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ABSTRACT 

2220019 Xu Yuanzhe 

Kanazawa gold leaf, a traditional Japanese material renowned for its 

exceptional thinness and brilliant metallic luster, is produced through a 

meticulous hammering process that reduces its thickness to nanoscale 

dimensions. This study examines the distinct plastic deformation 

mechanisms and crystallographic texture evolution associated with the 

production of Kanazawa gold leaf. We focus on the various properties of 

Kanazawa Gold Leaf. By employing advanced analytical techniques such as 

Transmission Electron Microscopy (TEM) and Electron Backscatter 

Diffraction (EBSD), the research aims to analyze the microstructural 

transformations at the nanoscale during hammering.  

Kanazawa gold leaf is fabricated using intricate hammering techniques to 

create a very thin film, approximately 200 nm in thickness. It has been 

reported that the (001) texture is formed; however, the mechanism of its 

formation remains unknown. We are utilizing electron backscatter diffraction 

(EBSD) and ultrahigh-voltage transmission electron microscopy (UHV-

TEM). We found that a (011) slip system emerges in the thin Kanazawa gold 

leaf, which is unusual in face-centered cubic (FCC) crystals. We discuss the 

critical role of this (011) slip in the formation of the (001) texture. 
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In practical production, Kanazawa gold leaf products often vary in gold 

content, with several alloy elements like silver and copper (Cu). Notably, the 

Cu content in these products remains extremely low, approximately one 

atomic percent. To investigate the significance of such a low component, we 

analyzed both pure gold leaf and No.4 gold leaf using energy-dispersive X-

ray spectroscopy (EDS) coupled with TEM. Our findings indicate that the 

No.4 gold leaf does not exhibit substantial changes in microstructure due to 

the presence of alloying elements from the pure gold leaf. However, EDS 

data analysis suggests that an increase in copper content significantly reduces 

the activity of the (011) slip system. Consequently, maintaining a low copper 

alloy content appears crucial for enabling the processing of gold leaf to 

achieve extremely thin thicknesses, as low as around 200nm. 

In the Kanazawa area, materials other than gold are also thinned using the 

hammering process. Previous studies have reported that aluminum (Al) leaf 

exhibits a similar (001) texture, as indicated by XRD results. To further 

explore this phenomenon, we conducted experiments using EBSD and UHV-

TEM. The microstructure of the Aluminum leaf was significantly different 

from that of the gold leaf. Some regions displayed recrystallized features, 

while other areas retained dislocation structures. Additionally, the texture 

peaks of the Al leaf revealed two distinct orientations, <110> {001} and 
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<100> {001}. We hypothesize that Al’s lower melting point, approximately 

half that of gold, results in a significantly lower recrystallization temperature, 

enabling dynamic recrystallization during the hammering process. 

 

Key words: Gold leaf; TEM; EBSD; the non-octahedral slip system; SFE. 
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Chapter1 Background  

1. 1 Kanazawa Gold Leaf  

1.1.1 Introduction 

Kanazawa gold leaf is a traditional Japanese material renowned for its 

exceptional thinness, brilliant luster, and intricate hammering techniques, 

originating from Japan and named after the city, which has been refined over 

centuries. The meticulous packing and hammering process reduces gold to 

submicron thickness, with modern methods achieving as little as 0.1 µm. 

Historically, Kanazawa gold leaf has been widely utilized in artistic, 

architectural, and religious applications. Due to its extreme thinness and 

unique properties, it has also garnered attention from materials scientists. 

Previous studies on Kanazawa gold leaf and other metal foils, such as 

aluminum leaf, primarily focused on their crystallographic texture and 

mechanical properties. Prof. Kitagawa indicates that during the deformation 

process of hammering, both gold and aluminum leaf tend to develop a stable 

{001} texture [1, 2]. The evolution of gold leaf’s crystal orientation has been 

analyzed using X-ray diffraction (XRD) [3]. As shown in Figure 1, initially, 

the (011) plane texture is dominant; however, as the gold leaf becomes 

thinner (approximately 300 nm), the texture shifts significantly toward the 
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{001} plane. This transformation is hypothesized to be driven by cross-slip 

activation under severe deformation. 

 

Figure 1. Variation of X-ray diffraction intensity of crystal planes as a function of 
thickness. The markers mean planes; □(001), ○(011), ▲(111), △(012),●(013) [3]. 

Despite being one of the oldest, well-known severe plastic deformation (SPD) 

techniques for material thinning, the Kanazawa gold leaf technique has 

received limited recent scientific attention. This study aims to investigate the 

microstructural characteristics of Kanazawa gold leaf using electron 

backscatter diffraction (EBSD) and transmission electron microscopy 

(TEM), with a particular focus on specimens thinner than 1 µm in thickness. 

1.1.2 The production progress of gold leaf 

The Kanazawa gold leaf has three main production processes (figure 2) [4]. 
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Figure 2.a) Melt the metal. b) Rolling the alloy block to reduce thickness. c) Harming 
progress for Kanazawa gold leaf. 

(1) Formulation and melting  

Actually, for the Kanazawa gold leaf industry, the material is not limited to 

pure gold but also includes gold alloys and other metals (Table 1).  In our 

study, we selected sample No. 4. For making such gold leaf, the first step 

involves melting gold with a minute amount of silver and copper. The 

powders of gold, silver, and copper were added to a melting pot maintained 

at 1300°C [5]. The melt will be completed after waiting 10-15 minutes. The 

mixed metal solution is poured into a mold to form the desired shape. 

 

Table 1: the types of the gold leaf in Kanazawa area with the alloy element atom percentage [4]. 
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(2) Rolling out 

The alloy was rolled out in the pressure roller to a long strip. After repeating 

the process 20 times, the strip becomes approximately 40 μm thin. Then, the 

strip needs to be cut into 6cm squares. 

(3) Packing and hammering 

 In each hammering stage, as shown in Figure 3, the gold sheets are 

alternately stacked with washi paper (also known as hammering paper) in a 

mille-feuille-like structure, which is then wrapped in leather. It's worth 

noting that several types of washi paper exist. As the gold foil becomes 

thinner, the paper must be replaced multiple times. With the decrease in the 

thickness of the gold foil, the friction coefficient of these different types of 

washi paper gradually reduces. The first hammering stage minimizes the 

thickness from 40 µm to approximately 1 µm. This process is conducted 

using an 80 mm diameter hammer, striking the gold sheet at a rate of 400 

strokes per minute. After approximately 30,000 hammer strikes, the gold 

reaches a thickness of 1µm.  

The second hammer stage reduces the thickness from 0.7 µm to 

approximately 0.1 µm. In this step, a smaller hammer with a diameter of 40 

mm is employed, striking the gold at a rate of 700 strokes per minute. After 
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around 10,000 hammer strikes, the package is opened, allowing the 

temperature inside to return to room temperature. Following the hammering 

and opening process, which is repeated 15 times (resulting in approximately 

150,000 strokes), the Kanazawa gold leaf can achieve a thickness of around 

0.1 µm. 

These hammering processes are illustrated in Fig. 2. The second stage 

involves finer processing, characterized by two key factors: (i) during the 

second hammering stage, the covering leather is periodically unwrapped 

every five minutes (open-package process) to allow internal temperatures to 

return to room temperature; (ii) washi paper, used as a connection layer with 

the gold sheet, is frequently replaced due to its gradual smoothing as the gold 

leaf thins [4].  

1.2 Plastic deformation of FCC metal structures  

The processing of Kanazawa gold leaf primarily demonstrates a plastic 

deformation process. Gold and gold alloys, with a small additional 

percentage of an element, are typical face-centered cubic (FCC) metals that 

undergo significant dislocation activity during deformation. This 

phenomenon plays a crucial role in how the material behaves during 

processing [6, 7]. 
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1.2.1 Dislocation 

At the onset of plastic deformation, dislocations — one-dimensional line 

defects within crystals — begin to form within the crystal structure. These 

dislocations distort the region around the dislocation line, disrupting the 

periodic arrangement of atoms and the crystal’s lattice structure. This 

distortion creates internal stress within the material, effectively storing 

energy in the form of dislocation interactions [8, 9]. 

Dislocations consist of a core [10], which is the region of most excellent 

distortion, and a dislocation line, which represents the boundary of the slip 

within the crystal (Figure 4). The core is the location where atomic bonds 

undergo the most disturbance, and the dislocation line demarcates the path 

along which the dislocation propagates [11]. 

To quantify the magnitude and direction of lattice distortion caused by a 

Figure 3.a) the force act at a perfect crystal; b) with the influence of the force a 
line of atoms glided and format a dislocation 

a) b) 
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dislocation, researchers utilize the Burgers vector (b) [12]. In a perfect crystal 

(Figure 5a), a closed loop around the lattice returns to its starting point. In 

contrast, in a crystal with a dislocation (Figure 5b), the same loop fails to 

close due to the distortion present. The magnitude and direction of the 

discrepancy between the starting and ending points define the Burgers vector. 

Based on the relative orientation of the Burgers vector and the dislocation 

line, dislocations can be categorized into three types: 

Edge dislocations occur when the dislocation line is perpendicular to the 

Burgers vector [13]. Screw dislocations arise when the dislocation line is 

parallel to the Burgers vector [14]. Mixed dislocations are those in which the 

dislocation line is neither fully perpendicular nor parallel to the Burgers 

a) b) 

Figure 5. a) Perfect crystal b) When a dislocation in the crystal shows a burgers vector. 
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vector (Figure 6). 

1.2.2 Slip of dislocation &Slip system 

Plastic deformation in materials occurs when the applied stress exceeds the 

yield strength. Consequently, the material undergoes permanent deformation 

and cannot return to its original shape once the stress is removed. At the 

atomic level, this deformation occurs through the movement of dislocations 

along the crystal lattice planes. When stress is applied, dislocations slide, 

causing the permanent displacement of atomic layers. This mechanism is 

known as slip, which is the process by which atomic layers slide past each 

other along specific crystallographic planes referred to as slip planes [15]. 

Slip Systems 

a) 

Figure 6. a) Edge dislocation b) Screw dislocation. 

b) 
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Dislocation motion refers to the movement of dislocations from one lattice 

position to another across a distance equal to the lattice spacing [16]. In FCC 

crystals, slip generally occurs along the {111} closest-packed planes and in 

the <110> closest-packed directions (see Figure 7) [17]. Consequently, 

movement along these planes and directions is recognized as the slip system 

with the lowest energy cost and shortest distance, with the {111} < 110> slip 

system being particularly favored for FCC crystals.  

Shear Stress  

Imagine a single crystal with a cross-sectional area A0 subjected to an 

external compressive force F0, which serves as an initiating force for 

deformation. To trigger shear in the atomic planes, a parallel force 

component, F||  , must be present along the slip plane (see Figure 8a) [18]. In 

contrast, a perpendicular force component F⊥ only compresses the layers 

Figure 7. the bule tangle shows the {111} plane as the closest-packed planes and the arrow as 
the <110> closest-packed direction.  
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without causing slip. 

When the slip plane is inclined at an angle α to the tensile axis, F0 

decomposes into: 

             shear force:   F||=F0⋅cos(α)                                 (1) 

   normal force: F⊥=F0⋅sin(α)                                (2) 

For deformation to occur, the shear force F|| must be strong enough to 

activate the slip plane. In the case of angle device control, a four-alpha device 

control is insufficient; F|| remains low, making the force possibly inadequate 

for deformation. On the other hand, as α increases, the shear force initially 

rises. However, the area of the slip plane A also expands, which amplifies 

the binding forces between the atomic planes due to the compressive normal 

force F⊥. This additional normal force can prevent slip by increasing the 

shearing resistance. 

This behavior is similar to a hook-and-loop fastener: if the shear force is 

inadequate, the materials remain intertwined. By increasing the force, the 

contact area also expands. In this scenario, slipping may not occur because 

the shear stress remains insufficient. 

Shear stress is defined as the effective force applied per unit area. 
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𝜏 =
ி∥

஺
                                                  (3) 

In this case, the value relies on α as indicated in equation (1), while the slip 

plane area A is defined by: 

𝐴 =
஺బ

ୱ୧୬(ఈ)
                                                  (4) 

Schmid Factor and Critical Shear Stress 

The slip initiates when the resolved shear stress τ on the slip system reaches 

a critical threshold [19]. The applied normal stress σ includes a component 

that acts along both the slip direction and the slip plane, as indicated by [20]:  

τ = σ ⋅ cos ϕ ⋅ cos λ                                        (5) 

Where τ is the resolved shear stress, σ is the applied everyday stress, and ϕ 

is the angle between the applied stress direction and the normal to the slip 

plane (the slip plane's normal vector). λ is the angle between the applied 

stress direction and the slip direction (i.e., the slip direction vector) (Figure 

8b). 

