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ABSTRACT 

EFFECT OF MICROSCOPIC DEFECTS ON SUPERCONDUCTING PROPERTIES OF HIGH 
PURITY NIOBIUM USED FOR SRF CAVITIES 

By 

Mingmin Wang 

High purity niobium has been used to fabricate superconducting radio-frequency (SRF) 

cavities for linear particle accelerator applications for decades due to its high critical temperature 

(9.3 K) and critical magnetic field.  Great progress has been made in achieving high accelerating 

gradients and quality factors (a measure of efficiency).   However, the performance of Nb cavities 

still suffers from the variability of the material such that high quality factors and accelerating 

gradients cannot be consistently produced. 

Trapped magnetic flux is well known for causing significant radio-frequency losses.  Both 

local flux penetration and flux trapping indicate the local suppression of superconductivity.  

Magnetic flux from both unshielded earth field and thermoelectric currents can be trapped when a 

cavity is cooled through its superconducting transition temperature.  Microstructural defects 

including hydrogen, grain boundaries, and dislocations are possible causes for flux trapping.  

However, the details of magnetic flux trapping mechanisms and conditions that enable it are still 

not clear.  Research on this topic has been very active in the SRF community.  Cavity studies on 

flux expulsion after different heat treatments and cooldown procedures have been performed in 

recent years, but the study of flux trapping mechanisms at the microscopic level is still lacking. 

In order to study the effect of microscopic defects on flux trapping, single crystal and 

bicrystal samples were designed with strategically chosen tensile axes to intentionally introduce 

defects by a 5% tensile strain.  Magneto-Optical (MO) Imaging was used to visualize locations 



where magnetic flux was trapped, and the dislocation substructures were studied using Electron 

Channeling Contrast Imaging (ECCI). 

The results show that high angle grain boundaries (HAGB) and low angle grain boundaries 

(LAGBs) have different flux penetration behaviors.  LAGBS could be hydrogen segregation sites 

leading to precipitation of normal conducting hydrides along LAGBs at ~100–130 K during 

cooling.  In hydrogen contaminated single-crystal samples, large hydride scars (locations where a 

hydride formed and then dissolved during heating) were observed both at the LAGBs and within 

the grain after MO cooling; however, only hydrides at the LAGBs appeared to cause premature 

flux penetration.  Flux trapping related to LAGBs could still be observed after the heat treatment 

removed most of the hydrogen.  By contrast, the flux penetration along a HAGB could be turned 

off by heat treatment that removed hydrogen and restored by reintroducing hydrogen into the 

sample.  This work suggests that HAGBs are not as effective at causing flux penetration or trapping 

as hydrides and LAGBs. 

Some deformed bi-crystal samples show correlations between a larger amount of 

deformation or a higher density of dislocations and more trapped flux.  Deformation led to the 

development of dislocation substructures; however, the effect of dislocation arrangements on flux 

penetration could not be observed in the current work.  Further study with flux measurement 

techniques of a higher resolution and sensitivity is necessary to understand what kinds of 

dislocation substructures are most likely to cause flux penetration. 
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Chapter I.  INTRODUCTION 

A.  SRF cavities and limitations 

Particle accelerators are used in various fields from particle physics, atomic physics, 

materials science, to cancer therapy and the semiconductor industry [1]–[3], with nearly 200,000 

particle accelerators in operation worldwide.  The development of high-performance accelerators 

relies on superconducting radio-frequency (SRF) technology, which uses elliptical niobium (Nb) 

cavities and radio-frequency induction to generate oscillating electromagnetic fields to accelerate 

charged particles such as electrons and positrons at ~2 K [4].  Ion accelerators require larger 

cavities with more complex shapes [4]. 

SRF cavities are usually made from high purity (RRR1 > 300) Nb because of its high 

critical temperature (𝑇L = 9.3 K) among elemental superconductors, good formability (easily 

machined and deep-drawn), reliable chemical stability, and sufficient availability on the market 

[4]–[7].  During the past decades, pushing the limits of high accelerating electric fields (E) and 

quality factors Q2 has provided the motivation for continuing research and development of Nb 

cavities.  Improvements in the fabrication process have enabled the theoretical limit (~52 MV/m) 

of accelerating field and ultra-high quality factors (Q~10FF) to be occasionally achieved [8], [9]. 

However, this high performance cannot be consistently reproduced and the performance of 

Nb cavities varies even when the same manufacturing processes are used, suggesting that 

variability of the material properties could account for the variability in performance.  One big 

source of material variability comes from the microscopic defects in Nb, including impurity atoms, 

voids, inclusions, hydrides, dislocations, and grain boundaries.  These defects may limit SRF 

 
1 Residual Resistivity Ratio: the ratio of the electric resistivity measured at 273 K to that at 4.2 K. 
2 Quality factor Q is a measure of energy efficiency defined as the ratio of stored energy in a cavity to the dissipated 
energy. 
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cavity performance and are inevitably and heterogeneously introduced along the fabrication path 

from forging, rolling, deep drawing, and welding.  Such defects can trap magnetic flux from the 

earth field or thermocurrent-generated field during cavity cooldown through the superconducting 

transition temperature (9.3 K); the trapped flux is well-known for causing significant radio-

frequency (RF) losses3 and thus degrades the performance during the operation of Nb cavities [10], 

[11], [20]–[22], [12]–[19]. 

B.  Flux pinning by dislocations and grain boundaries 

Dislocations are one-dimensional crystal defects that are generated during plastic 

deformation to accommodate strains, and heavy deformation leads to a high density of dislocations 

and dislocation substructures.  Dislocations can assist flux entry at lower surface magnetic fields 

and are capable of trapping magnetic flux, resulting in RF losses due to oscillatory motion of 

trapped flux under the RF fields [10], [11], [13], [23].  Since the size of individual dislocations is 

too small compared to the coherence length of Nb (38 nm), it is hypothesized that dislocation 

substructures and entanglements (instead of individual dislocations), with sizes comparable to the 

coherence length, are causing flux penetration and trapping [23].   

Much effort has been made to improve the flux expulsion property of Nb cavities.  A recent 

study suggested that a 900–1000 ℃ heat treatment could significantly improve the flux expulsion 

property4 of high purity niobium cavities, and EBSD (electron backscattered diffraction) analysis 

showed grain growth and a decrease in the local average misorientation as a result of the heat 

treatment [24].  Grain boundaries and dislocations were considered as possible defects causing 

flux trapping in that study; however, it was not clear which one is dominant.  Another study by the 

 
3 Significant energy losses such as high field Q slope (abnormal Q drop) when surface field is larger than 100 mT. 
4 Measured by fluxgate magnetometers on the equator of the cavity surface 
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same group suggested that cold work, which created dislocations, was a strong determinant of flux 

expulsion behavior, and the cavity made from rolled Nb material showed a much higher level of 

flux trapping compared with the cavity made from as-received material (less cold work) [25]. 

Grain boundaries (interfaces dividing grains with different orientations) play a critical role 

in defining Nb cavity performance because they are both sources and sinks for microstructural 

defects.  There have been reports that grain boundaries with special orientations with respect to 

the external magnetic fields could cause preferential flux penetration at superconducting 

temperatures [26]–[28].  Flux penetration at some low angle grain boundaries (LAGBs) was also 

observed in deformed single-crystal Nb samples [16], [29].  As not all high angle or low angle 

grain boundaries show flux penetration, further studies are necessary to fully understand the effect 

of grain boundaries. 

C.  The motivation of the current work 

Recent studies of flux trapping focused on optimization of processing methods for 

performance improvement using real size Nb cavities; however, the study of flux trapping 

mechanisms at the microscopic level is still lacking.  This current study was performed by 

strategically introducing microstructural defects (including dislocations, low angle grain 

boundaries, and hydrogen) into bulk Nb samples and investigating their effect on the magnetic 

flux trapping/penetration.  Magneto-optical (MO) imaging was used to directly observe magnetic 

flux in Nb samples.  Preferential flux penetration or flux trapping indicates the suppression of the 

superconductivity of Nb.  Electron channeling contrast imaging (ECCI), combined with electron 

backscattered electron diffraction (EBSD), was performed to characterize dislocations and grain 

boundaries. 
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The goal is to understand the effect of microstructural defects on superconducting 

properties (in terms of flux penetration and trapping) of Nb by evaluating the relationships between 

dislocation content, low angle and high angle grain boundaries, hydrogen, heat treatment, 

cryogenic cooling, and flux penetration and trapping.  The results of this research will identify 

what is responsible for the performance variability of Nb cavities and provide guidance for cavity 

processing strategies that can optimize the final microstructural defects and therefore enable 

consistent enhancement of the performance of Nb cavities. 
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Chapter II.  LITERATURE REVIEW 

A. Superconducting radio frequency cavity 

SRF science and technology is widely used in particle accelerators that can accelerate 

particles such as protons to a speed close to the speed of light.  It can be used to make the particles 

with opposite moving directions collide against each other, revealing information relevant to the 

history of the universe [1], [4]. 

This technology is realized in SRF cavities (metallic chamber structure) made of 

superconducting materials in which high electromagnetic fields are generated periodically by 

radio-frequency oscillations (from 50 MHz to 10 GHz) [30] that generate resonating 

superconducting currents in the cavity walls [4], [31]. 

The charged particles injected into the cavities feel the electric force pushing them forward, 

and the timing is carefully controlled so that the particles can pick up speed in each single cavity 

cell.  Depending on the resonating frequency, resonating mode, and ratio (𝛽) of the desired final 

speed to the light speed, SRF cavities can take different geometries.  Figure 1 shows an example 

of a 9-cell Nb cavity used as the baseline cavity for the International Linear Collider [32].  New 

machines being built such as the Linac Coherent Light Source-II (LCLS-II) project at SLAC 

National Accelerator Laboratory use a similar cavity geometry [33]. 
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Figure 1.  A TESLA 9-cell 1.3-GHz superconducting Nb cavity for the International Linear 
Collider [32] (top image).  The black arrows indicate the locations of the iris and the equator.  
The blue arrows indicate the direction of the accelerating gradient that accelerates the electrons 
down the beam tube.  The schematic illustration (bottom image) reveals the inner arrangement 
of electrons at one point in time during oscillating electric fields timed to accelerate electrons in 
each cell (Image Courtesy: Jefferson Lab). 

 

Since superconducting currents flow in the ~100 nm subsurface, SRF cavity performance 

is very sensitive to the cavity surface quality [34].  Therefore any imperfections within the material 

or on the surface of the cavities are intolerable and should be removed by processing procedures 

including buffered chemical polishing (BCP), electro-polishing (EP), ultra-pure water rinsing, 

followed by clean-room assembly [34], [35]. 

Compared to normal conducting cavities, SRF cavities have the advantage of low electric 

resistance.  Nb cavities are housed in cryomodules filled with liquid helium to keep the temperature 

below the critical temperature (𝑇L = 9.3 K) and the cost of cryogenic cooling is a major cost driver.  

Performance of a Nb cavity is measured by the quality factor (Q) and the accelerating electric field 

(E).  Therefore, a Nb cavity needs to have a high Q so that the operation of the accelerators can be 

economically feasible.  Theoretically, 100% of the input energy can be converted to the speed of 

the accelerated beam.  However, the system generates heat due to residual electrical resistance and 

needs this dissipated energy to be removed to maintain the cryomodules in the superconducting 
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state.  One major source of RF losses and residual resistance is the trapped magnetic flux during 

cooldown through the superconducting transition temperature.  The magnetic flux can arise from 

either the earth’s filed or the thermoelectric currents.   

New linear accelerators, such as LCLS-II at SLAC National Accelerator Laboratory, have 

even higher quality factor requirements (𝑄 = 2.7 × 10FQ) [33], [36].  With a quality factor larger 

than 10FQ, RF losses caused by trapped magnetic flux may be what limits Q values.  The effect of 

microstructural defects on flux trapping in Nb is the focus of this dissertation. 

B.  Superconductivity theories 

1. Some fundamental definitions 

Superconductivity was discovered by Kamerlingh Onnes in 1911 [37], [38], which opened 

a totally new field of low-temperature physics.  This phenomenon is characterized by zero 

electrical resistance of a material below the critical temperature (𝑇R) [12].  Another important 

feature is perfect diamagnetism, i.e., materials in the superconducting state (also known as the 

Meissner state) (𝑇 < 𝑇R) completely expel a magnetic field below the critical magnetic field (𝐻R). 

According to the magnetization properties, superconductors can be classified into type-I 

and type-II superconductors.  There is only one critical magnetic field for type-I superconductors, 

which shows a perfect diamagnetism (Meissner state) below the critical filed 𝐻R , but will be fully 

normal-conducting above 𝐻R .  For type-II superconductors (such as Nb), there are two critical 

fields, 𝐻RF and 𝐻RG.  A type-II superconductor is in superconducting state (Meissner state) below 

𝐻RF , mixed state for 𝐻RF < 𝐻 < 𝐻RG , and normal state when 𝐻 > 𝐻RG .  The mixed state is a 

partially diamagnetic state and part of the magnetic flux, quantized in a form of vortices 

(Abrisokov vortices), can penetrate the superconductor [12].  Figure 2 shows phase diagrams of 

type-I (a) and type-II (b) superconductors. 
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Figure 2.  Phase diagrams of the magnetic field versus temperature for type-I (a) and type-II (b) 
superconductors [12]. 

 

2.  London theory 

The London theory was put forward by the London brothers in 1935 before the discovery 

of type-II superconductors [12].  It explains the Meissner effect and describes the superconducting 

state. 

The London theory equations are [12]:  

 𝑬 =
𝑚∗

𝑛Y𝑒∗G
∙
𝑑𝒋
𝑑𝑡 (1) 

 

 𝒃 +
𝑚∗

𝜇Q𝑛Y𝑒∗G
∇ × ∇ × 𝒃 = 0 (2) 

 

where 𝑬, 𝒃	and 𝒋 are the electric field, the magnetic flux density, and the current density; 

𝑚∗, 𝑒∗ and 𝑛Y are the mass, electric charge, and number density of superconducting electrons; 𝜇Q 
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is the permeability of vacuum and 𝑡 is the time.  Electromagnetic relations are described by these 

two equations that provide characteristic parameters from which the penetration depth can be 

derived (see Equation (3)). 

 

 
Figure 3.  Magnetic flux distribution near the surface of a superconductor in the Meissner state 
[12]. 

 

Consider a superconductor with a semi-infinite dimension in the x-axis direction and 

infinite dimensions in the y- and z-axis directions with a surface defined as x = 0 (Figure 3).  An 

external magnetic field He is applied parallel to the z-axis and it is assumed that the magnetic flux 

density varies only along the x-axis.  Then, Equation (2) reduces to 

 dG𝑏
d𝑥G −

𝑏
𝜆G = 0 (3) 

where b is the magnetic flux density and 𝜆 is the penetration depth, which is written as 

 𝜆 = d
𝑚∗

𝜇Q𝑛Y𝑒∗G
 (4) 

Solving equation (3) by applying conditions of b = µ0He at x = 0 and b = 0 at infinity gives 
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 𝑏(𝑥) = 𝜇Q𝐻fexp	(−
𝑥
𝜆) (5) 

The function b(x) is plotted in Figure 3.  A tangent line at (0, µ0He) intercepts the x-axis at (λ, 0).  

λ is defined as the penetration depth, which is a measure of how deep the external magnetic field 

can penetrate into a superconductor in the Meissner state.  The penetration depth of Nb is 39 nm 

[39]. 

3.  Ginzburg-Landau theory 

Although the London theory can successfully explain the Meissner effect, it only describes 

the situation in the superconducting state.  For the mixed state (𝐻LF < 𝐻 < 𝐻LG), the Ginzburg-

Landau (G-L) theory [40], [41] is more applicable.  In the G-L theory, the order parameter 𝛹 is 

introduced, with |𝛹|G  denoting the number density of superconducting electrons, and the free 

energy of a superconductor depends on |𝛹|G, which has a non-zero value for the superconducting 

state and becomes zero for the normal conducting state (loss of superconductivity). 

The electromagnetic properties in a superconductor are determined by two characteristic 

lengths, i.e. the penetration depth λ, and the coherence length	𝜉 [40], [41].  These two parameters 

can be derived from the G-L theory, as shown in Equations (6) and (7). 

 𝜆 = d
𝑚∗

4𝜇Q𝑒G|Ψl|G
 (6) 

where |𝛹l|G is the equilibrium value of |𝛹|G when the derivative of the free energy density is zero. 

 𝜉 =
ℎn

4𝜋√2𝑒𝜇Q𝐻L𝜆
 (7) 
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where ℎn is the Planck’s constant and the coherence length, 𝜉, is the spatial extent of the wave 

function of electrons [12].  The coherence length of Nb is 38 nm and it describes the spatial 

distance needed for the transition from the superconducting state to the normal state.  In the mixed 

state of type-II superconductors, the coherence length is the radius of the normal core of a flux line 

(see Section C), where the superconductivity is lost due to the penetration of quantized magnetic 

flux. 

London theory and Ginzburg-Landau theory are well established theories of 

superconductivity and provide the fundamentals for understanding mechanisms of magnetic flux 

trapping by defects in Nb. 

C.  Magnetic flux trapping 

1.  Magnetic flux penetration in the mixed state 

As an external magnetic field, 𝐻f, increases to just above 𝐻LF, Nb transitions to mixed state 

and the external magnetic flux can penetrate the superconductor according to the phase diagram 

shown in Figure 2b, but the magnetic flux is quantized on a macroscopic scale [12], [41].  The 

quantized flux is called a flux line or vortex, which is isolated from each other when the external 

field is just above 𝐻LF [12].  The spatial variation of the magnitude of order parameter |𝛹| and 

magnetic flux density b near a flux line is shown in the schematic plot in Figure 4.  The radius of 

a vortex is equal to the penetration depth 𝜆 (~39nm), and the superconductivity is lost (|𝛹| = 0) 

within a radius of 𝜉 (coherence length, ~38 nm).  This central region with a diameter of 2𝜉 is 

almost in the normal state and thus is called the normal core.   
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Figure 4.  Schematic plot of spatial variations of the order parameter (|𝛹|) and the magnetic flux 
density (b) near an isolated flux line at mixed state of the superconductor; the flux line is parallel 
to the vertical axis, which shows the magnitude of the order parameter and the flux density.  
Penetration depth 𝜆 is the radius of the vortex, while coherence length 𝜉 is the radius of the 
normal core [12]. 

 

2.  Losses caused by magnetic flux trapping 

Magnetic flux, resulting from the earth’s field or thermoelectric currents generated as the 

cavity is cooled through 𝑇R , can be trapped in Nb, leading to anomalous RF loses (high field Q-

slope, Figure 5a) and local overheated regions (hot spots) in the equator areas where the RF 

magnetic field is at its maximum [11], [13], [42], [43].  A study [13] was performed to map the 

hot spots on the cavity surface during an RF test, as shown in Figure 5b.  A comparison between 

Figure 5b and Figure 5c shows that the temperature difference of hot spots decreased, especially 

at locations of the red dots, where local heaters were used to apply the local thermal gradient 

known for depinning trapped flux.  This is evidence that the hot spots are caused by trapped 

vortices. 
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Figure 5.  RF test results at 1.7 K shows a high field Q slope at a peak surface magnetic field of 
about 112 mT before (black square) and after (white square) local heating (a), and the 
corresponding unfolded temperature maps at 𝐵n = 112	mT, T = 1.7 K before (b) and after (c) 
local heating [13]. 
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3.  Mechanisms of magnetic flux trapping 

The mechanisms of magnetic flux trapping by microstructural defects such as grain 

boundaries, hydrides, dislocations, and voids have been studied for many decades [14], [16], [44]–

[48].  In the 1950s, Pippard studied the effect of surface roughness, anneal, polycrystallinity, and 

insoluble impurities on the magnetic flux pinning in Sn [44].  Flux trapping could be reduced by 

improving Nb purity, electropolishing, and anneal, indicating a correlation between the flux 

trapping and the presence of defects in superconductors.  Mechanisms of flux pinning by grain 

boundaries and dislocations will be discussed in this section. 

a.  Flux pinning by grain boundaries 

In recent years, large grain Nb has been used to fabricate SRF cavities that have 

demonstrated higher quality factors with lower fabrication costs due to the elimination of forging 

and rolling processes, compared to the traditional fine grain Nb cavities [5].  One of the hypotheses 

for the improved performance is that large grain Nb has fewer grain boundaries and therefore traps 

less magnetic flux when cooled through the critical temperature. 

Zerweck [15] first proposed an electron scattering mechanism at grain boundaries to 

explain flux pinning by grain boundaries.  Electron scattering occurs when electrons travel across 

grain boundaries.  As a result, the mean free path5 of the electrons becomes shorter at grain 

boundaries, leading to shorter coherence length, which means the energy of the normal core of a 

flux line becomes smaller when a flux line approaches a grain boundary.  This lower energy 

enables the flux lines to be pinned by the grain boundaries, and the strength of flux pinning is 

 
5 The average distance traveled by electrons between collisions. 
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proportional to the variation rate of the coherence length, where the elementary pinning force can 

be expressed as [12] 

 𝑓r =
𝜋
2 𝜉s𝜇Q𝐻L

G t
𝑑𝜉
𝑑𝑥uv

 (8) 

where 𝜉s is the bulk coherence length, and wxy
xz
{
v

 is the maximum value of the coherence length 

variation rate [12].  Experiments have been carried out to prove the mechanism of grain boundary 

pinning.  Figure 6 is from a study by Dasgupta [14].  There is a peak of critical current when the 

magnetic field is parallel to the grain boundary, indicating the existence of the flux pinning force 

due to the grain boundary, which is proportional to the critical current of superconductors. 

 

 

Figure 6.  The relationship between the critical current density and the angle between the 
magnetic field and the grain boundary.  The critical current peak at B // boundary indicates a 
pinning force jump when the grain boundaries are parallel to the applied magnetic field [14]. 
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b.  Flux pinning by dislocations 

Dislocations are introduced during the SRF cavity fabrication and can act as pinning 

centers of magnetic flux.  While the pinning force of grain boundaries is due to the electron 

scattering mechanism, the pinning force from dislocations arises from the elastic energy interaction 

between a dislocation and a flux line.  Small changes in the specific volume (of the order of 10I|) 

and elastic constant (of the order of 10I} ) occur when a material becomes superconducting, 

resulting in a stress field surrounding the normal core of a flux line [49].  Therefore, forces between 

a dislocation and a flux line act on each other can be calculated using the Peach-Koehler equation 

[50]. 

Consider an edge dislocation parallel to a flux line, as shown in Figure 7.  In cylindrical 

coordinates with z-axis lying in the center of a flux line (pointing out of the page), the stress tensor 

of the normal core of a flux line is given by [49] 

 𝝈 =
Γ𝜉G

𝑟G �
1 0 0
0 −1 0
0 0 0

� (9) 

where 𝜉 is the radius of the normal core of an isolated flux line, 𝛤 = − ����(F��)
�(FI�)

, 𝜖�Q is the ratio of 

dilation in the normal core to that of the surrounding superconducting region, 𝜇  is the shear 

modulus, 𝜐 is the Poisson’s ratio, and r the distance between the flux line and the dislocation line. 

With a Burgers vector 𝒃 = 𝑏Q(− cos𝜙Q , sin𝜙Q , 0) in the (x’, y’, z) coordinates (𝒃 =

𝑏Q(1, 0,0) in the original coordinate system), and a dislocation line vector 𝒕 = (0, 0, 1), the Peach-

Koehler equation 𝒇 = −(𝝈 ∙ 𝒃) × 𝒕 can be applied:  
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 𝒇 =
Γ𝜉G𝑏Q
𝑟G (− sin𝜙Q , cos𝜙Q , 0) (10) 

where 𝒇 is the force acting on the dislocation in the stress field of the flux line, which is equal to 

the force acting on the flux line by the dislocation stress filed, but in an opposite direction. When 

r is equal to its lower limit 𝜉 , the maximum elementary pinning force 𝑓n = Γ𝑏Q. 

 

 

Figure 7.  Flux line at the origin and a parallel edge dislocation with the repulsive forces on both 
the flux line and the dislocation [49]. 

 

Some studies indicate the flux pinning force due to dislocations is considerably weaker 

than that of voids [45] or normal precipitates [12].  However, in heavily worked materials, 

dislocations could form substructures that have sizes comparable to the coherence length and thus 

may be more effective at trapping magnetic flux than individual dislocations. 
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D.  Dislocation structures and slip systems in Nb (BCC crystal structure) 

1.  Dislocation basics 

Dislocations are one dimensional or linear crystal defects dividing the slipped part and 

unslipped part of a crystal lattice that has been through plastic deformation [51], [52] (Figure 8).  

Dislocation slip is one of the mechanisms enabling the formability of metals [53]–[55].  The 

magnitude and direction of shear of a dislocation is defined by its Burgers vector, denoted by b, 

and the plane the dislocation glides on is called the slip plane.  One slip direction and a slip plane 

compose a slip system, and multiple slip systems can be simultaneously activated during plastic 

deformation. 

Dislocations can be categorized into pure screw, pure edge, and mixed characters.  An edge 

dislocation has a line direction perpendicular to the Burgers vector, while a screw dislocation line 

is parallel to the Burgers vector.  Dislocations with line directions between edge and screw on the 

slip plane have a mixed character.  A schematic illustration of a curved dislocation is shown in 

Figure 8, where the left end of the dislocation is a pure screw and the right end a pure edge.  The 

curved part in the middle has a mixed dislocation character. 

Screw dislocations in BCC6 metals are parallel to the <111> Burgers vectors with no 

defined slip planes, while the edge dislocation line direction is most commonly a <112> or <110> 

direction on a {110} or {112} slip plane, with <111> Burgers vectors. 

 

 
6 Body-centered cubic. 
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Figure 8.  A curved dislocation having pure screw character (left end) and pure edge character 
(right end), and mixed character in the middle where the dislocation line is neither perpendicular 
nor parallel to the Burgers vector b.  The dislocation line separates the sheared volume and the 
un-sheared volume of the crystal lattice [10]. 

 

For simplicity, the slip of dislocations can be illustrated using the model of an edge 

dislocation, which can be thought of as an extra half atom plane (plane B in Figure 9b) [56] inserted 

into an otherwise perfect crystal lattice (Figure 9a).  Under shear stress parallel to slip plane A 

(Figure 9b), an edge dislocation is generated by breaking the atom bonds and starts to glide on the 

slip plane along the Burgers vector direction.  This moving edge dislocation separates the slipped 

and un-slipped parts of the crystal (blue shadows in Figure 9b) and will slip through the whole slip 

plane and exit from the other surface, resulting in a step on the surface with a displacement equal 

to the magnitude of the Burgers vector (Figure 9c).  The upside-down “T” symbol indicates the 

edge dislocation with its line direction perpendicular to the page. 
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Figure 9.  A perfect crystal lattice (a) generates dislocations under shear stress, which is an extra 
plane of atoms separating slipped and un-slipped parts of the crystal lattice, and moves along 
the direction of the Burgers vector (b); the edge dislocation slips through the whole slip plane 
and exit from the other surface, resulting in a step on the surface (c).(redrawn in [56] based on 
classic works of [53]–[55]). 

 

2.  Slip systems in BCC metals 

Nb is the most elastically compliant of BCC metals [57] and has a high stacking fault 

energy that enables cross slip, so the slip of dislocations is the main mechanism of deformation.  

For BCC metals, slip occurs in close-packed <111> directions [58] on {110}, {112}, and {123} 

crystallographic slip planes [59], which intersect with each other along a common <111> direction, 

as shown in Figure 10.  Consequently, it is easy for screw dislocations to cross slip between {110} 

planes and {112} planes, resulting in wavy and ill-defined slip lines [59], [60].  In single-crystal 

Nb with pre-existing dislocations, the heat treatment affects the dominant slip system activation 

[20], [29], [31]. 
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Figure 10.  Three potential slip systems in BCC metals and the corresponding [111] direction 
stereographic projection [61]. 

 

Screw dislocations are more frequently observed than edge dislocations in BCC metals, 

which indicates a higher mobility of edge dislocations [60], [62], [63].  Dislocations in BCC metals 

reside in deep energy wells, and a large percentage of the energy needed for dislocation slip is 

provided by thermal vibration [64].  Like other BCC metals, Nb has a high strength at cryogenic 

temperatures, which is the operating environment of Nb cavities. 

