that the 

grain boundary is transparent to dislocation motion and a λ value of 0 means that the grain 

boundary is a perfect barrier.  
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Figure 4. Bicrystal microscale tensile schematic and the SEM image of a representative tensile 

bar after fabrication. 

Table 1. The misorientation angles, cumulative transmission coefficients λ, BVR values of the grains, 

and observed deformed grains.  

Samples Misorientation Angle (o) λ Grain 1 BVR Grain 2 BVR Deformed Grain 

Ni Alloy, SA 1 59.7 2.951 0.0285 0.917 Grain 1 

Ni Alloy, SA 2 54.4 0.641 0.808 0.666 Grain 2 

Ni Alloy, SA 3 59.7 2.682 0.8334 0.776 Grain 2 

Ni Alloy, SATT 1 42.1 1.027 0.218 0.95 Grain 1 

Ni Alloy, SATT 2 43 0 0.932 0.841 Grain 2 

Ni Alloy, MACF 1 48.2 1.087 0.667 0.298 Grain 2 

Ni Alloy, MACF 2 38 0 0.921 0.867 Grain 2 

 

Tensile tests were performed in situ in the SEM (Quanta 3D FEG) using the PI-88 

Picoindenter, purchased from Bruker. The tests were conducted at a constant displacement rate of 

10 nm/s, and the tensile bars were tested to failure. Videos of the in situ tests were recorded. 

Representative videos are shown in the Supplementary section (Videos 1,2,3). 
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3.3. Blocked Volume Calculation 

While there are several ways to calculate the blocked volume, we present a simple yet 

versatile method. Given a list of vertex points defining the constraining surface and a 3D volume 

defined by a list of planar surfaces [��, ��, … ], where each planar surface is a list of points defining 

the vertices of the surface �� = [
��, 
�, ���, 
��, 
�, ���, … ], the blocked volume is calculated by 

finding the set of points on the blocked volume and calculating the convex hull volume of those 

points. For each surface ��, a grid of points �� on the surface is calculated (Figure 5A). For a point 

�� on the grid ��, a slip plane �� of the given slip system is defined by the tuple 
�� , ���, where �� 

is the normal vector of the slip plane (Figure 5B). If the plane �� intersects the constraining surface, 

point �� can be classified as “blocked” as it belongs to the blocked volume. The procedure is 

repeated for all points on all the free surfaces of the sample (Figure 5C). The convex hull volume 

of the set of these blocked points is the blocked volume for the slip system (Figure 5D). The 

developed method can also be applied to samples of cylindrical shapes. 
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Figure 5. Visualization of the blocked volume calculation of the slip systems with slip plane 

(1, 1�, 1� from Figure 1. A) A grid of points �� (green circles) is calculated for each free surface ��. 

B) For a point �� (green circle) on the grid ��, a slip plane �� of the given slip plane (red plane) 

is defined by the tuple 
�� , ���, where �� is the normal vector of the slip plane. If the plane �� 

intersects the constraining surface (black plane), point �� is classified as “blocked” as it belongs 

to the blocked volume. C) The procedure is repeated for all points on all the free surfaces of the 

sample to generate a full set of “blocked” points (green circles) on the free surfaces. D) The convex 

hull volume of the set of these blocked points is the blocked volume for the slip system (gray 

volume).  

4. Results 

4.1. Experimental Validation for the FCC case 
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In order to correctly calculate the BVR value of each sample, the crystal orientation of the 

sample is selected such that the BVR value of the primary slip systems(s) is the lowest compared 

to all other slip systems with the exception of the very low RSS slip systems to ensure that the 

BVR of the primary slip system(s) is the limiting BVR value. An example of a sample with such 

crystal orientation is shown in Figure 1.  

At low BVR values, “discrete slip band failure mode” was observed, as shown in Figure 

2D. Supplementary Video 1 shows that the representative tensile bar of low BVR deforms by 

forming multiple bands until failure. The representative stress-strain curve (Figure 2D) shows 

multiple strain burst events, indicated by the large stain jumps, and no presence of work hardening 

after yielding. At intermediate BVR values, the tensile bars show  “mixed mode” during 

deformation until failure, as shown in Figure 2E. During the deformation, slip bands formed in the 

free volume while necking took place in the blocked volume (Supplementary Video 2). The 

representative stress-strain curve (Figure 2E) shows a large strain jump, corresponding to 

simultaneous slip band formation and necking in the free and blocked volumes, respectively. At 

the very high BVR values, the tensile bars deform uniformly, followed by necking until failure, as 

shown in Figure 2F and Supplementary Video 3. The representative stress-strain curve of a high 

BVR test (Figure 2F) shows significant strain hardening and strong suppression of strain bursts in 

the stress-strain curve.  

The deformation failure modes of all the tests are plotted against the BVR of the primary 

slip system(s) as shown in Figure 6. “Mixed mode” was observed for intermediate BVR values 

(0.67 and 0.78). At BVR values above 0.81, “necking and strain hardening mode” mode was 

observed. Experimentally, we set the estimate of the transition BVR value from “mixed mode” 

mode to “necking and strain hardening mode” to be 0.81 as it is the lowest BVR value measured 
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here which shows “necking and strain hardening mode.” However, one expects variabilities with 

the effectiveness of different constraint types for blocking slip. Also, it is important to note that 

there remain uncertainties associated with the measurements of the sample dimension and the 

crystal orientation, which affect the BVR calculation. Because of these uncertainties, the key 

takeaway from Figure 6 is that macroscopic deformation and failure mode can be obtained in FCC 

micro-tensile samples when the BVR values of the active slip systems are high.   