The Schmid factor (m) represents the geometric alignment and is defined as 

follows: 

𝑚 = 𝑐𝑜𝑠𝜙 ⋅ 𝑐𝑜𝑠𝜆                                             (6) 

So that: 
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     𝜏 = 𝜎 ⋅ 𝑚                                              (7) 

This relationship indicates that the efficiency of applied stress in causing slip 

relates directly to the magnitude of m. A higher Schmid factor is associated 

with improved alignment of stress with the slip system, enhancing the 

likelihood of slip. With a high m, the resolved shear stress τ increases for a 

specific applied stress σ, which lowers the critical shear stress τc necessary 

For initiating a slip.  

A larger m signifies increased stress on the slip systems, aiding slip initiation. 

When τ ≥ τc (the critical shear stress), the material undergoes plastic 

deformation. The τc value is influenced by bonding strength and lattice 

structure. Thus, analyzing σ, m, and τc is essential for predicting material 

deformation. 

Peierls Valleys 

Figure 8. the relationship between slip plane, slip direction and loading force of a) 
shows the sheer force; b) shows the Schmid factor. 

a) b) 
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In the processing of real metals, such as hammering Kanazawa gold leaf, 

each crystal contains multiple dislocations and varying structural features. 

During deformation, these dislocations travel along the path of least 

resistance, known as the Peierls Valley [21]. These valleys represent stable 

atomic configurations that are minimally disturbed. Ideally, the spacing of 

these valleys aligns with the lattice spacing in the closest-packed direction 

(Figure 9(a)). However, the lowest energy path may deviate due to 

dislocations resulting from altered atomic arrangements. Consequently, the 

energy cost for moving a single dislocation in this plane is no longer equal 

to the ideal scenario (Figure 9(b)). In FCC metals, such as gold leaf, if the 

{111} planes are densely populated with dislocations, they may no longer 

serve as the slip plane with the lowest energy cost. Instead, some dislocations 

may propagate into non-octahedral planes, such as the {110} planes, to 

facilitate further slip. 
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1.2.3 Slip and Rotation 

Rotation and Plastic Deformation in Single Crystals 

The slip associated with dislocation typically indicates the onset of plastic 

deformation. In this section, we utilize single-crystal examples to circumvent 

the complications introduced by grain boundaries in polycrystalline 

materials. During plastic deformation, the rotation of the single crystal is 

affected by the activation of the slip system. Here, we explore the 

relationship between slip and rotation in response to stress applied in various 

directions. 

Figure 9.a) is the Perierls valley in a crystal with a low density of dislocation. b) is the 
Perierls valley in a crystal with a high density of dislocation, the h is much longer than it in 
a. 

a) 

b) 
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Response to Tensile Force 

When a crystal is subjected to tension, it elongates along the direction of the 

applied force. With both ends clamped, rotation is restricted, keeping the 

tensile axis fixed. As a result, a crystal experiences simultaneous slip and 

limited rotation. During deformation, the crystal's lower internal activation 

energy prevents changes at the top and bottom sides due to clamping. Thus, 

with the tensile axis stable, rotation causes the slip direction <110> to align 

more closely with the tensile axis, thereby enhancing alignment with the 

shear stress direction and reducing τc, which promotes slip activation (Figure 

10a). 

Response to Compressive Force 

Under compression, the sample ends remain in fixed contact, which forces 

Figure 10.a) for stretching, the direction of slip seeks to turn (converge) towards the 
stretching axis; b) for compression, the slip surface tries to turn (converge) to the 

compression surface during slip surface. 

a) b) 
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the crystal to reorient internally. It cannot rotate globally to align with an 

ideal load direction because the boundaries are immovable. Instead, the 

internal structure aligns along the {111} plane, a close-packed plane that 

effectively withstands compression (Figure 10b) [25]. The compressive load 

is distributed through this dense atomic plane, minimizing strain. 

Consequently, slip planes adjust to stabilize the crystal under compressive 

loading. 

In polycrystalline materials, slip-induced grain rotations during compression 

have a significant influence on crystallographic orientations and contribute 

to the development of texture.  

1.2.4 Plastic Deformation Under Compression and Slip System 

Activation 

In this study, we focus on compressive stress, specifically the downward 

force exerted by hammering. We use a single crystal to simplify our analysis, 

as grain boundaries in polycrystals introduce additional complexity. The 

activation and sequence of slip systems dictate the crystal rotation under 

stress. 

Primary Slip System Activation 
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 For example, we let the compression plane be as shown in the red area 

(Figure 11a). When compressing along [123], which is located between the 

crystallographic orientations [001], [011], and [111]. Under such a 

compressive condition, the (1ത11)-[101] slip system has the highest Schmid 

factor. Such a slip system acts as the primary slip system, allowing for 

rotation in the crystal along the [ 1ത11 ] direction. The stress alignment 

maximizes the resolved shear stress required for slip, causing the 

compression axis to rotate along the [001]-[011] direction toward the [012] 

direction [26]. 

Secondary slip system 

 

 a) 

 

 a) 

Figure 11.a) at the compress axis from [123], the slip system shown in the green tangle 
will be start cause of the highest Schmid factor; b) as the slip system start the compress 

axis will rotate with the green arrow, to the [001]-[011] line. 

b)  
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With continued hammering, the rotation causes the compress axis to align in 

the [012] direction. Two slip systems exhibit equally most significant Schmid 

factor (figure 12). Both systems become active, termed secondary slip, 

producing two distinct rotation tendencies [27]. In this case, there will be two 

forces rotating the sample: one is to [ 1ത11 ], and the other is to [111]. 

Combining these two forces, the rotation force will align on the [001]-[011] 

line. With these two types of slip systems, the compressive axis will shift 

from the [012] direction to the [011] direction along the [001]-[011] line 

(Figure 12b). In this case, a (011) texture is formatted.  

Dislocation interaction 

Figure12.a) at the compress axis from [012], the slip systems shown in the green and 
blue tangles will be start cause of the highest Schmid factor; b) as the slip system start 
the compress axis will rotate with the red arrow which combining with the two arrow 

along the [001]-[011] line. 

b)  a)  
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When multiple slip systems are active, dislocations in different planes may 

cross and interact. These interactions often lead to reactions that result in a 

general reduction of energy [28]. The standard expression for dislocation 

energy is: 

𝐸  ≈  
1

2
 𝐺 𝑏ଶ 

Where E represents elastic energy per unit length of dislocation, G denotes 

the shear modulus, and b is the Burgers vector. Since G is constant, a longer 

Burgers vector b for a dislocation requires more energy for the interaction of 

dislocations. This can result in the generation of dislocations with smaller 

Burgers vectors, thereby reducing the system’s energy. 
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Upon secondary slip, two dislocations within the two slip planes may meet 

and interact at the boundary between the two planes. Such interaction can 

reduce dislocation energy by up to ~50% (Figure 13), creating a new 

dislocation with a Burgers vector of 1/2[011]. As such, dislocation no longer 

belongs to the (111) or (1ത11)slip planes but lies on the (100) plane. Usually, 

for FCC material, (100) planes are not a type of basic slip planes, which is 

unavailable for dislocations to slip. Such dislocation is named as Lomer 

lock—a sessile dislocation. Some researchers have found that the 

accumulation of Lomer locks increases dislocation density, a process known 

as forest hardening [29,30]. 

Figure 13. Dislocations from the secondary slip system can meet and interact.  A so-
called Lomer lock structure formatted at the edge of the planes.  



 

21 

 

 

1.2.5 Cross-slip and Stacking fault 

After the secondary slip system is activated, some of the dislocations may 

interact as a Lomer lock, contributing to the formation of frost hardening. In 

this case, the average mobility of dislocations may be reduced. Because the 

dislocation density becomes so high, further slip on the same planes for the 

secondary slip systems becomes increasingly complex, compelling 

dislocations to adjust their behavior to accommodate the applied stress. 

Partial dislocation 

Figure 14.a) Shows possible slip directions within the {111} plane. The arrows represent 
different dislocation paths, with blue arrow for perfect dislocations and the red arrow for the 
partial dislocation; b) Shows the hexagonal close-packed arrangement of atoms on the {111} 
plane. The blue arrow labeled "Burgers" shows the Burgers vector ൫𝑏ሬ⃗ ൯. The dislocations can 
decompose into partial dislocations, as indicated by the equations, which show how perfect 

dislocations break into partials. 

a) b) 



 

22 

 

 

A key adaptation is dissociation: a perfect dislocation can split into two 

partial dislocations. For example, a perfect dislocation with Burgers vector 

1/2[1ത01] may decompose into two Shockley partials with vectors  1/6[2ത11] 

and 1/6[1ത1ത2]  [31]. This dissociation enables the dislocation to shift out of 

the {111} plane into the {112} plane. As a new way to slip, this enables 

continued slip when it is difficult to activate within the {111} planes [32]. 

Stacking Faults  

When a perfect dislocation dissociates into partials, it results in the formation 

of a stacking fault, disrupting the typical close-packed atomic stacking 

sequence in FCC crystals. Typically, the {111} layer stack is an ABCABC 

pattern. A stacking fault may alter the pattern to something like ABCABABC 

(Figure 15) [33, 34].  

Figure 15.a) A, B, C marked with three types of color as three different types of {111} planes in 
FCC crystal; b) when one of the {111} planes change, such structure is so-called stacking fault. 

a) 

b) 
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Cross-slip 

For instance, a screw dislocation with Burger’s vector of 1/2[101] may slip 

in the plane initially as acting applied shear stress is shown in Figure 16. If 

the local stress field shifts in favor of motion along the (11ത1) plane, cross-

slip can occur at the point marked S in Figure 16, thereby allowing the 

dislocation to change its slip plane [35] [36]. This capability for cross-slip 

provides a unique flexibility in maintaining deformation under complex 

loading conditions—a property not shared by edge or mixed dislocations, 

which are constrained to a single slip plane [37, 38]. 

Stacking fault energy and cross-slip 

The stacking fault energy (SFE), denoted as γSFE, measures the energy per 

Figure 16. cross slip in the FCC metal. 
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unit area associated with the formation of a stacking fault. SFE strongly 

influences a material’s ability to cross-slip. In high SFE metals (e.g., 

aluminum), this means the energy cost for forming an SF is high. And the 

dislocations avoid dissociating to partial dislocations. In this case, many of 

the dislocations still have a Burgers vector of 1/2[011] as a perfect 

dislocation. The screw dislocations more preferred to cross slip. In low SFE 

metals (e.g., copper), the energy cost to format SF is low. Most of the perfect 

dislocations are preferred to dissociate to partial dislocations. On the other 

hand, no more ideal dislocation chooses to move across the slip plane. The 

ability to cross-slip is low. 

1.2.6 Annealing effect： recovery and recrystallization 

Recovery Process 

As deformation continues, the dislocation density increases, and the spacing 

between dislocations decreases. This means that the interaction between the 

dislocations becomes easier. Usually, dislocations with the same Burgers' 

vectors are referred to as like-sign dislocations, while those with opposite 

Burgers' vectors are called opposite-sign dislocations. If the spacing between 

dislocations is minor, like-sign dislocations (Figure 17b) repel each other due 

to similar stress fields. In contrast, opposite-sign dislocations (figure 17a) 
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attract each other due to opposing stress fields, sometimes annihilating one 

another. However, these forces can be modest, insufficient to overcome 

energy barriers between atoms. During deformation, raising the temperature 

or pressure can provide sufficient energy for dislocations to interact. Finally, 

the opposite-sign dislocations will annihilate each other. The process of 

decreasing the density of dislocations through the interaction of opposite-

sign dislocations is known as recovery.  

In gold, initial recovery may start near room temperature but generally 

continues up to approximately 340°C, corresponding to a temperature of 

about 0.1–0.2 Tm (melting temperature). At these temperatures, dislocations 

can climb out of their slip planes and annihilate. Above approximately 0.3 

Tm, high-temperature recovery promotes the formation of low-angle grain 

boundaries (LAGBs), resulting in polygonized subgrain structures. Y-

junctions form where multiple LAGBs intersect, indicating the onset of 

stable polygonization [39][40].  
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`Relationship Between Recovery and Recrystallization 

Recrystallization Process 

Above ~0.5 Tm, recrystallization ensues with the nucleation and growth of 

new, low-dislocation-density grains, separated by high-angle grain 

boundaries (HAGBs) [41]. Recrystallization typically proceeds in three 

stages (Figure 18): 

1. Nucleation: Small, nearly dislocation-free regions act as nuclei for 

new grains. 

2. Grain Growth: The new grains expand via boundary migration, 

absorbing high-energy dislocations and replacing deformed grains. 

3. Complete Recrystallization: Eventually, all original deformed grains 

are replaced by newly formed grains with relatively few dislocations, 

resulting in a fine-grained, uniform structure [41]. 

b) c) 

Figure 17.a) some grains have significant deformation after processing; b) with the heat treatment, 
among the grains some new grains nucleate; c) after the grain growth the new grains become larger 

and with no defects. 

a) 
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Relationship Between Recovery and Recrystallization 

Recovery and recrystallization both reduce internal stress by lowering 

dislocation density, but their structural outcomes differ. During recovery, 

dislocations mainly rearrange or annihilate; during recrystallization, entirely 

new grains form[42]. Gradual heating may begin with recovery and then 

transition to recrystallization at higher temperatures. Rapid heating beyond 

the recrystallization threshold can skip recovery, proceeding directly to 

recrystallization [43]. 