3.  Dislocation substructures in BCC metals after deformation 

After deformation, Nb samples show macroscopic shape changes as a result of the slip of 

dislocations.  Tangled networks of dislocations and dislocation substructures can be very 

complicated even in a single grain.  They tend to divide and subdivide a crystal grain into smaller 

volumes with different slip systems dominating the deformation process [65]–[68].  Dislocation 

groups remaining within deformed metals are categorized into two types: statistically stored 

dislocations (SSDs) and geometrically necessary dislocations (GNDs).  The SSDs exist as nearby 

pairs with opposite Burgers vectors and they can be annihilated when diffusion enables them to 

move and meet each other and annihilate.  The local strain caused by the SSDs cancels, while the 

strain from the GNDs contributes to the final shape change of the crystal [65]. 
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A deformed grain tends to divide and subdivide into volume elements [66], [67].  Equiaxed 

dislocation cells constitute the smallest volume elements [68] and the blocks of these cells are 

divided by dense dislocation walls, which may evolve into microbands with increasing 

deformation [66], [67].  Cell walls are incidental dislocation boundaries that develop due to the 

statistical mutual trapping of glide dislocations [65], while dense dislocation walls contain 

geometrically necessary dislocation boundaries, which are necessary for lattice rotations [65]. 

4.  Schmid law and non-Schmid effect in BCC metals 

a.  Schmid law 

It has been established that metals deform by dislocation slip on multiple different slip 

planes along specific directions.  Multiple slip systems are often activated to achieve macroscopic 

deformation.  This collective slip of dislocations does not necessarily happen simultaneously.  

Rather, dislocation slip usually starts on a specific plane when the shear stress resolved on this 

plane reaches a critical value, called the critical resolved shear stress (CRSS), before slip on 

multiple slip systems is activated. 

Consider a uniaxial tensile test of a cylindrical sample with an applied force F along the 

axis, as shown in Figure 11.  The Schmid law [69] defines the relationship between the tensile load, 

resolved shear stress, and the orientation of the slip system, given in Equation (11): 

 𝜏� = 𝜎 cos𝜓 cos 𝜆 (11) 

where 𝜏� is the resolved shear stress, 𝜎 is the applied stress along the tensile axis, 𝜓 is the angle 

between the tensile axis and the slip plane normal, and 𝜆 the angle between the tensile axis and the 

slip direction, as defined in the schematic illustration in Figure 11.   
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Figure 11.  Schematic illustration of the Schmid law showing the relationship of the applied 
force, resolved sheared stress, and slip system orientation.  (Image credit: 
engineeringarchives.com, based on [69]). 

 

When the applied force F reaches a value such that the resolved shear stress 𝜏� = CRSS, 

the slip system described in Figure 11 will be activated.  The Schmid factor is defined as 𝑚 =

cos𝜓 cos 𝜆, and it describes the likelihood of the activation of a slip system based on uniaxial 

deformation and the crystal orientation [69].  A slip system in uniaxial loading has a Schmid factor 

varying from 0 to 0.5, with 0.5 representing the most highly stressed slip system, hence the highest 

likelihood of activation.  A slip system with 𝑚 = 0.5 represents a soft orientation where the 

resolved shear stress on the slip system is as high as it can be. 

The Schmid factor is a very useful tool to determine possible active slip systems when the 

material is subjected to stress and will be used in this study for tensile sample design and slip 

system analysis.  The non-Schmid effect of BCC systems will be discussed next. 

b.  Non-Schmid effect of BCC metals 

BCC metals are known to have a high temperature and strain rate dependence of yield and 

flow stress even in pure metals, due to the intrinsic characteristics of the BCC structure [70].  As 

early as 1928, Taylor [71] found that slipping on a given plane showed different gliding resistance 

for opposite slipping directions in some BCC metals, indicating the breaking of the Schmid law, 
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which is also known as the non-Schmid effect of BCC metals.  Many investigations in the 

following decades substantiated Taylor’s discovery by showing that the resistance to dislocation 

glide on {112} planes is lower for applied shear stress in the twinning sense compared to shear 

stress in the anti-twinning sense [72]–[76].  This is called the twinning/anti-twinning asymmetry 

of {112} slip in BCC metals.  Studies of tensile deformation of Nb at 150 K show dominant straight 

slip traces belonging to low-stressed planes [77].  This phenomenon is evidence of anomalous slip 

and indicates a breakdown of the Schmid law of critical resolved stress at low temperatures.  

According to the Schmid law, the operative slip system should have the highest resolved shear 

stress.  

Figure 12 shows measured values of CRSS in compression tests for three different 

temperatures for a BCC metal, as an example of the non-Schmid effect.  The horizontal axis χ is 

the angle between [-101] direction and the normal of the maximum resolved shear stress plane 

(MRSSP).  This orientation of the MRSSP has been commonly used in earlier theoretical and 

experimental studies [70], [78].  Due to the crystal symmetry, it is sufficient to consider −30° <

𝜒 < 30°.  The MRSSP is the (-1-12) plane for 𝜒 = −30°, and then becomes the (-211) plane when 

𝜒 = 30° [79].  In Figure 12,  the asymmetry at 20 K is so large that CRSS for twinning (-211) 

shear is only 80% of the anti-twinning (-1-12) shear.  This asymmetry becomes less evident at 

higher temperatures (77 K), and essentially invisible at room temperature (293 K). 
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Figure 12.  Curves of the measured critical resolved shear stress (CRSS) versus the angle (χ) 
between [-101] and the maximum resolved shear stress plane (MRSSP) normal at three different 
temperatures show the twinning-antitwinning asymmetry of a BCC metal (Li-65 at. pct. Mg) at 
low temperatures.  The unit cell at the lower right corner shows three possible MRSSPs sharing 
the same [-1-1-1] Burgers vector (turquoise line).  χ = 30°, 0°, and −30° for planes (-211), (-
101), and (-1-12), respectively.  The red, blue, and green dashed lines represent the crystal x, y, 
and z axes.  This plot was reconstructed based on [80]. 



 

 26 

In spite of the non-Schmid effect of BCC systems, the Schmid factor is used as the major 

criterion to evaluate the likelihood of slip system activation in this dissertation, and the argument 

for this is given below. 

Mapar [81] carried out studies to fit non-Schmid crystal plasticity models to predict the 

tensile test results of single-crystal Nb, but it was not successful.  Instead, Mapar’s work suggested 

that the Schmid model could predict the tensile deformation of Nb more effectively than the non-

Schmid model.  It was pointed out that it is possible that Nb shows a more evident non-Schmid 

effect in compression stress states [81].  Also, the non-Schmid effect is affected by the temperature, 

as shown in Figure 12.  Christian [70] reported that the tension-compression asymmetry of Nb was 

not evident at room temperature and only became considerable at 77 K.  Therefore, it is reasonable 

to assume that the Schmid’s law still holds for uniaxial tensile deformation at room temperature, 

such as the tensile tests in this dissertation. 

Using the Schmid factor as a criterion for the likelihood of slip activation requires an 

assumption that {110} and {112} planes of Nb have the same CRSS.  Although there is a 

difference between the CRSS values of the two planes, the work by a former PhD student Kang 

[82] suggests that this difference is minor.  Kang performed single crystal Nb tensile tests and slip 

system analyses.   It was found that the preferred slip systems are dependent on the pre-existing 

dislocation substructures.  In as-received samples with pre-existing dislocation content, the 

preferred slip planes were observed to be {112} planes, while in annealed samples of the same 

orientation the preferred slip planes changed to {110} planes, due to a low pre-existing dislocation 

density.  This suggests that the CRSS difference of the {110} and {112} is not significant and 

hence is assumed to be the same in this dissertation. 
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Slip systems of Nb during tensile deformation have been systemically studied by former 

PhD students working on the Nb project [82], [83].  There is still a lack of study on the compression 

tests of single crystal Nb samples.  Also, the previous work was only focused on the deformation 

behavior itself, without correlating the dislocations structures with superconductivity.  In the 

current dissertation, dislocations and their effect on superconductivity of Nb were both studied by 

combining electron microscopy and magnetic flux characterization techniques, with a focus on 

their effect on flux trapping behavior. 

E. Hydrogen contamination in Nb 

 
Figure 13.  Nb-H phase diagram [84]. 

 

Hydrogen can be trapped in vacancies, dislocation cores, and solid-solid interfaces and it 

is well-known for causing embrittlement in metals [85]–[87].  The Nb-H phase diagram, Figure 
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13, shows that hydrides can form when there is a small concentration of hydrogen.  In Nb, 

hydrogen can combine with vacancies to form vacancy-hydrogen complexes due to the fact that 

the complex has lower formation energy than vacancies in hydrogen contaminated Nb [88].  These 

vacancy-hydrogen complexes act as hydride nucleation sites and facilitate precipitation of normal-

conducting hydrides during Nb cavity cooldown through 100–150 K.  Hydrides cause Q-disease 

and high field Q-slope in Nb cavities which are characterized by an abnormal increase of residual 

resistance and RF losses during the RF test [89], [90].  To eliminate the high field Q-slope, Nb 

cavities are usually processed using electropolishing followed by a 90–145 ℃ heat treatment in 

vacuum [90].  This low temperature baking is believed to break down the vacancy-hydrogen 

complexes, and thus suppress the precipitation of hydrides [23], [90].  The cure for Q-disease is a 

600–800 ℃ anneal, which reduces the bulk hydrogen concentration, although the subsurface H 

concentration is only slightly affected by a 600–800 ℃ heat treatment [91], [92].  The subsurface 

hydride precipitation is suppressed due to the breakdown of vacancy-hydrogen complexes after 

heat treatments in spite of a high hydrogen concentration. 

Due to its small volume, hydrogen can easily enter Nb during electro-polishing and 

buffered chemical polishing when the surface pentoxide layer is broken and fresh Nb surface 

exposed [90].  Oxide layers can effectively protect Nb from hydrogen contamination [93].  The 

concentration of hydrogen inside Nb is the highest near the surface and can be 1–20 at.% within 

several tens of nanometers beneath the surface, while it is much lower in the bulk (~10I} at.%) 

[91], [94], [95].  During cooldown to the superconducting temperature (~9.3 K), normal-

conducting Nb hydride precipitation can lead to a ~12% local volume increase, which is 

accommodated by both elastic deformation and formation of interstitial dislocation loops in the 

Nb matrix that transport material away from the hydrides [96]–[99].  When warming up, Nb 
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hydride reversion (dissolution) leads to a local volume decrease, which is accommodated by a 

reduction of elastic strain and reverse plastic deformation near the precipitate.  This leaves scars 

with a locally high density of dislocations in regions where hydrides were present [96], [97].   

Hydrogen has a high mobility in Nb and can interact with other defects such as grain 

boundaries and dislocations, which could be both trapping/segregation sites and transport channels 

for hydrogen atoms [85], [100].  The interaction between hydrogen and defects and how this 

interaction affects flux trapping in Nb is a primary focus in the present work. 

F.  Experimental techniques to characterize dislocations and trapped flux 

Electron channeling contrast imaging (ECCI) was used to characterize dislocations, while 

magneto-optical (MO) imaging was used to observe the magnetic flux behavior in Nb samples 

below the superconducting transition temperature.  A short review of these two techniques is 

presented in this section. 

1.  ECCI 

The scanning electron microscope (SEM) based ECCI technique enables the direct 

observation of dislocations in bulk samples [101]–[107].  In contrast to transmission electron 

microscopy (TEM), the ECCI technique allows for direct observation of dislocations on a bulk 

sample with a much larger observation area without destroying the sample, and the technique is 

more suitable for in-situ observations and dislocation density measurement [105]–[108]. 

An SEM equipped with scanning coils that can rock the electron beam around a point by 

about 5° enables the collection of selected area channeling patterns (SACPs), which serves as an 

orientation map of the crystal.  Based upon the SACP, the sample can be tilted and rotated to reach 

the desired channeling conditions, similar to a two-beam condition in TEM, where dislocations 
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locally distort the crystal lattice of an otherwise perfect crystal, leading to a higher backscattered 

electron (BSE) yield near the dislocation than the ideal channeling condition for the perfect crystal.  

The BSE yield is collected by a detector and used to construct an image that shows the spatial 

locations of defects. 

Usually, a region is observed under several different channeling conditions in order to 

perform 𝒈 ∙ 𝒃 analysis to determine the Burgers vectors and slip planes of the dislocations, based 

on the 𝒈 ∙ 𝒃 = 0 [102], [103], [105] and the 𝒈 ∙ 𝒃 × 𝒖 = 𝟎 [109] invisibility criteria, where g is 

the diffraction vector, b the Burgers vector, and u the dislocation line direction. 

An enabling tool to conduct ECCI observations is TOCA7 [110], [111], which can simulate 

SACP bands needed to determine g vectors.  This tool provides tilts and rotations to reach the 

desired imaging conditions.  Figure 14 [107] shows the meaning of the dimensionless deviation 

parameter 𝑤, which describes how much the crystal orientation with respect to the incident beam 

(𝒌𝟎) deviates from the Bragg condition.  Figure 14a shows the incident electron beam with a wave 

vector 𝒌𝟎 and the excited lattice planes (hkl) represented by five parallel solid lines.  (b)–(d) show 

the simulated SACPs of three different conditions with an overlaid white cross that represents the 

electron beam.  By tilting and rotating, the crystal orientation with respect to the incident beam 

can be changed to reach different deviation parameters.  The electron beam center is located 

outside of the corresponding channeling band (vertical in (b)) for 𝑤 > 0, and moves inside the 

channeling band for 𝑤 < 0.  When 𝑤 = 0, the beam center is right at the edge of the channeling 

band, corresponding to the exact Brag condition and the angle between the incident beam and the 
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lattice planes is equal to the Brag angle 𝜃.  Electron channeling contrast (ECC) images are taken 

using a small positive deviation parameter to obtain a good contrast of dislocations [112]. 

 

 
 
Figure 14.  Schematic representation showing the meaning of the deviation parameter 𝑤.  (a) 
shows the orientation of the crystal lattice (parallel solid lines) with respect to the incident beam 
(𝒌𝟎).  𝜃 is the Bragg angle, 𝛼 is the angle between the incident beam and the lattice plane, and 
𝒈𝒉𝒌𝒍 the reciprocal lattice vector.  (b)–(d) are the simulated SACPs of three slightly different 
orientations overlaid with a white cross representing the beam center [107]. 

 

BSE yield Δ𝜂 is a function of the crystal orientation with respect to the incident beam.  The 

dependence of BSE yield Δ𝜂 on the deviation parameter is provided in Equation (12).  Only the 

part of the total BSE intensity due to orientation variation is considered in this equation. 

 Δ𝜂 =
𝑁𝜎£
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where 𝑁 is the number of atoms per unit volume, 𝜎£ is the cross-section for backscattering, and 

𝜉Q¤  and 𝜉§¤  are the absorption distances of electrons determined based on quantum mechanical 

calculations. 

This dependence of BSE yield on the deviation parameter based on Equation (12) is plotted 

in Figure 15 [107].  Intensive backscattering occurs for 𝑤 < 0 and a bright band is formed in the 

SACP (within the channeling band).  The BSE intensity drops rapidly to the minimum when 𝑤 =

𝑤R , forming the dark Kikuchi line in the SACP.  This rapid change of BSE yield with respect to 

the deviation parameter at values close to zero forms the electron channeling contrast [107]. 

 

 
 
Figure 15.  The plot of the BSE yield dependence on the deviation parameter 𝑤 (left) and an 
SACP with an intensity profile across the selected band (red dashed line box) (right).  𝑤 = 𝑤£ 
indicates the backscattering condition with a high BSE yield, and 𝑤 = 𝑤R  indicates the 
channeling condition, with a low BSE yield.  Note that the position of the exact Bragg condition 
(𝑤 = 0) is different from the position of the channeling condition [107]. 
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ECCI is the main method for crystal defect characterization in deformed Nb samples in 

this study.  With a resolution comparable to the bright field transmission electron microscopy, 

ECCI enables studies of dislocation arrangement, low angle grain boundaries, and dislocation 

densities. 

2.  Cryogenic magneto-optical (MO) imaging 

MO imaging uses the strong Faraday effect in bismuth-doped yttrium iron garnet (B-YIG) 

to measure the change of the vertical magnetic field component (𝑯𝒛) above a superconducting 

sample using a standard polarized light microscope.  The light polarization can be rotated by a 

magnetic field [27], [113], [114], as shown in the schematic illustration in Figure 16.  Therefore, the 

magnetic flux that penetrates the MO sample can be related to the rotation of the light polarization, and 

hence, visualized.  The collected MO images are grey-scale, and a brighter intensity indicates a higher 

density of magnetic flux.  The technique is able to resolve magnetic fields of the order of 1 mT with 

~5–10 µm spatial resolution [27], [114], [115]. 

 

 
 
Figure 16.  Schematic drawing of the side view of the MO imaging technique.  The applied 
magnetic field (B) is perpendicular to the MO sample overlaid with a protective layer, a mirror, 
and a MO indicator (after Polyanskii [115]). 
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There are three imaging modes for the MO technique: zero-field-cooling (ZFC) mode, 

remnant field (RF) mode, and field-cooling (FC) mode [16], [27].  For the ZFC mode, a sample is 

cooled in a zero-field environment below the critical temperature (𝑇L = 9.3	K) at a rate of 8–10 

K/min, then an increasing external field is applied perpendicular to the sample surface (Figure 16).  

Flux penetration into the sample is revealed as a brighter contrast compared to dark flux free 

regions in MO images.  ZFC is sensitive to surface superconducting properties.  For the RF mode, 

the external field applied following the ZFC mode is removed to show the remnant field within 

the sample.  In the FC mode, the sample is cooled in an external field, which is later removed when 

the temperature is below the critical temperature, to take the FC MO images.  Since the sample 

has been fully penetrated before it reaches the superconducting state, FC MO images taken after 

external field removal show bulk flux pinning properties. 

An MO imaging study on high-purity Nb samples was carried out and it was observed that 

flux penetration along grain boundaries occurred when the grain boundary plane is close to parallel 

to the applied magnetic field [27].  This is consistent with Figure 6. 

G. A review of studies on magnetic flux penetration and trapping  

Trapped magnetic flux by defects is one of the main sources for RF losses in Nb cavities.  

Trapped flux with a flux density of 1 µT can lead to an increase of 3.5 nΩ in surface resistance 

[116].  There has been much research on this topic in the past decades.  Microstructural defects 

including dislocations, hydrides, and grain boundaries were investigated to evaluate their effect on 

flux penetration and superconductivity of Nb.   

Narlikar [117] investigated the effect of dislocation configuration on the superconductivity 

of Nb using magnetization measurements in annealed and cold worked polycrystalline Nb samples, 

respectively.  In Narlikar’s work, it was observed that cold work created dislocation cell structures 
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that became more organized regular dislocation networks after a 1200 ℃ anneal.  The former 

dislocation structure caused more trapped flux compared with the regular dislocation networks.  It 

pointed out that flux lines were trapped by their interactions with dislocation tangles, and 

dislocation tangles with large local variations in dislocation density were more effective flux 

trapping centers than uniformly distributed dislocations in cold worked Nb.  However, the 

magnetization measurement in Narlikar’s study only represented an overall effect of defects in the 

samples and was not able to show the spatial distribution of the trapped flux.  As a result, the effect 

of dislocations and grain boundaries on flux trapping could not be separated.  Habermeier [118] 

and coworkers carried out a magneto-optical study of a deformed single crystal Nb rod orientated 

for single slip, which showed locations of flux penetration into Nb samples.  Their study suggested 

anisotropic flux penetration, which was attributed to the formation of dislocation cell structures 

along special directions leading to anisotropic flux pinning forces [118].  It was observed that the 

flux pinning force was the largest when flux lines were parallel to the dislocations.  Habermeier’s 

work linked the distribution of flux penetration with dislocation arrangement using MO and sample 

orientation design for single slip, but no characterization of dislocation structures was carried out.  

There could be a deviation between the designed dislocation arrangements and the dislocations 

structures that were actually present.  A dislocation imaging method, such as ECCI, with a large 

enough observation area, is valuable to study details of the dislocation arrangement.   

Köszegi [119] studied polycrystalline Nb samples extracted from a large-grain high-purity 

Nb slice using quantitative magneto-optical imaging and found that 1400 ℃ heat treatment led to 

significantly reduced trapped flux, from 100% trapping to 30% trapping.  Köszegi’s work enabled 

direct observation of flux trapping by hydrides.  Flux trapping by individual ~10 µm hydrides, 

which formed during cooldown, were resolved as local maxima in magneto-optical imaging.  
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Neither the grain boundary nor the crystal orientation was observed to play major roles in the 

amount of trapped flux.   

Preferential flux penetration along grain boundaries indicates suppression of local 

superconductivity at grain boundaries.  Multiple magneto-optical studies [27], [28] showed that 

preferential flux penetration occurred when the external field was parallel to the boundary planes, 

suggesting the weakness of grain boundaries in expelling flux.  Grain boundaries are segregation 

sites for hydrogen atoms, and hydrogen trapped in the grain boundaries can precipitate as hydrides 

during cooldown.  It is not clear whether the grain boundary flux penetration observed in references 

[27], [28] was caused by the normal conducting hydrides8 in the grain boundary, or the intrinsic 

characteristics of the grain boundary itself.  It is not clear which one is dominant if both factors 

are affecting flux penetration. 

The performance of SRF Nb cavities strongly depends on the cavity preparation process, 

including 120 ℃/48 h, 600 ℃/10 h, and 800 ℃/2 h heat treatments and nitrogen doping, which 

suggests that the diffusion and redistribution of light elements, such as hydrogen, oxygen, and 

nitrogen, play important roles in superconducting properties of dislocations, vacancies, and grain 

boundaries [120].  Hydrogen is highly mobile in Nb and can get trapped in vacancies, dislocation 

cores or grain boundaries, which may also serve as transport channels for hydrogen atoms and 

hence provide precipitation sites for hydrides.  Therefore, the effect of dislocations, hydrides, and 

grain boundaries cannot be viewed in isolation from each other; instead, the interactions between 

them should be understood.  These interactions between hydrogen, dislocations and grain 

boundaries, and how they affect flux trapping will be discussed in this dissertation. 

 
8 Hydrides have a much lower critical temperature (1.5 K) than Nb (9.25 K). 
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H.  The opportunity for research 

Achieving minimum possible residual resistance and a high quality factor (𝑄 > 10FQ) is 

critical for new superconducting linear accelerators that are being built, such as LCLS-II at SLAC 

[33].  LCLS-II is an upgrade of LCLS, the world’s first hard X-ray free-electron laser source built 

in 2006.  The performance goal of LCLS-II is to reach a quality factor higher than 2.7 × 10FQ and 

an accelerating electric field of 16 MV/m.  Trapped flux can cause significant RF losses in Nb 

cavities with such a high quality factor; however, understanding of the mechanisms of flux 

trapping and expulsion in Nb cavities during cooldown is still not clear enough to consistently 

achieve reproducible high performance.  To achieve the performance goal of the new accelerators, 

researchers in several accelerator-focused national labs have carried out many investigations to 

improve the performance of Nb cavities by optimizing the processing methods, including heat 

treatments and cooling procedures [9], [23]–[25], [36], [90].  Real size Nb cavities were used in 

these investigations. 

One important manifestation of RF losses due to trapped flux is the high field Q slope, 

which can be eliminated by a 120 ℃/48 h vacuum heat treatment (also known as mild baking).  An 

explanation of the mechanism of mild baking was proposed in studies carried out by Romanenko 

and coworkers [23], [90].  It was suggested that mild baking can cause dissociation of vacancy-

hydrogen complexes, which exist in the near-surface layer in a large concentration, and hence 

suppress the precipitation of hydrides during cooldown and lead to the decrease of the dislocation 

density.  Recent research on magnetic flux expulsion showed that nearly full flux expulsion and 

ultra-high quality factors (~10FF) could be achieved by high temperature heat treatments and 

spatial thermal gradients at the normal/superconducting phase front during cooling [9], [24], [121].  

A spatial thermal gradient is known to lead to depinning forces [122], while high temperature heat 
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treatments are believed to reduce dislocation densities, dissociate vacancy-hydrogen complexes, 

and cause grain growth.  Flux expulsion studies by Romanenko suggested that in order for efficient 

magnetic flux expulsion during cavity cooldown, the thermal gradient needs to be larger than 0.1–

0.2 K/cm and the cooling rate through the superconducting transition temperature needs to be 

larger than 30 mK/s [9], [123].  Posen’s study [25] also suggested that cold work plays an important 

role in flux trapping.  Cavities made from heavily deformed material showed much more trapped 

flux during cooldown compared with another cavity made from as-received material.  The 

sensitivity of RF losses to trapped flux depends on the cavity preparation methods such as nitrogen 

doping, which change the electron mean free paths of the material [36]. 

Recent studies on flux trapping and expulsion reviewed above are all based on real Nb 

cavities and therefore have the advantage of being close to practical situations.  However, these 

studies only focused on different processing methods (thermal gradient, heat treatments) and the 

resulting improvement in performance including quality factors and flux expulsion properties, 

without systematically studying flux trapping mechanisms on the microscopic level, such as flux 

trapping by hydrides, dislocations, grain boundaries, and low angle grain boundaries.  It would be 

strategic to design these microscopic material defects with special structures to evaluate their effect 

on flux trapping in Nb samples. 

In this dissertation, Nb samples were designed with chosen grain boundaries and tensile 

axes based on crystal orientation and Schmid factor analysis to strategically introduce desired 

dislocations by nominal 5% tensile deformation, such that the effect of these dislocations, grain 

boundaries, and hydrides on flux penetration and flux trapping can be evaluated.  The ECCI 

technique enables comprehensive imaging and characterization of microscopic defects including 

dislocations and low angle grain boundary structures in bulk samples, while MO imaging 
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technique is useful to observe the magnetic flux behavior in the Nb samples.  The combination of 

these two techniques can illuminate the correlation between the crystal defects and the resulting 

local superconductivity suppression and flux trapping. 

Several hypotheses can be proposed based on the literature review in this chapter.  These 

hypotheses guide experimental design and analysis and motivate research opportunities on flux 

trapping and expulsion in Nb cavities: 

1. High angle grain boundaries are transport channels, while low angle grain 

boundaries and dislocation substructures are traps, for hydrogen. 

2. Hydride precipitation may be favored at grain boundaries and dislocation 

substructures along specific crystallographic directions related to dislocation 

arrangements. 

3. Hydrides and dislocation substructures (including LAGBs) are the main sources of 

flux trapping or premature flux penetration, while the effect of grain boundaries on 

flux trapping/penetration is not as significant. 

4. Patterns of flux penetration are related to the arrangements of dislocation 

substructures. 

5. The amount of trapped flux is proportional to the density of dislocations in cold 

worked Nb samples.  Compared with randomly distributed dislocations, more 

organized dislocation substructures (such as LAGBs) are more effective at trapping 

magnetic flux. 
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I.  Structure of the dissertation 

Chapters I and II provide an introduction and a literature review about the background of 

the current work.  Chapter III describes the material and the experimental procedures.   

Chapter IV is a magneto-optical study of a deformed single crystal Nb sample to 

understand the relationships between hydrides, dislocation arrangements, LAGBs, and flux 

penetration.  Flux penetration at LAGBs was observed, and the reasons for the flux penetration, 

the interaction between hydrogen and LAGBs, and the LAGB development due to cold work are 

discussed. 

Chapter V is part of a continuing effort, based on the previous work [82], to investigate the 

evolution of dislocation structures during the deformation of single crystal Nb tensile samples.  

Different deformation mechanisms of the annealed and as-extracted samples are discussed, and 

dislocation entanglements were observed in 40% strained single crystal Nb using ECCI. 

Chapter VI presents an investigation of flux penetration in undeformed bicrystal Nb 

samples with different grain boundaries using MO imaging and ECCI, to identify relationships 

between grain boundaries, dislocation substructures, hydrides, heat treatment, and flux trapping.  

The effect of intrinsic characteristics of grain boundaries on flux penetration is discussed, and the 

dislocations generated due to hydride precipitation were characterized and their possible effect is 

speculated. 

Chapter VII shows a study on deformed bicrystal Nb tensile samples that were designed to 

cause focused shear near grain boundaries or with different orientation hardness values in the two 

adjacent grains during tensile deformation.  The 5% deformed samples were investigated using 

MO and ECCI to evaluate the effect of dislocation content and substructures on flux trapping.  The 



 

 41 

relationship between amounts of deformation or dislocation densities and amounts of trapped flux 

is discussed. 

A general discussion integrating topics in Chapter IV, V, VI, and VII is presented in 

Chapter VIII, followed by the conclusion and future work in Chapter IX.  
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Chapter III.  MATERIALS AND METHODS 

A.  Nb disks, Laue X-ray diffraction, and ECCI characterization 

1.  Nb disks 

All samples were extracted from two Nb disks, with diameters of ~270 mm and thicknesses 

of ~3 mm, provided by Chris Compton at the Facility for Rare Isotope Beams.  The Nb disks were 

sliced from large-grain Nb ingots and the material had a high purity with RRR larger than 300.  

The two Nb disks are identified as the Tokyo-Denkai (TD) disk and the Ningxia (NX) disk.  The 

chemical compositions are listed in Table 1.  Low magnification photographs of the TD and 

Ningxia Nb disks, with visible large grains, are shown in Figure 17a and c, respectively. 

 
Table 1.  The maximum allowed impurity amounts specified by the manufacturers. 