 

Figure 6. The deformation mode plotted versus the BVR of the primary slip systems  

 

The experiments also demonstrated the flexibility of constraint type required to achieve 

macroscopic deformation. Figure 7 shows that the “necking and strain hardening mode” was 

observed in both microtensile testing of a T-shape tensile bar (Figure 7A) and a bicrystal tensile 

bars (Figure 7B) with the constraining interfaces to be the coating interface and grain boundary, 

respectively.  
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Figure 7. SEM images showing “necking and strain hardening mode” was observed for (A) the 

T-shape tensile testing setup and (B) the bicrystal tensile testing setup with the constraining 

interfaces being a coating interface (CI) and grain boundary (GB), respectively.  

5. Discussion 

Since the BVR of a sample depends on the crystal orientation and the height-to-width 

aspect ratio, the developed geometric criteria can be applied to create prediction maps for slip-

dominated plastic deformation behavior in FCC crystals as a function of crystal orientation and 

aspect ratio. To demonstrate the usefulness of such a map, the multi-slip loading orientations – 

[001], [011], and [111] – are selected. Figure 8A, 8B, and 8C show the BVR considering a 

rectangular pillar in a FCC metal, whose top surface is the constraining surface, and the normal 

orientations of that top surface are taken to be [001], [110], and [111] respectively (determined by 
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Euler angles φ2 and Φ), over a range of Euler angle φ1 (0o – 90o) and height-to-width aspect ratio 

(0.5 – 5). The different deformation regimes (“discrete slip band failure mode”, “mixed mode”, 

and “necking and strain hardening mode”) vary drastically for the three normal orientations. The 

color coding represents the lowest BVR values of the active slip systems for a given aspect ratio 

and crystal orientation. This type of mapping informs us about the potential influence of an 

interfacial interface on the plastic deformation behavior for any given crystal orientation and an 

aspect ratio. As shown in the figure, the microtensile samples of the crystal orientations and aspect 

ratios in the red and dark red regions (BVR > 0.811) are expected to undergo “necking and strain 

hardening” mode with mostly suppressed strain burst behavior. For the region whose BVR is 

below 0.5, “discrete slip band formation” mode and strain burst behaviors are expected. For FCC 

system whose major deformation mode is slip, the maps can inform on the expected deformation 

behavior in presence of an interfacial constraint. Additionally, compared to the previous studies 

[18,37,38], the BVR mapping over crystal orientations offers a new perspective on the influence 

of aspect ratio on the deformation behavior of the microscale experiments  
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Figure 8. Mapping of the blocked volume ratio of FCC rectangular pillars for A) [001], B) [011], 

and C) [111] normal loading orientations over a range of Euler angle φ1 (0o – 90o) and height-to-

width aspect ratio (0.5 – 4). The color coding represents the lowest BVR values of the active slip 

systems for a given aspect ratio and crystal orientation.  

Furthermore, the proposed theory motivates two research directions that deserve further 

exploration. The first direction is to examine whether the “necking and strain hardening” mode of 

high BVR samples is comparable with the plastic deformation of the same crystals at the 

macroscale. If it can be shown to be comparable with that of macroscopic deformation, it would 
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enable the ability to locally probe the macroscopic-like properties of individually build layers and 

identify the weak spots in additively manufactured metals and other advanced alloy designs across 

multiple disciplines. In addition, the nuclear industry can lower the cost of testing and reduce dose 

concerns by using microscale samples to obtain measurements that are relevant to large neutron-

irradiated structural components as well as micrometer-thick ion-irradiated layers. However, 

several questions need to be addressed before we can realize this potential. Notably, the 

microstructural evolution and the dislocation density evolution between the microscale and 

macroscale tests must be compared. For instance, it is known that single crystal Ni forms 

dislocation cell structure [39] during macroscopic uniaxial testing. Therefore, one can see if the 

high BVR pure Ni samples would also form dislocation cell structure during microscale tensile 

testing. The second research direction is to use the proposed theory to enable future quantitative 

studies on grain boundaries and interfaces using small-scale testing. Important interfacial failure 

modes in alloys such as stress corrosion cracking [40], helium embrittlement [41], and hydrogen 

embrittlement [42] could be investigated and observed directly. One strategy is to manufacture 

microscale bicrystal tensile samples in which both grains have very high BVR values in order to 

suppress early plastic deformation of the matrix and encourage grain boundary failure. 

6. Conclusion 

Our work investigated the influence of interfacial constraint on the dislocation-mediated 

plasticity of FCC crystals in microscale tensile tests. We have introduced a simple yet effective 

parameter, BVR (blocked volume ratio), to quantify the degree of constraint for a given slip system 

due to an interface. Experimentally, we have shown that the plastic flow behavior is highly 

dependent on the BVR  of the sample. Under the proposed framework, other important parameters 

(e.g. other slip systems, stacking fault energy, propensity for slip, dislocation cross-slip, and strain 
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rate) can be investigated to explore new phenomena and complexity. In our view, the BVR map 

provides a new and useful framework to understand and predict the active plastic deformation 

mode in microscopic samples. Additionally, the study provides future research directions which 

are important in further maturing SSMT. First, it introduces a new opportunity for research in 

extracting representative macroscopic properties of site-specific microstructural features of 

materials. Secondly, the blocked volume concept can be utilized to encourage interfacial failure 

by suppressing “discrete slip band failure mode” in the material adjacent to the interface. 

Therefore, it enables a direct examination of interfacial strength, such as grain boundaries, at the 

microscale. Important interfacial failure modes in alloys such as stress corrosion cracking, helium 

embrittlement, and hydrogen embrittlement can then be investigated through small scale testing. 
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