1.3 Texture evaluation 

As the plastic deformation part describes, every single crystal within the 

metal material is highly preferred in a particular orientation. Previous studies 

on Kanazawa gold leaf revealed that texture evolution occurs during 

different stages of processing. Initially, during the first hammering stage, the 

{011} texture was observed, but it transitioned to the {001} texture in the 

secondary hammering stage. 

In the case of the hammering process of Kanazawa gold leaf, the primary 

factors influencing texture formation may be two parts: 

Deformation Texture 

During the plastic deformation of polycrystalline materials, the activation of 
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slip systems for dislocations occurs, as coordination between neighboring 

grains during deformation results in a gradual rotation of grains toward the 

deformation direction. For example, during rolling, grains tend to align their 

slip planes with the rolling direction. Additionally, the hammering process 

involves a primary stress source, as the downward force of the hammer. The 

texture will change according to the direction of the hammering. For the 

main deformation textures, there are several types: 

 Rolling Texture: In typical rolling processes, the rolling direction as 

RD corresponds to a specific crystallographic direction as <uvw>, the 

normal direction corresponds to the plane normal {hkl} as ND, and 

the transverse direction is oriented within the plane, perpendicular to 

rolling. Typical rolling textures for face-centered cubic (FCC) metals 

during cold rolling include Brass texture ({110}<112>), commonly 

observed in low stacking fault energy (SFE) FCC metals such as α-

brass. On the other hand, the Copper texture ({112}<111>) is typical 

in high SFE FCC metals, such as pure copper. Research indicates that 

{001}-related textures are generally unstable and rarely form as final 

textures during cold deformation. 

 Shear Texture: Shear textures may form due to the limited size and 

shape of the hammer used in processing, specifically related to the 
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stress state and interaction with the material surface during 

deformation. 

Annealing Texture 

Annealing textures form during heat treatments, including 

recrystallization, recovery, or grain growth. As during the hammering 

process of the Kanazawa gold leaf, the local temperature between the 

washi paper and the gold leaf may increase. It is difficult to say that no 

influence of recovery or recrystallization can occur during the 

hammering process.  The primary mechanisms for the formation of the 

annealing textures include: 

 Recrystallization Nucleation Orientation: During recrystallization, 

some local areas will nucleate new grains due to the high stored energy 

in the deformed matrix, such as grain boundaries or shear bands with 

high dislocation densities. The orientations of these new grains are 

usually related to the deformation texture of the parent material and 

have a highly preferred orientation. For instance, during the annealing 

of deformed aluminum, the new defect-free grains may inherit 

deformation textures or form a new cube texture {100} <001>.  

 Preferential Grain Growth Orientation: Grain boundary migration 
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is influenced by orientation differences between grains. Grains with 

specific orientations, either due to lower interfacial energies or higher 

migration rates, tend to grow preferentially, leading to annealing 

textures. An example is the Goss texture {110}<001>, which is 

frequently observed during silicon steel annealing due to its beneficial 

magnetic anisotropy, thereby reducing iron loss. 

1.4 Purpose 

In this study, we investigate the distinctive plastic deformation mechanisms 

and the evolution of crystallographic texture that underlie the traditional 

hammering process of Kanazawa gold leaf. We aim to elucidate the 

microstructural changes at the nanoscale, focusing on how stacking-fault 

energy (SFE), slip system activation, and microstructural factors drive 

deformation. By integrating advanced analytical methods—such as TEM 

and EBSD—we endeavor to clarify how Kanazawa gold leaf, an ancient 

ultra-thin material, achieves its remarkable properties. 

1.5 Summary 

Kanazawa gold leaf is an extraordinary historical material, distinguished by 

its extreme thinness and striking metallic sheen, achieved through a careful 

packing and hammering method. In this section, we reviewed texture 
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evolution, dislocation interactions, stacking faults, and cross-slip, but most 

of these concepts are based on studies of bulk materials. Here, we question 

whether these same processes occur in ultrathin gold leaf and whether unique 

phenomena arise due to such extreme thickness. 

Overall, we have outlined the production background of Kanazawa gold leaf 

and key facets of plastic deformation in FCC metals. This provides a 

platform for further in-depth analysis of its microstructure using TEM, 

EBSD, and other advanced techniques. 
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Chapter 2 Experimental and analysis method 

2.1 Transmission electron microscopy (TEM) 

2.1.1 The theory of TEM 

Resolution in optical microscopy has essentially reached its theoretical limit. 

Because resolution depends on the wavelength of light, this limitation is 

often described by the Rayleigh criterion: 

    𝛿 =
଴.଺ଵ

ఓ ௦௜௡ ఉ
                                               (2.1) 

where δ denotes the resolution, λ is the wavelength of light, μ is the refractive 

index, and sinβ is half the lens aperture angle. Because the numerical 

aperture (μsinβ) cannot exceed 1, the resolution limit remains around half 

the wavelength of visible light (~300 nm) [1]. 

In 1924, de Broglie’s wave theory established that electrons possess wave-

like properties with significantly shorter wavelengths than visible light. This 

discovery theoretically enabled the development of atomic-scale electron 

microscopes. In 1932, Ruska et al.. constructed the first TEM, achieving a 

resolution of ~50 nm [2]. For modern TEM, the correlation between electron 

wavelength and energy is given by:  



 

38 

 

 

 𝜆 ≈
ଵ.ଶଶ

√ா
                                  (2. 2) 

Here, λ denotes the electron wavelength, and E is the electron energy, which 

is principally determined by the accelerating voltage. 

In essence, TEM employs an electron gun to direct a focused electron beam 

onto an ultrathin specimen. By detecting transmitted and elastically scattered 

electrons, one obtains an image that reveals atomic-scale features. Advances 

in higher accelerating voltages now enable the precise imaging of atomic 

structures. [3] Additionally, various signals (e.g., elastically or inelastically 

scattered electrons, characteristic X-rays) arise when the beam interacts with 

the sample. With extra detectors such as Energy-Dispersive X-ray 

Spectroscopy (EDS) or Electron Energy Loss Spectroscopy (EELS), high-

resolution elemental analyses can be performed [4].  

Table 2. Wavelength of electrons at different accelerating voltages. 
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2.1.2 Basic components of TEM 

A TEM comprises four basic modules: the electron gun, condenser lens 

system, objective lens, and intermediate and projector lenses (Figure 2). 

Electron Gun 

The electron gun, which serves as the source of electrons in a transmission 

electron microscope (TEM), is generally classified into two types: 

thermionic emission and field emission, depending on the emission principle. 

Thermionic Emission 

In thermionic emission, a metal is heated to provide electrons with enough 

energy to overcome the work function barrier and escape from the metal 

surface. The emission follows Richardson’s law[6]: 

𝐽 = 𝐴𝑇ଶ𝑒ି
ഝ

ೖ೅                                          (2. 3) 

Where J is the current density, T is the operating temperature in Kelvin, 𝜙 is 

the work function of the material, k is Boltzmann’s constant (8.6 × 10^-5 

eV/K), and A is Richardson’s constant (A/m²K²).  
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Lanthanum hexaboride (LaB₆) is often chosen for thermionic emission due 

to its low work function (~2.5 eV) and relatively high operating temperature, 

which results in higher electron current densities and longer source lifetimes. 

Thermionic emitters exhibit broader electron-energy distributions (less 

monochromatic) compared to field emission sources [8]. 

Field Emission 

Field emission leverages a high electric potential applied to an extremely 

sharp tip, which amplifies the local electric field. The field strength is 

Figure 2. Main components of TEM[5]. 
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estimated by: 

𝐸 =
௏

௥
                                                 (2. 4) 

Where V is the applied voltage and r is the radius of the tip. If r is less than 

0.1 μm, the field can reach 10^6 V/m, thereby reducing the energy barrier 

and allowing electrons to tunnel through it. [9][10]. 

In summary, thermionic emission guns are more robust and provide higher 

current, making them suitable for general-purpose electron microscopy. In 

contrast, field emission guns offer significantly higher resolution due to their 

monochromatic and coherent electron beams; however, they require more 

stringent maintenance and operating conditions [5]. 

Condenser Lenses 

Condenser lenses in TEM control the electron beam emitted from the 

electron gun, ensuring even brightness and an adjustable illumination area. 

The condenser system typically consists of two primary lenses: Condenser 

Lens 1 (CL1) and Condenser Lens 2 (CL2). In advanced TEM systems, a 

third lens (CL3) is also included for enhanced control. At the same time, all 

condenser lenses share a similar construction; differences in the shape of 

their magnetic pole pieces and operating currents lead to variations in the 

strength and configuration of the generated magnetic field[11]. 



 

42 

 

 

CL1 and Fixed Aperture: CL1 is a powerful lens that directs electrons 

through a fixed aperture into CL2. Operators adjust the beam size and 

intensity (“spot size”) using the control panel [5]. 

CL2 and Condenser Aperture: CL2, which is weaker than CL1, governs 

the beam spot size and brightness on the specimen. A condenser aperture 

manages the total electron flux reaching the sample, which is controllable by 

the “brightness” knob. [12]. 

CL3 and Advanced Beam Control: Some TEMs include CL3 for finer 

adjustments of convergence angle and spot size, critical in high-resolution 

TEM (HRTEM) and scanning TEM (STEM) modes, where precise beam 

shaping is necessary [13].  

CL3 and Convergence Angle: CL3 sets the convergence angle, 

concentrating the electron beam into a narrow, coherent spot. This condition 

is essential for achieving high spatial resolution in HRTEM and preserving 

beam quality in STEM [14]. 

CL3 and Beam Spot Size: CL3 is ideal for fine-tuning the beam size for any 

specific mode of imaging or analysis, enabling the operator to switch 

between various modes of operation without sacrificing beam quality. 

Objective Lenses 
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Objective Lenses 

The objective lens is the most critical component in the TEM, as it forms 

both the initial image and the diffraction patterns that subsequent lenses 

magnify. It typically consists of upper and lower pole pieces, as well as an 

objective aperture. Because the sample is situated within a strong magnetic 

field, advanced holders (e.g., tilt/rotation, heating/cooling) can be used to 

accommodate [10]. 

Intermediate Lenses 

Intermediate lenses, situated between the objective and projector lenses, 

further enhance the image. They also adjust focus between imaging mode 

(real-space image) and diffraction mode (reciprocal-space pattern), allowing 

for flexible operation [5]. 

Projector Lenses 

Finally, the projector lens system enlarges the image formed by the objective 

lens and displays it on a fluorescent screen or a digital camera [15]. 

2.1.3 Experimental Method and Basic Principles 

When an electron beam passes through the sample, it undergoes analysis 

using advanced transmission electron microscopy (TEM)-based scattering 

and diffraction techniques. 
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Scattering and Diffraction 

In TEM, single-atom scattering provides quantitative images by elastically 

scattering electrons as they traverse a sample. In TEM, the incident electron 

beam can be approximated as a plane wave due to its coherence and 

wavelength characteristics. When an electron is brought near an isolated 

atom, the atom’s Coulomb potential deflects the electron from k0 to k' 

(Figure 3). Despite this change in trajectory, the electron wavelength remains 

Figure 3. An electron with wavelength 𝜆 scatters through a single atom, 
changing its trajectory while maintaining its wavelength [5]. 

Figure4. Beams R1 and R2 are scattered from two points, Cand B, which lie on different 
planes, P1 and P2. The rays travel different distances, resulting in a path difference of 

AC+CD. 



 

45 

 

 

unchanged in elastic scattering[16]. Occasionally, inelastic scattering co-

occurs, causing energy loss and generating Bremsstrahlung X-ray emission 

[17]. 

Scattering by a Plane of Atoms 

Similar to single-atom scattering, an electron beam interacting with a plane 

of atoms produces a diffracted wavefront (Figure 4). From geometry, the path 

difference is: 

AC+CD=2dsinθ                                  (2.5) 

This path difference reflects the distinction between the incident wave 

normal kI and the diffracted wave regular kD (Figure 5). Since kI and kD each 

equal the reciprocal of the electron wavelength, their relationship can be 

Figure 5. a) the incident wavefront normal is kI, the diffracted wave normal is kD; 
(b) K is the difference vector; (c) sin𝜃 is defined as K/2KI [5]. 

a) b) c) 
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expressed as: 

𝑘 =
ଵ

ఒ
                                                             (2.6) 

Combining these relationships (Figures 4 and 5) with Bragg’s Law yields the 

diffraction condition: 

                                                   𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                       (2.7) 

Bragg’s Law states that reducing the interplanar spacing (d) increases the 

diffraction angle (θ). Hence, measuring θ for a known electron wavelength λ 

allows the determination of d [18]. Because λ remains fixed under elastic 

scattering, constructive interference under Bragg’s condition produces sharp 

diffraction spots [19]. 