Impurity Maximum allowed impurity amounts (at ppm) 
TD Nb ingot Ningxia Nb ingot 

Tantalum 93 51 
Tungsten 5 8 
Titanium 19 10 

Iron 17 8 
Silicon 33 33 

Molybdenum 9.7 10 
Nickle 16 8 

Oxygen 58 29 
Nitrogen 66 33 
Hydrogen 460 276 

Carbon 77 77 
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Figure 17.  Large-grain Nb TD (a–b) and Ningxia (c–d) disks sliced from ingots and 
corresponding surface normal direction orientation maps measured using Laue X-ray diffraction 
(b and d, respectively).  The prisms overlaid on the orientation maps represent the visualization 
of BCC crystal orientations.  The black arrows at the bottom indicate the global coordinate 
system (reconstructed from reference [82]). 

 

2.  Laue X-ray diffraction 

Bunge Euler angles (𝜑F, Φ, 𝜑G) are used to describe the orientation of crystals with respect 

to the global (sample) coordinate system.  Due to the high degree of symmetry of the BCC crystal 

structure, there are 48 equivalent Euler angle triplets that describe the same crystallographic 

orientation.  Therefore, it is important to discern between the global (sample) coordinate system 

and the crystal (local) coordinate system.  The global coordinate system with the X-axis pointing 
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down, Y-axis to the right, and Z-axis pointing out of the page is used throughout this dissertation 

(black arrows at the bottom of Figure 17). 

Before any tensile samples were extracted, the grain orientations in the two Nb disks were 

measured using Laue X-ray backscattered diffraction technique.  A Laue X-ray diffraction setup 

was built by our group with an open sample stage (Figure 18) that is large enough to hold the Nb 

disks, which are too large to fit into an SEM chamber.  The recorded diffraction patterns were 

analyzed and indexed using OrientExpress software 3.4, based on information of the BCC structure, 

the distance of the sample from the Laue camera, and dimensions of the area detector [82].  The 

Laue method lacks the spatial resolution compared with the electron backscattered diffraction 

(EBSD).  Grains smaller than 1 mm cannot be characterized as 1 mm is the illumination area of 

the X-ray.  According to reference [124], the angular accuracy of the Laue method is about 0.2°, 

which is comparable to EBSD measurement.  The major source of error comes from the mounting 

uncertainty.   

 

 
Figure 18.  Setup of Laue X-ray measurement of the Nb disks (image remade from reference 
[124]). 
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The Laue X-ray diffraction characterization was mostly performed by a former Ph.D. 

student Di Kang.  For more details of this technique, the readers are referred to reference [82].  

Orientation maps generated from the orientation measurements are shown in Figure 17b (TD Nb 

disk) and Figure 17d (Ningxia Nb disk).  The crystal orientation data are very useful for tensile 

axis design based on the Schmid law to make samples with favored slip systems during tensile 

deformation along chosen tensile axes. 

3.  ECCI characterization and sample preparation 

ECCI is the main technique used in the current study to characterize dislocation structures 

in the Nb samples.  The general procedures for performing ECCI and the sample preparation 

methods are described in this part, while the details of sample preparation are presented in 

APPENDIX A. 

Sample preparation is of great importance for the success of ECCI characterization.  A 

sample with a very smooth and damage free surface that shows sharp selected area channeling 

patterns (SACPs) under the channeling mode of SEM (Figure 19) is a prerequisite for ECCI.  In 

order to achieve this surface condition, bulk Nb samples were first ground using sandpapers (Grit 

600, 800, and 1200), followed by polishing on cloth using 9 µm, 3 µm, and 1 µm diamond 

suspensions,  and a final polishing using 0.05 µm OP-S (colloidal silica suspension).  To remove 

the surface damage layer due to mechanical grinding and polishing, the samples were then 

prepared by chemically removing about 20 µm to 150 µm surface material using BCP.  The recipe 

consists of 25 vol.% nitric acid, 25 vol.% hydrofluoric acid, and 50 vol.% phosphoric acid.  The 

BCP was carried out in a plastic beaker with a rotating stir bar to keep the solution flowing during 

polishing to avoid etching pits. 
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Figure 19 shows a low-magnification secondary electron (SE) image of a well prepared 

single crystal Nb sample with clear channeling bands (left) and the corresponding selected area 

channeling patterns in the channeling mode (right).  The channeling bands are visible in the 

resolution mode SE image, collected by an Everhart-Thornley [125] detector, because the crystal 

orientation with respect to the incident beam changes significantly over the field of view at low 

magnifications [107]. 

 

 
 
Figure 19.  Clear channeling bands on the prepared surface of a single crystal Nb in resolution 
mode (left) and the selected area channeling patterns collected in the channeling mode (right) 
using a Tescan Mira SEM. 

 

ECCI was conducted in a Tescan MIRA SEM equipped with a selected area channeling 

mode, where the primary electron beam can be rocked around a small area (~20 µm) on the sample 

surface to collect selected area channeling patterns (SACPs).  The SACPs were indexed with the 

assistance of TOCA based on the measured orientation of the sample using EBSD, to determine 

the g vectors of the main channeling bands, as shown in Figure 20.  The Euler angles were 

measured using EBSD and entered into the TOCA software to generate the simulated channeling 
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patterns, which can be compared with the collected SACPs (center of Figure 20) to index the main 

channeling bands (in blue shadows). 

 

 
 
Figure 20.  Indexing of the collected selected area channeling patterns by overlaying it on the 
simulated channeling patterns.  The prism at the top right corner shows the orientation of the 
sample, with red and blue dashed lines representing the x and z axes of the crystal coordinate 
system.  The global coordinate system is indicated by the black arrows below the prism. 

 

The indexed SACPs were used to identify tilt and rotate angles of the sample to reach the 

desired channeling conditions by aligning the electron beam center with the edge of a channeling 

band.  The mostly used g vectors are (200), (110), and (112) channeling bands, which have the 

sharpest contrast.  A voltage of 30 kV, a working distance of 9 mm, and a spot size of 20 nm were 

used to collect the ECC images. 

B.  MO study of deformed single crystal Nb samples (Chapter IV) 

This section summarizes the experimental procedures of the MO study of deformed single 

crystal Nb samples in Chapter IV reproduced from reference [16].   
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1.  Tensile sample design 

A tensile sample with the geometry shown in Figure 23 was extracted from grain 3 in the 

TD Nb disk using electron discharge machining (EDM).  Schmid factors for 360 possible tensile 

directions were calculated based on the measured orientation of grain 3 in the TD ingot (Figure 

17b) in order to find a tensile direction that would lead to one or two favored slip systems.  

Theoretically, at the beginning of the deformation along the chosen tensile axes, only these one or 

two favored slip systems will operate and generate dislocations.   

In order to realize this, a MATLAB code was built by our group to carry out the Schmid 

factor calculations.  This code assumes a horizontal tensile direction (global Y-axis) and takes the 

crystal orientation (the second and third Euler angles of grain 3: 𝛷 = 141°, 𝜑� = 108°) as input 

to calculate Schmid factors (m) of all 24 slip systems ({110} and {112} slips systems) in BCC 

over a 360° rotation of the crystal orientation around the sample normal (Z) direction, by changing 

the angle 𝜑F from 0 to 360° with a step size of 1°.  The generated curves of the absolute values of 

Schmid factors for all 24 slip systems in BCC based on grain 3 orientation are shown in Figure 21 

over a range of 𝜑F  from 60° to 240°.  The vertical red solid line marks the angle 𝜑F = 167° 

(original orientation), and the red dashed line indicates the desired orientation that favors <111> 

slips on (121) and (110) planes, which is about 37° rotation from the original orientation.  The 

favored slip systems are marked using red rectangles in the legend and the Schmid factors of the 

two highly favored slip systems are indicated next to the vertical red dashed line in Figure 21.  At 

the desired orientation, there are only two favored slip systems with Schmid factors much higher 

than other slip systems.  Based on Figure 21, the chosen tensile axis is shown in Figure 22 with a 

red outline of a tensile sample drawing on top of the TD Nb disk image.  The deformation along 
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this tensile axis will lead to generation of dislocations of the two most favored slip systems (red 

rectangles in Figure 21). 

 

 

 
 
Figure 21.  Curves of the absolute value Schmid factors calculated for all 24 slip systems in 
grain 3 in TD Nb disk over a 360° orientation rotation (by changing the angle 𝜑F) about the 
sample normal direction.  The vertical red solid and dashed lines represent the original 
orientation (Figure 17b) and the desired orientation to favor the <111> slip systems on the (121) 
and (110) planes, respectively.  Favored slip systems of new orientation are indicated by red 
rectangles, the prisms show the orientation (the dotted red, green, and blue lines represent the x-
axis, y-axis, and z-axis of the crystal coordinate system), and the black arrows at the lower right 
corner indicate the sample (global) coordinate system.  The Schmid factor calculation assumes 
a tensile direction along the Y-axis. 
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Figure 22.  The chosen tensile axis represented using a red outline of the tensile sample about 
37° rotated clockwise from the horizontal direction. 

 

 
Figure 23.  Geometry and dimensions (mm) of Nb tensile samples. 

 

2.  5% deformation and MO sample extraction 

The tensile sample was uniaxially strained to reach 5% tensile strain using a cross-head 

speed of 0.5 inch per minute, after which the deformed sample was cut into four small slices (MO 

samples A, B, C, and D) with dimensions of 3 × 3 × 1.5 mm, as shown in the photo of the sliced 

sample in Figure 24(a) and a schematic illustration in Figure 24(b).  In Figure 24(b), the yellow 

dashed line indicates the slip trace of the favored (121)[1-11] slip system, the green dashed-line 

rectangle shows where the TEM sample was extracted, and the overlaid prims on the shoulders 
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represent the favored slip system (121)[1-11], with the shaded plane representing the slip plane 

and the turquoise line the Burgers vector.   

The MO samples were sliced along a direction about 45° from the horizontal or vertical 

direction such that the Burgers vector of the favored slip system (121)[1-11] is approximately 

parallel to the MO imaged surface (red arrows) of Samples C and D, and perpendicular to the 

surface of Samples A and B.  Therefore, if (121)[1-11] slip is dominant during deformation, the 

dislocation line orientations on the MO imaged surface can be depicted by the schematic 

illustration in Figure 24(c), with the screw dislocations (red) parallel to the surface of the left two 

slices (C and D), and perpendicular to the surface of the right two slices (A and B).  The edge 

dislocations (blue) will be parallel to the surface for all slices.  The slip system (110)[1-11], with 

the same Burgers vector, is also highly favored with Schmid factor 𝑚 = 0.48m and will be very 

likely to operate during deformation.  With this designed dislocation orientation with respect to 

the surface that is imaged using MO, it is more convenient to study the possible correlation 

between dislocation arrangements and the flux penetration, or to show the lack of correlation. 
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Figure 24.  (a) Photo of the deformed tensile sample after EDM slicing with four 45° tilted slices 
(sample A, B on the right, and C, D on the left).  Red paint was used to mark the surface before 
cutting.  The red arrows indicate the directions of MO imaging, with an external magnetic field 
applied along the opposite directions. (b) A schematic illustration showing the estimated slip 
plane trace (gold dashed line), the location of TEM sample extraction (green dashed line box), 
and prisms showing the orientation of Grain 3 and the most favored slip system.  (c)  The slices 
(A, B, C, and D) rotated 90° revealing the arrangement of dislocations on the surface imaged 
using MO.  The screw dislocation lines (red) are parallel to the surface in the left two slices, and 
perpendicular to the surface in the right slices.  Edge dislocation lines (blue) are parallel to the 
surface for all slices. 

 

3.  MO imaging 

All MO imaging work in this dissertation was performed by Dr. Anatolii Polyanskii at the 

National High Magnetic Field Laboratory/Applied Superconductivity Center. 
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The as-extracted MO samples (B and D) were mechanically polished and processed using 

BCP for 30 minutes to prepare the surface for MO imaging.  The BCP recipe consists of 25 vol.% 

nitric acid, 25 vol.% hydrofluoric acid, and 50 vol.% phosphoric acid. 

Three MO imaging modes, ZFC, remnant field (RF), and FC, were used to study MO 

samples.  For the ZFC mode, the MO samples were cooled in a zero-field environment to 7–8 K 

(below 𝑇L), followed by the application of an external field of 50–60 mT (<𝐻LF) perpendicular to 

the sample surface.  ZFC MO images were collected with different field strengths.  After this, the 

external field was removed, and the RF MO images were taken that showed trapped flux.  To 

collect the FC MO images, the same sample was heated up to just above the critical temperature 

(to ~10–15 K), so that the sample returned to the normal conducting state.  The samples were then 

cooled again in an external magnetic field of 120 mT (>𝐻LF) to 7–8K, and the 120 mT external 

field was removed to form the FC image. 

4.  TEM and EBSD analysis  

This part of the work was carried out by Dr. Zuhawn Sung at the National High Magnetic 

Field Laboratory/Applied Superconductivity Center in Tallahassee, Florida. 

The microstructure of the 5% deformed sample was characterized using a JEOL ARM200F 

transmission electron microscope (TEM).  TEM thin foils were prepared by slicing the remaining 

central part (green dashed-line rectangle in Figure 24b) of the deformed sample, with a precision 

diamond saw so that the TEM sample normal was parallel to the tensile axis.  Sliced samples were 

initially mechanically thinned to ~150–200 µm thickness by diamond lapping and then 

subsequently reduced to ~80–100 µm in central thickness by a dimple grinder.  To observe pristine 

cold-work deformed structure, thinned specimens were finalized for electron transparency using a 

Struers Tenupol-5 Twin-Jet polishing system with a solution of 6–8 vol. % H2SO4 in methanol.  



 

 54 

This jet electropolishing is preferred over the focused ion beam (FIB) technique in TEM sample 

preparation for observation of dislocation morphology in soft metals like Nb because the heavy 

Ga ions of the FIB can easily disturb the lattice structures of the soft metal surface, which leaves 

point defects on the TEM sample surface.   

Electron backscattered diffraction (EBSD)-orientation imaging microscopy (OIM) was 

used to characterize the micro-crystallographic features on the sample surface.  The OIM was 

performed in a Zeiss 1540 EsB field emission scanning electron microscope (FESEM) equipped 

with an EDAX-Hikari high-speed OIM camera.  15 keV electron beam energy and a step size of 

50–100 nm were used. 

The angular accuracy of EBSD technique is in the range of 0.5° to 2° [126]–[129], and the 

spatial resolution can be as good as 30–60 nm [128], [130].  The EBSD patterns were collected 

with the sample at a 70° tilt to maximize the BSE yield.  Sample mounting errors can lead to an 

orientation variation of ~1–2°. 

5.  800 ℃ anneal 

After the first MO cryogenic cycles, the MO samples (B and D) were annealed at 800 ℃ 

for 2 hours under ultrahigh vacuum (10I´ Torr) and then analyzed using MO for the second time.  

It is empirically known that 600–800 ℃ anneal can remove most of the hydrogen atoms from the 

bulk of Nb, and therefore, this is a standardized heat treatment procedure to control hydrogen 

contamination in Nb cavities [91], [92], [131].   

C.  Dislocation evolution in single crystal Nb samples (Chapter V) 

This section summarizes the experimental procedures of the study of dislocation evolution 

in single crystal Nb samples in Chapter V, which was reproduced from reference [20]. 
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1.  Sample preparation 

Four single crystal niobium samples with the same orientation (Euler angler: 170°, 67°, 

179°) were extracted from the Ningxia Nb disk with a residual resistivity ratio (RRR) > 300, and 

then different processing methods were applied.  Undeformed Sample U-ex was as-extracted, 

Sample U-an was extracted and annealed, deformed Sample D-ex was extracted and deformed in 

tension to 40% engineering strain, and Sample D-an was extracted, annealed at 800 ℃ for 2 hours, 

and then deformed in tension to 40% engineering strain.  The sample preparation is summarized 

in Table 2.  Details of characterization using EBSD and the deformation history of these samples 

(orientation T) are found in references [82].  This orientation has maximum shear stress on a 

{110}〈111〉 slip system and a 9% lower resolved shear stress for shear on a {112} plane in the 

same 〈111〉 direction [10].   

 
Table 2.  Sample preparation. 

Sample ID Preparation 
U-ex As extracted 
U-an Extracted and then annealed at 800 ℃ for 2 hours 
D-ex Extracted and then deformed to 40% engineering strain 
D-an Extracted, annealed at 800 ℃, and then deformed to 40% engineering strain 

 

2. Atomic force microscopy  

Surface topography of the deformed samples with slip traces was measured with atomic 

force microscopy (AFM) using a VEECO Dimension 3100 scanning probe microscope operating 

in tapping mode over an area of 40 × 40	µmG.  The Gwyddion open source software was used for 

data processing and visualization. 
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3.  Slip trace analysis 

Dislocations with a high resolved shear stress acting on them, represented by a high Schmid 

factor m, can pass through the material, leaving slip traces on the surface, which can be analyzed 

to identify the active slip system during deformation.  Slip trace analysis was performed on the 

two deformed samples, D-ex and D-an, by comparing slip traces calculated based on the crystal 

structure and local orientation (using a MATLAB script) with the slip traces observed in SE images.   

4.  Electro-polishing  

The samples were electro-polished in an electrolyte of 90 vol. % sulfuric acid and 10 vol. % 

hydrofluoric acid using a tungsten cathode while the electrolyte temperature was controlled at 

minus 30 ℃ with liquid nitrogen.  Electro-polishing was done for 8 minutes under a voltage of 

15V, resulting in a mirror-like and damage-free surface that provided the surface quality necessary 

for ECCI observations.  Details of electro-polishing is presented in APPENDIX A. 

D.  Undeformed bicrystal Nb samples (Chapter VI) 

This section summarizes the experimental procedures of MO and ECCI study of 

undeformed bicrystal Nb samples in Chapter VI. 

1.  MO sample extraction 

Three cylindrical bicrystal MO samples, with a thickness of ~1.5 mm and a diameter of 3 

mm, were extracted using EDM with chosen grain boundaries from the Nb disks shown in Figure 

17.  The cylinder axes were parallel to the Nb disk surface normal, and the top surfaces were 

vibration polished, as shown in Figure 25.   The grain boundary traces on the top surface are visible 

and the bottom ones are marked by black dashed lines.  Samples I and II were extracted from the 

Ningxia Nb disk, while Sample III was cut from the TD Nb disk.  The grain boundary 
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misorientations were 53°, 24°, and 11° for Samples I, II, and III, respectively.  The tilt angle of the 

grain boundary is defined as the angle between the grain boundary plane and the magnetic field 

applied during MO imaging, which was perpendicular to the sample surface.  In Sample I the grain 

boundary tilt angle was uniformly 10°, in Sample II it varied from 0° (right 2/3 boundary) to about 

8° (left 1/3 boundary), and in Sample III the tilt angle varied from 0°–6°, and the boundary showed 

a twist.  Note that both Sample II and Sample III had a boundary that had a partial segment 

perpendicular to the sample surface (parallel to the magnetic field), while the sample I grain 

boundary was not perpendicular to the surface along the whole boundary length. 

 

 
Figure 25.  Top surface optical images of three bicrystal MO samples with top surface GB traces 
visible and bottom GB traces marked by black dashed lines to show the GB tilt; Samples II and 
III have GBs with a segment perpendicular to the surface, Sample I has a grain boundary with a 
uniform tilt of 10°, and Sample III has a continuous twist. 

 

2.  MO imaging, heat treatment, EBSD, and ECCI  

The as-extracted samples were vibration polished, followed by a 30-minute BCP before 

they were cooled for MO imaging.  No heat treatment was done for the three samples before the 

first MO imaging; therefore, all samples were contaminated with hydrogen.  MO imaging for the 
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three samples was performed at 7–8 K at different fields (15–60 mT) perpendicular to the sample 

surface, and the results of the first MO imaging are shown in Figure 44. 

a.  Sample I 

After the first MO imaging (cryogenic cycle), the surface of Sample I was prepared by 

BCP to remove 100–150 µm surface material and then analyzed using ECCI (results shown in 

Figure 51).  In order to evaluate the effect of heat treatment on the evolution of dislocation 

structures of hydride scars in Sample I, an 800 ℃ 3-hour heat treatment was carried out, followed 

by a brief BCP etch to improve the surface quality.  Again, ECCI analysis was performed on 

Sample I after the heat treatment (results shown in Figure 52). 

b.  Sample II 

After the first MO imaging, the hydride scars on the surface of Sample II were examined 

using EBSD, as shown in Figure 45.  The EBSD scans were performed on a Tescan Mira field 

emission gun (FEG)-SEM equipped with an EDAX Hikari EBSD camera (480×480 pixel 

resolution) and OIM software, using step sizes less than 1 µm.  A voltage of 25 kV, working 

distances of 20–25 mm, and an exposure time of 0.1 s were used.  Inverse pole figures (IPF), image 

quality (IQ), Kernel average misorientation (KAM), and grain reference orientation deviation 

(GROD) maps were generated from the EBSD scans using OIM analysis software v. 7.3.1.  Surface 

topography of a hydride scar was measured using AFM with a scanning area of 27×29 µmG.  The 

Gwyddion open source software was used for data processing and visualization (Figure 47).  

Sample II was then heat treated at 800 ℃ for 3 hours to degas hydrogen, followed by a 140 

℃ 48-hour nitrogen doping in an ultra-high vacuum furnace, after which a second MO imaging 

was carried on Sample II (MO results shown in Figure 49).  A subsequent mechanical polishing 
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was performed on Sample II to reintroduce hydrogen, and a third MO imaging was carried out 

(Figure 49).  Finally, the surface of Sample II was characterized using ECCI after a 150 µmsurface 

removal by BCP (results shown in Figure 53 and Figure 54).  The sample preparation history with 

the chronology of MO and ECCI observations is shown in Figure 26. 

 
Figure 26.  Sample processing history with the chronology of MO and ECCI observations 
indicated.  Only one MO experiment (cryogenic cycle) was carried out for sample I, followed 
by two ECCI observations before and after 800 ℃ heat treatment (HT).  Three MO experiments 
(three cryogenic cycles) were performed for sample II after BCP, after 800 ℃ HT + N2 doping, 
and after mechanical polishing, respectively, followed by ECCI observation. 
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E.  Deformed bicrystal Nb samples (Chapter VII) 

This section summarizes the experimental procedures of the MO and ECCI study of the 

deformed bicrystal Nb samples in Chapter VII. 

1.  Bicrystal tensile sample extraction 

Bicrystal tensile samples were designed based on Schmid factor analysis and extracted 

from the Ningxia and TD Nb disk shown in Figure 17.  The Schmid factor is used as an indicator 

of orientation “hardness” of the two grains in a bicrystal.  For a given tensile axis, a “soft” 

orientation has favored slip systems with high Schmid factors (>0.45), while a “hard” orientation 

has slip systems with low Schmid factors (<0.40). 

In the TD disk, tensile axes were chosen to generate different combinations of hard and 

soft orientations of the two adjacent grains when the bicrystals were deformed along the chosen 

axes, while for NX disk, the tensile axes were chosen to have favored slip system parallel to the 

grain boundaries to cause focused shear deformation near the grain boundaries.   

Portions of Nb disks and tensile axis choosing results are shown in Figure 27, with two 

tensile samples extracted from each grain boundary.  Tensile axes are represented by blue drawings 

of tensile samples overlaid on the grain boundaries (black dashed lines) on both TD and NX disks.  

Grains are numbered using “G” followed by the grain number.  Bicrystals are named using “TD” 

or “NX” followed by the grain numbers of the two adjacent grains.  One bicrystal sample from 

each boundary in the TD ingot was studied in an as-extracted state.  Two bicrystal samples from 

each grain boundary in the NX ingot were studied, with one in an as-extracted state, and another 

one in a heat-treated state (800℃ 2-hour annealed after extraction). 

The four most favored slip systems of each bicrystal are listed in Table 3 for the chosen 

tensile axes shown in Figure 27.  Schmid factors larger than 0.45 (soft orientations) are marked in 
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red.  Table 3 also shows that both Grain 6 in NX6-10 and grain 9 in NX10-9 have a highly favored 

slip system parallel to the grain boundaries, so that focused shear along grain boundaries is highly 

likely under tensile stress along the chosen axes.  The grain boundary tilt angles were measured 

by overlapping the bottom grain boundaries trace on top of the top boundaries. 

 

 
Figure 27.  Portions of the TD and NX Nb disks overlaid with blue drawings of tensile samples 
with chosen tensile axes and black dashed lines representing GBs. Grains are marked by “G” 
followed by the grain number.  Red dashed lines mark the GB segments, where bicrystal samples 
were extracted. 

 
Table 3.  GB misorientation, GB tilt angle, and Schmid factors (for the four most favored slip 
systems in each grain along chosen tensile axes) of Nb bicrystals. 

Bicrystal ID GB misorien-tation 
(°) 

GB tilt 
angle (°) Grain# Top four Schmid factors 

TD3-4 
(Soft-soft) 11 0–13 G3 0.48, 0.43, 0.40, 0.29 

G4 0.50, 0.43, 0.43, 0.37 
TD3-0 

(Hard-hard) 20 N/A G3 0.39, 0.34, 0.33, 0.28 
G0 0.35, 0.34, 0.32, 0.31 

TD5-0 
(Soft-soft) 36 0–4 G5 0.46, 0.45, 0.35, 0.35 

G0 0.49, 0.49, 0.44, 0.44 
 



 

 62 

TD0-7 
(Hard-soft) 47 N/A G0 0.34, 0.32, 0.30, 0.29 

G7 0.50, 0.49, 0.45, 0.45 
NX6-10 

(Soft-soft) 43 AE: 7 G6 0.50 (// GB), 0.43, 0.43, 0.36 
HT: N/A G10 0.48, 0.47, 0.44, 0.44 

NX10-9 
(Soft-soft) 23 

AE: 14 G10 0.48, 0.48, 0.45, 0.45 
HT: 
0–8 G9 0.50 (// GB), 0.48, 0.46, 0.45 

AE: as-extracted, HT: heat treated 
 

2.  Tensile test, heat treatment, MO imaging, and microscopic analysis 

Tensile deformation of ~5% was carried out for all samples, which were characterized 

using ECCI and EBSD to evaluate the dislocation density and substructures.  MO imaging was 

performed on smaller MO samples (circular pieces with a thickness of ~1.5 mm and a diameter of 

3 mm), which were extracted from the deformed bicrystal samples.  A 600 ℃  10-hour heat 

treatment was performed to remove hydrogen from MO samples before MO imaging.  Therefore, 

the effect of hydrogen contamination is not significant and will not be considered in this chapter.   

Dislocation density was measured in five areas in each grain near the grain boundary of 

sample NX10-9HT.  A correction factor of 1 cos 60°⁄  was multiplied by the measured dislocation 

density values, assuming that the dislocations were at random orientations.  The length of LAGBs 

per area was measured using ImageJ (https://imagej.nih.gov/ij/) in the same regions.  The 

results are shown in Figure 64. 

  

Table 3 (cont’d) 
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Chapter IV.  MO STUDY OF DEFORMED SINGLE-CRYSTAL NB SAMPLES  

The main content of this chapter is extracted from a published work [16] in which Mingmin 

Wang is the second author and contributed to the experimental and sample design, MO sample 

extraction, result analyses, and discussion. 

A single crystal Nb tensile sample was designed with a strategically chosen tensile axis, 

based on orientation analysis and the Schmid law, to introduce desired dislocation arrangements 

by a nominal 5% tensile deformation.  MO imaging was used to observe the magnetic flux behavior 

in deformed samples at superconducting temperatures.  Defects (LAGBs, hydrides, and 

dislocations) that might be favorable for hydride segregation and flux penetration were 

investigated using TEM and EBSD.  This chapter seeks to clarify the relationships between 

hydrides, dislocation arrangements, LAGBs, and flux penetration and trapping in Nb.  A summary 

of major observations and discussion is given below, and the original publication is provided in 

the Appendix C. 

A.  LAGBs are traps for hydrogen atoms 

Room temperature observation of the hydrogen contaminated samples showed numerous 

hydride scars on the surface after MO cooling, which can be attributed to hydride precipitation 

during cooling.  EBSD analysis (Figure 28) showed a ~20–60 µm wide hydride scar free zone on 

either side of the LAGBs after the cryogenic cooling cycle.  Hydride scars are present all along the 

LAGB.  This suggests that a substantial amount of hydrogen migration toward the LAGB occurred 

during the cooling.  According to grain boundary segregation models in alloys [132], [133], grain 

boundary segregation is known to be the result of dragging solute atoms to the grain boundary in 

the form of vacancy-complexes.  When plastic deformation is applied, non-equilibrium vacancy 

concentrations can be produced in the metal by dragging jogs of screw dislocations.  The 
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supersaturated vacancies can interact with hydrogen atoms, creating supersaturated vacancy-solute 

complexes.  The propensity of vacancies to migrate to grain boundaries gives rise to non-

equilibrium grain boundary segregation of the solute atoms [134].  Typical cool down between 

150 K and 2 K during SRF Nb cavity operation allows hydrogen atoms to diffuse up to a length of 

~30 µm [135].  This diffusion distance is comparable to the width of the observed hydride scar 

free zone (~20–60	µm). 

 

 
Figure 28.  (a) Optical microscopy image of the LAGBs where premature magnetic flux 
penetration occurred (Figure 29, Sample D); (b) SE image of the area marked in the dashed-line 
box in (a) showing hydride scars and hydride free zones near the LAGB; (d) local average 
misorientation map with misorientation profiles (c) across the LAGB (red) and across several 
hydride scars (black).  (This figure was reconstructed from Figure 8 in reference [16]). 
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Figure 29.  Surface optical images of Sample B (upper) and Sample D (lower) before (the 
leftmost) and after (the middle) cryogenic cooling during MO imaging.  The rightmost images 
show enlarged areas in the vicinity of LAGBs (red rectangles).  (From Figure 7 in reference 
[16]). 
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Figure 30.  ZFC and RF mode MO images of Sample B, with the highly favored slip plane 
parallel to the external magnetic field H·¸¹ (perpendicular to the page).  The white arrow marks 
the location of the LAGB, and red and blue arrows mark the location of preferential magnetic 
flux penetration and trapped flux (bright contrast in MO images).  (Reconstructed from Figure 
4 in reference [16]). 
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Figure 31.  ZFC and RF mode MO images of Sample D, with the highly favored slip plane and 
the Burgers vector nearly perpendicular to the external magnetic field H·¸¹.  The white arrows 
mark the locations of the LAGBs, and red and blue arrows mark the location of preferential 
magnetic flux penetration and trapped flux (bright contrast in MO images).  The locations of 
LAGBs are also indicated with blue and green dashed lines in both the optical image the MO 
images.  (Reconstructed from Figure 5 in reference [16]). 

 

B.  LAGBs cause premature magnetic flux penetration 

MO investigations suggested that magnetic flux preferentially penetrated LAGBs, which 

also showed preferential hydride precipitation.  Although hydrides were also distributed in the 

grain interior (Figure 29), they apparently did not have the same effect on flux penetration as 

LAGBs did (see MO images in Figure 30 and Figure 31).  This suggests that Nb hydrides combined 

with dislocation networks in LAGBs locally reduce the superconducting order parameter at 

LAGBs, thereby leading to the breakdown of superconductivity and hence the premature flux 
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penetration.  However, not all LAGBs trapped flux (as evident in Figure 31), suggesting that the 

orientation and possibly the size of the LAGB with respect to the magnetic field is also important. 

C.  Remaining flux trapping at LAGBs was still present after heat treatment 

After the 800 °C/2-hour anneal, the pattern of flux penetration into the sample was 

substantially altered.  While still showing some residual weakness at the LAGBs, the bulk 

properties were mostly recovered, indicated by the rooftop pattern in the FC MO images (Figure 

32).  A plausible explanation for the residual LAGB weakness is that residual nanoscale hydrides 

at LAGBs beyond the resolution of MO perturbed the circulating superconducting currents and 

produced very different magnetic flux penetration patterns that appeared to be initiated from the 

surface.   

The 800 °C/2-hour anneal may be insufficient to remove all hydrogen atoms segregated at 

the LAGBs and the resulting formation of hydrides at LAGBs during cool-down may still locally 

degrade superconductivity; this would be consistent with a surface susceptibility study described 

in [136].   
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Figure 32.  ZFC and FC mode MO images of Sample B (upper images) and Sample D (lower 
images) after 800 °C/2 hour anneal under ultrahigh vacuum (≥ 10-6 torr).  Although trapped flux 
by LAGBs was still observed (blue and green dashed lines), the bulk superconductivity is mostly 
restored as indicated by the rooftop pattern (red dashed lines) in the FC images.  (Reconstructed 
from Figure 9 in reference [16]). 

 

D.  Effect of dislocation arrangements on flux penetration 

Although tensile samples were designed to favor the production of special dislocation 

arrangements, the effect of this design on magnetic field penetration was not evident in Figure 30 

and Figure 31, possibly due to the resolution limit of the techniques used in this study.  High 

resolution and more sensitive superconducting characterization methods including AC 

susceptibility [136], superconducting quantum interface device (SQUID), and vibrating sample 

magnetometer (VSM) [137] would be necessary to clearly understand the effect of dislocation 

structural morphology.   
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Chapter V.  DISLOCATION EVOLUTION IN SINGLE-CRYSTAL NB SAMPLES 

The content of this chapter is extracted from a published work in which Mingmin Wang 

was the lead author [20].  The design of the bi-crystal samples and the tensile tests were performed 

by Di Kang. 

A.  Introduction 

The mechanism of plastic deformation by operation of slip systems in BCC metals is 

complicated, a deep understanding of which is necessary to build physics-based crystal plasticity 

models to predict the behavior of the material under stress throughout the fabrication path of SRF 

Nb cavities.  Studies of slip systems during the deformation of single crystal Nb [138], [139] 

suggested that stress-strain behavior depended strongly on the initial grain orientations.  The stress-

strain behavior also changes due to anneal, which changes hardening behavior resulting from the 

operation of preferred slip systems during the tensile deformation.   

This chapter is a continuing effort, based on Di Kang’s work [82], to investigate the 

evolution of dislocations and slip system activation during the deformation of single crystal Nb 

tensile samples subjected to different deformation and heat treatment processes.  Direct 

observation of dislocations using ECCI on single crystal tensile samples was carried out to enable 

identification of dislocation characters (screw-mixed-edge) and the activity of slip systems 

underlying the highly orientation dependent stress-strain behavior of single crystal niobium. 

B.  Results and discussion 

1. Selected area channeling patterns (SACPs) 

A prior electron backscattered diffraction (EBSD) scan was used to obtain the Euler angle 

triplets, which were used to plot the stereographic projection and to generate simulated SACPs, 
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with the assistance of TOCA.  Various tilt and rotate angles were identified to enable the 𝒈 ∙ 𝒃 

visibility analysis to identify dislocation Burgers vectors as commonly used in TEM analysis. 

 

 
 
Figure 33.  Stereographic projection (a) and SACP indexing of undeformed Sample U-ex (b) 
prior to tilting and rotating (Euler angles: 170°, 67°, 179°) by overlaying the collected SACP on 
top of the simulated pattern; the [021º] zone axis is evidently to the left of the center of SACP, 
which has an inverted perspective compared with the stereographic projection.  Indices in 
parentheses indicated in (b) are g vectors associated with the observed channeling bands; the 
four plane normal directions near the edge of the stereographic projection in (a) marked by 
dashed ellipses correspond to four of the indexed bands in (b).  This orientation is visualized 
with the unit cell (c), with red and blue dotted edges representing the x- and z-axes of the crystal 
coordinate system, respectively. 

 

Figure 33 shows the stereographic projection for the sample prior to tilting to optimal 

dislocation imaging conditions as well as the indexed SACP of Sample U-ex.  The measured SACP 

is overlaid on the simulated SACP in Figure 33b, to enable identification of the indices of the 

channeling bands.  The stereographic projection can be used to verify the indexing results by 

TOCA.  Figure 33c shows the orientation of a unit cell with the red and blue dashed lines 

representing x- and z-axis; the y-axis points into the page and is not evident.  This is the crystal 

coordinate system used throughout this chapter. 
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Various tilts and rotations were determined to put the electron beam along a channeling 

band from a particular plane to provide high contrast on either side of the band, typically a couple 

of degrees from a zone axis. After collecting an SACP, finer adjustments were made to put the 

primary electron beam center at the edge of a channeling band to activate an optimal channeling 

condition, in which the backscattered electron (BSE) image, or ECC image, shows enhanced 

contrast of lattice distortions caused by dislocations. 

2.  ECCI observations 

a.  Sample U-ex 

Figure 34(a, b, and c) show three ECC images of U-ex in the same region taken under 

different channeling conditions for the application of 𝒈 ∙ 𝒃 analysis.  In Table 4, the four possible 

Burgers vectors in BCC structures are listed and the dot products between b and g vectors are 

calculated with “+” representing non-zero values and “0” representing zero values.  Screw 

dislocations are invisible when 𝒈 ∙ 𝒃 = 𝟎, while for edge dislocations, both 𝒈 ∙ 𝒃 = 𝟎 and 𝒈 ∙

(𝒃 × 𝒖) = 𝟎 need to be satisfied for invisibility, where 𝒖 is the dislocation line direction. 

The dot-like features of dislocation A with dark-light contrast adjacent to each other have 

dislocation lines nearly perpendicular to the sample surface.  For threading (perpendicular to the 

surface) dislocations, the contrast vector is defined as the direction from the dark end to the light 

end.  Dislocation A has contrast vectors (red arrows) perpendicular to the g vectors (white arrows) 

under different channeling conditions, indicating that A is a screw dislocation and it has a Burgers 

vector parallel to its line direction [140].  Therefore, the Burgers vector of dislocation A is most 

likely to be b = [1-11], which is close to perpendicular to the sample surface and matches the 

observation (all visible) under three imaging conditions (Table 4).  [-1-11] was ruled out because 

its 𝒈 ∙ 𝒃 values did not match the observations. 
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Figure 34.  ECC images of Sample U-ex under three different channeling conditions (g vectors, 
a,b,c) and the stereographic projection after tilting and rotating for the g = (-301) image (d), and 
(e) a low magnification image of (c) that shows a dislocation density of 9 × 10FG	mIG. 

 
Table 4.  𝒈 ∙ 𝒃 analysis of sample U-ex.  The visible conditions are represented using “+”, and 
invisible conditions represented using “0”.  Dislocation A is identified as a screw with b = [1-11]. 

𝒈 ∙ 𝒃 g vector 
(013) (-1-1-2) (-301) 

b 

[-1-1-1] + + + 
[1-1-1] + + + 

[1-11]=A + + + 
[-1-11] + 0 + 

Observation of dislocation A Visible Visible Visible 
 

Dislocation B appears as a line segment and is visible under all three channeling conditions.  

The line direction is indicated by a black dashed line in Figure 34c, which lines up with the [101] 

direction in the stereographic projection in Figure 34d, suggesting that B is an edge dislocation 

with a line direction 𝒖 = [101] on a {112} plane (because edge dislocations in BCC have either 

<110> or <112> line directions on {112} or {110} planes, respectively).  The values of 𝒈 ∙ (𝒃 × 𝒖) 
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for the two possible Burgers vectors of dislocation B perpendicular to [101] are listed in Table 5, 

which shows visible conditions for both Burgers vectors for all g vectors.  Therefore, the Burgers 

vector of dislocation B could not be determined between the two possibilities. 

 
Table 5.  Values of 𝒈 ∙ (𝒃 × 𝒖) for two possible Burgers vectors of dislocation B. 

𝒈 ∙ (𝒃 × 𝒖) g vector 
(013) (1º1º2º) (3º01) 

𝒖 = [101] b = [1-1-1] + + + 
𝒖 = [101] b = [-1-11] + + + 
Observation of dislocation B Visible Visible Visible 

 

By counting the number of dislocations in Figure 34e, a lower magnification view that 

contains the area in Figure 34c, and dividing it by the area of observation, the pre-existing 

dislocation density is estimated to be 9 × 10FG	𝑚IG, assuming all dislocations are perpendicular 

to the sample surface.  Therefore, no geometry correction was performed.  Note that this is always 

a lower bound estimation of the dislocation density because not all dislocations are visible, and the 

dislocation line directions are not exactly perpendicular to the surface. 

b.  Sample U-an 

Figure 35 shows an ECC image of Sample U-an, which was annealed after being extracted.  

The anneal removed many pre-existing dislocations, resulting in a lower dislocation density than 

sample U-ex.  This is consistent with observations in the previous research that suggested that 

anneal lowered the flow stress due to the removal of pre-existing dislocations [31]. 

Due to the lack of images from other channeling conditions, 𝒈 ∙ 𝒃 analysis was not able to 

identify the Burgers vectors of the observed dislocations.  The dislocations marked by the boxes 

in Figure 35 are nearly parallel to the sample surface.  Dislocations B has a line direction that is 

lined up with the [101] direction. 
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Figure 35.  Dislocation image of annealed Sample U-an.  The line directions of dislocations B 
and E are marked in the stereographic projection (after tilting and rotating) with black dashed 
lines. 

 

c.  Sample D-ex 

ECC images of sample D-ex in Figure 36 show tangled dislocation structures as a result of 

the 40% tensile strain imposed on the as-extracted sample.  This makes dislocation density 

estimation very difficult, although some of them can be isolated and analyzed (white arrows and 

dashed boxes). 
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Figure 36.  ECC images of two regions of sample D-ex under the same channeling condition.  
Dislocation contrast is marked by arrows (a) and boxes (a and b) and the line directions are 
marked in the stereographic projections (after tilting and rotating) by black dashed lines. 

 

𝒈 ∙ 𝒃 analysis was tried for both regions in Figure 36, but unambiguous conclusions could 

not be obtained due to poor image qualities from other channeling conditions.  Since dislocation 

line directions can be identified from ECC images and the stereographic projections, the possible 

slip systems that generated these dislocations can be determined by applying the geometry 

relationships between Burgers vectors, line directions, and slip plane normals. 

Dislocation A in Figure 36a has a line direction parallel to direction [-1-10] indicated by a 

black dashed line in the stereographic projection.  Therefore, A could be an edge dislocation 

generated by the (-11-2)[1-1-1] or the (1-1-2)[1-11] slip system.  Dislocation B in Figure 36a 

includes a series of dislocations with a line direction parallel to [0-1-1], which are edge dislocations 

and could be generated by either the (2-11)[-1-11] or the (21-1)[1-11] slip system.  Figure 36b 

shows ECC images of another region of sample D-ex.  Dislocations C and D have line directions 

parallel to [2-11] and [2-1-1] respectively, suggesting that they are both edge dislocations 
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generated on {110} slip systems.  Therefore, the slip systems that generated C and D could be 

(011)[1º1º1] and (01-1)[111], respectively. 

d.  Sample D-an 

Sample D-an was deformed to 40% strain after being annealed at 800℃ for 2 hours and an 

ECC image is shown in Figure 36a.  Tangled dislocation structures are also observed for D-an, 

and dislocations of type A and B are marked with white dashed arrows and boxes respectively.  

Type A includes a series of dislocations with line direction parallel to [0-1-1] as shown in the 

stereographic projection, which is likely an edge dislocation on a {112}  slip system and the 

Burgers vector could be either [-1-11] or [1-11].  The slip system could be either (2-11)[-1-11] or 

(21-1)[1-11].  The 𝒈 ∙ 𝒃 analysis could not be used to identify the Burgers vectors due to lack of 

images of other channeling conditions.  Figure 36b shows an ECC image of another region of D-

an.  Dislocations are almost all tangled together, and individual dislocation analysis is difficult.  

This reflects the 40% tensile deformation that created many dislocation entanglements.  
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Figure 37.  ECC images of two regions of sample D-an with dislocations marked by boxes and 
arrows.  The dislocation line directions are marked in the stereographic projections (after tilting 
and rotating) by black dashed lines. 

 

3.  Schmid factor calculation 

Assuming that activation of slip systems follows the Schmid law, which states that with 

the same stress applied, slip systems with a higher resolved shear stress (higher Schmid factor) 

have a higher probability of activation and generating dislocations.  High dislocation density 

observed in the as-extracted sample U-ex might come from prior deformation caused by thermal 

contraction during cooling of the Nb ingot.  This prior deformation, as well as the tensile 

deformation, were considered next in a Schmid factor analysis to assess where the observed 

dislocations might have come from.  The Schmid factors of all observed slip systems were 

calculated and compared in Table 6. 

Three possible deformation directions, defined in Figure 38, were evaluated in a MATLAB 

code that calculates the Schmid factors of slip systems based on a given crystal orientation (for 

this crystal, the Bunge Euler angles are 170°, 67°, 179°), measured with tensile direction parallel 

to the Y-axis of the global coordinate system. 

The tensile sample was deformed by 40% in the sample Y-axis direction.  The 

corresponding stress tensor is given in Equation (13). 

 𝜎¿ = �
0 0 0
0 1 0
0 0 0

� (13) 
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 𝜎À = �
0 0 0
0 0 0
0 0 1

� (14) 

 

The Z-axis direction (normal to the Nb disk surface) is a possible prior deformation 

direction and a potential extension or contraction direction associated with thermal strains during 

ingot cooling.  The corresponding stress tensor associated with thermal stresses in Z-axis direction 

is given in Equation (14).  Another possible prior deformation direction is the radial direction of 

the Nb disk, the contraction direction during ingot cooling.  The range of possible radial directions 

is identified in Figure 38 based on the gauge length of the tensile sample.  Therefore, adjusted 

Euler angles of (93°–111°, 67°, 179°) were used to calculate the value range of radial direction 

Schmid factors for edge dislocations, using the stress tensor of Equation (13) (while screw 

dislocations are not constrained to a slip plane, mixed or edge dislocations are).  High Schmid 

factor values are shown in bold font in Table 6. 
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Figure 38.  Three deformation directions of interest are defined for the tensile sample in its 
original location on the Nb disk; the global coordinate system XYZ is indicated at the upper left 
corner.  The tensile direction is parallel to Y-axis, and the orientation is measured as (170°, 67°, 
179°) for this configuration. 

 

Schmid factor calculations (Table 6) suggest that some observed dislocations, such as (2-

11)[-1-11] or (21-1)[1-11], are associated with slip systems that have low Schmid factors for the 

tensile direction deformation but much higher Schmid factors for Z-axis or radial deformation 

directions.  This suggests that these dislocations were very likely pre-existing and generated during 

ingot cooling.  On the other hand, slip system (1º01)[111], with a high tensile direction Schmid 

factor, was identified by slip trace analysis (see next section), although it was not observed by 

ECCI.  Table 6 shows that this slip system has a high Schmid factor of 0.49 during tensile 

deformation, indicating high mobility.  Therefore, it is possible that dislocations on slip system 
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(1º01)[111] passed through the material and exited the material, leaving predominant slip traces 

and relatively few dislocations remaining within the material.  If so, the observed dislocations were 

dislocations that formed obstacles for the primary slip system, rather than indicators of active slip 

systems. 

 
Table 6.  Schmid factors (m) of observed slip systems in different deformation conditions (high 
values are bold). 

 

Observed slip systems 
Calculated Schmid factor (m) 

Tensile direction Z direction Radial direction 

U-ex 
 

b= [1-11] Screw Screw Screw 

(-1-21)[1-1-1] 
or 

(-121)[-1-11] 

0.11 
or 

0.31 

0.29 
or 

0.45 

0.26~0.33 
or 

0.25~0.40 

D-ex 

(-11-2)[1-1-1] 
or 

(1-1-2)[1-11] 

0.43 
or 

0.19 

0.22 
or 

0.05 

0.13~0.22 
or 

0.24~0.29 
(2-11)[-1-11] 

or 
(21-1)[1-11] 

0.03 
or 

0.07 

0.41 
or 
0.4 

0.45~0.48 
or 

0.36~0.46 

(011)[-1-11] 0.37 0.28 0.02~0.21 

(01-1)[111] 0.24 0.27 0.02~0.04 

(-101)[111]a 0.49 0.08 0.25~0.41 

D-an 

(2-11)[-1-11] 
or 

(21-1)[1-11] 

0.03 
or 

0.07 

0.41 
or 
0.4 

0.45~0.48 
or 

0.36~0.46 

(-101)[111]a 0.49 0.08 0.25~0.41 
aThese are slip systems identified using slip trace analysis, while others were observed using 
ECCI. 

Sam
ple 
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4.  Slip trace analysis of D-ex and D-an 

Figure 39 shows the SE images of slip traces after 40% tensile deformation with wavy slip 

traces for both samples, but the predominant slip traces could be matched with the (1º01)[111] 

slip system, with a high Schmid factor of 0.49, as calculated in Table 6, indicating that it was a 

highly favored slip system.  This slip system is represented by a unit cell overlaid on the SE images 

in Figure 39, with a turquoise line representing the slip direction, or Burgers vector, on the shaded 

slip plane, and a dashed line indicating the calculated slip trace.  The crystal coordinate system is 

indicated using red, green, and blue dotted lines, corresponding to x, y, and z directions, 

respectively. 

 

 
 
Figure 39.  Secondary electron (SE) images of slip traces on the surfaces of D-ex and D-an after 
deformation, overlapped with calculated slip traces (dashed lines) based on the locally collected 
orientation data; each unit cell represents the matching slip system with a turquoise line 
indicating the Burgers vector on a shaded slip plane; red, green, and blue dotted lines are the x, 
y, and z directions of the crystal coordinate system. 
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By comparing the morphology of the slip traces of the extracted sample (D-ex) and the 

annealed sample (D-an), it is apparent that the annealed sample has a more uniform distribution of 

slip traces than the extracted sample, indicating differences in the deformation processes on the 

same slip system in the two samples.  This difference was quantified using AFM measurements 

and assessment of stress-strain behavior, which will be discussed later. 

Figure 40 and Figure 41 show AFM topographic maps and the corresponding surface 

profiles of sample D-ex and D-an after deformation.  The AFM maps clearly show different slip 

trace morphologies of the two samples.  The extracted sample (D-ex) showed big steps with 

smaller steps in between, while the annealed sample (D-an) showed a more uniformly spaced 

distribution of slip traces, consistent with the SEM observation in Figure 39. 
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Figure 40.  Sample D-ex AFM topographic map (top) and surface profiles (bottom) 
corresponding to the 9 colored lines overlaid on the AFM map, showing widely spaced slip 
steps. 
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Figure 41.  Sample D-an AFM topographic map (top) and surface profiles (bottom) 
corresponding to the 9 colored lines overlaid on the AFM map, showing regularly spaced 
topography along both horizontal and vertical directions. 
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Figure 42.  Histograms of slip band width with 55 measurements on each SE image (Figure 39) 
of Samples D-ex and D-an. 

 

The slip band width could be directly measured using ImageJ [141] software from Figure 

39, and the histograms based on 55 measurements for each sample are shown in Figure 42.  The 

slip band width distribution of D-an was more concentrated, with most values in the range of 0.8–

2.2 µm, while the band width values for sample D-ex were distributed throughout the whole range 

of 0.4–3.3 µm.  This again suggests that the annealed sample has more uniform slip traces than the 

extracted sample after deformation. 

5.  Assessment of the stress-strain behavior 

Both {110} and {112} slip systems were observed in the ECC images of D-ex that was 

deformed without anneal, and of D-an that was deformed after anneal.  Previous research [31] 

(deformation of samples with different orientations) indicated that based upon analysis of crystal 

rotation due to tensile deformation, many of the as-extracted samples with different orientations 

showed stronger evidence for the slip on {112} planes than {110} planes, but for this specific set 
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of samples with the same orientation studied in this work, there was no evidence for significant 

slip on {112} planes.  The Schmid factor analysis in Table 6 shows that the Schmid factors of the 

observed {112} slip systems are much higher if the crystal was deformed along the ingot radial 

direction or Z direction, suggesting that the observed {112} dislocations might be pre-existing 

dislocations generated due to thermal strains that occurred during cooling of the 270 mm diameter 

ingot.  The fact that {112} dislocations were observed for the annealed sample indicates that the 

anneal was not able to remove these pre-existing dislocations, which act as forest dislocations and 

interact with newly generated dislocations by tensile deformation. 

 

 
Figure 43.  The stress-strain behavior of the extracted sample D-ex shows much greater yield 
stress and work hardening than the annealed sample D-an(reproduced from reference [31]).  The 
inverse pole figure (inset) shows the orientation evolution of the tensile axis with deformation, 
which is roughly parallel for both Samples D-ex and D-an. 
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Figure 43 shows the difference in the stress-strain behavior of Samples D-ex and D-an.  

Sample D-ex has a 0.2% offset yield stress of 36 MPa, followed by distinct hardening and then a 

flow stress decrease between 4% and 20% strain.  On the other hand, D-an shows a 30% lower 

0.2% offset yield strength of about 25 MPa, with less hardening just after yield.  This difference 

indicates that some of the pre-existing dislocations were removed from D-an by anneal.  The 

difference in this initial dislocation population played an important role in the initial hardening 

process of D-ex [138].  The pre-existing dislocations with a low resolved shear stress (low Schmid 

factors) acting on them were not mobile, and they created forest dislocation barriers, leading to 

dislocation multiplication of mobile dislocations, which increased the flow stress.  By contrast, 

there were fewer forest dislocations in the annealed sample U-an, so that U-an showed lower flow 

stress with no significant hardening.  The inset in Figure 43 shows the evolution of the tensile axis 

orientation with deformation is roughly parallel for both extracted and annealed samples. This 

indicates similar slip system activation in both samples, which is consistent with slip trace analysis 

of sample T in reference [31], as well as the observed dominant slip traces of (1º01)[111] for both 

D-ex and D-an in Figure 39. 

Both SEM observation (Figure 39) and AFM characterization (Figure 40 and Figure 41) of 

the slip traces of D-ex and D-an clearly show that the two samples have different slip trace 

morphology, indicating that a different deformation resistance was responsible for the different 

stress-strain behavior shown in Figure 43.  For D-ex, there are significant areas of small steps 

between bigger slip steps.  This appearance of irregularly spaced slip bands with differing amounts 

of slip displacement is evidence of more heterogeneous slip and development of preferred (or 

limited) pathways where dislocations moved through the crystal.  By contrast, the lower flow stress 

shown in Figure 43 of D-an may represent the response to forming more channels where mobile 
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dislocations could freely move, due to far fewer barriers for dislocation motion.  This suggests that 

the fewer initially present dislocations in the annealed sample were more easily overcome by 

dislocations with high Schmid factors, and the higher initial dislocation density in D-ex resulted 

in barriers that require sufficiently higher stress to overcome.  Once these barriers were overcome, 

this led to avalanche behavior, where large shear displacements took place and the flow stress 

dropped after yield.  

Both modeling and experimental work on dislocation slip avalanches have been carried out 

for nanoscale single crystals [142]–[144].  In these studies, compression tests of Nb single crystal 

nanopillars showed stress-strain curves with a saw-like or staircase shape, indicating dislocation 

avalanches, accompanied by the formation of slip lines on the sample surface.  Statistical studies 

showed that the slip sizes (total axial displacement during an avalanche) of dislocation slip 

avalanches followed a power-law probability distribution [144], in which the event frequency 

decreased with increasing slip sizes of dislocation avalanches.  Slip avalanche behavior was also 

affected by stress level and strain rate [145].  During avalanches, trapped dislocations overcome 

pinning centers before they exit the sample at the surface. 

Relatively few dislocations with b = [111] were observed using ECCI.  Because these 

dislocations were the most mobile and contributed to the strain, they were more likely to have 

passed through the crystal, such that what were visible were the less mobile dislocations and 

entanglements resulting from interactions with immobile dislocations, as shown in Figure 36 and 

Figure 37.  This is consistent with the slip trace analysis in Figure 39, where the slip system (-

101)[111] was identified, with a high Schmid factor of m=0.49 according to Table 6. 
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C.  Summary 

Dislocation structures were characterized using ECCI on four single crystal Nb samples 

with the same orientation but different heat treatment and deformation histories, to identify the 

relationship between stress-strain behavior and the evolution of dislocation structures. 

For the undeformed samples U-ex and U-an, ECCI observations suggested that the pre-

existing dislocation had a high density (~9 × 10FG	mIG) and an apparently much lower density 

after the 800℃ 2-hour anneal, consistent with the flow stress decrease after anneal that was 

reported in the previous research. 

Both {110} and {112} slip systems were observed for samples deformed to 40% strain, 

but Schmid factor calculations suggested that some of the dislocations associated with {112} slip 

systems were pre-existing dislocations that anneal did not remove.   

Slip trace observations of D-ex and D-an using AFM suggested that the two deformed 

samples experienced different deformation mechanisms.  The distribution of slip traces of D-an 

was more regularly spaced, suggesting a more uniform deformation of the annealed sample.  For 

D-ex, the flow stress increase was due to the pre-existing dislocations that had a low mobility and 

created forest dislocation barriers.  The later flow stress drop could be explained by the 

development of irregularly spaced dislocation pathways resulting from overcoming dislocation 

entanglement barriers that enabled much more highly localized slip behavior (avalanches) between 

obstacles.  This is consistent with the slip trace analysis and AFM characterization. 

Direct observations of dislocation evolution in this chapter provide information that can 

explain observations regarding deformation mechanisms and will be useful for building 

constitutive models for computational cavity design.  
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Chapter VI.  UNDEFORMED BICRYSTAL NB SAMPLES 

A.  Introduction 

In this chapter, flux penetration was investigated in three bicrystal Nb samples with 

different grain boundaries using cryogenic MO imaging.  The dislocation structures associated 

with hydride precipitation before and after heat treatment were characterized using ECCI.  The 

goal is to identify relationships between grain boundaries, dislocation substructures, hydrides, heat 

treatment, and flux trapping. 