Scattering by a Crystal 

At the Bragg angle, the magnitude of K becomes KB, satisfying: 

                          𝐾஻ =
ଵ

ௗ
                                                     (2.8)  

This value represents the reciprocal-lattice vector for planes of spacing d. 

Here, g denotes the diffraction vector. When an electron beam encounters 

atomic planes of spacing d under Bragg conditions, the resulting diffraction 

spots correspond to reciprocal-lattice points, indicating the directions of 

constructive interference. The vector g extends from the origin O to the first 
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diffraction spot G and remains perpendicular to the diffracting plane (Figure 

6). 

2.1.4 Diffraction Contrast 

Selected Area Diffraction Patterns (SADPs) 

When multiple planes satisfy the Bragg condition, they produce an array of 

diffraction spots known as a diffraction pattern, which effectively probes 

crystal structures. To reduce complexity in these patterns, selected-area 

diffraction (SAD) confines the region contributing to diffraction, allowing 

for a more straightforward analysis [5]. 

Figure 6. Diffraction spots formed when an incident beam passes through the crystal [5]. 
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By inserting a selected-area aperture in the first image plane below the 

objective lens (Figure 7), TEM operates in SAD mode, localizing the 

diffraction pattern to a chosen specimen region. During SAD, the condenser 

lens is often weakened to generate nearly parallel illumination [20]. 

When significant defects exist, local diffraction conditions shift. Hence, 

SADPs enable targeted orientations and regions for imaging, allowing 

precise analysis of crystal structures or defects. Typically, the central 

diffraction spot originates from unscattered electrons, while the additional 

spots arise from diffracted electrons [21]. 

Figure 7.a) the image mode for TEM. b) the diffraction pattern mode for TEM, which is 
formed at or close to the back focal plane of the objective lens. 
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Dynamical Scattering 

In TEM, an objective diaphragm positioned near the back focal plane can 

block most of the diffraction pattern, leaving a central spot from unscattered 

electrons and additional spots from diffracted beams. 

Sample thickness has a significant influence on TEM images [22]. When 

specimens are thicker than a few tens of nanometers, electrons can traverse 

multiple sets of lattice planes, each fulfilling the Bragg condition. As 

electrons progress through the crystal, they continuously become scattered 

and remain unscattered, while others become diffracted (Figure 8a). Both the 

direct and scattered electrons will be further scattered as they pass deeper 

through the material. As the direct beam continues to scatter, the intensity 

decreases gradually while the number of scattered electrons increases. 

Sometimes, scattered electrons are in phase with direct electrons, resulting 

in constructive interference, whereby the intensity of the direct beam is 

slightly enhanced after passing through the material (Figure 8b) [23,24]. 

Consequently, a more complex diffraction pattern arises, rendering equally 

intricate TEM images. In thicker samples, additional planes meet Bragg 

conditions, reducing direct-beam intensity and producing darker regions 

(Figure 8). 
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Bright-Field (BF) and Dark-Field (DF) Imaging in TEM 

In TEM, placing an objective diaphragm above the back focal plane inserts 

an aperture that blocks most diffracted beams (Figure 9a). If only the central, 

direct beam passes, the resulting image is a bright-field (BF) image [25]. 

Regions that diffract electrons appear darker since those electrons are 

blocked, and only transmitted electrons form the image. Conversely, if the 

central beam is blocked while a diffracted beam is selected, a dark-field (DF) 

image emerges (Figure 9b). 

 

a 
b) 

Figure 8. a) when direction beam passing through a crystal under an influence of the 
dynamical scattering; b) the relationship between the incident beam and diffracted 

beam after passing through several position which follow the Bragg law. 
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BF and DF imaging become especially useful in entirely defective crystals, 

such as gold leaf. Around a dislocation, local strain can temporarily affect 

some parts of the plane to satisfy Bragg conditions, scattering electrons and 

reducing the direct-beam intensity. In BF mode, defect regions appear darker 

because scattering weakens the direct beam; in DF mode, selecting scattered 

electrons brightens the same defects [26][27]. Such a contrast reveals detailed 

defect structures, which are crucial for materials like gold leaf [28]. 

Two-Beam Condition 

In practice, dislocations complicate images because dynamic scattering often 

intensifies with sample thickness. When the beam aligns with a significant 

Figure 10. a) the beam passing by a crystal with perfect plane. (b): Intensity 
changes in BF and DF images due to the distorted planes. 

a) b) 
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zone axis (e.g., 100, 110, 111), multiple lattice planes diffract simultaneously. 

If, however, the electron beam is tilted slightly away from the zone axis, only 

one of the diffracted beams becomes prominent, and this has been referred 

to as the "two-beam condition."[29] In a two-beam condition, the scattering 

mechanism involves electrons scattering back and forth between the direct 

and only one diffracted state. As shown in Figure 11b, with increasing 

specimen thickness, the intensity of both the direct and diffracted beams 

oscillates[30]. Selecting a single diffraction spot enables dynamic scattering, 

facilitating a more straightforward interpretation. Therefore, images become 

easier to interpret. The diffraction vector, g, corresponds to the planes that 

satisfy Bragg’s Law, so only those planes contribute to scattering [31]. 

 

 

Figure 11. a) Two-beam condition with K1 and KD following Bragg’s Law； b) Diffraction 
pattern under the two-beam condition with a diffraction vector g； c): Dynamic 
correlation between direct and diffracted beam intensities. 
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This two-beam approach proves essential for investigating crystalline 

materials, especially in our study of gold leaf. It can highlight the defect, 

especially in contrast. It also helps us identify and locate dislocations. 

Identification of Dislocations 

Dislocations arise either from partial insertion/removal of lattice planes 

(edge dislocation) or by sliding (screw dislocation). An edge dislocation 

features an extra half-plane of atoms and a dislocation core perpendicular to 

the Burgers vector b. A screw dislocation involves twisted planes with a core 

parallel to b. In FCC crystals, all dislocations share a constant magnitude for 

b [32]. 

Because a dislocation’s strain field aligns with b, the two-beam condition 

emphasizes distortions near the dislocation core. These distortions deviate 

locally from Bragg’s condition, altering the electron intensities of both the 

direct and diffracted beams. As a result, dislocation structures become visible 

in the final image. 

The visibility of a dislocation depends on g⋅b. In detail (figure 12): 

 If g is perpendicular to b (g · b = 0) [33], then the dislocation will not 

be visible in the diffraction pattern because the strain field does not 

significantly alter the intensity of the diffracted beam. 
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 Conversely, if g is not perpendicular to b (g·b ≠ 0), the dislocation will 

be visible, as the strain field near the dislocation causes a measurable 

change in the intensity of the diffracted beam[34] 

During the experiment, by systematically varying g, one can determine the 

direction of b. A dislocation that disappears under certain g orientations but 

reappears under others reveals its Burgers-vector alignment [35].In the case, 

if g1 ·b=0, g2 ·b=0, but g3·b≠0. We can get b = g1×g2.  

Position of Dislocations and Dynamical Scattering 

In practice, dislocation density and orientation can vary across a sample [37]. 

Some of them lie in planes that are usually incident to the electron beam, 

while others do not. Some dislocations lie in planes perpendicular to the 

electron beam, yielding uniform contrast, while others reside in angled 

Figure12. a) when the dislocation’s Burgers’ vector is not perpendicular with the diffraction 
vector b) when the Burgers’ vector is perpendicular with the diffraction vector. 

a) b) 
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planes, producing alternating bright and dark fringes due to dynamical 

scattering [38]. Consequently, dislocations lying within planes perpendicular 

to the incident electron beam do not exhibit this contrast variation; instead, 

they appear as uniform, straight lines[39]. 

 

2.1.5 EDS Detector 

Energy-dispersive X-ray spectroscopy (also referred to as EDX or XEDS) is 

Figure 13.a) when a dislocation lies on planes non-perpendicular to the incident 
electron beam; b) lies on planes perpendicular to the incident electron beam 

a) 

b) 



 

56 

 

 

widely used for the identification and characterization of elements. A high-

energy electron can eject an inner-shell electron of a target atom, creating a 

vacancy. An outer-shell electron then transitions to fill this vacancy, emitting 

a characteristic X-ray photon whose energy equals the difference between 

the two shells (Figure 14) [5]. Because each element’s electron configuration 

is unique, the resulting X-ray energies serve as elemental “fingerprints”. A 

silicon drift detector (SDD) collects these characteristic X-rays, generating 

an energy spectrum with peaks corresponding to specific elements. This 

analysis is often used in conjunction with SEM or TEM imaging to correlate 

microstructural features with chemical composition. Although EDS greatly 

facilitates concurrent microstructural and compositional analysis, its spatial 

resolution depends on the electron-beam interaction volume, which can 

potentially limit precision in elemental mapping due to the depth of X-ray 

generation. 

As the gold leaf is an alloy, for our study, we use EDS in conjunction with 

STEM, allowing us to identify the alloy elements using TEM figures. 



 

57 

 

 

 

2.2 Electron Backscatter Diffraction (EBSD) 

2.2.1 The theory of EBSD 

Kossel Cones and Kikuchi Lines 

Figure14. Formation of Characteristic X-ray. 
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In a crystal, elastically scattered electrons radiate in multiple directions, 

sometimes meeting the Bragg condition for specific lattice planes. The 

collection of such scattered electrons forms a cone with an apex angle θB, 

called Kossel cones (Figure 15a). A corresponding cone at -θB. Appears in 

the opposite direction. Each cone projects onto two lines, termed Kikuchi 

lines, with a fixed width of 2θB. Because they arise from Bragg diffraction, 

the positions of these Kikuchi lines follow the characteristics of the Bragg 

condition, which shift with changing diffraction angles and crystal planes [5] 

Each crystal orientation generates a unique Kikuchi pattern, reflecting 

constant Bragg angles. For instance, in a [001] gold crystal, planes such as 

(100) and (110) form characteristic Kikuchi bands (Figure 16). These 

patterns effectively fingerprint crystal orientation because Bragg angles 

remain invariant for every crystal plane. 

Figure 15. a) the formation of the Kossel cones and Kikuchi line. b) the EBSD base on 
SEM. 
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EBSD Patterns and Kikuchi Line Movement 

In EBSD, Kikuchi lines map onto a stereographic projection, conveying 

crystallographic orientation data on a per-pixel basis. Unlike diffraction 

spots, which typically move with the beam, Kikuchi lines shift according to 

the sample’s orientation. They resemble longitudinal lines on a globe, linking 

different crystallographic directions and enabling precise orientation 

measurements [40]. 

Orientation analysis in Kikuchi patterns arises by indexing these lines and 

comparing them to reference patterns. This methodology yields high-

precision crystallographic data, revealing how the boundary geometry 

correlates with the sample’s orientation. Such correlations offer crucial 

insights into crystal structure and orientation mapping [41]. 

Angle and Elastic Scattering in EBSD 

Figure 16. a) A Kikuchi map for FCC crystal (Taken from Loretto (1984)); b) The 
corresponding real-space stereogram. See text for explanation. 
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In SEM-based EBSD, the electron beam typically detects the sample at an 

angle of 60–70° (Figure 15b). At such tilt angles, backscattered electrons 

exhibit stronger elastic scattering under Bragg conditions, thereby enhancing 

Kikuchi-line visibility [42]. As sinθ is higher due to the more valuable tilting 

angle for the beam, resulting Kikuchi lines appear brighter and more distinct 

[43]. This approach broadens the range of crystallographic analysis, enabling 

a comprehensive structural assessment. 

2.2.2 Methods of EBSD 

Pole Figure (PF) 

In polycrystalline materials, individual crystal often exhibits random 

orientations, yet some orientations can dominate, creating a texture. Two 

standard tools used to describe such distributions are the Pole Figure (PF) 

and the Inverse Pole Figure (IPF). 

A Pole Figure (PF) (Figure 17) illustrates how a specific crystallographic 

plane (or direction) aligns with the sample’s macroscopic coordinates. [44] 

For instance, in thin films, the Z-axis generally indicates the surface-normal 

direction, whereas X- and Y-axes define the plane of the film. The PF shows 

the orientation of a particular aircraft (or set of equivalent planes) in each 

grain, clarifying its alignment within the sample. 
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By contrast, an Inverse Pole Figure (IPF) maps how the sample’s reference 

axis (e.g., the surface normal) aligns with the crystal’s principal axes [45]. 

The Pole Figure is typically visualized using a stereographic projection. In 

this representation, each point on the PF corresponds to the orientation of the 

chosen crystallographic plane relative to the sample’s coordinate system, 

providing a clear picture of how the grains are oriented within the sample 

and revealing any preferred crystallographic directions. 

Inverse pole figure (IPF) and IPF coloring map 

An IPF stereographic projection portrays grain orientations relative to the 

sample axes; each data point corresponds to a distinct crystal orientation. In 

EBSD, IPFs are often plotted along the [001] (Z) direction for thin samples, 

which denotes the sample’s normal surface [46].  