B.  Results 

1.  MO, EBSD, and AFM analysis 

The results of the first MO imaging of the three samples are shown in Figure 44.  Sample 

I showed no apparent preferential flux penetration related to the grain boundary. 

Sample II showed a “fork” shaped preferential flux penetration along the grain boundary 

(Figure 44f), with one tine of the fork corresponding to the high angle grain boundary (HAGB, 

with misorientation > 15°) and the lower tine corresponding to a low angle grain boundary.  The 

remnant field MO image (Figure 44g) shows trapped flux by the GBs, with the same fork shape.  

Sample II was then reheated above Tc and cooled a second time with zero fields to 7.8 K, and then 

a magnetic field of 56 mT was applied, resulting in a less amount of flux penetration (2nd ZFC in 

Figure 44h) than the prior condition, where the temperature was higher and the external field lower.  

The location of the fork flux is marked using red dashed lines. 

Sample III (Figure 44k) showed preferential grain boundary magnetic flux penetration at 

T = 8.7 K after application of H = 16.8 mT along the part of the boundary that was nearly parallel 

to the field (compare with Figure 25), and there was also a little bit of flux penetration along the 

tilted boundary near the right edge.   
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Figure 44.  MO results of the three bicrystal samples with each row showing the top surface 
optical image (column 1) and MO images in ZFC, remnant field, and FC modes (columns 2, 3, 
and 4) for each bicrystal sample.  Surface optical images show visible grain boundaries and the 
mounting position is consistent between the optical image and MO images for each sample. 

 

After MO imaging, further EBSD analysis of the lower tine of the flux fork of Sample II 

(black outline in Figure 44f) revealed an LAGB shown in Figure 45.  The EBSD data collected 

from the fork flux penetration region (black outline in Figure 44f) was reconstructed using four 

maps.  The sample normal direction inverse pole figure (IPF) map overlaid with the image quality 
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(IQ) map (IPF+IQ in Figure 45) shows the orientation of the two grains on either side of the HAGB, 

with the lower grain showing a faint low angle grain boundary, which is marked with white lines 

with a nearly vertical direction.  This LAGB runs downward from the HAGB and then to the left 

(below the outlined area) until it meets the edge of the sample, corresponding to the lower tine of 

the flux fork observed in the MO image (Figure 44f).  The LAGB was prominent and marked using 

white lines in the Kernel average misorientation (KAM) map and the grain reference orientation 

deviation (GROD) angle and axis maps in Figure 45.  The GROD-angle map shows multiple sub-

grains separated by LAGBs (white lines) in the lower grain.  The GROD-axis map was color-

coded according to the rotation axis direction between each pixel and the average grain orientation.  

This map reveals that each sub-grain had a particular rotation axis from the average orientation, 

implying that different LAGBs consisted of dislocations operating on different slip systems.  Table 

7 summarizes the misorientation angles and rotation axes of boundaries marked as “AB”, “CD”, 

“ED”, and “DF” in the GROD-angle map, which shows that the misorientations are about 22° for 

the HAGB, and 2–3° for the LAGBs.   

Another feature revealed by EBSD maps were the dark scars with low image quality in the 

IPF+IQ map in Figure 45, which are shown with more detail in Figure 46.  These are typical 

hydride scars resulting from deformation accommodation due to hydride precipitation during 

cooling.  This hydride precipitation during cooling and subsequent dissolution during reheating 

represent one MO cryogenic cycle.  Exemplary hydride scars after the first MO cryogenic cycle 

on sample II in Figure 46 illustrate their typical “chevron” shape morphology; they were more 

evident in the overlaid image quality (IQ) map generated from the EBSD scan of the fork flux 

penetration area (black outline in Figure 44f).  These nominally 50 μm hydride scars were evident 

in all EBSD maps, causing local ~3° misorientations as shown in the KAM map in Figure 45.  
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They were frequently lined up along features that appeared to be scratches (most evident in the IQ 

map in Figure 46), and along the HAGB, but they were not apparent along the LAGBs in the KAM 

and GROD maps in Figure 45.  Some of the hydride scars did not appear to be correlated with 

either a scratch or the HAGB. 

 
Table 7.  Misorientations and rotation axes of boundaries marked in the GROD-angle map in 
Figure 45. 

GB ID GB type Misorientation angle Rotation axis 
AB HAGB 21.9° [-21,17,-9] 
CD LAGB 3.1° [27,-8,-9] 
ED LAGB 2° [26,1,10] 
DF LAGB 2.1° [14,-13,-23] 

 

 
 
Figure 45.  EBSD scan of the fork flux penetration area of sample II.  IPF+IQ: Sample normal 
direction inverse pole figure (IPF) map with overlaid image quality (IQ) shows the high angle 
grain boundary (HAGB) and hydride scars (black);  KAM: Kernel average misorientation map 
shows low angle grain boundaries (LAGBs) (white lines) and hydride scars causing 2–3° 
misorientations;  GROD-angle: Grain reference orientation deviation angle map with the 
average grain orientation as the reference, overlaid with prisms and Euler angles (in degrees) 
representing the crystal orientation of each grain or sub-grain; GROD-axis: GROD axis map 
shows the local crystal rotation axes with respect to the average grain orientation. 
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Figure 46.  BSE image of the surface (right) of sample II  after the first MO cryogenic cycle 
shows a large number of hydride scars with a size of about 50 μm, arranged along scratches and 
the high angle grain boundary, which is also shown with more detail in the image quality (IQ) 
map (left) generated from the EBSD scan of the black outline area in Figure 44f. 

 

Atomic force microscopy (AFM) was performed on a single hydride scar on the surface of 

sample II to reveal the surface topography of the accommodation deformation region where a 

hydride precipitate existed.  The AFM maps in Figure 47 clearly show that there were remaining 

features of the plastic deformation of the scar region, with a height difference of about 200 nm. 

The “chevron” shape of the hydride is apparent as a low elevation region surrounded by pushed 

up regions (by about 100 nm) surrounding it.  The very low (dark) region (-100 nm) is consistent 

with the necessary shrinkage resulting from hydride dissolution.  This topography illustrates the 

strain history from hydride formation and dissolution. 
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Figure 47.  3D (a) and 2D (b) maps constructed from an atomic force microscopy scan of a 
single hydride scar on the surface of sample II after MO (the first cryo-cycle) show a surface 
height difference of about 200 nm. 

 

Because sample II showed a variety of defect phenomena (preferential GB flux penetration, 

LAGBs, and hydride scars) that can affect cavity performance, this sample was used to investigate 

how heat treatment (HT) and nitrogen doping affect LAGB and HAGB defects that could trap flux.  

To follow a path similar to that currently used for cavity processing, an 800 ℃  3-hour heat 

treatment was done to remove hydrogen, followed by a 140 ℃ 48-hour N2 doping treatment.  A 

subsequent ZFC MO image (second cryo-cycle) is shown in Figure 49a, where in contrast to Figure 

44f-h, it did not show the previously observed fork shaped flux penetration (marked with red 

dashed lines in Figure 49a and b).  Rather, there was a uniform flux penetration at 70% of the 
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magnetic field (H = 22 mT) that was used to observe flux penetration in Figure 44f before the heat 

treatment.  This indicates that removal of hydrogen decreased the preferential vulnerability along 

grain boundaries, but the overall material was less resistant to the magnetic field after the heat 

treatment and nitrogen doping. 

To determine whether the introduction of hydrogen caused grain boundary flux penetration, 

sample II was then mechanically polished again to reintroduce hydrogen and a third MO 

measurement (third cryo-cycle) was done.  The ZFC MO image in Figure 49b reveals a partially 

restored fork shaped flux penetration (but penetration along the left 2/3 of the HAGB was not 

observed) at T = 6.4 K, H = 44 mT, which is at a lower temperature and with a field similar in 

strength to the first MO measurement.  Although heat treatment made flux penetration disappear 

for both HAGB and LAGB in Figure 49a, the LAGB flux penetration was restored more than the 

HAGB flux penetration in Figure 49b.  This suggests that LAGBs, which are composed of 

dislocation substructures, are more effective at causing flux penetration than HAGBs. 

The repeated cryogenic cycles of sample II with MO imaging show that the flux penetration 

along the HAGB and LAGB could be turned on and off by introducing and removing hydrogen.  

This difference in flux penetration resistance (compared with Figure 44f) is correlated with the 

hydride formation.  However, a direct correlation of flux trapping by hydrides could be proved 

from this current work, due to the lower resolution of the MO technique.  Direct observation of 

flux trapping caused by hydrides was achieved in a recent MO study of SRF cavity Nb [119]. 

Given that the MO measurement reflects more of a bulk effect than a surface effect, a 

decision was made to examine the subsurface region (as the surface was covered with hydride 

scars again as in Figure 46), so about 150 μm was chemically removed from the surface, and an 

additional EBSD scan was made as shown in Figure 48.   This figure shows that the low angle 
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boundary was in the same place, indicating that the boundary is nominally perpendicular to the 

surface, except for the 50 μm closest to the high angle grain boundary, where there were a number 

of low angle boundaries.  Evidence of hydride scars is apparent in a number of locations along 

LAGBs, as shown by arrows in Figure 48.  The BSE image shows three ~30 μm hydride scars 

along the nearly vertical LAGB, and two along the high angle grain boundary (HAGB), which 

were also evident in the local average misorientation (LAM) map and the IQ map.  There were 

~3° misorientation regions in the LAM map associated with these scars, consistent with the EBSD 

scan of the original surface hydride scars in Figure 45.  The hydride scars along the LAGB are 

smaller than the original 50 μm surface scars (Figure 45) but larger than the 10 μm in-grain hydride 

scars on the same subsurface that are shown and discussed in more detail below.   

 

 
 
Figure 48.  Subsurface beneath the fork flux penetration area (black outline in Figure 44f) after 
removal of about 150 µm showed hydride scars along both HAGB and LAGBs in the BSE 
image, IPF, LAM (local average misorientation), and IQ maps. 
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Figure 49.  ZFC MO images of sample II after 800°C heat treatment (to remove hydrogen) and 
nitrogen doping (a) and after subsequent mechanical polishing to reintroduce hydrogen (b) 
suggest that preferential magnetic flux penetration along grain boundaries can be turned off by 
heat treatment and partly restored by mechanical polishing.  The location of the previous fork 
flux penetration is marked using red dashed lines. 

 

2.  Microscopic analysis 

Although flux penetration and hydride scars were correlated in the MO analysis just 

described, flux penetration could be related to either the structure of the hydrides or damage done 

by the formation of the hydrides, as the material was not strongly resistant to flux penetration after 

the heat treatment.  Consequently, the effect of internal strain resulting from the hydride 

deformation accommodation (regions surrounding normal-conducting hydrides) was investigated 

to identify the dislocation structures using ECCI within and near the deformed regions surrounding 

the hydrides and how the 800 ℃ heat treatment, a standard processing method for real SRF cavities, 

affect these regions. 

a.  Sample I 

The surface quality of Sample I after the first MO cryogenic cycle is not sufficient for 

ECCI, therefore, BCP was used to prepare the surface before ECCI observations, which removes 
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100–150 µm surface material and still conserves hydride scar structures.  Sample I was twice 

examined using ECCI, first after hydride scars were formed from the first MO experiment 

(cryogenic cycle), then after the heat treatment. 

After 100–150 μm material removal, the surface of Sample I was still observed to be 

covered with a large number of hydride scars with a smaller size of several micrometers, as shown 

in Figure 50a.  These scars are about 20% the size of the ~50 μm scars on the original surface as 

shown in Figure 46. 

EBSD-OIM analysis was performed on the surface of sample I after MO and the results 

are shown in Figure 50b and c.  For the scar indicated by the red arrow in Figure 50a, the IQ map 

(Figure 50b) shows that the scar has a lower image quality, or darker contrast, compared to the 

surrounding regions that show a higher image quality, or a brighter IQ map contrast.  This is 

consistent with the significant plastic deformation and orientation gradients resulting from hydride 

precipitation, which led to a distorted crystal lattice, and hence less sharp EBSD patterns (lower 

image quality).  The KAM map in Figure 50c shows that the scar caused about a 3° misorientation, 

consistent with the hydride scars observed in Sample II (Figure 45). 

ECC images of the scar indicated by a red arrow in Figure 50a are shown in Figure 51 at 

two different channeling conditions.  In Figure 51a, with g = (00-2), high density individual 

dislocations are most clearly resolved in regions surrounding the scar and appear to be moving 

towards or emitted from the scar, with evident dislocation pile-ups (red arrows), which is 

consistent with the plastic deformation due to the hydride precipitation and dissolution.  

Dislocation B is visible for both imaging conditions, while dislocation A with a “V” shape is only 

visible for g = (00-2), suggesting that A and B have different Burgers vectors.  This suggests that 

dislocations of different Burgers vectors were generated to accommodate the plastic deformation 
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during the precipitation and dissolution of hydrides.  On the other hand, the center of the scar has 

the brightest contrast, where individual dislocations cannot be identified possibly due to varying 

channeling conditions throughout the scar as a result of plastic deformation that caused crystal 

rotations.  This is evident by various regions showing different contrast inversions with different 

predominant channeling conditions.  The regions with bright or dark contrast inversions in the 

middle of the scar are irregular, with poorly defined edges, and their shapes are not consistent 

between the two images with different imaging directions.   

 

 
 

Figure 50.  (a) Low magnification BSE image under condition g = (00-2) of hydride scars on the 
sub-surface of Sample I after MO; (b) the IQ map showing a low image quality of the scar observed 
in Figure 51, indicated by a red arrow; (c) the KAM map showing about a 3° misorientation of the 
same scar. 
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Figure 51.  Sample I ECCI images under two different channeling conditions (g vectors 
represented by white arrows) of a scar on the surface of sample I after MO, before heat treatment.  
The orange arrow indicates a speck of dust used as a landmark. 

 

In order to evaluate the effect of heat treatment on the evolution of dislocation structures 

of hydride scars in Sample I, an 800 ℃ 3-hour heat treatment was carried out followed by a brief 

BCP etch to improve the surface quality.  The ECC images in Figure 52 of a representative scar 

show that after heat treatment, the hydride scars appeared to have fewer dislocations and LAGBs 

were developed, in contrast to Figure 51 (before HT).  Well defined ~1 µm subgrains with sharp 

boundaries that are apparent in the same location in multiple images suggest dislocation recovery 
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processes during the heat treatment (dislocations with opposite sign meet with the aid of diffusion, 

and mutually annihilate, with many remaining dislocations accumulating to form low angle 

boundaries).   

The curvatures of the dislocations i and ii in Figure 52a have bowing directions towards 

the scar center, indicating internal stress that would move the dislocations toward the center of the 

scar, consistent with a reverse flow of material toward the center of the hydride as it dissolved.  

Similar to Figure 51, dislocations of different Burgers vectors and dislocations pile-ups are evident 

near the scar, as a result of the plastic deformation.  Dislocation i is visible for both imaging 

conditions in Figure 52a and b, while iii is invisible in Figure 52b, suggesting different Burgers 

vectors of i and iii. 
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Figure 52.  Sample I ECCI images of a specific scar after 800℃ 3-hour heat treatment under 
four different channeling conditions (g vectors) show development of sub-grains with apparently 
fewer dislocations HT. 

 

b.  Sample II 

Sample II experienced the first MO cycle (Figure 44), followed by an 800 ℃, 3-hour heat 

treatment and 140 ℃ 48-hour nitrogen doping, and a second MO cycle (Figure 49), and then 

repolishing followed by a third MO cycle, after which ECCI analysis was performed after 
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removing 150 μm by chemical polishing.  A low magnification BSE image in Figure 53a shows 

numerous scars with decreasing size with distance from the grain boundary, but these scars are 

smaller (~10–20 μm) than the ~50 μm scars on the original surface after the first MO cryo-cycle 

(Figure 46), and smaller than nearby hydride scars adjacent to LAGBs evident in Figure 48.  

Figure 53b shows an ECC image of the scar identified by the arrow in Figure 53a under 

the channeling condition of g = (-200), with three numbered areas (marked 1, 2, and 3) in white 

dashed-line boxes enlarged using the same channeling condition.  This scar contains regions with 

very different dark and bright contrast, resulting from different local crystal orientations that 

provide different backscattered electron yields.  The KAM map in Figure 54 shows that the range 

of orientations present in a scar varies by a few degrees, indicating that the different subgrain 

orientations are separated by low angle boundaries.  These different orientations in different 

regions are the outcome of subgrain formation during the heat treatment following the deformation 

caused by the hydride precipitation during the MO cryogenic cycles.  In Figure 53b. the regions 

surrounding the scar show many dislocations, which appear as bright dots or lines that can be 

observed individually at high magnifications in areas 1, 2, and 3.  Hence, the surrounding regions 

were affected by the accommodation deformation during volume change from precipitation and 

dissolution of hydrides, and dislocations are necessary to transport material away from or towards 

the precipitation area.  Compared to the annealed condition of Sample I (Figure 52), the subgrain 

structures in Sample II are smaller and more irregular, and the dislocation density appears to be 

greater. 
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Figure 53.  Sample II ECC image of a specific scar under the channeling condition g = (-200), 
with three numbered areas in white dashed-line boxes viewed at a higher magnification under 
the same channeling condition.   

 

The scar in Figure 53b was also characterized using EBSD-OIM analysis and the maps 

generated are shown in Figure 54, where the IPF map shows orientation gradients within the scar 

with the LAGBs marked by white lines.  The KAM map in Figure 54 shows about a 3° 

misorientation of the LAGBs, with some similarly high misorientations in the regions surrounding 

the scar, which is consistent with the high dislocation content observed in ECCI analysis.  It is 

significant that there are regions of low KAM within and immediately surrounding the scar, which 
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suggests the possibility of a highly recovered region.  The GROD-angle map in Figure 54 reveals 

the local orientation deviation with respect to the average grain orientation  Consistent with the 

regions of low KAM values (blue), the image quality is higher within the scar and lower in the 

surrounding regions, as shown in the IQ map.   

 

 
 
Figure 54.  EBSD maps of the scar shown in Figure 53b reconstructed from an EBSD scan with 
a step size of 0.4 μm.  LAGBs are marked using white lines in the IPF, KAM, and GROD-angle 
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maps. The IPF map reveals the orientation gradient around the hydride scar, which caused a 
misorientation of about 3° as shown in the KAM and GROD angle maps.  The IQ map shows 
higher image quality in the scar in contrast to the surrounding area. 

 

D.  Discussion 

1.  Grain boundary flux penetration and hydrides 

The three bicrystal samples (Figure 25) observed using MO imaging have different grain 

boundary characters that could influence magnetic flux penetration and trapping behavior.  The 

grain boundary characters and corresponding MO results are summarized in Table 8.  Preferential 

HAGB flux penetration was observed in both Samples II and III (marked in red in Table 8), which 

have part of the boundary with 0° tilt angles (parallel to the magnetic field), and relatively low 

misorientations (24° and 11° respectively).  Sample I, with a higher tilt angle (HAGB plane not 

parallel to the magnetic field) and misorientation (53°), did not show HAGB flux penetration.  

However, the reason for the lower field flux penetration in Samples I and III in the first MO cycle 

than Sample II is unclear.  Previous studies revealed preferential HAGB flux penetration at T = 6 

K, H = 32 mT for boundaries that are parallel to the magnetic field [27], and partial LAGB flux 

penetration at T = 7 K, H = 60 mT [16]. 

Grain boundaries are segregation sites for hydrogen atoms, resulting in a large number of 

hydrides at grain boundaries during MO imaging.  Flux trapping by hydrides has been observed 

by other researchers [119].  Therefore, it is possible that these normal-conducting hydrides caused 

flux penetration along grain boundaries.  If so, this flux penetration due to hydrides appeared to be 

most effective when the grain boundaries occupied by hydrides were aligned with the applied 

magnetic field. 

 
 

Figure 54 (cont’d) 
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Table 8.  Grain boundary characters of three MO samples. 

Sample Tilt angle Misorientation GB flux penetration 
I ~10° 53° No 
II ~0° 24° Yes 
III Twist that includes ~0° 11° Partial, where ~0° 

 

The MO imaging of the hydrogen-containing sample II (as shown in Figure 44f) showed 

fork shaped preferential flux penetration along both HAGB and LAGB, which disappeared after 

the heat treatment that removed most of the hydrogen (Figure 49a). This suggests that hydrides 

could be the dominant reason for the grain boundary flux penetration.  If so, bringing back 

hydrogen to the sample would cause the grain boundary flux penetration to reappear.  This was 

confirmed by a subsequent MO imaging after a mechanical polish that reintroduced hydrogen 

(Figure 49b).   Therefore, the grain boundary itself might not have a significant effect on flux 

penetration. 

After the heat treatment, a uniform flux penetration at a lower field (6.4K, 22 mT) occurred 

compared to Figure 44f, indicating a weaker overall resistance to flux penetration.  A similar flux 

penetration at 8.4K, 29 mT was observed in a 5% strained bicrystal sample with the same grain 

boundary after the same heat treatment (Figure 61).  The fact that flux penetrates uniformly at a 

lower field with low hydrogen concentration and recovered hydride scars (and with recovered 

dislocation substructure after heat treatment following deformation) suggests the possibility that 

internal damage from hydride scars (or mechanically imposed strain) that are uniformly scattered 

within the grains may facilitate flux penetration. 

After the subsequent reintroduction of hydrogen via mechanical polish of sample II, the 

resulting MO image (Figure 49b) shows incomplete restoration of the original fork flux penetration.  

It is not clear why flux penetration along the left side of the high angle grain boundary did not 
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occur in Figure 49b, as there was no measurable change in the high angle grain boundary position.  

This result suggests that hydrogen may be more likely to segregate in higher concentration along 

dislocations and low angle grain boundaries, but the evidence presented suggests that hydrides 

nucleated preferentially and grew larger along both low and high angle boundaries.   

2.  Dislocation structures around hydride scars 

There were substantial dislocation structures and high dislocation densities in the areas 

within and near the hydride scars (Figure 50-Figure 54), with different histories of MO cycles, 

heat treatments (HT), and buffered chemical polishing (BCP, 150 μm surface removal).  Observed 

features of hydride scars are summarized in Table 9. 

 
Table 9.  Observation of hydride scars after different histories of MO cycles and heat treatments. 

History Sample I (tilted GB) Sample II (‘fork’) Sample III 
(twisted GB) 

1st MO (cryo-cycle) No preferential flux 
penetration 
ZFC 8.7K, 10.4 mT 

LA, HA GB flux 
penetration  
ZFC 8.7K, 32 mT, 
repeated at 7.8K, 56 mT, 
slightly less penetration  

Partial GB 
penetration ZFC 
8.7K, 16.8 mT in 
GB oriented || field  

Surface SEM after 1st 
MO 

Numerous hydride 
scars (~50µm) 

Numerous hydride scars 
(~50	µm) 

Numerous hydride 
scars (~50	µm) 

2nd MO after 800℃ 
HT+N2 doping (H 
removed) 

 
N/A 

Fork flux penetration 
not observed; uniform 
penetration at lower 
field  
(ZFC 6.4 K, 22 mT) 

 
N/A 

3rd MO after 
mechanical polishing 
(H reintroduced) 

N/A Fork flux penetration 
restored (ZFC 6.4K, 44 
mT) 

N/A 

1st ECCI after 150	µm 
BCP  

Small hydride scars 
(~3	µm); high 
density dislocations 
in scars, no LAGB  

Smaller scars (~20	µm); 
High density 
dislocations + many 
LAGBs in and near scar 
(recovery) 

 
N/A 

2nd ECCI after HT, 20 
µm BCP  

LAGBs and 
dislocations 

N/A N/A 
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observed in scar 
(recovery) 

 

After the first MO experiment, large hydride scars (~50 μm) (Figure 46) were observed to 

be distributed along the HAGB and scratches, which are preferred sites for hydrogen segregation 

and hydride nucleation.  The hydride scars observed in sample II, with three MO cryogenic cycles, 

are much larger than the scars in sample I (Figure 50a, where 150 μm was removed from the 

surface), which experienced only one cryogenic cycle.  Repeated MO cycles may lead to locally 

complex hysteresis strain loops, especially if scars are nucleation sites for new hydrides.  The 

higher dislocation density observed after reintroduction of hydrogen into sample II along with 

well-defined subgrain boundaries suggests that hydrides formed where they had formed before, 

which could be facilitated by the low angle boundary networks already present, where hydrogen 

could preferentially reside.  The smaller hydride scars observed after surface removal indicates 

that the hydrogen concentration decreases with depth into the bulk niobium, which could account 

for the smaller hydride scars in the subsurface.  Alternatively, the 3-D constraint (lack of a free 

surface) may have led to smaller hydrides in Sample I and Sample II after surface removal, than 

on the free surface of Sample II. 

The dislocations near the scars were generated to transport the material away from or 

towards the precipitates and are evidence of the required accommodation deformation.  Previous 

studies [96], [97] showed prismatic dislocation loops formed near the hydride scars, which, 

however, were not observed in the current study, perhaps due to the hydrides in current work being 

much larger.  An elasto-plastic model of hysteresis was proposed to describe the precipitation and 

dissolution of hydrides in niobium that considered both elastic and plastic deformation [98].  

Another similar study suggested that the hydride precipitates were coherent to the Nb matrix when 

Table 9 (cont’d) 
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the hydrides were smaller than a critical size, and semi-coherent for larger hydride sizes [99].  Both 

elastic energy stored in hydrides and the energy needed to form dislocations come into play to 

determine this critical size [99]. 

The ECCI analysis of these scars after heat treatment showed sub-grain development in the 

scars due to recovery during heat treatment.  This is clear by comparing the ECC images of the 

scars in Sample I before (Figure 51) and after (Figure 52) the 800 ℃ heat treatment.  The EBSD 

analysis in Figure 54 showed LAGBs within the scar (IPF map), as well as regions of possible 

recrystallization nuclei, though there were no high angle grain boundaries adjacent to highly 

recovered regions with low densities of dislocations.  Note that the IQ map showed higher image 

quality (brighter contrast) interweaved with some low image quality spots within the scar, in 

contrast to the surrounding area with lower image quality (darker contrast).  The scar area was 

heavily deformed during the hydride precipitation and therefore had a larger driving force for 

recovery or recrystallization during the following 800 ℃ heat treatment, which could lead to a 

higher level of recovery, or higher image quality. 

3.  Relationships between hydrides, dislocation networks, and flux penetration  

The observations of flux penetration in bicrystal niobium samples in this study suggested 

that hydrogen played a key role in preferential grain boundary flux penetration and trapping.  Grain 

boundaries tend to have a higher concentration of hydrogen, which could precipitate as normal-

conducting hydrides and trap magnetic flux during cryogenic cooling, making grain boundaries 

weak spots for flux penetration.   

Although no direct observation of hydride flux trapping was observed by MO imaging in 

the current work, these results indicate that higher concentration of hydrogen and the resulting 

hydrides in grain boundaries could facilitate the early entry and subsequent trapping of magnetic 
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flux along HAGBs and LAGBs.  Hydride decorated LAGBs and hydrogen depleted zones 

immediately next to LAGBs that cause preferential flux penetration [16] have also been observed 

in single crystal niobium, suggesting diffusion of hydrogen into the LAGBs from within the grain.  

In contrast, there was a decreasing hydride scar size with distance from the high angle grain 

boundary in Figure 53a, suggesting that high angle boundaries are a source of hydrogen that 

diffuses into the grain.  This indicates that high angle boundaries are not traps for hydrogen in the 

same way that low angle boundaries are.  Instead, high angle grain boundaries could be a transport 

channel for hydrogen atoms.  The presence of a high dislocation density within heat treated hydride 

scars indicates that hydride precipitation is preferable in dislocation networks that served as traps 

for hydrogen atoms.  Therefore, the relationship between hydrides, dislocation networks, and flux 

pinning may be inseparable.  Advanced flux characterization methods with a micrometer to 

nanometer level resolution would enable further exploration of the influence of dislocations. 

E.  Summary 

Preferential grain boundary flux penetration was observed in bicrystal samples with 

relatively low misorientations and the boundary planes nearly parallel to the applied magnetic field.  

Hydrogen and the resulting hydrides could be the dominant sources causing the grain boundary 

flux penetration, while the intrinsic characteristics of grain boundary itself might be insignificant. 

MO cycles led to hydride precipitation that generated a large number of dislocations to 

accommodate the volume change.  These dislocation networks generated during MO cycles and 

the heat treatment are scattered in the grains and might cause the observed lower resistance to flux 

penetration.  The development of LAGBs was observed in and around the hydride scars after the 

800 ℃, 3-hour heat treatment, indicating recovery or even partial recrystallization of the scars.    
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Chapter VII.  DEFORMED BICRYSTAL NB SAMPLES 

A.  Introduction 

Grain boundaries can act as barriers for dislocation slip, and hence, cause heterogeneous 

deformation near grain boundaries with dislocation pileup and local stress concentration [146].  

Depending on the grain boundary characteristics, it can also be transparent to dislocations on 

specific systems [146].  Since both grain boundaries and dislocations are of interest in terms of 

flux trapping, Nb samples with grain boundaries along with dislocation structures near them are 

desired to investigate the effect of grain boundaries and plastic deformation on the flux penetration 

or trapping behavior, and hence the effect on superconductivity of Nb. 

In this chapter, one set of bicrystals (extracted from Ningxia ingot) were designed to have 

favored slip system parallel to the grain boundary so that these slip systems can be activated and 

cause focused deformation near grain boundaries.  Another set of bicrystals (extracted from TD 

ingot) were designed to have different combinations of soft and hard orientations, so that the two 

grains experience different amounts of deformation, which was examined for the effect of 

deformation on flux trapping.  These bicrystals with different orientation relationships between the 

two grains and grain boundary types provide a good sample pool to evaluate conditions when flux 

penetration or trapping occurs. 

B.  Results 

1.  Tensile test results 

Figure 55 shows the engineering stress-strain curves of the tensile tests.  The yield strength 

and orientation hardness (based on Schmid factor analysis) are summarized in Table 10.  It 

suggests that the yield strength and hardening are orientation dependent.  TD3-0 and TD0-7, with 

hard orientations, showed the highest hardening and yield strengths (43 MPa and 40 MPa 
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respectively), while TD3-4 had the lowest hardening and yield strength, corresponding to its soft 

orientations.  These results are consistent with the sample design based on Schmid factor analysis 

to favor specific slip systems.  Sample NX10-9HT showed a strength drop compared to NX10-

9AE possibly due to the decrease of pre-existing dislocation density during the pre-deformation 

heat treatment.  However, the heat-treated Sample NX6-10HT showed a higher yield strength than 

the as-extracted Sample NX6-10AE.  ECCI, EBSD and MO characterization methods were 

performed on all bicrystal samples as organized in Table 10, which lists the characterization 

methods used for each bicrystal sample in this chapter. 

 

 
Figure 55.  Engineering stress-strain curves of all tensile samples extracted from two Nb disks 
except for Sample TD5-0. 
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Table 10.  Yield strength and orientation hardness of bicrystal tensile samples and characterization 
methods used. 

Bicrystal 
Sample ID 

Yield strength 
(MPa) 

Orientation hardness 
(Schmid factor) 

Characterization 
methods 

MO ECCI EBSD 
NX6-10AE 26 Soft (0.50)-soft (0.48) Yes Yes N/A 
NX6-10HT 32 Yes Yes Yes 
NX10-9AE 33 Soft (0.48)-soft (0.50) Yes N/A N/A 
NX10-9HT 28 Yes Yes Yes 

TD3-0 43 Hard (0.39)-hard (0.35) N/A N/A Yes 
TD0-7 40 Hard (0.34)-soft (0.50) N/A N/A Yes 
TD3-4 22 Soft (0.48)-soft (0.50) Yes Yes N/A 
TD5-0 N/A N/A Yes Yes N/A 

 

2.  ECCI, EBSD, and MO analysis of NX6-10 and NX10-9 

This section describes the MO, ECCI, and EBSD results of Samples NX6-10AE, NX6-

10HT, NX10-9AE, and NX10-9HT.  MO imaging results will be shown first, followed by further 

study of the microstructure using ECCI and EBSD analysis. 

a.  Sample NX6-10AE: MO and ECCI results 

As-extracted Sample NX6-10AE was strained to ~5% engineering strain (Figure 55), 

followed by the extraction of a cylindrical MO sample that was used for MO imaging.  The optical 

image and MO images of Sample NX6-10AE is shown in Figure 56a with a red dashed line 

indicating the location of the grain boundary.  At H = 48 mT, the sample showed central flux 

penetration, with no preferential grain boundary flux penetration observed.  The FC MO image in 

Figure 56 shows more trapped flux (bright contrast) in Grain 6 compared to Grain 10, suggesting 

different flux trapping characteristics of the two grains in deformed NX6-10AE.  The grain 

boundary is 7° tilted from being perpendicular to the surface (Table 3). 
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Figure 56.  Sample NX6-10AE showed central flux penetration (ZFC at H = 48 mT) and more 
trapped flux in Grain 6 than Grain 10 (FC).  The red dashed line indicates the location of the 
grain boundary, and the red circle indicates the location of the MO sample edge (compare with 
the optical image). 

 

In order to investigate whether there is a correlation between flux trapping and dislocation 

content in the two grains, ECCI observation was performed in both grains of NX6-10AE.  Figure 

57 shows two representative ECC images of two different areas in Grain 6 after 5% deformation 

using channeling conditions g = (1-12) or g = (002).  Most of the dislocations have line directions 

nearly perpendicular to the surface.  Some of the dislocations have orientations that are nearly 

parallel to the sample surface, and hence have contrast as short lines, such as dislocation C and D 

(Figure 57(left)). 

However, no good contrast of dislocations in Grain 10 was obtained under several different 

channeling conditions, while dislocations were easily observed in multiple areas in Grain 6.  This 

may suggest that Grain 10 had a much lower dislocation density than Grain 6.  If so, this would be 

consistent with Grain 6 showing more flux trapping in the FC MO image in Figure 56. 
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Figure 57.  Representative ECC images overlaid with selective area channeling patterns 
(SACPs) of two different areas in Grain 6 of NX6-10AE after 5% strain show a high density of 
dislocations (mostly perpendicular to the sample surface). 

 

b.  Sample NX6-10HT: microstructure evolution before and after 5% deformation 

An 800 ℃ heat treatment was performed for NX6-10HT before deformation to remove pre-

existing dislocations.  Multiple areas near the grain boundary were observed using different 

channeling conditions to and the representative ECC images are shown in Figure 58.  Two ECC 

images of the same region (near GB) in Grain 6 using g = (-112) (Figure 58a) and g = (1-12) 

conditions (Figure 58b) show pre-existing dislocations and LAGBs that were not removed by the 

800 ℃ heat treatment  This is most obvious in Figure 58b with different contrast in Subgrain A 

and Subgrain B due to the two subgrains being in very different orientations.  Pre-existing 

dislocations and LAGBs were also observed in Grain 10 (near the HAGB) (Figure 58c and d).  

These dislocations are probably introduced during the cooling of the Nb ingot that causes thermal 

strains.  By counting the number of dislocations in an ECC image and dividing it by the area, the 

dislocation density of that area can be estimated.  Most dislocations in Figure 58a and c are dot-
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like, suggesting they are nearly perpendicular to the surface.  An estimated dislocation density is 

𝜌 = 3 × 10FGmIG ( Figure 58c).  This is always a lower bound of the dislocation density since not 

all dislocations are visible under a given channeling condition and the dislocations are not 

necessarily exactly perpendicular to the surface. 

 

 
Figure 58.  ECC images of both Grain 6 (a and b) and Grain 10 (c and d) of NX6-10HT before 
deformation show pre-existing dislocations and low angle grain boundaries (LAGBs) using two 
channeling conditions for each grain.  Selected area channeling patterns (SACPs) are attached 
to show the channeling conditions. 

 

After the tensile deformation of NX6-10HT (soft orientation in both grains), ECCI 

observations were carried out after some surface removal (~150 μm BCP).  The ECC image 
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(Figure 59a) shows a region with many subgrains in Grain 6 adjacent to the grain boundary after 

deformation.  The white arrow indicates the tension direction.  This suggests the development of 

LAGBs near the grain boundary during the deformation.  Three local regions marked with colored 

boxes were numbered as 1, 2, and 3 and observed using a higher magnification.  Region 1 shows 

multiple LAGBs and a high density of dislocation in Grain 6 close to the grain boundary, and 

Region 2 and 3 show a high density of dislocation, as well as LAGBs.  Dislocation density from 

Regions 2 and 3 was measured to be 𝜌 = 8 × 10FG	𝑚IG, which is about three times the density 

prior to deformation (Figure 58). 

 



 

 121 

 
Figure 59.  NX6-10HT ECC image (a) of Grain 6 after deformation using g = (-112) condition.  
The numbered local regions (color boxes), with higher magnification, showed development of 
LAGBs and a high density of dislocations.  Both grain orientations are soft, and the tension 
direction is marked using a white double-arrow (a). 

 

The region observed in Figure 59a was further studied using EBSD analysis to reveal the 

orientation gradients and the results are shown in Figure 60.  The BSE image shows many 

subgrains in the region adjacent to the grain boundaries, as well as another LAGB in Grain 10.  

The IPF map overlaid with a gray-scale IQ map shows the orientation gradients near the HAGB, 
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where the orientation gradients are consistent with the subgrains observed in the BSE image.  The 

KAM map clearly shows high KAM values near the grain boundary in both grains, suggesting 

heterogeneous deformation in areas near the HAGB.  Interestingly, there were two local regions 

with low KAM in Grain 6 near the boundary.  The GROD angle map reveals that the subgrains in 

Grain 6, had less than 5° orientation deviations from the grain average orientation.  The GROD-

axis map shows regions with particular rotation axes near the grain boundary, consistent with 

observed subgrains in the BSE image. 

 

 
Figure 60.  EBSD maps of the same area that was shown in Figure 59a.  The BSE image (top 
left) shows subgrain structures and LAGBs in Grain 6 as well as a LAGB in Grain 10.  The IPF 
map overlaid with IQ shows the orientation gradients near the HAGB.  The KAM map shows 
misorientation (~3°) near the HAGB than within the grains.  The GROD angle map shows the 
orientation difference of each pixel compared with the grain average orientation.  The GROD-
axis map shows regions near the HAGB have particular rotation axes (color) from the grain 
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average orientation, suggesting subgrain development.  All maps and images are of the same 
magnification. 

 

Compared to the as-extracted Sample NX6-10AE, the 800 ℃ heat treated Sample NX6-

10HT showed a clear trend of subgrain development and heterogeneous deformation near the grain 

boundary.  It is also surprising to note that the annealed NX6-10HT showed a higher yield strength 

and hardening than NX6-10AE according to the tensile test results in Figure 55.  This implies that 

dislocation nucleation was difficult to achieve.   

c.  Sample NX10-9AE: MO results 

MO imaging was performed on the MO sample extracted from deformed NX10-9AE.  

Figure 61a shows an SE image of the MO sample, with the red solid line and the white dashed line 

representing the top and bottom grain boundaries, respectively.  The grain boundary is consistently 

tilted 14° from being parallel to the applied magnetic field (Table 3).  MO images in Figure 61b 

and c show no difference in flux trapping in the two grains, except for a uniform central flux 

penetration at T = 8.4 K, H = 37 mT.  There was no observed preferential GB flux penetration 

either.  Grains 10 and 9 are both in soft orientations according to Table 3 and are expected to have 

a similar amount of deformation. 

 
 

Figure 60 (cont’d) 
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Figure 61.  Second electron image of Sample NX10-9AE with the top (red line) and bottom 
(white dashed line) grain boundaries indicated.  The ZFC MO images show central flux 
penetration at T = 8.4 K, H = 29, 37 mT.  The red circle indicates the location of the edge of the 
MO sample. 

 

d.  Sample NX10-9HT: MO and ECCI results 

 

 
Figure 62.  MO sample extracted from the deformed Sample NX10-9HT (a) and its optical image 
(b) and field cooled MO image (c) show that Grain 10 trapped more magnetic flux than Grain 
9.  The red dashed line indicates the location of the HAGB and the white dashed line marks the 
pre-existing LAGB that existed before deformation. 
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NX10-9HT was heat treated at 800 ℃  before deformation to remove pre-existing 

dislocations.  The FC MO image in Figure 62c was taken at H = 0 mT after the sample was cooled 

in a magnetic field of 120 mT, which was removed when the temperature reached 6.6 K (below 

Tc).  More trapped flux (brighter contrast) was apparent in Grain 10, although no GB flux 

penetration was observed.  The GB tilt angle is ~0–8° (Table 3).  In Figure 62, the red and white 

dashed lines indicate the location of the HAGB and the pre-existing LAGB, respectively.  The pre-

existing LAGB is stable and was not removed by the 800 ℃ heat treatment.   

In order to identify the microstructure effect on flux trapping, ECCI was performed in both 

grains of the NX10-9HT and the representative ECC images of two different regions in each grain 

are shown in Figure 63, where the white or dark features are dislocations with dislocation lines at 

different angles from the sample surface.  By counting these features (excluding dislocations in 

low angle grain boundaries) and dividing this number by the area, the density of dislocations can 

be estimated.  The geometry correction method proposed in ref [147] was used to make a better 

estimate of the measured dislocation density, assuming that the dislocations were at random 

orientations.  A correction factor of 1/cos(60◦) was multiplied by the measured dislocation density 

values. 

Five regions were observed using ECCI and the dislocation density measurements are 

shown in Figure 64 (top), which suggests that Grain 10 had a higher density of dislocations after 

5% strain, suggesting a correlation between dislocations and flux trapping. 

In the same five regions, the lengths of LAGB traces per area were measured using ImageJ, 

and the results in Figure 64 (bottom) show an opposite trend compared with the dislocation density 

measurements.  Two regions measured in Grain 10 contain no LAGBs.  Grain 9 shows a larger 
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LAGB trace length than Grain 10 after deformation.  It is possible that dislocations rearrange into 

LAGBs during deformation, leading to the decrease in dislocation density in Grain 9. 

 
Figure 63.  Representative ECC images of two regions in Grain 10 (left) and grain 9 (right) of 
Sample NX10-9HT.  Both high density dislocations (white and dark features) and low angle 
grain boundaries could be observed.  
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Figure 64.  Bar-plots of dislocation density measurement from ECCI images (top) and LAGB 
length per area measured using ImageJ (bottom) in five regions. Two regions in grain 10 contain 
no visible LAGBs.  Grain 10 has a higher density of dislocations and a shorter LAGB length.  
Details of dislocation density and LAGB length measurements are presented in APPENDIX B. 

 

LAGBs were observed in regions near the HAGB after 5% strain in Figure 63.  During the 

deformation, dislocations were generated and organized to form low-energy dislocation walls, or 

LAGBs.  Comparison of BSE images of the same region in Grain 9 near the HAGB-LAGB 
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junction before (Figure 65a) and after (Figure 65b) the deformation clearly showed the trend of 

subgrain development.  Dislocation slip during plastic deformation leads to crystal rotation, and 

hence, local crystal orientation changes leading to local misorientation, which can be measured 

using EBSD analysis.  The GROD angle maps before (Figure 65c) and after (Figure 65d) 

deformation show a lower orientation deviation after deformation, suggesting that the dislocations 

could exit the sample or accumulate in LAGBs after deformation.  GROD axis maps (Figure 65e 

and f) suggest that local regions rotate about particular rotation axes during deformation, consistent 

with subgrain development observed in Figure 65b.  The LAGB marked in Figure 65d and f existed 

before deformation, and should not be confused with the developed LAGBs (with smaller 

misorientations) near the HAGB (Figure 65b). 
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Figure 65.  NX10-9HT BSE images of the same region before (a) and after (b) deformation show 
a trend of subgrain development; GROD angle maps before (c) and after (d) deformation show 
distinct regions with specific orientations and sharper boundaries after deformation; GROD axis 
maps after (f) deformation also show regions with distinct misorientation axes that were not 
observed before (e) deformation. 

 

The bottom surface of deformed NX10-9HT was also observed and the BSE image and 

EBSD maps are shown in Figure 66, where the HAGB and pre-existing LAGB can still be 

observed and consistent with the top surface (Figure 65).  The surface topography in the BSE 

image was caused by a 150 μm chemical polishing to improve surface quality for imaging.  The 

IPF+IQ map shows the LAGB (white line) in Grain 10 and many small subgrains near the HAGB 

that divides Grain 10 and Grain 9.  The KAM map shows the pre-existing LAGB in Grain 10 with 

about a 4° misorientation along with many short LAGBs that later developed near the HAGB in 

both grains.  There was also a region in Grain 9 with higher KAM about 20 μm to the right of the 
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HAGB, indicating high dislocation content.  The GROD-axis map clearly shows particular regions 

having different rotation axes (regions with different colors), suggesting the development of 

subgrains, consistent with observations on the top surface (Figure 65). 

 

 
Figure 66.  NX10-9HT (deformed) BSE image and EBSD scans of the bottom surface (~1.5 mm 
beneath) of approximately the same area shown in Figure 65.  The EBSD maps were flipped to 
provide a consistent view with the maps in Figure 65. 

 

3.  TD3-0 and TD0-7: EBSD analysis before and after deformation 

a.  Sample TD3-0 

EBSD analysis was performed on Sample TD3-0 (both grains in hard orientations), before 

and after the 5% tensile deformation, in the same three regions (scan area = 200 × 200	µm) along 
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the grain boundary.  Figure 67 shows the favored slip systems in each grain (Column 1) and the 

KAM map before (Column 2) and after (Column 3) the 5% deformation for all three scanned areas.   

The three slip systems with the highest Schmid factors are indicated for each grain using 

prisms that have slip planes (shaded) and Burgers vectors (turquoise lines) (Figure 67 Column 1).  

The highest Schmid factor is 0.40 for Grain 0 and 0.32 for Grain 3 (highlighted in red font).  These 

favored slip systems are the same for all three scanned areas, with a slight change in the Schmid 

factors.  For the KAM maps, the upper region (Figure 67 Row 1) showed no apparent change after 

deformation,  while the center region (Row 2) showed a slight decrease of KAM in the right grain 

and an increase of KAM in the left grain.  The lower region (Row 3) showed a slight decrease of 

KAM in both grains.  Dislocations may exit the sample after the deformation, leading to a lower 

misorientation in the area. 

To track the grain rotation after deformation, the average orientations (Euler angles) of 

Grain 0 and Grain 3 for all three regions (upper, center, and lower) are summarized in Table 11.  

The orientation change is calculated from the orientations (Euler angles) before and after 

deformation, as listed in Table 11.  It shows that both grains had about the same 3-4° rotation after 

5% deformation.  Note that the samples were taken out from the SEM chamber for tensile 

deformation between EBSD scans of the same regions before and after the deformation, therefore, 

the orientation change of the same region could also be caused by mounting errors (1–2°).  If so, 

then the two grains in Sample TD3-0 show little orientation rotation after deformation.  This grain 

orientation rotation analysis, combined with the KAM maps that did not show significant changes 

after deformation, suggest uniform or lack of deformation in regions near the grain boundary for 

Sample TD3-0, with medium Schmid factor (m~0.4) in Grain 0 and low Schmid factor (m~0.32) 

in Grain 3. 
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Figure 67.  TD3-0 favored slip systems (Column 1) and KAM maps (Columns 2 and 3) of three 
locations (upper, center, and lower) along the grain boundary before and after 5% deformation.  
Three slip systems with the highest Schmid factors for each grain are indicated by the prisms 
with shaded planes and turquoise lines representing slip planes and Burgers vectors, 
respectively. 
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Table 11.  Sample TD3-0 measured orientations of the upper, center, and lower regions (Figure 
67) before and after deformation.  (Orientation Euler angles in degrees). 

 Grain # Before deformation (°) After deformation (°) Orientation 
rotation (°) 

Upper Grain 0 (12, 34, 313) (11, 36, 315) 3.3 
Grain 3 (24, 39, 16) (22, 43, 20) 4.1 

Center Grain 0 (13, 34, 312) (13, 36, 313) 3.1 
Grain 3 (24, 39, 16) (25, 43, 17) 4.1 

Lower Grain 0 (13, 34, 311) (13, 36, 315) 4.2 
Grain 3 (24, 39, 16) (25, 41, 18) 3.3 

 

b.  Sample TD0-7 

A similar EBSD analysis on Sample TD0-7 (with a hard orientation in Grain 0 and a soft 

orientation in Grain 7) was performed before and after the 5% deformation at three locations (scan 

area = 200 × 200	µm) near the grain boundary, and the KAM maps are shown in Figure 68 

(second and third column).  In contrast to Sample TD3-0, Sample TD0-7 showed significant 

changes in KAM values after deformation in all three locations observed.  The KAM maps before 

deformation show a slightly higher KAM in the left grain.  After deformation, there was a large 

increase in the KAM in both grains, yet the right grain showed a narrow band of low KAM several 

microns away from the grain boundary, where there was a higher value of KAM, suggesting 

heterogeneous deformation near the grain boundary.  The indentation used as a landmark was 

visible in the KAM maps and appeared to affect the local misorientations during the deformation. 

Schmid factor analysis shows the favored slip systems for each grain (Figure 68 Column 

1).  The highest Schmid factor of Grain 0 is 0.33, while the highest Schmid factor in Grain 7 is 

0.49.  Because Grain 7 is in a soft orientation, it underwent a larger amount of deformation, which 

is consistent with the more significant changes in the KAM maps of Grain 7.  The grain orientation 

rotation analysis is shown in Table 12, where there is a larger orientation change in Grain 7, 

consistent with it being softer.   
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Figure 68.  TD0-7 favored slip systems (Column 1) and KAM maps (Columns 2 and 3) of three 
locations (upper, center, and lower) along the grain boundary before and after 5% deformation.  
Three slip systems with the highest Schmid factors for each grain are indicated by the prisms.  
Grain 7, with a soft orientation, shows more significant changes in KAM maps.   

 
Table 12.  Sample TD0-7 measured orientations and crystal rotations of the upper, center, and 
lower regions (Figure 68) before and after deformation.  (Orientation Euler angles in degrees). 

 Grain # Before deformation (°) After deformation (°) Orientation 
rotation (°) 

Upper Grain 0 (358, 34, 45) (359, 35, 45) 0.7 
Grain 7 (90, 40, 289) (97, 40, 288) 6.1 

Center Grain 0 (359, 34, 45) (358, 36, 47) 2.1 
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Grain 7 (91, 40, 289) (97, 40, 287) 5.2 

Lower Grain 0 (358, 34, 45) (357, 35, 47) 1.9 
Grain 7 (91, 40, 288) (95, 40, 288) 4.0 

 

4.  TD3-4 and TD5-0: MO and ECCI results 

a.  TD3-4 

 
 
Figure 69.  Optical image and MO images of deformed Sample TD3-4 MO, which showed no 
preferential grain boundary flux penetration. 

 

Figure 69 shows the optical image, ZFC and FC MO images of the MO sample extracted 

from 5% deformed TD3-4.  The ZFC images show central flux penetration, with no GB flux 

penetration observed.  There was no obvious difference in flux penetration in the two grains.  The 

FC image shows similar patterns of flux trapping in the center of the sample.  The grain boundary 

of TD3-4 is a low angle grain boundary, with a misorientation of 11° and GB tilt of 0–13° (Table 

3).   

EBSD analysis was performed on TD3-4 after deformation and the results are shown in 

Figure 70.  A step size of 0.1 µm was used to reveal details of the orientation gradient.  The IPF 

map shows very uniform orientation in both grains, and the LAGB is marked using a white line.  

KAM maps show uniform misorientations in the two grains.  The EBSD analysis suggests uniform 

Table 12 (cont’d) 
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deformation in the two grains, both of which have soft orientations (Table 3).  Sample TD3-4 

showed the lowest yield strength (22 MPa) and hardening in tensile tests, as shown in Figure 55. 

 

 
 
Figure 70.  Sample TD3-4 IPF and KAM maps from an EBSD scan with a step size of 0.1 µm 
after deformation show uniform orientation in both grains. 

 

Figure 71 shows ECC images for Grain 3 (left) and Grain 4 (right) after deformation.  

Individual dislocations in the LAGB can be observed.  Grain 3 appeared to have a higher density 

of dislocations. However, this could not be substantiated from the limited number of ECCI 

observations. 
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Figure 71.  Representative ECC images of Grain 3 with g = (110) and Grain 4 with g = (-2-1-1) 
after deformation of TD3-4.  Grain 3 appeared to have a higher dislocation density than Grain 
4.  However, more data are needed to be conclusive about the dislocation density difference in 
the two grains. 

 

b.  TD5-0 

Sample TD5-0 has a grain boundary with a 36° misorientation and 0–4° GB tilt angle.  

Figure 72 shows the MO imaging results of the MO sample extracted from the deformed Sample 

TD5-0.  The red dashed line and the red circle represent the grain boundary and the edge of the 

MO sample, respectively.  The ZFC MO images show central flux penetration starting at T = 7 K, 

H = 40 mT, and the center was completely penetrated at T = 7 K, H = 48 mT, without any observed 

difference in the penetration in the two grains.  While the FC image in Figure 72 shows slightly 

more trapped flux in Grain 5. 
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Figure 72.  Optical image and ZFC MO images of deformed Sample TD5-0 at T = 7 K, H = 40 
mT and 48 mT and FC MO image at T = 7 K, H = 0 mT. 

 

Sample TD5-0 was deformed to 13% engineering strain by accident (instead of 5% strain).  

The deformed sample is shown in Figure 73.  The red circle indicates the location of the grain 

boundary, which is also where the MO sample was extracted.  The side view (Figure 73b) clearly 

showed more deformation in Grain 5 than in Grain 0, corresponding to more trapped flux in Grain 

5 (FC image in Figure 72). 

 

 
Figure 73.  Top view (a) and side view (b) of Sample TD5-0 after it was accidentally deformed 
to ~13% engineering strain show more deformation in Grain 5.  The red circle indicates the 
location of the grain boundary and the location of the MO sample extraction. 
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C.  Discussion 

1.  Cold work and flux trapping 

Cold work is heavily involved in the fabrication process of Nb cavities and the 

understanding of its effect on magnetic flux trapping in Nb is desirable. 

Deformed Sample NX6-10AE showed more trapped flux in Grain 6 (Figure 56), which 

appeared to have a higher dislocation density than Grain 10 according to the ECCI analysis.  The 

MO imaging of deformed NX10-9HT clearly showed more trapped flux in Grain 10 (Figure 62), 

which had a higher density of dislocations than Grain 9.  NX10-9HT also showed sub-grain 

development in areas near the grain boundary (Figure 65 and Figure 66).  Similarly, TD5-0 showed 

slightly more trapped flux in Grain 5 (Figure 72), which experienced a larger amount of 

deformation than Grain 0, as shown in Figure 73.  All these results suggest that cold work, which 

causes dislocation multiplication and substructure development, increases magnetic flux trapping.   

Posen [24], [25] examined how cold work and dislocations affect flux trapping and 

expulsion in SRF grade Nb.  He found that high-temperature heat treatment (900–1000 ℃) could 

significantly improve the flux expulsion property of Nb due to the reduction of grain boundaries 

and dislocations [24].  In another study [25], two single-cell Nb cavities were fabricated from 

rolled (more deformed) and as-received (less deformed) Nb sheets.  The magnetic flux trapping 

measurements suggested that the cavity made from the rolled Nb sheet showed nearly full flux 

trapping, while the cavity made from the as-received Nb sheet showed much less flux trapping.  

The results from this chapter are consistent with Posen’s findings.  

Although three of the five MO imaged bicrystal samples showed different trapped flux in 

the two adjacent grains, deformed Sample NX10-9AE (Figure 61) and Sample TD3-4 (Figure 69) 

showed no difference in flux penetration/trapping in the two adjacent grains, possibly due to the 
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uniform deformation in the two adjacent grains of both samples.  This suggests that uniformly 

distributed dislocations are not as effective as organized dislocation substructures in trapping flux.  

The results of MO imaging of the five bicrystal samples are summarized in Table 13 

 
Table 13.  The flux trapping behavior and amount of deformation of the five MO imaged bicrystal 
Nb samples. 

Sample ID Flux trapping behavior Amount of deformation 
NX6-10AE More trapping in Grain 6 Higher dislocation density in Grain 6 
NX10-9AE Central flux pepentration Uniform deformation 
NX10-9HT More trapping in Grain 10 Higher dislocation density in Grain 10 

TD3-4 Central flux penetration Uniform deformation 
TD5-0 More trapping in Grain 5 More deformation in Grain 5 

 

2.  Effect of 800 ℃ 2-hour heat treatment 

The Samples NX6-10AE, NX6-10HT, NX10-9AE, and NX10-9HT were used to evaluate 

the effect of the 800 ℃ pre-heat treatment on the deformation behavior in 5% strained bicrystal 

Nb.  ECCI analysis of the heat treated NX6-10HT before deformation showed pre-existing 

dislocations and LAGBs that were not removed by the heat treatment (Figure 58), while the after 

deformation ECCI analysis showed a trend of subgrain development and heterogeneous 

deformation in areas near the grain boundary, as shown in Figure 59 and Figure 60.  This subgrain 

development was not observed in ECCI analysis of the as-extracted sample NX6-10AE.  It is 

surprising to note that the heat treated sample NX6-10HT showed a higher yield strength (32 MPa) 

and hardening in the tensile test than the as-extracted Sample NX6-10AE (26 MPa) (Figure 55).  

As subgrain boundaries provide barriers to dislocations, it is possible that anneal led to the 

generation of stable low angle boundaries in Sample NX6-10HT. 