As an example, planes perpendicular to the z-axis, such as the (001) plane, 

are perpendicular to the [001] direction. EBSD, through this method, can 

Figure 17. The pole figure shows a stereographic projection of how the {001} plane of 
the Al and the grain was tilted relative to the sample coordinates. 
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collect the Kikuchi patterns of every grain within the plane and determine 

the angular relationship it has with the [001] direction. To recognize every 

grain’s orientation. A standardized color scheme typically codes {001}, 

{011}, and {111} as red, green, and blue, respectively (Figure 18). Grain 

boundaries between different orientations appear as lines on IPF maps. 

Differences in crystal orientation along the x- and y-axes can then be 

visualized, represented by a small white cube indicating the alignment of the 

crystal axes with the sample’s coordinate system. 

By combining IPF data for the x -, y -, and z-axes, a 3D orientation profile is 

constructed for each grain [47]. For instance, grains displayed as 

predominantly red in a z-axis IPF (Figure 19) align their surface normal with 

the [001] direction. Combining the data along x- and y-axes, in our study, we 

collect such data to show as small orientation cubes. 
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Grain boundaries 

By the analysis method, we can also collect the Kikuchi patterns among 

neighboring grains and compare their angular misorientation values. Figure 

20a illustrates high-angle grain boundaries (HAGBs) [48]. In this case, the 

Kikuchi line between the two grains is dramatically different, with distinct 

colors marking the grains. On the other hand, lower misorientations form 

Figure 18.a) color scaling of IPF coloring; b) Kikuchi line which collect after EBSD 
scanning, which shows three types of different Kikuchi line of FCC from top is {001}, 

{111}, and {011}; c) After IPF coloring, different crystals have a different color 

b) a) c) 

Figure19: IPF coloring for Al leaf data. a1, a1) for z-axis; a2 b2) for y-axis; a3, b3) for x-axis; 

a4, b4) after combining all three-axis data EBSD can help us make a figure for a crystal. 

 

a1) a3) a2) 

b1) b2) b3) b4) 

a4) 
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low-angle grain boundaries (LAGBs), which are indicated in green on IPF 

maps (Figure 20b). For such grains, in nearly aligned grains with minor 

angular deviation, IPF maps show similar colors, but there is a slight tilt 

between every grain. From empirical observations, such an angle is often 

less than 10° [49]. To distinguish the two types of grain boundaries, our study 

determined that the LAGBs were within an angle of less than 10°. 

Kernel Average Misorientation (KAM) 

Kernel Average Misorientation (KAM) quantifies the local misorientation 

between a reference pixel and its neighbors, typically within a range of 5° or 

less. High KAM values located within the grain indicate intense plastic 

deformation and elevated dislocation density, whereas low KAM values 

Figure20 a) blue line is high angle grain boundary, green line is low angle grain 
boundary) between different crystals, there is a grain boundary which can detect by 

EBSD scanning. b) Even though some area only a little bit twist, EBSD can also 
identify how much angel differences are they. 

a) 
b) 
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within the grain mark minimally deformed or recrystallized grains [50]. 

Because KAM relies on parameters such as threshold angles and scan step 

sizes, its interpretation requires caution. In Kanazawa gold leaf specifically, 

KAM maps can help us highlight heavily deformed zones.  

Grain Orientation Spread (GOS) in EBSD Analysis 

During EBSD acquisition, each pixel in a grain captures orientation data. 

Grain Orientation Spread (GOS) measures the deviation of each pixel’s 

orientation from the average grain orientation. GOS is computed by 

summing the misorientations of all pixels relative to the central grain’s mean 

orientation and then dividing by the total number of pixels. For instance, the 

orientation of pixel A, as shown in Figure 22A, is computed, and its 

orientation is compared to the orientations of its six nearest neighboring pixel 

points. The orientations of all pixel points in a grain, represented as device 

control 4 g indices a, l, l, and the average orientation of the grain, ḡ, are 

Figure 21 a) Calculate the angular deviation from the orientation at each point at the perimeter 
of the kernel with respect to the orientation at the center; b) Color center point according to the 

average deviation 

a) 
b) 
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analyzed. A measure is calculated by averaging these pixel orientations 

(Figure 22 B). 

The deviation of each pixel point’s orientation from the average , Δ𝑔௜ =

Δ(𝑔௜ , 𝑔̅), is calculated as the misorientation between the orientation of pixel 

point i and the average grain orientation. 

The GOS value is then obtained by summing the orientation deviations of all 

points and dividing by the total number of points N: 

GOS =
1

𝑁
෍ Δ𝑔௜

ே

௜ୀଵ

 

Through the use of this method, each pixel in the grain color codes its 

orientation deviation from the average orientation of the grain, allowing for 

the visualization of the amount of variation in orientation. A low GOS value 

Figure 22. a) detect the orientation data for a single pixel. b) every 𝑔̅ in the whole 
crystals for each pixel) GOS color for every points. 

a) b) 
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indicates that the grain is oriented in a reasonably consistent manner, often 

pointing to less deformation or post-recrystallization. A high GOS value 

indicates a significant variation in orientation within the grain, typically 

associated with plastic deformation and a higher density of dislocations. 

The GOS value reflects the uniformity of grain orientation. Evaluation of 

GOS reveals regions of strain accumulation, providing insight into 

mechanical properties. For our study, this can help us understand how 

hammering influences the plastic deformation of the Kanazawa gold leaf.  

A low GOS value implies uniform orientation, typically signifying mild 

deformation or post-recrystallization. High GOS marks indicate more 

extensive orientation spreads within the sample, consistent with plastic 

deformation and increased dislocation density [51]. GOS thus offers insight 

into how mechanical processes (e.g., hammering) alter microstructures, 

particularly relevant for Kanazawa gold leaf. 

Equivalent Circle Diameter (ECD) 

An Equivalent Circle Diameter (ECD) estimates grain size by matching a 

grain’s projected 2D area to that of an equivalent circle (Figure 23). ECD is 

widely used to standardize grain-size measurements, enabling clear 

comparisons across samples or processing conditions [52]. 



 

68 

 

 

As a measurement technique, this quantification method provides a precise 

and repeatable means of determining grain size, which enables direct 

comparison of various samples and test conditions. In our study, this 

approach allows us to quantify the grain size in each sample. 

Aspect Ratio of the Fitted Ellipse 

The aspect ratio of a fitted ellipse quantifies the shape of grains. In this 

method, first find the central axis and minor axis by treating every grain as 

Figure 23. a) A crystal; b) A circle which have a same area as crystal A, and the black line 
is the ECD 

a) 
b) 

Figure 24 a) A crystal with a major axis (red), minor axis (green); b) based on the 
two axes, can for mate an oval. The Aspect ratio of the fitted ellipse is based on 
these two axes. 

a） b） 
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an oval, then compute the ratio of the significant axis length to the minor axis 

length (Figure 24). Values near 1 denote nearly circular grains, whereas those 

exceeding 1.5 indicate significant elongation [52]. 

Aspect ratio analysis is a crucial feature for describing the shape of grains, 

allowing us to understand material microstructural details. Elevated aspect 

ratios indicate elongated grains and potential anisotropy. This is typically 

observed in the cold deformation process, which occurs without the 

tempering process and influences mechanical behavior, such as strength and 

deformation. In our study, the severe hammering process may alter the grain 

size and morphology, providing us with a deeper understanding of the 

microstructural characteristics within gold leaf.  

2.3 Sample and Experimental Method 

2.3.1 Sample preparation 

Sheet samples 

We prepared two types of gold leaves: a 0.7 µm thick gold leaf referred to as 

the Zumi leaf and a typical 0.1 µm thick Kanazawa gold leaf, referred to as 

No. 4 leaf. Both of them contain the same alloy element compound, 

comprising gold, silver, and copper, as shown in No. 4. We also examined an 

Al leaf (~0.37 µm thick) to study the hammering process in diverse metals 
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(Figure 25). All samples were provided by Hakuichi Co., Ltd. Each sample 

was cut. To determine appropriate sizes for EBSD and TEM observations. 

For EBSD, we affixed each sample to the stage with copper tape (Figure 26a). 

Figure 25. a) is the sheet of No.4 Kanazawa gold leaf with a thickness of 0.1μm; b) is the sheet 
of Zumi gold foil with a thickness of 0.7μm; c) is the sheet of Al leaf with a thickness of 0.37μm. 

Figure 26. a) shows the Al leaf and gold leaf secured on the sample stage; b) is the double 
grid used for the sheet sample to make the TEM sample. 

Figure 27. a) is the powder sample for pure gold leaf; b) is the powder sample for No.4 gold leaf.
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For TEM, we used a double grid to secure sections of the sheet (Figure 26b). 

Powder Sample 

To gather higher-resolution data, we also prepared powder samples for TEM. 

One powder was derived from pure gold leaf (99.9% Au), and another was 

from No. 4 leaf (Figure 27). We subjected each powder to high-speed 

vibration, mixed it with alcohol, and deposited the suspension onto a single 

carbon (C) grid for TEM. 

2.3.2 Experiment equipment 

Ultra-high voltage TEM 

To comprehensively observe the sheet structure of Kanazawa gold leaf, the 

metal textures of both No. 4 gold leaf and Al leaf (without thinning) were 

directly examined using a Hitachi H-3000 TEM at 2.0 MeV. This ultra-high-

voltage TEM offers higher transmission power than conventional TEMs, 

enabling the acquisition of detailed internal structure information from thick 

specimens, such as gold leaf. 

For an in-depth analysis of Kanazawa gold leaf structures, we employed a 

Hitachi H-3000 TEM at 2.0 MeV, which offers higher transmission power 

than standard TEMs due to its extra-high acceleration voltage. This 

capability enables detailed internal structural imaging of thicker samples 
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without the need for milling, allowing us to observe our sample without 

processing it and thereby preventing additional damage. 

EDS and TEM                                                                                                                             

High-resolution TEM images of both No. 4 gold leaf and pure gold leaf in 

powder form were captured using a JEM-2100Plus TEM operating at 200 

keV. We also conducted EDS for elemental composition analysis. 

SEM and EBSD  

EBSD was performed using a ThermoFisher Scios2 dual-beam SEM with an 

Oxford Instruments EDS detector. Operating parameters included a grating 

resolution of 800 × 800 pixels, a step size of 0.25 μm, and an accelerating 

voltage of 15 kV. Acquired data were processed and analyzed using 

Figure 28. a) is Hitachi H-3000 TEM form Osaka university; b) is the JEM-2100Plus 
TEM with an eds detector; c) is the eds detector  
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AZtecCrystal software. These conditions were applied to Zumi gold foil, No. 

4 leaf, and Al leaf samples (Figure 29). 

2.3 Summary 

This chapter outlines the experimental and analytical methodologies used to 

investigate the microstructures of the Kanazawa gold leaf. Transmission 

Electron Microscopy (TEM) and Electron Backscatter Diffraction (EBSD) 

serve as the core techniques in our study, enabling us to achieve high-

resolution imaging, crystallographic orientation mapping, and elemental 

analysis. 

TEM uses electron scattering to resolve atomic structures, characterize 

defects, and examine dislocations. EBSD is employed to study 

crystallographic texture and grain characteristics. Using Kikuchi patterns 

and the analysis method’s help, to generate maps such as Inverse Pole 

Figures (IPFs) and Grain Orientation Spread (GOS) maps, and others. This 

Figure 29. a) is ThermoFisher Scios2 dual-beam SEM with an Oxford Instruments 
EDS detector; b) shows the samples during the texting. 
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helps us to reveal the textural evolution and strain distribution within our 

samples. 
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Chapter 3 Texture evaluation of Kanazawa gold leaf 

3.1 Introduction 

Kanazawa gold leaf is a traditional Japanese material renowned for its 

exceptional thinness (100–200 nm), brilliant luster, and intricate fabrication 

technique that has been refined over centuries. It is fabricated by a pack and 

hammer method at room temperature, which differs fundamentally from 

conventional techniques such as cold rolling, but the underlying mechanisms 

to achieve such thinness and luster remain unclear. Kitagawa and Tanimura 

[1] [2] used X-ray diffraction (XRD) to investigate the thinning process of 

Kanazawa gold leaf by the pack and hammer method and found that the {011} 

texture, which developed when the thickness was reduced to about 10 µm, 

was replaced by the near-cube {001} texture when the thickness was reduced 

below 0.3 µm. Kitagawa [3] proposed that a high percentage of the {001} 

texture may result from cross-slip events induced by severe hammering 

deformation. The {001} texture is generally considered unstable and does 

not typically serve as the final texture in cold-rolled materials. Various cold-

rolled materials that exhibit an initial cube texture frequently transition to 

other textures [4] [5]. For example, Akef and Driver [6] demonstrated that 

aluminum processed at a temperature below 60% of the melting temperature 
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(Tm) transitioned from the cube {001} <100> and rotated-cube {001} <110> 

textures to the copper {112} <111> or brass {011} <211> textures owing to 

activation of an octahedral slip system. The degree of rotation of cube and 

near-cube textures varies with the applied stress and strain [7] [8] [9]. In 

contrast, cube textures are frequently observed during annealing of heavily 

deformed face-centered cubic (FCC) materials or during hot rolling [10] [11]. 