The heat-treated sample NX10-9HT showed a lower yield strength (28 MPa) than as-

extracted Sample NX10-9AE (33 MPa), possibly due to the reduced pre-existing dislocations 
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during the 800 ℃ heat treatment.  Similar to NX6-10HT, NX10-9HT also showed the development 

of subgrains after deformation in the areas near the pre-existing LAGB-HAGB junction, as shown 

in the EBSD maps of both the top and bottom surface in Figure 65 and Figure 66.  In contrast, no 

LAGBs or subgrains were observed in the as-extracted samples (NX6-10AE and NX10-9AE).  

This suggests that the development of subgrains during deformation is possibly related to the 800 

℃ heat treatment. 

3.  Effect of 600 ℃ 10-hour heat treatment 

A 600 ℃ heat treatment was performed for all MO samples before cooling down for MO 

imaging, such that the hydrogen can be mostly removed from the bulk.  No hydride scars were 

observed on the sample surface after the cryogenic MO cycle, suggesting that hydrogen 

concentration was significantly reduced.  The 600 ℃ heat treatment prevents formation of hydrides 

in grain boundaries of cavities.   

The undeformed bicrystals discussed in Chapter VI show obvious preferential flux 

penetration along the hydrogen contaminated grain boundaries (Figure 44 and Figure 49).  

However, in this chapter, without hydride precipitation, no grain boundary related flux penetration 

was observed in the five MO imaged samples.  This provides more evidence that intrinsic 

characteristics of grain boundaries possibly do not have a substantial effect on flux trapping as 

significant as hydrides and dislocations do.  Instead, hydrides may be the major contributor to flux 

trapping. 

4.  Deformation behavior of bicrystal Nb  

The strategy of sample design in this chapter is to achieve focused deformation near the 

grain boundaries (NX6-10, NX10-9) or cause different orientation combinations (hardness) in 
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neighboring grains (TD3-0, TD0-7, TD3-4, and TD5-0) based on orientation and Schmid factor 

analysis. 

Significant LAGB development and heterogeneous deformation near the grain boundaries 

were observed from ECCI and EBSD analysis of the deformed bicrystal Samples NX6-10HT 

(Figure 59and Figure 60) and NX10-9HT (Figure 65and Figure 66), which suggests focused shear 

near the grain boundaries and is consistent with the sample design of these two samples from the 

Ningxia Nb disk.  However, direct observation of the effect of these LAGBs near the HAGBs on 

flux trapping was not achieved. 

The stress-strain curves in Figure 55 showed that TD3-0 and TD0-7, with hard-hard and 

hard-soft orientation combinations, had the highest yield strength (43 MPa and 40 MPa) and 

hardening, while TD3-4, with soft-soft orientation combination, showed the lowest yield strength 

(22 MPa).  This is consistent with the sample design of the TD Nb disk.  These different 

combinations of orientation hardness led to different amounts of deformation in the two adjacent 

grains, which could be responsible for the different magnetic flux trapping in the two adjacent 

grains that was observed in NX6-10AE, NX10-9HT, and TD5-0. 

D.  Summary 

The results suggest some correlations between the amount of cold work, development of 

dislocation substructure, and flux trapping in Nb.  Samples with larger amounts of deformation or 

higher dislocation densities in the grain tend to cause more trapped flux than the adjacent grain.  

This conclusion is also supported by Posen’s work on the effect of dislocations and cold work on 

flux repulsion properties of Nb cavities.  Uniformly distributed dislocations probably do not trap 

flux as effectively as organized dislocation substructures, such as LAGBs. 
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Significant development of LAGBs near grain boundaries in the previously heat treated 

samples suggests that focused deformation occurred near grain boundaries; however, the effect of 

these LAGBs on flux trapping was not observed in the MO experiments.  MO results from this 

chapter also provide evidence that grain boundaries probably do not play a significant role in flux 

penetration/trapping. 
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Chapter VIII.  DISCUSSION 

This chapter is an integrated discussion based on Chapters IV, V, VI, and VII to summarize 

the findings of the relationships between plastic deformation, dislocations, grain boundaries, 

hydrogen, heat treatment, cryogenic cycles, and flux trapping/penetration in high purity Nb single 

crystal and bicrystal samples.  The five hypotheses proposed in Chapter II are evaluated in this 

discussion, and new hypotheses based on the overall results are proposed for future work. 

Hypothesis 1: HAGBs are transport channels, while LAGBs and dislocation substructures 
are traps, for hydrogen.  

Formation of normal conducting Nb hydrides during cryo-cooling causes a 12% volume 

increase and leads to deformation accommodation, hence hydride scars, in the Nb matrix [96], 

[148], [149].  Room temperature observation of hydride scars on the sample surface can indirectly 

reveal the distribution of hydrogen near grain boundaries, as well as the interaction of hydrogen 

with LAGBs and HAGBs.  Hypothesis 1 can be supported by the evidence presented below. 

Large hydride scars were observed at both LAGBs and HAGBs.  In Chapter IV, hydride 

scars along LAGBs and within grains (Figure 28) and a 20–60 µm hydrogen depleted zone on 

either side of the LAGBs were observed after the MO cooling.  These results suggest that the 

hydrogen atoms diffuse from the grain interiors towards the LAGBs, which could be segregation 

sites or traps for hydrogen, resulting in preferential precipitation of hydrides at LAGBs and hydride 

free zones near the LAGBs.  In contrast, hydride scars observed on Sample II in Chapter VI showed 

decreasing sizes of hydride scars with the distance from the high angle grain boundary, suggesting 

that HAGBs are a source of hydrogen that diffuses into the grain, and HAGBs act as transport 

channels for hydrogen in Nb.   
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Hypothesis 2: Hydride precipitation may be favored at grain boundaries and dislocation 
substructures along specific crystallographic directions related to dislocation arrangements. 

As shown in Chapter VI (Figure 46), hydride scars showed different morphologies in 

different grains, with similar shapes within the same grain.  This indicates the morphologies of 

hydride precipitates is orientation dependent.  Large hydrides were observed at both HAGBs and 

LAGBs on both the surface and the subsurface, suggesting grain boundaries are preferred hydride 

nucleation sites. 

Dislocation observations within and near hydride scars in Chapter VI revealed an 

apparently higher dislocation density of hydride scars in Sample II with multiple MO cycles than 

in Sample I that experienced only one MO cycle.  This suggests that hydrides formed in locations 

where previous hydrides had formed.  If so, dislocation networks can act as nucleation sites for 

hydrides that can trap flux. 

These results support the first half of Hypothesis 2, while the effect of dislocation 

arrangements is still unclear.  Further study of the hydride nucleation and growth is needed to 

clarify the effect of dislocation arrangement on hydride formation. 

Hypothesis 3: Hydrides and dislocation substructures (including LAGBs) are the main 
sources of flux trapping or premature flux penetration, while the effect of HAGBs on flux 
trapping/penetration is not as significant. 

Hypothesis 3 can be supported by the results summarized below.  Premature magnetic flux 

penetration and flux trapping indicate local suppression of superconductivity.  Preferential flux 

penetration was observed at both LAGBs and HAGBs, but with different flux penetration 

behaviors.   

In the deformed single crystal Nb sample discussed in Chapter IV, some LAGBs decorated 

with hydrides appeared to cause premature magnetic flux entry along the LAGBs, but hydrides 
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distributed within the grain interior did not cause any apparent flux penetration, as shown in Figure 

30and Figure 31.  This suggests that the combination of normal conducting hydrides and the 

dislocation substructures in LAGBs might be necessary to cause early flux entry.  LAGBs 

combined with Nb hydrides locally reduce the superconducting order parameter, leading to the 

breakdown of the superconductivity at LAGBs.  The 800 ℃ anneal removed most of the hydrogen, 

and the MO imaging showed significant restoration of the bulk superconductivity; however, 

LAGB weakness was still present after the anneal.  A small amount of remaining hydrogen could 

not be removed by the heat treatment [16], resulting in nanometer scale hydrides that were beyond 

the resolution of MO imaging.  These small hydrides could cause LAGB weakness after anneal. 

For HAGBs studied in Chapter VI, MO imaging showed that only grain boundaries parallel 

to the magnetic field showed preferential flux penetration.  This is consistent with the work done 

by Polyanskii [27].  The samples in Polyanskii’s study were directly cut from a Nb slice and no 

heat treatment was done before MO imaging.  Therefore, those samples were also contaminated 

with hydrogen, similar to the sample conditions in Chapter VI.  While the samples in Polyanskii’s 

work were only studied using MO without heat treatment, the current work studied the grain 

boundary flux penetration before and after heat treatment that removed most of the hydrogen in 

the samples. 

Sample II (fork flux sample) in Chapter VI (Figure 25) showed preferential HAGB flux 

penetration; however, the fork flux penetration could be turned off by removing hydrogen, and 

then restored when hydrogen was reintroduced.   This suggests that hydrogen is the enabling factor 

of the preferential HAGB flux penetration in Sample II, while the HAGB itself may not have as 

significant of an effect on flux penetration, except that HAGBs provide transport paths for 

hydrogen.  In hydrogen contaminated samples the HAGBs contain hydrogen that can precipitate 
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during cooldown, and hence, become susceptible to early flux entry or retained trapped flux.  This 

is supported by MO studies in Chapter VII, where samples heat treated to remove hydrogen did 

not cause apparent HAGB related flux penetration. 

Hypothesis 4: Patterns of flux penetration are related to the arrangements of dislocation 
substructures. 

The sample designs based on Schmid factor analysis were used to deform single crystal 

samples to introduce dislocations with different orientations with respect to the surface; however, 

the effect on flux penetration/trapping was not evident in the MO observations in Chapter IV.  

Further study using higher resolution magnetic flux characterization methods is necessary to 

answer this question. 

Hypothesis 5: The amount of trapped flux is proportional to the density of dislocations in 
cold worked Nb samples.  Compared with randomly distributed dislocations, more 
organized dislocation substructures (such as LAGBs) are more effective at trapping 
magnetic flux. 

Dislocations are pinning centers for magnetic flux due to the elastic energy interaction 

between a dislocation and a flux line.  This was supported by the results in Chapter VII, where a 

strategic design was made based on crystal orientation analysis and Schmid factor calculation to 

deform the samples so that dislocations with desired arrangements could be introduced.  MO and 

ECCI analyses suggested that samples with a larger amount of deformation or a higher dislocation 

density cause more trapped flux.  There was evidence that uniformly distributed random 

dislocations were less effective at trapping flux than organized dislocation substructures (LAGBs). 

Heterogeneous deformation and significant LAGB development near the grain boundaries 

were observed in both NX6-10HT (Figure 60) and NX10-9HT (Figure 66).  The effect of these 

observed dislocation substructures on magnetic flux behavior was sought, but no apparent 

correlation could be found in the current study, except for sample NX10-9HT that showed a larger 
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length of LAGB trace in grain 9 that had less trapped flux, compared with the adjacent grain 10 

(Figure 64).  Due to the resolution limitation of MO imaging technique, the effect of dislocation 

orientation with respect to the applied field on flux penetration was not examined in the MO study 

of the deformed single crystals in Chapter IV. 

New hypotheses 

Based on the results of this work and the evaluation of the five hypotheses, new hypotheses 

can be proposed for future work.  They are summarized below. 

1. LAGBs are worse than HAGBs.  HAGBs may not favor hydride nucleation that 

traps flux as much as LAGBs do.  The random structure of HAGBs may not be as 

likely to provide favorable hydride nucleation sites as a network of dislocations 

(LAGBs) with repetitive defect structures that may provide a larger critical size for 

hydride nucleation. 

2. Random dislocations are worse than LAGBs.  Sample NX10-9HT was deformed 

and annealed.  It showed a larger amount of trapped flux in grain 10, which has a 

higher dislocation density and a shorter length of LAGB trace, than grain 9 with a 

lower dislocation density and longer length of LAGB trace.  This suggests the 

possibility that trapped flux is more dominated by random dislocations than 

organized dislocations (LAGBs), although this contradicts Hypothesis 5.  This 

could be a path to follow for future work to further understand the difference 

between free dislocations and organized dislocations.  

3. Recrystallization is an effective way to remove dislocations and LAGBs, which 

were found to facilitate hydride nucleation and premature flux penetration.  If so, 
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recrystallized samples should be less sensitive to hydride contamination and flux 

trapping.  Future work can examine if recrystallization processing leads to less 

trapped flux. 
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Chapter IX.  CONCLUSION AND FUTURE WORK 

A.  Conclusion 

Previous studies on flux trapping in Nb either did not control hydrogen contamination or 

did not use characterization methods that can resolve spatial distribution of flux trapping and 

dislocations.  In the current work, both ECCI and MO imaging were used to achieve direct 

observation of dislocations and flux trapping in Nb samples.  Heat treatments were used to control 

the hydrogen content, and Schmid factor analysis was performed to choose tensile axes to 

introduce dislocations with special arrangements. 

Hydrogen contamination is detrimental to Nb cavity performance and should be strictly 

controlled by pre-cooling heat treatment to remove hydrogen from the material.  The interaction 

of hydrogen with LAGBs and HAGBs leads to preferential hydrides precipitation, which can cause 

flux penetration and trapping.  HAGBs act as transport channels for hydrogen, which tends to 

diffuse from HAGBs towards the grain interiors, while hydrogen atoms may diffuse from the grain 

interiors towards the LAGBs, which are hydrogen traps. The diffusion of hydrogen from grain 

interiors to LAGBs leads to preferential hydride precipitation at LAGBs and hydride free zones 

near the LAGB.  On the other hand, HAGBs act as hydrogen sources, which is consistent with 

decreasing hydride sizes with distance from the HAGB. 

Both low angle and high angle grain boundaries can show preferential flux penetration and 

trapping when contaminated with hydrogen, but the two have different effects on flux 

penetration/trapping.  The dislocation substructures in LAGBs, combined with hydrides, reduce 

superconducting order parameter and cause local suppression of superconducting, resulting in flux 

penetration.  The LAGB related flux trapping was still present after the heat treatment that removed 

most of the hydrogen contamination.  By contrast, the flux penetration at a HAGB can be turned 
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off by removing hydrogen and then restored by reintroducing hydrogen.  This suggests that it is 

the hydrides in the HAGB that cause the flux penetration, while the intrinsic characteristics of the 

HAGBs may not have a significant influence on flux penetration. 

There is some correlation between cold work and the flux trapping in SRF grade Nb.  

Larger amounts of deformation or higher dislocation densities in a grain tend to cause more trapped 

flux than in an adjacent grain with fewer dislocations.  The effect of dislocation orientation, with 

respect to the applied field, on flux penetration, however, was not observed in the MO experiments.  

Magnetic flux characterization methods with higher resolution and sensitivity are necessary to 

understand details of the effect of dislocation arrangements.  

There is a high density (~10FG	𝑚IG) of pre-existing dislocations in Nb ingot that were 

caused by the thermal strains during ingot cooling.  Subsequent small (5%) plastic deformation 

leads to a significant development of subgrains, which are stable and cannot be removed by 800 

℃ anneal.  Therefore, recrystallization processing needs to be considered to remove as many 

dislocations and LAGBs as possible to achieve high performance of Nb cavities. 

B.  Future work 

Three of the deformed bicrystal samples (GB3-0, GB0-7, and GB6-10HT) are waiting to 

be measured using MO imaging.  This work should be continued and finished so that the MO 

results can be compared with the microstructure characterization (EBSD and ECCI 

characterizations of these samples are already finished).  This can provide more data, which can 

be used to evaluate the new hypothesis that LAGBs cause more damage than HAGBs in flux 

trapping. 
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Compression experiments of two single crystal Nb samples extracted from Ningxia Nb 

disk have started, and the EBSD measurements of three regions after 0%, 5%, 10%, 15%, and 20% 

compression were performed to track the orientation evolution with compression.  The samples 

were sent to National High Magnetic Field Lab-Applied Superconductivity Center for 

magnetization measurements using a vibrating sample magnetometer (VSM) to study the effect of 

cold work on flux trapping.  This work is still in progress and should be continued and finished.  

It can help explain how compression affects flux trapping in single crystal Nb. 

Due to the resolution of MO imaging, there are still many open questions to be answered, 

such as the effect of dislocation arrangements and LAGBs on flux trapping, which cannot be 

resolved using MO imaging.  Advanced methods should be explored to obtain a deeper 

understanding of the mechanism of flux trapping.  Possible options include AC susceptibility, 

superconducting quantum interface device (SQUID), vibrating sample magnetometer (VSM), and 

magnetic writer probe to detect local flux in Nb.  This can help understand whether random 

dislocations cause more damage than LAGBs. 

Since recrystallization is an effective process the remove dislocations and LAGBs, studies 

of conditions leading to recrystallized Nb cavities should be performed in the future.  Magnetic 

flux characterization needs to be performed to test if recrystallized samples trap less flux. 
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APPENDIX A: Sample preparation for ECCI 

1.  Mechanical grinding and polishing 

All Nb samples were extracted using electron discharge machining performed by 
technicians at the Department of Physics and Astronomy Machine Shop on campus. 

The surfaces to be observed were then ground using sandpapers, in a sequence of Grit 600, 
800, and 1200, for 2–6 minutes for each sandpaper, using a polishing machine.  The samples were 
held by hand and a gentle pressure was applied to the samples while keeping the sample flat on 
the sample paper. Before moving to the next sandpaper with finer grit particles, the ground surface 
was observed under an optical microscope to make sure that all scratches were about the size of 
the grit particle size of the current sandpaper. 

Mechanical polishing was then performed on cloth using 9 µm, 3 µm, and 1 µm diamond 
suspensions, followed by a final polishing using 0.05 µm OP-S (colloidal silica suspension).  Each 
polishing step lasted about 5–10 minutes.  The sample surface was then prepared using either 
electropolishing or chemical polishing to remove some surface material in order to remove the 
damaged layer. 

2. Electropolishing 

The procedures of electropolishing below were reproduced from procedures from Derek 
Baars (a former PhD student). 

The setup of the electropolishing is summarized in Figure 74.  180 mL sulfuric acid and 20 
mL hydrofluoric acid were mixed in a plastic bicker that was set into a metal bowl filled with 
methanol bath.  Liquid nitrogen was added to the methanol bath to maintain a bath temperature of 
-30 ℃.  This whole setup was placed on top of the plate of a stirrer, and a stir bar was used to stir 
the acid mixture gently.  A tungsten rod covered with a Teflon mesh was used as the cathode, and 
a Nb sample was the anode with the surface to be observed facing the tungsten rod.  The sample 
and the tungsten rod were submerged in the flowing acid mixture, and the polishing kept going for 
8–10 minutes with a voltage of 15 V. 
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Figure 74.  Setup of electropolishing. (after Derek Baars). 

 

3.  Chemical polishing 

Chemical polishing was an alternative method to remove damaged surface material.  The 
recipe is the same as buffered chemical polishing, consisting of one part of hydrofluoric acid, one 
part of sulfuric acid, and two parts of phosphoric acid.  A plastic bicker containing the acid mixture 
was put on a stir plate, and a stir bar was used to gently stir the acid mixture.  The Nb sample was 
submerged in the acid mixture for 5–15 minutes, surface to be observed facing against the flow 
direction of the acid mixture.  Some samples with small dimensions (diameter < 3 mm, thickness 
< 1.5 mm) were directly dropped into the acid mixture.  Finally, the sample was rinsed in methanol.  
A few etch pits would appear on the sample surface, but this did not affect ECCI observations. 
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APPENDIX B: Dislocation density measurement in sample NX10-9HT (Chapter VII) 

Dislocation density was measured in five areas in each grain near the grain boundary of 
sample NX10-9HT.  A correction factor of 1/cos(60◦) was multiplied by the measured dislocation 
density values, assuming that the dislocations were at random orientations.  The results of 
dislocation density measurement of grain 10 and grain 9 are shown in Table 14 and Table 15.  The 
ECCI images used for dislocation counting in grain 10 and grain 9 are shown in Figure 75 and 
Figure 76. 

 
Table 14.  Dislocation density measurement of grain 10. 

Grain 10 Grain 10 (geometry correction) 
density(m-2) standard deviation density(m-2) standard deviation standard error 
2.73E+12 3.24E+10 5.47E+12 6.48E+10 2.16E+10 
6.05E+12 3.43E+11 1.21E+13 6.86E+11 2.29E+11 
8.52E+12 2.82E+11 1.70E+13 5.64E+11 1.88E+11 
9.56E+12 3.09E+11 1.91E+13 6.19E+11 2.06E+11 
1.52E+13 6.70E+11 3.05E+13 1.34E+12 4.47E+11 

 
 
Table 15.  Dislocation measurement in grain 9. 

Grain 9 Grain 9 (geometry correction) 
density(m-2) standard deviation density(m-2) standard deviation standard error 
2.28E+12 1.41E+11 4.57E+12 2.83E+11 9.42E+10 
2.40E+12 1.62E+11 4.79E+12 3.24E+11 1.08E+11 
2.79E+12 8.58E+10 5.58E+12 1.72E+11 5.72E+10 
5.77E+12 3.38E+11 1.15E+13 6.77E+11 2.26E+11 
6.85E+12 8.27E+11 1.37E+13 1.65E+12 5.51E+11 
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Figure 75.  ECCI images of five regions in grain 10 for dislocation density measurement of 
sample NX10-9HT. 
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Figure 76.  ECCI images of five regions in grain 9 for dislocation density measurement of 
sample NX10-9HT. 
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APPENDIX C: Published work on MO study of deformed single-crystal Nb samples 

Mingmin Wang is the second author and contributed to much of the original work including 
the experimental and sample design, MO sample extraction, result analyses, and discussion. 
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ABSTRACT: This study shows that low angle grain boundaries (LAGBs) can be created by small 
5% strains in high purity (RRR ≥ 200) SRF-grade single crystalline niobium (Nb) and that these 
boundaries act as hydrogen traps as indicated by the distribution of niobium hydrides (Nb1-xHx). 
Nb1-xHx is detrimental to superconducting radio frequency (SRF) Nb cavities due to its normal 
conducting properties at cavity operating temperatures. By designing a single crystal tensile 
sample extracted from a large grain (>5 cm) Nb ingot slice for preferred slip on one slip plane, 
LAGBs and dense dislocation boundaries developed. With chemical surface treatments following 
standard SRF cavity fabrication practice, Nb1-xHx phases were densely precipitated at the LAGBs 
upon cryogenic cooling (8-10 K/min). Micro-crystallographic analysis confirmed heterogeneous 
hydride precipitation, which included significant hydrogen atom accumulation in LAGBs. 
Magneto-optical imaging (MOI) analysis showed that these sites can then act as sites for both 
premature flux penetration and eventually flux trapping. However, this hydrogen related 
degradation at LAGBs did not completely disappear even after a 800°C/2hrs anneal typically used 
for hydrogen removal in SRF Nb cavities. These findings suggest that hydride precipitation at a 
LAGB is facilitated by a non-equilibrium concentration of vacancy-hydrogen (H) complexes aided 
by mechanical deformation and the hydride phase interferes with the recovery process under 800°C 
annealing. 
 
1. INTRODUCTION 

Niobium (Nb) is the most well developed material for the fabrication of superconducting 
radio frequency (RF) cavities, which are the enabling core structures of linear particle accelerator 
such as SNS, CEBAF, FRIB, and Project X [1, 2]. The advantages of Nb derive from both its 
superconducting and mechanical properties. It has a relatively high lower critical field (Hc1), which 
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allows RF magnetic fields up to 180-200 mT at 2 K [3], and is very ductile, which makes it easy 
to fabricate cavity shapes by a variety of techniques [1]. Achieving high accelerating gradients 
with a constant high quality factor, Q0, (a measure of energy efficiency) while increasing 
accelerating fields (HRF ≈ 120-150mT) is a major goal for SRF cavity research. RF performance 
degradation, commonly known as ‘Q-disease’ and ‘high field Q slope (HFQS)’ are strongly related 
to surface contamination by oxygen (O) and hydrogen (H) [1, 4, 5, 6, 13, 20]. The presence of 
surface oxides and hydrides are inevitable with the final chemical treatment steps to produce a 
damage-free smooth surface after cavity shape fabrication. The two available surface treatments 
are electropolishing (EP) and buffered chemical polishing (BCP). The strong passivity of Nb 
leaves dense multilayers of oxide (Nb2O5-Nb2O-NbO, ~ 2-3 nm thick) on the surface [7, 8, 9] and 
substantial uptake of hydrogen occurs in the bulk of SRF Nb during these chemical processes [4, 
5]. 

To reduce the aforementioned RF performance degradation, heat treatments in two 
different temperature ranges under ultrahigh vacuum (≥ 10-6 Torr) condition, ~100-120°C for 48h 
(“mild bake”) and 600°C/10h - 800°C/2h (“anneal”), are effective. The former is for HFQS and 
the latter for ‘Q-disease’. These heat treatments lead to; a) modification of the oxide layers [10, 
11], b) reduction of hydrogen density from the bulk [12, 13], and c) reduction in the defect density 
introduced by the cavity forming process [14]. Of the surface oxides, the pentoxide (Nb2O5) is 
thought to be mainly responsible for the thermal breakdown of RF superconductivity due to its 
insulating (dielectric) property [4, 6], and the development of magnetic moments is also possible 
if there are oxygen vacancies [15]. During mild baking, the Nb2O5 layer decomposes and O 
diffuses into the Nb matrix so that the surface (~100 nm) is in the “dirty limit” condition [10]. 
However, an understanding of the influence of the mild bake thermal process on hydrogen and 
hydride formation and their effect on surface RF superconductivity is still not fully developed. 

The ubiquitous presence, size, and high mobility of H leads to a Nb-H solid solution [17]. 
As the cavity is cooled down, the hydride phase (Nb1-xHx) precipitates from a super-saturated 
solution around 100-130 K [13, 17, 18]. Nb hydride leads to significant RF loss during the cavity 
operation since its critical superconducting temperature, Tc ~ 1.5 K, is lower than the cavity 
operation temperature of 2-4 K [6, 17]. Romanenko proposed that the 120°C bake significantly 
reduces hydride formation and correspondingly indicated a sharp reduction in the dislocation 
density [13] as well as reduction in near surface vacancy-H complexes [19]. In the Romanenko 
model, it is suggested that vacancy-H complexes are preferential hydride precipitation sources, 
and the 120°C bake reduces the numbers of vacancy complexes leading to dissociation of vacancy-
H. Although the number of free H atoms are now increased they are not precipitated due to absence 
of favorable traps, and high hydrogen mobility in the Nb lattice. Elastic recoil detector experiments 
indicated that the hydrogen content does not vary with the range and time period of thermal 
treatments [20] and there may still remain the appearance of small size (< 100 nm) hydrides after 
heat treatments, which might be responsible for HFQS [20, 21]. Using a cryogenic laser confocal 
microscope, Barkov [18, 22] observed in-situ hydride formation on an SRF-grade Nb coupon 
whose surface was mechanically damaged with conventional mechanical polishing and chemical 
treated with BCP or EP. However, the hydride phase did not precipitate within the resolution of 
this technique (> ~ 120 nm) after 120°C /24h bake or 800°C /3h anneal treatment. Kim [23] and 
Tao [24] investigated regions in the vicinity of ‘hot spots’ (the areas identified by thermometry 
during cavity testing), using atom probe tomography in conjunction with cryogenic scanning 
transmission electron microscopy. This atomic scale study showed that hot spot regions have high 
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hydrogen content, and hydrogen atoms naturally accumulate at the interface between the surface 
oxide layer and the Nb metal matrix. This is consistent with the findings of secondary ion mass 
spectroscopy (SIMS) investigations [4, 25]. The dense Nb oxide phase is a protective layer that 
blocks transport of H into SRF Nb. This local enrichment of H atoms at the interface of Nb and 
Nb oxides leads to favorable conditions for hydride precipitation. Using cryogenic TEM, 
Trenikhina [26] also showed that the 120 °C bake can reduce the number of hydrides by ~40-50 % 
on an EP’ed cavity surface. 

From these detailed studies, there is clear evidence of defect related hydride formation and 
RF performance improvement when “H” contamination is modified by thermal treatments. From 
a fundamental microstructure point of view, a determination of the interactions between commonly 
occurring defects and hydrogen is desirable in high purity Nb. The commonly occurring defects in 
bulk Nb that are relevant to changes in the surface superconducting properties are vacancies, 
dislocations, impurities, and low and high angle grain boundaries. Thus, understanding of the 
effect of plastic deformation of Nb on hydride precipitation is very relevant to development of 
better cavity processing techniques. Mechanical deformation for cavity shape fabrication causes 
dislocation multiplication [14], a non-equilibrium vacancy concentration [27], and formation of 
dense dislocation walls like planar grain boundaries or low angle grain boundaries (LAGBs) [28, 
29]. It is well known that the core of dislocations is of concern because an “H” rich site (Cottrell 
cloud) [13, 30] and vacancies also facilitate the formation of hydrides [19, 20]. 