Under these conditions, the formation of a cube texture is generally 

associated with recrystallization [12]. Maurice and Driver [13] demonstrated 

that the high-temperature processing of  FCC metals can activate non-

octahedral slip systems such as the {110}–<110> slip system, which results 

in the formation of a stable cube texture. However, the development of a 

strong and stable {001} texture at room temperature has rarely been reported. 

Thus, understanding how ultrathin films such as Kanazawa gold leaf can be 

fabricated via the pack and hammer method at room temperature while 

maintaining a {001} texture is a topic of both scientific and industrial 

significance. 

3.2 Materials and methods 

We investigated the evolution of the {001} texture in Kanazawa gold leaf by 

electron backscatter diffraction (EBSD) [14] [15] and transmission electron 

microscopy (TEM) [16] [17]. Because the {001} texture is dominant when 
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the thickness is below 0.3 µm, two types of gold leaf were prepared: one with 

a thickness of about 1 µm and corresponding to the starting material for the 

second hammering stage (i.e., Zumi foil) and the other with a thickness of 

0.1 µm, which is typical of Kanazawa gold leaf (No. 4 leaf). Both types of 

gold leaf were obtained from Hakuichi Co., Ltd. and were cut into small 

pieces for observation by EBSD and TEM [18]. EBSD was performed by 

using dual-beam scanning electron microscopy (Thermo Fisher Scios 2) with 

an energy-dispersive spectroscopy detector (Oxford Instruments). The 

operating parameters included a grating resolution of 800 × 800 pixels, step 

size of 0.25 µm, and accelerating voltage of 15 kV. The acquired data were 

processed and analyzed by using the software AZtecCrystal (Oxford 

Instruments). The Kikuchi patterns of the backscattered electrons were 

obtained by illuminating a convergent electron beam at each pixel, which 

were then used to obtain the three-dimensional crystal orientation and local 

strain [19] [20]. The orientation distribution function (ODF) was obtained 

for quantitative analysis of sample textures [21]. To assist in understanding 

the ODF data, Fig. 2 shows the relationships of typical textures with their 

orientation within a synthesized film as a reference. TEM (Hitachi H-3000) 

was operated at an ultrahigh voltage (UHV) of 2.0 MV to increase the 

transmittance of the samples and facilitate the observation of their structures 
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without sample thinning processes [22] [23]. Samples were tilted to adjust 

the excitation conditions for electron incidence, which obtained bright-field 

(BF)- and dark-field (DF)-TEM images that could be used to observe 

dislocations. 

3.3 Results 

3.3.1 Electron backscatter diffraction 

Fig. 1 (a) and (b) shows the inverse pole figure (IPF) and the derived coloring 

map for the Zumi foil and No. 4 leaf [24]. The coloring map for the Zumi 

foil (Fig. 1(a)) predominantly comprised {101}-oriented grains (green area), 

although the orientation was not perfectly aligned even within individual 

grains as evidenced by their non-uniform colors. In addition, high-angle 

grain boundaries (HAGBs) (black lines) were not straight but wandering. 

The unit cell of the FCC lattice (white lines) shows different orientations 

depending on the location. These results suggest that many dislocations and 

defects exist in the Zumi foil. The IPF of the Zumi foil (Fig. 1(c)) show that 

the multiple random distribution (MRD), which increases in value with the 

ratio of the corresponding texture, was about 4.81 for {101}-oriented grains 

(red area) and 2.13 for {201}-oriented grains. The presence of {201}-

oriented grains indicates that the texture was not strongly oriented to {101} 
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but was slightly tilted along the <001> direction. 

For the No. 4 leaf (Fig. 1(b)), {001}-oriented grains were predominant (red 

area). The unit cell of the FCC structure (white lines) showed almost the 

same orientation throughout the observed area, which means that the crystal 

orientation was aligned not only perpendicular to the sample surface. Areas 

without {001}-oriented grains (yellow and purple streaks) had orientations 

tilted from the <001> direction to the <101> direction or the <111> direction. 

In addition, such regions surrounded by HAGBs were observed to have the 

{101} texture. These results suggest that the change in orientation from the 

{101} texture to {001} texture occurred in individual regions tens of 

micrometers in diameter during the second hammering stage, which may 

have formed HAGBs between adjacent regions. The IPF of the No. 4 leaf 

(Fig. 1(d)) shows that the MRD value of the {001}-oriented grains was 22.28, 

which suggests that the {001} texture is dominant. 
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The ODF describes the three-dimensional distribution of the crystal 

orientation in a sample and was obtained for the sections 𝜑ଶ = 0° and 𝜑ଶ = 

45°, as shown in Fig. 2. For the section 𝜑ଶ = 0°, the textures of the Zumi foil 

(Fig. 2(a)) were roughly distributed around 𝜑ଵ ~ 0°, 45°, 90°, 135°, and 180° 

along the line of 𝛷 = 45°. This indicates strong alignment with the {011} 

texture and a certain degree of in-plane crystalline orientation. However, the 

MRD values were not locally maximum at 𝜑ଵ ~ 0°, 45°, 90°, 135°, and 180°, 

which suggests that the crystal orientation must slightly deviate from the 

Goss texture (i.e., {011} texture with <100> orientation along the X-axis 

Figure 4. Inverse pole figure (IPF) coloring maps of the (a) Zumi foil and (c) No. 4 leaf. 
The color scale is derived from orientations aligned perpendicular to the sample surface 
(red, green, and purple correspond to the {001}, {110}, and {111} planes, respectively; 
black curves correspond to grain boundaries with misalignment angles greater than 15°; 
white lines depict the projected unit cell of the cubic structure). IPFs from the Z-axis of 

the (b) Zumi foil and (d) No. 4 leaf. 
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corresponding to (0° (or 90°), 45°, 0°)) or rotated Goss texture (i.e., {011} 

texture with <110> orientation along the X-axis corresponding to (45° (or 

135°), 45°, 0°)). These textures had MRD values of 7.2 and 4.6, respectively. 

In contrast, the {011} texture with the <133> orientation along the X-axis 

corresponding to (𝜑ଵ,Φ,𝜑ଶ) = (75°,45°,0°) had a MRD value of 10.8. This 

orientation deviates 15° from the ideal rotated Goss texture. In addition, the 

brass texture (i.e., {011} texture with the <112> orientation corresponding 

to (35°, 45°, 0°)) had a MRD value of 8.4. Conversely, the MRD value 

remained below 2 for 𝜑ଵ = 55°–65°, which indicates that the corresponding 

textures were rare. For the 𝜑ଶ = 45° section (Fig. 2(b)), the Zumi foil did not 

exhibit any notable textures. This suggests that the Zumi foil strongly prefers 

the {011} plane in the Z-direction but is more broadly distributed in the in-

plane direction rather than being strongly associated with a single ideal 

texture. 

The ODF results for the No. 4 leaf revealed a sharper distribution of textures 

than for the Zumi foil. For the 𝜑ଶ = 0° section (Fig. 2(c)), a pair of preferred 

Figure 5. 𝜑ଶ = 0° and 45° sections of the orientation distribution function (ODF) 

showing the textures of the (a, b) Zumi foil and (c, d) No. 4 leaf. 
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textures were observed with MRD values of 13.4 at (30°, 0°, 0°) or (60°, 0°, 

0°), which correspond to the {001} texture with the <310> orientation. This 

orientation deviates from the rotated cube texture ({001} texture with the 

<110> orientation corresponding to (45°, 0°, 0°)) by 15°, which suggests that 

the preferred texture was formed. In addition, these dominant textures were 

observed at symmetric positions including lines along Φ = 90° in the 𝜑ଶ = 0° 

section and Φ = 0° in the 𝜑ଶ = 45° section (Fig. 2(d)). Compared to the Zumi 

foil, which exhibited multiple textures, the No. 4 leaf demonstrated a 

transition toward a single dominant texture. 

Figs. 3(a) and (b) show the kernel average misorientation (KAM) maps of 

the Zumi foil and No. 4 leaf, respectively. The maximum misorientation 

angle was set to 15°. The KAM is similar to the second derivative of the 

crystal orientation distribution, so it gives data that are sensitive to 

dislocations. A KAM value that exceeds 1 indicates the presence of a 

dislocation. The KAM maps contain many green streaks with KAM values 

of 1–2, which may correspond to dislocation lines. For the Zumi foil, many 

short green streaks can be observed along the HAGBs (black lines), 

suggesting that dislocations moved to the grain boundaries and collected 

there. For the No. 4 leaf, the dislocations were observed throughout the 

sample, suggesting that many dislocations became entangled and became 
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immobile. In addition, about 61% of the area of the No. 4 leaf had KAM 

values exceeding 1, but this held true for only 23% of the area of the Zumi 

foil. Thus, the dislocation density increased during the second hammering 

stage, which indicates that no recrystallization or recovery occurred. 

3.3.2 Transmission electron microscopy 

As shown in Fig. 4(a), the BF-TEM images of the Zumi foil were taken under 

the two-beam condition by exciting the 𝑔 = 020 reflection at an accelerating 

voltage of 2 MeV. Some dark streaks (white arrows) were observed with a 

large number of dislocations between them. In the selected area electron 

Figure 6. Kernel average misorientation (KAM) maps of the (a) Zumi foil and (b) No. 
4 leaf. Colors indicate the average misorientation. Blue indicates a relatively small 

value, and green, yellow, and red indicate larger values in order. A larger value 
suggests the presence of a dislocation. 
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diffraction (SAED) pattern (Fig. 4(b)), which was taken at the area 

containing the dark streak (dashed circle in Fig. 4(a)), two periodic patterns 

(yellow and green hexagonal lattices) are observed. These correspond to 

patterns obtained when the incident electron beam was irradiated almost 

along the <110> zone axis but were tilted by approximately 5° from each 

other. This indicates that the black streak in the SAED pattern may 

correspond to a low-angle grain boundary. It was difficult to obtain clear 

TEM images or diffraction patterns of the Zumi foil owing to the thickness 

of the sample, but HAGBs were rarely observed, which is consistent with the 

KAM results (Fig. 3). 

Figs. 5(a) and (b) show BF- and DF-TEM images of the No. 4 leaf obtained 

under the two-beam condition with a strong excitation of 𝑔 = 2ത00. The DF-

TEM image shows not only bright regions corresponding to areas where the 

Bragg condition was satisfied but also bright streaks corresponding to areas 

Figure 7. (a) Two-beam bright-field (BF)-TEM images of the Zumi foil under the 
condition g = 020. (b) Local diffraction pattern for the dashed white circle in (a). 
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satisfying the Bragg condition near dislocation lines, where the electron 

diffraction conditions varied owing to the large structural deformation. The 

bright streaks formed along not only the [1ത01] direction but also the [101] 

direction, which are orthogonal to each other. This is important evidence that 

slip occurred on the {110} plane even in the FCC structure. It cannot be 

explained by slip on the {111} plane because the (111), (1ത11), (11ത1) and 

(111ത) planes, which are the slip planes of gold FCC crystals, do not form 

angles of 90° with each other. 

Fig. 6 shows an enlarged BF-TEM image of a selected area (dashed square 

in Fig. 5(a)). Slip bands with many short stripes were observed along the 

[101] direction. However, some bands were observed along the [1ത01] 

direction, which is perpendicular to the [101] direction. Because the short 

Figure 8. (a) BF- and (b) dark-field (DF)-TEM images of the No. 4 leaf. The DF-TEM 
image was taken by selecting the diffracted spot (g = 2ത00). The bright narrow belts 

correspond to slip bands. Several bright narrow bands can be observed along not only 
the [101] direction but also the [1ത01] direction. These bands are orthogonal with each 

other. 
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stripes in the slip bands are not aligned as regularly as those typically seen 

in stacking faults, they must correspond to screw dislocations. However, the 

observed slip planes cannot be explained by {111} planes because they do 

not intersect at right angles in the case of FCC crystals. Therefore, these 

results may indicate the activation of non-octahedral slip systems such as the 

{110}–<110> slip system, as reported by Maurice and Driver [13]. In this 

case, the slip bands corresponded to the {110} slip planes. However, as 

shown in Fig. 6(a), the short stripes corresponding to the dislocation lines 

were not necessarily perpendicular to the slip bands because these 

dislocation lines can be formed by a mix of screw and edge dislocations. In 

addition, the widths of the slip bands were roughly the same (~100 nm). This 

may have been caused by the slip plane terminating at both surfaces of the 

No. 4 leaf, as shown by the schematic of the (1ത01) slip plane in Fig. 6(b). 

Screw dislocations that terminate at both surfaces may be more mobile and 

may line up at nearly equal intervals on the slip plane. Because the (011) slip 

plane was tilted 45° relative to the hammering direction, the thickness of the 
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No. 4 leaf was estimated to be approximately 100 nm, which is a reasonable 

value. 

3.4 Discussion  

The IPF map (Fig. 1(a)) and KAM data (Fig. 3(a)) indicate that the Zumi foil 

retained a certain dislocation density without evidence of recrystallization 

[25]. The dislocation density increased in the No. 4 leaf, which indicates that 

no recrystallization or recovery occurred during the second hammering stage. 

In the BF-TEM image of the Zumi foil (Fig. 4), low-angle grain boundaries 

and dislocation tangles were observed, which suggests that dynamic 

recovery may have occurred during the first hammering stage that can be 

attributed to an increase in temperature within the package [26]. Conversely, 

Figure 9. (a) BF-TEM image of the No. 4 leaf enlarged to show the local area shown 
in Fig. 5(a). A slip band with many dislocation lines arranged in a periodic pattern is 

formed along the [101] direction. (b) Schematic illustration of the slip plane and 
dislocations in the No. 4 leaf that can explain the slip band in (a). The blue arrow 

indicates the hammering direction (approximately [001]). The slip plane was 
determined to be the (1ത01) plane. The dislocations terminate at both surfaces with 
the Burger’s vector of the [101] direction, which corresponds to screw dislocations. 

The dislocation lines are projected onto the screen. 
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the DF-TEM image of the No. 4 leaf (Fig. 5(b)) indicated the presence of not 

only slip bands but also various dislocations and defects, and low-angle grain 

boundaries were rarely observed. These results suggest that the No. 4 leaf 

underwent high plastic strain without recovery or recrystallization in the 

second hammering stage, which matches the results of Aifantis [27] and is 

consistent with the argument that a lower deformation temperature impedes 

dynamic recovery and recrystallization [28]. The temperature within the 

package may have been lower because the package was opened periodically 

during the second hammering stage, and the high melting point of gold (Tm 

≈ 1337 K) [30] would effectively prevent recovery or recrystallization. 

During the hammering stages, stress is generated by two main factors: the 

vertical stress from the hammer and the frictional stress caused by the 

vertical stress at the contact between the washi paper and gold sheets. For 

the Zumi foil, which corresponded to the product of the first hammering 

stage, the out-of plane orientation was almost {110}, which can be attributed 

to the hammering, but the in-plane orientation was not along a specific 

direction, which suggests that the in-plane stress was isotropic. The {110} 

texture aligns with the prediction of the Taylor model for uniaxial 

compression, and experimental studies have also indicated that the formation 

of such a texture is associated with a uniaxial compression process [29] [30]. 
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For the No. 4 leaf, which corresponded to the product of the second 

hammering stage, the out-of-plane orientation changed to {001}, and the in-

plane orientation was also mostly aligned. Because the washi paper had a 

lower friction coefficient in the second hammering stage than in the first 

hammering stage, the former also seems to have resulted in uniaxial 

compression. In other words, the deformation was constrained in the 

hammering direction (ND) while remaining free in the in-plane direction. 

During the second hammering stage, the No. 4 leaf exhibited a transition to 

its preferred textures. However, the dominant textures were rotated by 15° 

from the ideal rotated cube texture of {001} at <110> and were instead {001} 

at <310> (Fig. 2(b)). This cannot be explained by the conventional formation 

of cube textures driven by recrystallization that has been observed in hot-

rolled FCC metals [11]. However, the rotated cube texture has been observed 

during cold rolling [31] [32] and has been attributed to the shear stress at the 

contact between the roll and sample surface [33] [34]. In the second 

hammering stage, the washi paper becomes so smooth that it may not rub 

against the gold leaf. This may explain the dominant formation of textures 

rotated 15° from the ideal rotated cube texture. 

Kitagawa [3] used XRD to show that the {001} texture became dominant in 

Kanazawa gold leaf when the thickness was less than 0.3 µm, which suggests 
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that the sample thickness is a key factor for the formation of this texture. 

Dislocations near the surface have been reported to experience an image 

force [35] that draws dislocations toward the surface. Shan et al. [36] found 

that parts of a dislocation are attracted to the surface, which produces smaller 

segments. In metals, dislocation loops typically have a size of 100–200 nm, 

so a sample thickness of less than 200 nm may result in the loop partially 

exiting the surface and splitting into two dislocation lines terminating at both 

surfaces. These two dislocation lines are considered to primarily be 

components of screw dislocations. Edge dislocations, which have dislocation 

lines perpendicular to the sample surface, are likely to escape the surface 

entirely. Therefore, the slip band in Fig. 6(a) may have formed on the (011) 

slip plane and terminated on both surfaces of the No. 4 leaf. 

The activation of non-octahedral slip systems, particularly the {011}–<011> 

slip system, has been reported in studies on the deformation studies of FCC 

metals at high temperatures [37] [38]. A competitive relationship has been 

observed between the {111}–<011> slip system and non-octahedral slip 

systems such as the {011}–<011> slip system in terms of the process 

temperature, processing rate, and stacking fault energy (SFE) [39] [40] [41] 

[42]. Under the condition that the processing temperature exceeds the 

recrystallization temperature (0.6Tm), the critical resolved shear stress of all 
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slip systems is reduced by the small influence of dislocations at high 

temperatures, which increases the likelihood of a slip occurring across all 

planes. 

These results showed that the fabrication process of Kanazawa gold leaf is 

quite different from that of high-temperature fabrication processes. 

Dislocations on the {111} slip planes are entangled and immobilized because 

of extensive plastic deformation without recovery or recrystallization. When 

the thickness is reduced to about 100 nm, part of the dislocation loops exits 

the surface, which leaves behind a larger proportion of screw dislocations 

that are more likely to move and in turn results in non-octahedral slip systems 

such as the {110}–<110> slip system. In FCC crystals, screw dislocations on 

the (111) plane can cross-slip to the (1ത11) plane. In addition, those lines can 

protrude partially at an atomic distance. At the left and right ends of this 

protrusion, kinks with different signs are formed, which are called kink pairs. 

Bacroix and Jonas [39] showed that slip on the (011) plane occurs when these 

two phenomena occur. In detail, when a protruding dislocation line 

undergoes cross-slip, it can slip on the (011) plane due to the low Peierls 

barrier. Excluding the {011} planes, the {001} and {112} planes are also 

energetically favorable for slip in non-octahedral slip systems. Theoretically, 

the slip activation is affected by the effective shear stress [43] [44], which is 
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governed by the Schmid factor. The Schmid factor for the {011}–<011> slip 

system becomes much higher than that for other types of non-octahedral slip 

systems when the hammering direction gradually changes from [101] to 

[201]. 

Based on the observed results, Fig. 7 shows the formation process of 

Kanazawa gold leaf. In the first hammering stage, the (101) texture is formed 

because of activation of the (111) –[01ത1]  or (11ത1) –[011]  slip system. In 

addition, because it is a low-temperature process, neither recrystallization 

nor recovery occurs, so the dislocations become entangled and immobilized. 

Figure 10. (a) Standard stereographic projection of the FCC crystal structure viewed 
from the [001] direction. After formation of the (101) texture, the hammering direction 

gradually changed from the [101] to the [201] direction by activation of either the 
(1ത1ത1)–[011] or (1ത11)–[01ത1] slip system (red curves). It gradually changed from the 
[201] to the [001] direction by activation of either the (01ത1)–[011] or (011)–[01ത1] 
slip system (blue curves). These slip systems are non-octahedral. (b) Schmid factors 

for non-octahedral slip systems as a function of the hammering direction. The Schmid 
factor of the (112)–[11ത0] slip system was high when the hammering direction was 
approximately along the [101] direction. However, the Schmid factor of the (011)–

[01ത1] slip system increased when the hammering direction changed from the [201] to 
the [001] direction. 
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In the second hammering stage, the entanglement of dislocations causes 

cross-slip of the screw dislocations, which activates the (1ത11) –[01ത1]  or 

(1ത1ത1)–[011] slip system instead of the initial slip system mentioned above 

and causes the crystal orientation to tilt from [101] to [201] along the Z-axis 

(Fig. 9(b)). A weak {201} texture forms in the Zumi foil (Fig. 3(b)). As the 

second hammering stage progresses, the (01ത1)–[011] or (011)–[01ത1] slip 

system is activated because of the high Schmid factor when the hammering 

direction reaches the [201] direction (Fig. 7(b)). In addition, entangled 

dislocations on the {111} slip planes due to extensive plastic deformation 

without recovery or recrystallization contribute to the activation of such a 

non-octahedral slip system, which changes the hammering direction from 

[201] to [001] and facilitates the formation of the (001) texture. 

3.5 Conclusion 

Kanazawa gold leaf samples corresponding to the products of the first 

hammering stage (Zumi foil) and second hammering stage (No. 4 leaf) were 

investigated by EBSD and TEM to clarify the fabrication process. The Zumi 

foil had the {011} texture but did not show uniform alignment of the in-plane 

orientations. A certain dislocation density was retained indicating no 

recrystallization, and the dislocations gathered near the grain boundaries. 

The No. 4 gold leaf had the {001} texture and showed almost uniform 
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alignment of the in-plane orientations. The average orientation deviated by 

15° from the ideal rotated cube texture. Many dislocations were evenly 

distributed, which suggests that recrystallization or recovery did not occur. 

The entanglement and immobilization of dislocations may have activated 

cross-slip, which tilted the crystal orientation from [101] to [201] along the 

Z-axis. A non-octahedral {110}–<110> slip system was observed, which 

may have been induced by the entangled dislocations and high Schmid factor. 

The activation of the {110}–<110> slip system may have changed the 

hammering direction from [201] to [001] and caused the (001) texture to 

form. The alignment of the in-plane orientation may be related to the friction 

between the gold leaf and washi paper. 
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Chapter 4 Alloy element in Kanazawa gold leaf 

4.1 Introduction 

Kanazawa gold leaf is not just pure gold; it is an alloy containing silver and 

copper. The alloys can be divided based on their gold content, ranging from 

No. 1 to No. 4, as shown in Chapter 1. For example, No. 4 contains 

approximately 8.5 wt% Ag and 1.9 wt% Cu [1,2]. This classification is 

significant as it impacts both the mechanical and aesthetic properties of the 

leaves. One unique combination, comprising roughly equal parts of silver 

and gold, enhances specific properties without compromising the intrinsic 

qualities of gold. 

Gold is known for its high ductility and plasticity, but at nanoscale thickness, 

it becomes fragile and brittle. Alloy addition elements are implemented to 

enhance mechanical stability while maintaining ductility, such as silver and 

copper [3]. The use of silver is most popular in the production of Kanazawa 

gold leaf due to its ability to maintain the bright face of gold and facilitate 

hammering without significant changes in color and hardness, which 

contrasts with copper[4]. Silver’s addition also helps maintain the alloy’s 

reflectivity and durability, which are essential for both aesthetic and 

structural qualities [5]. 
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Although silver is more commonly used as an alloying element in Kanazawa 

gold leaf, copper may seem like a more cost-effective choice for achieving a 

color similar to pure gold [7]. It is easily understandable that the industrial 

18k and 22k gold alloys contain a much higher amount of copper compared 

with Kanazawa gold leaf, as shown in Figure 1. 

The choice of silver in Kanazawa gold leaf likely has both aesthetic and 

practical reasons. While copper can lower the costs and maintain the color 

close to that of pure gold, its presence alters the physical properties of the 

Figure 11 A ternary phase diagram of three elements Au, Ag, and Cu of color [6]. 
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alloy, making it harder and less ductile and, of course, rendering the process 

more difficult. Understanding the rationale behind choosing silver over 

copper as an alloying element reveals the delicate balance between 

optimizing processing performance, preserving visual appeal, and ensuring 

mechanical stability in this traditional Japanese craft. 

4.2 Materials and Methods 

This work features powdered Kanazawa No. 4 gold leaf and pure gold leaf. 

Transmission Electron Microscopy (TEM) was conducted using the TEM-

2100plus, which is equipped with an Energy-Dispersive X-ray Spectroscopy 

(EDS) detector to analyze alloy composition. 

4.3 Results and discussion 

4.3.1 TEM Imaging of Pure Gold Leaf and No.4 Gold Leaf 

Figures 2 and 3 show the microstructures of pure gold and No. 4 gold leaf, 

respectively, as observed from the [001] direction. The microstructure of 

pure gold leaf in Figure 2 exhibits band-like structures approximately 70 nm 

wide, aligned along the [1-10] direction, which correspond to slip bands that 

significantly impact the deformation behavior. It indeed reflects the 

generation of a well-defined slip band on the {110} plane as has already been 
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explained in Chapter 3.  

Compared to this, Figure 3 shows a similar band-like structure in the No. 4 

gold leaf, aligned along the [110] direction, marked by the blue arrow, 

indicating that the slip characteristic is maintained despite the addition of 

alloying elements. The low dislocation density observed may be related to 

surface disruption caused by powdering and, therefore, has a limited 

influence on the near-surface structure.  