In this study, the dislocation content of a high purity SRF-grade Nb single crystal was 
increased in particular planes by applying 5% tensile strain to a selected single crystal SRF Nb 
coupon sample with a well characterized crystallographic orientation. The sample was then 
polished to provide a favorable environment for Nb hydride precipitation at planar defects such as 
dense dislocation walls or low angle grain boundaries (LAGBs). Magnetic flux behavior perturbed 
by local Nb1-xHx segregation is evaluated using magneto-optical imaging (MOI) after the chemical 
treatment and a subsequent 800°C heat treatment. The presences of Nb hydride formation is 
observed by comparing surface topological features before and after the cryogenic cooling. Defects 
that might be favorable for hydride segregation were investigated using transmission electron 
microscopy (TEM) and electron backscattered diffraction (EBSD). This study seeks to help clarify 
the relationships between plastic deformation induced dislocations and hydride precipitation and 
their effect on superconductivity of SRF Nb. 

 
2. EXPERIMENTAL DETAIL 

2.1. SELECTION OF THE SAMPLE 

An SRF-grade, high purity (RRR: residual resistivity ratio ≥ 200), large grain (grain 
diameter > 50 mm), niobium ingot slice fabricated by Tokyo Denkai using multiple electron beam 
melting (EBM) [31] was provided by FRIB for this study. The left optical image in Fig. 77 shows 
an overview of this Nb ingot slice, having ~ 10 single grains at the center and ~ 30 small grains 
along the circumference, with a diameter of 270 mm and a thickness of 3 mm. Surface normal 
orientations of the seven largest single grains were characterized by Laue X-ray diffraction and 
indexed using OrientExpress software [32]. The right color map in Fig. 77 shows the obtained 
crystal orientations and the cubic lattices orientation for each grain, based upon defining the Y axis 
as horizontal and Z out of the page. 
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The Schmid factor describes the likelihood of activating a slip system based upon uniaxial 
deformation and the crystal orientation. For uniaxial deformation, the value of the Schmid factor 
is between 0 and 0.5 (where 0.5 represents a soft orientation where the resolved shear stress on a 
slip system is as high as it can be) [14]. The direction of tensile strain was chosen to maximize 
activation of slip on a {112} plane. Using a MATLAB code [32, 33], the Schmid factors were 
computed based on the measured grain orientation (Bunge Euler angles j1, F, j2 = 167° 141° 
108°). Figure 2 shows all possible Schmid factors for each of the 24 slip systems as a function of 
the first Euler angle. A rotation of the sample by 37.1° or rotating the tensile sample orientation 
37.1° gives the [11º1] (121) and the [11º1] (110) slip systems their maximum Schmid factor 
(dashed red line). Thus, the sample was extracted using electrical discharge machining (EDM) 
with this extra 37.1° rotation, as illustrated in Fig. 77a. 

The tensile sample was uni-axially strained to reach a level of 5 % strain. For magneto-
optical imaging (MOI) analysis, each deformed sample was cut into four small pieces (3 × 3 × 1.5 
mm), making tilted cuts to align dislocation Burgers vectors to be parallel or perpendicular to the 
sectioned surface (not shown in Fig. 78). The tilted cuts were determined so that the slip plane was 
parallel to the cut surface for the “left” samples (c & d), and so that the “right” samples (a & b) 
have the slip plane perpendicular to the surface. Thus, the dislocation Burgers vectors are 
perpendicular in these two different types of the sample surfaces. As screw dislocations are 
expected to predominate (due to their lower mobility than edge dislocations) then both edge and 
screw line directions are parallel to the surface in the “left” slices (c & d), and screw dislocations 
are perpendicular to the surface in the “right” slices (a & b). Thus, these samples were designed to 
examine how the magnetic field would interact with screw dislocations perpendicular to the 
magnetic field (left) or parallel to the magnetic field (right). 

 
2.2. MAGNETO-OPTICAL IMAGING (MOI) 

Magneto optical imaging (MOI) uses the strong Faraday effect in bismuth doped yttrium 
iron garnet (B-YIG) to measure the change of the vertical magnetic field component (Hz) above a 
superconducting sample using a standard polarized light microscope. The technique is able to 
resolve fields of the order of 1 mT with ~ 5-10 μm spatial resolution [34]. Three different MOI 
operation modes, ZFC (Zero Field Cooled), RF (Remnant Fielded), and FC (Field Cooled), were 
used to observe the local redistribution of the magnetic flux in these coupons, when cooled below 
the Tc of Nb ~ 9.2 K. ZFC MO imaging shows perturbation of the surface superconducting 
properties on the sample after cooling well below Tc and then applying an increasing external 
magnetic field until the sample is fully penetrated. For RF mode the procedure for ZFC is followed, 
but after the sample is significantly penetrated, the external magnetic field is removed so that 
magnitude and distribution of the remnant magnetic flux can be obtained. For FC mode MO 
imaging, the sample is cooled below Tc while in the presence of an externally applied magnetic 
field and then the external field is removed; this mode is more sensitive to the bulk superconducting 
properties because the field was fully penetrated. In this FC mode, normal conducting artifacts 
such as bulk defects, impurities, and grain boundaries are often visible as dark features because 
they are preferential routes for flux trapping. In this mode, a homogeneous defect-free square 
sample would exhibit a perfect “rooftop” pattern of diagonal bright lines crossing from the four 
corner. 
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2.3. MICROSTRUCTURE AND MICROCRYSTALLOGRAPHIC ANALYSIS 

The microstructural properties of the selected 5% tensile deformed sample were 
characterized using a JEOL ARM 200F transmission electron microscope (TEM). TEM thin foils 
were prepared by slicing the remaining central part (triangle) of the deformed sample (Fig. 78) 
with a precision diamond saw so that the TEM sample normal was parallel to the tensile strain 
direction. Sliced samples were initially mechanical thinned to ~ 150-200 µm thickness by diamond 
lapping and then subsequently reduced to ~80-100 µm in central thickness by a dimple grinder. 
To observe pristine cold-work deformed structure, thinned specimen were finalized for electron 
transparency using a Struers Tenupol-5 Twin-Jet polishing system with a solution of 6-8 vol% 
H2SO4 in methanol. This electric jet polishing is preferred over the focused ion beam (FIB) 
technique in TEM sample preparation for observation of dislocation morphology in soft metals 
like Nb because the heavy Ga ions of the FIB can easily disturb the lattice structures of the soft 
metal surface, which leaves point defects on the TEM sample surface. Electron backscattered 
diffraction (EBSD) - orientation imaging microscopy (OIM) was used to characterize the micro-
crystallographic features on the sample surface. The OIM was performed in a Zeiss 1540 EsB field 
emission scanning electron microscope (FESEM) equipped with an EDAX-Hikari high speed OIM 
camera. Using a 15 keV electron beam energy, we were able to scan the surface with a small (50-
100 nm) step size which can identify the crystallographic orientation at a sub-micrometer-scale 
with a precision of better than 0.1 degree. 

 
3. RESULTS 

The 30 minute BCP revealed low angle grain boundaries (LAGBs: <1-5 degree) on the 
gently polished single crystal Nb samples, as shown in the optical images (top left) in Fig. 80 and 
Fig. 81, which have either screw dislocation lines out or in the viewing plane, respectively. These 
LAGBs were apparently produced during the 5 % tensile strain cold work deformation. Chemical 
polishing produced grooves at LAGBs that are similar to those typically produced at high angle 
grain boundaries (HAGBs > 15 degree). ZFC and RF mode MO images in Fig. 80 and Fig. 81 
show magnetic flux behavior on the samples below the 9.2 K Tc of Nb. During MO imaging, 
external magnetic fields were applied normal to the sample surface, so that the activated 
dislocation slip plane was aligned parallel to the direction of the magnetic field. The external 
magnetic flux clearly penetrates into the LAGBs earlier than into the grains, as indicated by the 
red arrows in both images. Likewise, RF MO images show distinct contrast variations at LAGBs, 
as indicated by the blue arrows, which implies significant disturbance of circulating 
superconducting currents at LAGBs. However, not all LAGBs are responsible for this magnetic 
flux perturbation. Flux penetration occurs only on the upper part of the LAGB in Fig. 80, and only 
some LAGBs are involved in the flux penetration, as indicated by the blue and green dotted lines 
in Fig. 81. In addition, no distinguishable difference is found with regards to dislocation 
morphology. Since the cooling temperature and magnetic field were carefully chosen for optimum 
monochromatic contrasts for MO imaging, the difference in the amount of penetration from the 
edges between two samples might not directly implicate any difference in superconducting 
properties. 

Bright field (BF) transmission electron microscope (TEM) images in Fig. 83 show the 
microstructure of the 5% deformed Nb samples having cell structures with dense dislocations walls. 
The cell block structure is typical of a metal with medium to high stacking fault energy after plastic 
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deformation [35]. A high density of dislocation networks is observed in planar boundaries, as 
indicated by the red arrows. These boundaries are low angle grain boundaries (LAGBs) due to 
their low lattice misorientation angle (< 1-5 degree) between cell blocks. The sketch depicting two 
dislocation sources on a (101) and a (121) plane on either side of a boundary shows how dislocation 
walls may develop between two sources. If they operate at unequal rates, the number of 
dislocations from each would lead to an accumulating misorientation. The inclination of 
dislocations walls would be 45º from the slip plane, as (nearly) opposite signed dislocations have 
stable positions that would lead to walls that are either parallel or perpendicular to the tensile axis, 
resulting in roughly square tubes of dislocation walls perpendicular to the Burgers vector and 
perpendicular to the tensile axis. A more detailed study is needed to precisely describe the 
dislocation substructure, but these images clearly show development of low angle boundaries 
consistent with Figs. 4-6. 

To conduct the MOI analysis, the samples were cooled below the 9.2 K Tc of Nb at a rate 
of 8-10 K/min from ambient temperature under a ~10-2-10-3 Torr vacuum. Figure 6 compares the 
surface morphological features of the samples before and after the cryogenic cooling. Many 
blister-like surface relief structures appeared on the surface after cooling. This topological change 
is consistent with the observation of a laser confocal microscopy study [18, 22], and these 
structures are attributed to hydride precipitations that occurred between T ~ 100-130 K. The 
hydrides are believed to be stable during MOI, but after MOI, when the sample temperature is 
ramped back up above the saturation temperature, the hydrides decompose and leave residual scars 
on the surface. Most interestingly, the hydride phases preferentially precipitate along the LAGBs 
in this sample, as indicated by the surface topography. Even some LAGBs that had not previously 
been identified from surface grooving after BCP were revealed by hydride precipitation. These 
topological features are more easily observed in the enlarged area images (the rightmost) of Fig. 
82. 

Micro-crystallographic structures at the vicinity of the LAGB where premature magnetic 
flux penetration occurred (Fig. 81, “left” sample, d) was characterized using FESEM/EBSD-OIM. 
An FESEM secondary electron image (Fig. 84b) shows further details of the hydride scars resulting 
from hydride segregation both along the LAGB and within the grains. Most interestingly, ~ 20-60 
µm width of clean areas appeared at either side of the LAGB, as marked with the blue arrows, 
which suggests a strongly reduced hydride concentration or size in those areas. To further 
investigate these features, a local average misorientation map (Fig. 84c) is reconstructed based on 
the EBSD scan [36]. The map shows that the hydride scars are misoriented by 5-9º from the 
surrounding crystal. This is also consistent with the fact that hydride precipitates form as islands 
on the sample surface [19]. There appear to be two distinct sizes of the hydride scars, a 1 µm size 
closer to the LAGB and 10 µm features more than 50 µm away from the LAGB. Near the LAGB, 
there is no evidence of hydrides within 10 µm to left of the LAGB and 50 µm to the right of the 
LAGB. The shapes of the hydride scars suggest an orientation sensitivity to the distribution of 
hydrogen or hydride precipitates. A misorientation profile across a LAGB hydride scars is plotted 
in Fig. 84c and shows the intrinsic crystallographic misorientation features related to the hydride 
scars that we have observed. This plot also shows that the LAGB offset is only about 1/2°, i.e. at 
the angular resolution limit of our EBSD analysis. At the bottom of the map, a nearly horizontal 
boundary also has hydrides decorating the line, but the angle of misorientation decreases from 
right to left, such that the boundary misorientation is apparently too low to support hydride 
nucleation close to the vertical boundary. 



 

 165 

To determine the effect of the standardized cavity thermal treatment on “H” contamination 
at LAGBs, the small Nb samples were annealed at 800°C for 2h under ultrahigh vacuum (10-6 
Torr) after the first MO imaging analysis, and then re-analyzed using MOI. It is empirically known 
that 600°C for 10h or 800°C for 2-3h anneal can expel most of the H atoms from the bulk of SRF 
Nb [12, 22] and no additional micron sized hydride relief after temperature cycling of the annealed 
samples was observed. Figure 9 shows both ZFC and FC mode MO images of the two samples 
having different dislocation morphology (see Fig. 79) after 800°C annealing. The flux penetration 
into the samples is not markedly different, although local penetration is observed, as indicated by 
the red arrows, and this penetration is coincidently associated with the same vertical LAGB in the 
left (d) and right (b) samples observed prior to heat treatment. They appear to initially penetrate 
from the top surface rather than the edges. The penetrated regions also appear broader and 
additional locations are observed. The FC mode images also show some contrast changes for 
trapped magnetic flux at the “weak” LAGBs, marked by the blue arrows. However, similar to the 
initial MO imaging, not all of entire LAGBs are responsible for the magnetic flux perturbations, 
as represented with the small offset blue and green dotted lines. Contrary to the first MOI, a clear 
rooftop pattern contrast appears on the surface. This rooftop pattern is created when strong 
superconducting currents circulate in the bulk of the material. These results suggest that the 800°C 
anneal likely recovered most of bulk properties affected by H contamination, but was not fully 
effective at the LAGBs.  

 
4. DISCUSSION 

With precise evaluation of grain crystallographic orientation for the maximum shear stress, 
we were able to successfully induce the formation of low angle grain boundaries (LAGBs) in a 
high purity SRF-grade single crystalline niobium by applying only a 5% tensile deformation. 
Through buffer chemical polishing (BCP) following with hydrofluoric acid (HF) rinsing, 
significant hydrogen upload was demonstrated to occur, leading to favorable environments for Nb 
hydride (Nb1-xHx) segregation. Surface topological and microstructural analysis confirmed the 
appearance of preferential hydride precipitation along the LAGBs upon cryogenic cooling. MO 
imaging suggests that this LAGB segregation could be a contributor to premature magnetic flux 
penetration and magnetic flux trap, observed for some of the LAGBs. Subsequent annealing at 
800°C/2h significantly changed the mode of flux perturbation but areas of weakness remained. 

 
4.1. DEVELOPMENT OF LAGBS AT LOW TENSILE STRAIN IN NIOBIUM 

The effect of strain on the microstructure of SRF Nb is important because mechanical 
deformation is used to form the cavity shapes and additional post-fabrication deformation is used 
to tune multi-cell cavities. Compared to other BCC metals, dislocations in pure Nb are stable 
because the interaction forces for driving dislocations in slip systems are small, and dislocation 
entanglements lead to much smaller internal stress [14]. Dislocation slip occurs when the resolved 
shear stress exceeds the critical resolved shear stress, which can be quantitatively estimated with 
Schmid factor [32]. In this study, a minimal cold work deformation of only 5% led to the formation 
of cell structure consisting of dislocations, as shown in the BF TEM images of Fig 7. In metallic 
deformation, such cell structures result from one of two mechanisms; dislocation accumulation 
between regions with different strain patterns or mutual trapping of dislocations into low energy 
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configuration [28]. These two different systems induce two different boundary conditions, i.e., 
geometrical necessary boundaries (GNBs) or incidental dislocation boundaries (IDBs), 
respectively. Dislocation slip with different strain patterns accommodates the lattice orientation, 
so that GNBs show a higher misorientation angle across the cell blocks, compared to the IDBs [28, 
29]. To form these planar boundaries, external activation energy either by heat treatment or high 
cold work deformation (> 20%) is typically required to rearrange dislocations, especially in cavity 
grade Nb [33, 37]. However, this sample formed LAGBs with only 5% tensile deformation 
followed by BCP chemical treatment and hydride precipitates resulting from subsequent cryogenic 
cooling. Thus, it appears that preferentially activating one slip direction on two planes could lead 
to rearrangement of statistically stored dislocations into a low energy substructure as illustrated in 
Figure 7. Alternatively, pre-existing subgrain boundaries may have provided a site for 
accumulation of dislocations during the deformation. At this time, we cannot distinguish an already 
existing sub grain boundary from a newly created GNB during deformation from an analysis of 
misorientation angle [28]. It is also possible that Nb hydride phase formation or transformation 
during the cooling process might locally provide a driving force for creation of dislocation 
structure. Formation of β-phase hydride increases molar volume of Nb matrix by ~ 12 %, resulting 
in locally increased dislocation densities around hydride-Nb interface [38, 39]. 

However, to clarify these possible mechanisms for the formation of planar boundaries in a 
single crystal of Nb, multiple batches of samples having similar slip system would need to be 
deformed in strategically chosen orientations and would then need to be characterized by the same 
method, and identify the misorientation angle between cells using TEM diffraction analysis. The 
misorientation angle is a key parameter to understand the formation mechanism of LAGBs as well 
as homogeneity in mechanical deformation of a single grain. Heterogeneous deformation 
characteristics of single grain Nb has impeded efficient use of large grain Nb ingot slices to 
fabricate cavities; for example, bulging and irregularity of thickness after molding [14]. 

In the TEM study in Fig. 83, attempts to measure the misorientation angle between 
dislocation cell blocks was hampered by the high angled wedge shape of the thin foils, which 
restricted the available range of tilt. Thus, further TEM investigation will be following as a future 
work in conjunction with multiple sample batch study. 

 
4.2. FLUX PERTURBATION AT LAGBS 

The MOI investigations show that magnetic flux preferentially penetrates both low and 
high angle grain boundaries, and coupling this with the observation of preferential precipitation of 
hydrides at the same boundaries suggests a link between the two. Although hydride precipitates 
are also distributed across the grain interiors (see Fig. 82), they apparently did not have the same 
effect on flux-penetration as LAGBs in the MOI observation (see MO images in Fig. 80 and Fig. 
81). Nb hydrides combined with dislocation networks locally reduce the superconducting order 
parameter and superconducting gap at LAGB, thereby leading to breakdown of superconductivity. 
Hydride precipitates at LAGBs also act as normal conductors to trap magnetic vortices while 
cooling down. Such trapped vortices are vibrated during RF operation of an SRF Nb cavity and 
this induces local heating. As a result, local thermal breakdown of RF superconductivity can occur 
on the surface [3, 40]. In this study, cooling rate was constant across Tc of Nb ~ 9.2K from the 
room temperature at a rate of 8-10 K/min, so there is probably no significant cooling rate related 
flux trapping effect on the MO imaging, as presented in Ref 40.  
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Even though many of the hydride scars are large enough to be within spatial resolution 
limits in the MOI technique, the observed MO contrast is dominated by the collective influence of 
the defects at the boundaries (our previous MO studies show that this contrast requires close 
alignment between the applied magnetic field and the boundary plane [41]). LAGBs in this study 
seem to be not planar boundaries having small misorientation against external magnetic field, thus 
more detailed study is needed to clarify why only some of LAGBs are highly responsible for the 
magnetic flux perturbations. However, because MO imaging reflects more of a bulk than surface 
condition and the extensive hydride formation occurs primarily on the surface, this study suggests 
that nanometer size (< 100 nm) hydride segregation at grain boundaries [20, 21] can cause a similar 
magnetic flux disturbance, leading to GB weakness [41, 42].  

 

4.3. HYDRIDE DISTRIBUTION IN THE VICINITY OF LAGBS 

EBSD micro-crystallographic analysis (see Fig. 84) shows that a hydrogen depleted zone 
of ~ 20-60 µm width emerged on either side of the LAGBs after cryogenic cooling. The local 
average misorientation map suggests that a substantial amount of hydrogens migration toward the 
boundary occurred during the cooling. According to grain boundary segregation models in metal 
alloys [43, 44], GB segregation is known to be the result of dragging solute atoms to the GB in the 
form of vacancy-complexes. When plastic deformation is applied, non-equilibrium vacancy 
concentrations can be produced in the metal by dragging jogs in screw dislocations. The 
supersaturated vacancies can interact with hydrogen atoms and create supersaturated vacancy-
solute complexes. The propensity of vacancies to sink to the GB gives rise to non-equilibrium 
grain boundary segregation with the solute atoms [27]. The schematic in Fig. 86 illustrates a 
proposed mechanism of hydrogen transport to a LAGB due to vacancies: (a) at ambient condition, 
the equilibrium vacancy concentration exist in bulk Nb. (b) a tensile stress is applied, and the 
boundary is created by dislocation propagation and migration, with increased vacancy density. (c) 
with the boundary acting as a sink for vacancies, a non-equilibrium vacancy gradient and a 
concurrent transport of solute “H” atoms to the boundary occurs. (d) during cryogenic cooling, the 
H enriched complexes in the boundary preferentially nucleate hydrides at ~ 100-130 K. In this 
way, preferential hydride segregation at LAGB results from the vacancy sink. Romanenko [19] 
has previously described how hydride precipitation within top surface sheath of ~ 100 nm depth 
of a SRF Nb cavity can be initiated from the formation of vacancy-H complexes, and the number 
of V-H complexes determine the density of hydride precipitates. Typical cooldown between 150 
K and 2 K during SRF Nb cavity operation allows hydrogen atoms to diffuse up to a length of ~ 
30 µm (Ldiff), enabling segregation [22]. This diffusion distance is comparable to the width of the 
observed hydride depleted zone. 

 
4.4. EFFECT OF 800°C ANNEAL 

After the 800°C/2h anneal the pattern of flux penetration into the sample was substantially 
altered; while still suggesting some residual weakness at the LAGBs, the bulk properties are mostly 
recovered (see Fig. 85). A plausible explanation is that residual hydrides at LAGBs beyond the 
resolution of MOI perturb the circulating superconducting currents and produce the very different 
magnetic flux penetration pattern that appear to be initiated from the surface. This surface initiated 
flux penetration has also been observed in a prior MO investigation [45] on a polycrystalline Nb 
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coupon subjected to a series of surface treatments based on a previous cavity processing sequence 
(in that case, the 750°C anneal was followed by the + 120°C bake). The complicated treatments 
produced severe surface irregularity, so that flow of magnetic flux applied normal to the sample 
surface was significantly disturbed. However, the very shallow (few micrometer depth) of the 
surface groove at LAGB in this sample had much less severe topographic relief. The 800°C/2h 
anneal may be insufficient to remove all hydrogen atoms segregated at the LAGBs and the 
resulting formation of hydrides precipitated at LAGBs during cool-down may still locally degrade 
superconductivity; this would be consistent with a recent surface susceptibility study [46]. In this 
study, the 800°C heat treatment did not remove the very low angle boundaries which have a very 
low interfacial energy. 

 
4.5. EFFECT OF CRYSTAL ORIENTATION 

Although the mechanical deformation of the sample was designed to favor the production 
of a specific kind of dislocation geometry, visual evidence of this effect on magnetic field 
penetration is suggested by the lesser amount of flux penetration in the “right” sample in Figs. 4 
and 5. However, highly sensitive superconducting characterizations like AC susceptibility [46] or 
superconducting quantum interface device (SQUID) or vibrating sample magnetometer (VSM) 
[47] would be necessary to clearly understand the effect of dislocation structural morphology. 
These superconductivity characterizations require more specific sample preparation with a suitable 
size for measurements that would differ from current cavity processing techniques. 

 

5. CONCLUSION 

This study shows direct evidence of preferential hydride segregations at low angle grain 
boundaries (LAGBs) in SRF-grade high purity single crystal niobium through imaging of pits 
resulting from their decomposition. This segregated hydride phase correlates to a significant 
suppression of superconductivity at low angle grain boundaries produced by a low tensile strain 
(5%). These planar LAGBs were decorated with dense dislocations entanglements, since the 
tensile deformation was employed in parallel to the maximum shear stress. The low hydride 
concentration zone adjacent to the boundaries suggests that the LAGB segregation results from 
substantial “H” diffusion with the local non-equilibrium concentration of vacancy-H complexes. 
The MO imaging shows that 800°C annealing process has a substantial effect on the magnetic flux 
perturbation of the sample but there is still some weakness of the LAGBs perhaps through a 
residual concentration of trapped H. Thus it is likely that higher temperature or longer thermal 
treatments would be required to completely eliminate the effect of the plastic deformation relative 
“H” contaminations in SRF-grade Nb. This is the first observation of cold work deformation 
induced superconducting degradation in SRF-grade Nb in terms of hydride precipitation and 
additional experiments are underway to study the effect of annealing temperature and nitrogen (N) 
and titanium (Ti) surface doping. While these results are relevant for large-grain cavities, similar 
phenomena probably occur in polycrystals, but it is not clear or easy to determine if the low angle 
boundaries within the grains affects hydride formation and flux trapping more than the plentiful 
high angle gain boundaries.  
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Figure 77. (a) (top) SRF-grade, high purity (RRR ≥ 200), large grain (> 5-10 cm), niobium ingot 
slice with a diameter of 270 mm and a thickness of 3 mm, manufactured by Tokyo Denkai and 
(bottom) the dimension of the tensile strain test coupon. The red outline represents the ~37.1° 
angular rotation of EDM extraction for the test coupons at Grain 3. (b) Grain crystallographic 
orientation normal to the slice surface, characterized with Laue X-ray diffraction and 
OrientExpress indexing program [32]. The inset shows the orientation color legend, and the unit 
cells indicate the crystal orientation of each grain. 
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Figure 78. Absolute value of Schmid factor calculated for all slip systems in grain # 3 (Fig. 77) 
with the red solid line representing the reference orientation and the dashed line indicating the 
desired orientation to favor [11º1] slip system on (121) and (101) plane. 
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Figure 79. [Top] Optical image of the test coupon of single grain #3 (Fig. 77) after 5% tensile 
strain deformation and EDM sectioning (sample ID of four small pieces: a to d). The red arrows 
indicate the direction of magneto-optical (MO) imaging, which is the opposite direction of the 
externally applied magnetic field during MOI. [Bottom] A schematic diagram showing the 
estimated direction of the slip plane and the anticipated screw and edge dislocation morphology in 
a MOI viewing plane. The unit cell illustrates the gray (121) slip plane and the blue [11º1] slip 
direction vector (screw line direction). In the left sample (c & d), edge and screw dislocation lines 
are parallel to the MOI viewing plane (slip plane); in the right sample (a & b), screw dislocation 
lines are perpendicular to the MOI view direction. 
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Figure 80. ZFC and RF mode MO images of the “right” sample (b, Fig. 79) with the orientation of 
the slip plane (perpendicular to page) with screw dislocation lines out of the viewing plane/slip 
plane and the edge directions line direction indicated by the violet dotted line. 
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Figure 81. ZFC and RF mode MO images for the “left” sample (d, Fig. 79); the configuration of 
the gray (121) slip lane and the screw dislocation line direction (violet dotted line and teal line) 
screw dislocation line direction is in the viewing plane/slip plane. In the upper images, small offset 
blue and green dotted lines are applied for easy recognition of the GB locations. 
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Figure 82. Surface optical images of the “right” sample (b, upper) and the “left” sample (d, lower) 
before (the leftmost) and after (the middle) cryogenic cooling below Tc of Nb ~ 9.2 K for MO 
imaging. The rightmost images that show enlarged areas in the vicinity of LAGBs, as indicated 
with red rectangles clearly show surface scar features resulting from hydride precipitation. 
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Figure 83. Bright field (BF) transmission electron microscope (TEM) images of cross sectional 
microstructure (normal to the tensile direction) of the 5% tensile strained grain # 3 (Fig. 79), and 
a schematic of the possible dislocation arrangement on sub-boundaries parallel and perpendicular 
to the tensile axis. 
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Figure 84. (a) Light microscopy image of the LAGB where premature magnetic flux penetration 
occurs in MOI analysis (Fig. 81, the “left” sample, d) with (b) higher magnification scanning 
electron microscope secondary electron image of the area indicated by the dotted rectangle in the 
optical image, (d) local average misorientation map with misorientation profiles (c) along two line 
traces and through several hydride scars (top) and across the LAGB (bottom), from electron 
backscattered diffraction (EBSD) data. 
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Figure 85. ZFC and FC mode MO images of the “right” (upper images, b) and “left” (lower images, 
d) samples after 800°C/2hrs anneal under ultrahigh vacuum (≥ 10-6 torr). Small offset blue and 
green dotted lines are applied for easy recognition of the GB locations. 
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Figure 86. Schematic of Nb1-xHx accumulation and precipitation at low angle grain boundaries 
(LAGBs) based on stressed induced non-equilibrium vacancies and their absorption into GB with 
concurrent transport of H to the boundary via vacancies [27, 43, 44]. 
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