Additionally, slip bands on the {011} plane, as discussed in Chapter 3, were 

observed in both No.4 gold leaf and pure gold. This confirms that a non-

octahedral slip occurs in both types of gold leaf. Furthermore, no significant 

Figure 12.BF field image from [001] direction form pure gold leaf. 

a) b) 



 

109 

 

 

microstructural differences were detected between the two, indicating that 

No.4 gold leaf maintains a high degree of similarity to pure gold in terms of 

slip behavior and overall microstructure. 

4.3.2 EDS and TEM Data for No.4 Gold Leaf 

Further EDS analysis carried out on No. 4 gold leaf from the [001] direction 

is presented in Figure 4. This also shows the slip band, corresponding to the 

[110] and [1-10] directions, as shown in Figure 4b. The composition in this 

region, as shown in Figure 4c, is approximately 90% gold, 9% silver, and 1% 

copper, matching the standard No. 4 alloy ratio.  

Figure 4 demonstrates the uniform distribution of alloying elements—silver 

Figure 13.BF image form [001] direction for the No.4 gold leaf. 

a) b) 
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and copper—across the sample, with no significant clustering of either 

aspect. This even distribution results in an α-phase alloy, which supports a 

stable atomic structure and prevents the formation of ordered superlattices in 

the No. 4 gold leaf. The α-phase structure also indicates that the alloying 

elements have a minimal impact on the crystal structure, highlighting a 

substantial similarity between No. 4 gold leaf and pure gold. Studies on 

phase stability in gold alloys reveal that such α-phase structures promote a 

homogeneous atomic distribution and limit the formation of superlattices, 

resulting in stable mechanical properties and minimal alteration to gold’s 

inherent characteristics [8]. 
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In the [011] directional view (Figure 5), a residual grain aligned along the 

(011) plane, as indicated by EBSD analysis in Chapter 3, displays red bands 

that align with the {111} plane. These bands represent specific slip systems 

that are important for deformation behavior. Unlike the (001) plane, which 

may display non-octahedral slip bands, the (011) plane lacks these features. 

Figure4. a) is the diffraction pattern form [001] direction; b) is the BF image form 
same condition; c) is eds spectrum analysis, showing the at% of every atom; d) is the 

eds elements map, red is for copper, green is for silver, blue is for gold. 

a) 

c) 

d) 

b) 
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However, slip activity along the {111} plane may still contribute to the 

material’s deformation. 

In Figure 5c, the copper content in the observed region is approximately 

Figure 14. a) is the diffraction pattern form [011] direction; b) is the BF image form 
same condition; c) is eds spectrum analysis, showing the at% of every atom; d) is the 

eds elements map, red is for copper, green is for silver, blue is for gold. 

c) d) 
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10.9at %, notably higher than the standard levels in No. 4 gold leaf. Despite 

this increased concentration, non-octahedral slip structures are absent in this 

region. Non-octahedral slip primarily occurs through a mechanism called the 

kink-pair mechanism, which requires a high density of screw dislocations[9].  

Le Hazif and Dorizzi indicated that non-octahedral slip activity is influenced 

by stacking fault energy (SFE), with higher SFE levels promoting this type 

of slip [10, 11]. Although the alloying elements in No.4 gold leaf are 

insufficient to alter the lattice structure significantly, they can still impact 

SFE due to their atomic properties. L. F. Vassamillet and T. B. Massalski 

suggested that small amounts of silver (below 4 at %) do not significantly 

affect SFE. In comparison, copper levels above 1 at % can substantially 

reduce SFE due to differences in the Fermi surfaces of copper and gold [12]. 

Thus, if the copper content in gold leaf exceeds 1 at %, the SFE would 

decrease sufficiently to inhibit non-octahedral slip, thereby limiting further 

deformation in these regions. As discussed in Chapter 3, the continued 

thinning of Kanazawa gold leaf largely depends on non-octahedral slip, as 

regions without sufficient non-octahedral slip tend to retain more thickness. 

In other words, if the percentage of copper is higher than 1at % in the gold 

leaf, as a result of the higher reducing power in the SFE, the non-octahedral 

slip may stop, and lead deformation cannot proceed further. 
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4.4 Conclusion 

Slip bands on the {011} plane, as discussed in Chapter 3, were observed in 

both No.4 gold leaf and pure gold, confirming that non-octahedral slip occurs 

in both types of gold leaf. Furthermore, no significant microstructural 

differences were detected between the two, indicating that No.4 gold leaf 

maintains a high degree of similarity to pure gold in terms of slip behavior 

and overall microstructure. 

EDS analysis confirms the uniform distribution of silver and copper in No. 

4 gold leaf, resulting in a stable α-phase alloy that ensures a homogeneous 

atomic structure without the formation of superlattices. The slightly higher 

copper concentration observed on the (011) plane, which reduces stacking 

fault energy, may contribute to inhibiting non-octahedral slip. This reduction 

in SFE limits the gold leaf's capacity to rely on the non-octahedral slip for 

continuous deformation. Therefore, this explains why the copper content in 

Kanazawa gold leaf is carefully controlled to remain below 1%. Keeping 

copper at this low level helps preserve the advantageous slip systems and 

overall deformation capabilities, ensuring that the leaf retains its desired 

mechanical properties and workability. 
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Chapter 5: Aluminum (Al) Leaf 

5.1 Introduction 

In Kanazawa, other metals, such as aluminum, silver, copper, and brass, are 

also subjected to traditional techniques for making gold leaf [1].  Previous 

studies have shown that the Al leaf forms a (001) texture during processing, 

similar to the texture in Kanazawa gold leaf [2]. This stimulated interest in 

understanding the mechanisms responsible for texture formation in Al, as 

texture is a crucial factor that determines the mechanical properties and 

behavior of a material. 

Aluminum has some peculiarities in terms of thinning. A (001) texture often 

forms during annealing or high-temperature processing, which improves 

ductility and formability [3]. In contrast, a (011) texture, which is associated 

with increased strength, typically results from cold working[4]. In this part, 

we will investigate the texture formation in Al leaf, with a particular focus 

on the hammering process and a comparison to the texture observed in 

Chapter 3. 

5.2 Materials and Methods 

The Al leaf sample is thick at 0.37 μm. Similar to gold leaf, it is produced 
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through the hammering process; however, the thickness of Aluminum leaf 

cannot be reduced further using this method. The primary analytical tools 

used in this study are Transmission Electron Microscopy (TEM) and 

Electron Backscatter Diffraction (EBSD) techniques, which are employed 

via Scanning Electron Microscopy (SEM). 

5.3 Results and discussion  

5.3.1 EBSD Analysis 

Figure 1 illustrates the EBSD Inverse Pole Figure (IPF) and IPF coloring 

maps for the Al leaf, observed on a plane perpendicular to the hammering 

Figure 15.the EBSD data for Al leaf from HD. a) is the IPF figure; b) is the IPF-
color map; c) is the grain size in such area; d) is the aspect ratios combine with the 

grain size. 
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direction (HD). Figure 1a presents the IPF analysis, which reveals a firm 

(001) texture. As shown in Figure 1 b, the red-colored regions, corresponding 

to the (001) orientations, dominate the IPF color map. This distribution 

suggests an inhomogeneous internal texture of scattered (001) regions across 

the Al leaf.  

As shown in Figure 1c, grain sizes range from 3.57 to 120 μm. In Figure 1d, 

grain shapes are depicted using fitted ellipses, but the aspect ratios for most 

grains are less than 3, indicating their equiaxed nature. The aspect ratios of 

many grains are less than 1.5. This suggests that equiaxed grains are present 

across a range of sizes, not just limited to smaller grains, which contrasts 

with observations in cold-worked aluminum. It is a remarkably equiaxed 

microstructure compared to what has been reported for cold-worked 

aluminum in the literature. 

Figure 2 is a GOS map. The color in this map shows an internal level of stress 

Figure 16. The GOS map, analysis form the HD. 
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inside the grains. Areas in blue correspond to GOS below 4° and represent 

low internal misorientations regarding grain average orientation and very 

low internal stresses, which cover 51.2% of the analyzed area. At the same 

time, areas where GOS values lie between 4° and 8° correspond to regions 

with higher internal stresses. The hammering process results in severe 

deformation, reducing the material's thickness by over 90% from its initial 

state. The lower stresses measured in some of the grains imply the occurrence 

of recrystallization mechanisms, which would act to reduce dislocation 

density. These observations align with those made by other researchers in 

studies of metals deformed to large strains [5]. Together, grain morphology 

and distribution of residual stress are consistent with features characteristic 

of recrystallized structures. 

Figure 3, KAM map of the Al leaf. Blue coloration indicates little dislocation 

density and internal strain within that region. Warmer colors indicate a 

Figure 17. The KAM map analysis from the HD. 
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greater misorientation, hence, higher dislocation densities and localized 

strain. 

Notably, grains with orientations differing from (001) show higher 

dislocation densities, suggesting that specific orientations may be more 

dislocations. Most of the grains appear blue; thus, much of the sample has 

undergone efficient dislocation density reduction through recrystallization [6].  

5.3.2 TEM Analysis 

Figure 4 is an enlarged view of one grain, surrounded by boundaries 

numbered 1 to 4, with an area of 32.3 μm², which falls within the range of 

the sizes of the smaller grains identified in the EBSD analysis. Within this 

grain, dislocations form tangled line structures, as exemplified in the blue 

box, characteristic of localized strain accommodation; however, the 

dislocation density is generally low. The bright and dark linear structures that 

appear alternately in the green area indicate the formation of dislocation 

subgrains due to the high SFE of aluminum, which discourages the 

generation of stacking faults and enhances cross-slip. 

The boundaries of grains 1, 2, and 3 are relatively straight with few 

dislocations in the vicinity; this infers that the boundary is stable and the 

magnitude of internal stresses that have built up is not significant. Grain 
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boundary 4 is wavy in appearance and falls within the influence of 

dislocation cells in the vicinity, suggesting that localized deformation and 

concentration of internal stresses occur. Dislocations accumulate along this 

grain boundary, expanding the dislocation cell structure to approximately 1 

μm in width, which may contribute to localized hardening. 

Within the dislocation cell, reorganization is observed in the green-boxed 

area. In contrast, in the yellow-boxed portion, a configuration is formed that 

leads to the creation of new grain boundaries, indicating partial 

recrystallization. In such grain, a typical coexistence of recrystallized and 

non-recrystallized regions within a single grain may occur in materials 

processed under dynamic recrystallization [7]. 

Figure 18. Ultra-high voltage TEM image of Al leaf form [001] direction. a) is the 
BF image; b) is the DF image. 
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5.3.3 Texture Analysis 

Figure 5 shows Pole figures for Al leaf. Figure 5a is the {001} pole figure 

showing a sharp peak in the {001} direction. This demonstrates a very 

significant {001} texture in the Al leaf. Figure 5b is a {111} pole figure, 

showing two peaks: one strong near <001> {100} and a weaker peak near 

<011> {100}. The misorientation of these peaks from the main crystal 

directions means incomplete texture development. 

This incomplete texture can be attributed to partial recrystallization and the 

hammering process, which introduce complex stress states and grain 

realignment. The more substantial peak corresponds to the classical cube 

texture <001> {100}, typically associated with fully recrystallized aluminum, 

indicating that recrystallization has occurred [8]. The weaker one near <011> 

Figure 19. The pole figure form EBSD analysis. a) is the pole figure form {001} 
of the Al leaf; b) is the pole figure form {111} of the Al leaf. 
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{100} indicates a shear texture, which is generally associated with rolling 

processes and confirms the mechanical deformation effect[9]. EBSD analysis 

reveals a scattered (001) texture with equiaxed grains, unlike the elongated 

structures typically observed in cold-worked aluminum, suggesting that 

dynamic recrystallization through hammering is driving the development of 

the {001} texture [10]. Grain Orientation Spread (GOS) and Kernel Average 

Misorientation (KAM) maps indicate that hammering not only induces 

significant deformation but also promotes recrystallization, thereby reducing 

dislocation density [11]. TEM observations further confirm partial 

recrystallization, highlighting dislocation sub-grains and a heterogeneous 

microstructure.  

Given that the melting point of aluminum is around 600°C, recrystallization 

for aluminum leaf begins at lower temperatures compared to gold leaf. 

Consequently, even with continuous hammering, complete recrystallization 

is not achieved; instead, the process remains within the realm of dynamic 

recrystallization. 

5.4 Conclusion 

Through EBSD and TEM data analysis, we investigated the primary reasons 

for the formation of the (001) texture in Al leaf. This (001) texture in Al leaf 
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primarily consists of two components: a cube texture, with orientation <001> 

{001}, and a shear texture, with orientation <011> {001}. However, the 

development of both textures is incomplete, indicating that the 

recrystallization process is not fully mature. 

Based on the recrystallization features and dislocation structures observed in 

EBSD and TEM, we infer that the Al leaf undergoes a process of dynamic 

recrystallization during hammering. This behavior differs significantly from 

the (001) texture formation observed in gold leaf, as discussed in Chapter 3. 

The primary factor underlying this difference is the substantially lower 

recrystallization temperature of aluminum (Al) compared to gold (Au). 
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