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Abstract:  

Dislocation plays a crucial role on controlling strength and plasticity of bulk materials. 

However, determining the densities of geometrically necessary dislocations (GNDs) and 

statistically stored dislocations (SSDs) is one of the classical problems in material research for 

several decades. Here, we proposed a new approach based on indentation size effect (ISE) and 

strengthening theories. This approach was performed on a laser powder bed fused (L-PBF) 

Hastelloy X (HX), and the results were verified by the Hough-based EBSD and modified 

Williamson–Hall (m-WH) methods. Furthermore, to better understand the new approach and 

essential mechanisms, an in-depth investigation of the microstructure was conducted. The 

distribution of dislocations shows a clear grain orientation-dependent: low density in large 

<101> preferentially orientated grains while high density in fine <001> orientated grains. The 

increment of strengthening in L-PBF HX is attributed to a huge amount of edge-GNDs. Planar 

slip is the main operative deformation mechanism during indentation tests, and the slip step 

patterns depend mostly on grain orientations and stacking fault energy. This study provides 

quantitative results of GND and SSD density for L-PBF HX, which constructs a firm basis for 

future quantitative work on other metals with different crystal structures. 

Keywords: Microstructure characterization; Indentation size effect; Hastelloy X; 

Geometrically necessary dislocation; Statistically stored dislocation 
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1 Introduction 

Mechanical properties of metals (e.g., strength and ductility) are intrinsically related to the 

content and types of crystal defects, such as solid solutions, particles, grain boundaries and 

dislocations. A better understanding of the influence of these defects can guide towards 

improved mechanical properties, which can be achieved by optimizing the heat treatment 

scenarios and machining routes. In the past decades, excessive studies [1-3], including 

theoretical [4], experimental [1, 2] and computer simulation [3], have been carried out on the 

plastic deformation of metals. Numerous results show that the mechanical plastic responses are 

highly affected by the development, multiplication, accumulation and migration of dislocations. 

Dislocations in a polycrystalline aggregate are generally divided into two types: geometrically 

necessary dislocations (GNDs), which accumulate in plastic strain gradient fields to maintain 

the strain compatibility across microstructures [2], and statistically stored dislocations (SSDs) 

that generate through a random mutual trapping process [1]. However, determining the densities 

of GNDs and SSDs is one of the classical problems in material research, and various micro- 

and nano-analytical tools are applied to solve this problem for decades. For example, 

transmission electron microscopy (TEM) can image the dislocation lines of both GNDs and 

SSDs, whereas the area analysed by TEM is very localized and there is no appropriate method 

to recognise GNDs and SSDs [5]. Another way to quantify the dislocation density is to analyze 

the peak broadening of X-ray diffraction (XRD) measurements. Nevertheless, XRD can only 

estimate the total density of GNDs and SSDs, and cannot distinguish the phases with similar 

lattice parameters [6]. In recent years, electron backscatter diffraction (EBSD) has been adopted 

to calculate the lower-bound density of GNDs from the lattice curvature caused by the 

orientation gradients in microstructures [1, 2, 7]. Yet, unlike TEM, EBSD cannot visualize both 

of GNDs and SSDs because SSDs are non-geometric dislocations and thus do not produces 

orientation gradients [8]. Therefore, alternative approach which can provide accurate densities 

of GNDs and SSDs with bulk response of a large number of grains is required. 

A large number of studies have shown that when the indentation depth decreases to 

submicrometric dimensions, the hardness of the metallic materials will considerably increase, 

which is considered to be caused by the variation of GND density [9-11]. This phenomenon is 
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usually called as the indentation size effect (ISE). Assuming that the hardness is only induced 

by dislocations, the model proposed by Guzman et al. [12] shows that this effect is related to 

the relation between the total dislocation density and hardness. Similarly, the study conducted 

by Stelmashenko et al. [13] also reveals the relationship. In addition, the hardness is classified 

into two types based on the indentation depth: macrohardness (H0) at large indentation depth, 

which is depth-independent, and microhardness (HISE) within the ISE zone [12], which 

decreases with the indentation depth increasing. The dislocation constituent of H0 depends only 

on the density of SSDs, while dislocation component of HISE is related to the linear 

superposition of GNDs and SSDs. According to this model, the GND density of an AISI 304 

stainless steel has been estimated [14]. Furthermore, a physically motivated parameter factor 

f=1.9 for describing the plastically deformed storage volume of the GNDs is also considered 

during the estimation [14, 15]. However, the value of f is not constant for different materials as 

illustrated in Ref. [11]. Apart from the deformation resistance due to dislocations, other 

hardening effects, like frictional effects, solid solution strengthening, grain size strengthening 

etc., should also be considered. Consequently, a new hardness-based approach, which takes 

microstructural strengthening mechanisms into consideration, needs to be proposed as a general 

dislocation density estimation method for different materials. 

In the present study, a new hardness-based approach to estimate the dislocation density of 

metallic materials has been proposed, the accuracy of which has been confirmed by the 

conventional Hough-based EBSD and modified Williamson–Hall (m-WH) methods. Compared 

with the conventional method, our approach can directly distinguish and calculate the densities 

of GNDs and SSDs. In addition, unlike other hardness-based methods, our method not only 

considers the microstructural strengthening mechanisms, but also can estimate the dislocation 

density of different Face-Centred Cubic (FCC) metals without considering the change of f 

values [11]. Then, well-designed experiments were implemented on L-PBF HX with a FCC 

crystalline structure and heterogeneous microstructure to verify the effectiveness of the new 

method. Different from the coherent precipitation strengthening superalloys [16, 17], HX is a 

solid solution strengthened alloy with few precipitates in the microstructures. To better 

understand the new approach and essential mechanisms, the microstructural features, like 
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cellular structures, microtexture and distribution of dislocations and GNDs, were also 

systematically investigated by SEM, EBSD and STEM (scanning transmission electron 

microscopy) observations. 
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2 Quantitative methodologies 

2.1 Methodology for assessing the GND and SSD densities based on ISE and strengthening 

mechanisms 

The indentation test method is considered in this work to estimate the dislocation density. 

In order to accurately determine the densities of GNDs and SSDs, all strengthening factors that 

affect materials response as well as the ISE during the indentation process were considered. 

According to the typical microstructures of L-PBF alloys [8, 18], the hardness (H) is the sum 

of the contributions from friction stress (Hfric), solid solution strengthening (HSS), grain 

boundary strengthening (HGB), precipitation strengthening (HP) and dislocation strengthening 

(HDis): 

H=Hfric+HSS+HGB+HP+HDis                                                (1) 

Eq. (1) is based on the assumption that the stresses due to different strengthening mechanisms 

are simply additive. As mentioned in the introduction part, the dislocations constituent of H0 

(HDis-H0) depends only on the density of SSDs, namely HDis-H0=MCαGb�ρSSD , while the 

dislocation component of HISE (HDis-HISE) is related to the linear superposition of GNDs and 

SSDs [11, 19], namely HDis-HISE=MCαGb�ρSSD + ρGND(hI). Therefore, the respective relations 

between HISE, H0 and dislocation density can be derived from the Taylor relation [11, 20]: 

HISE=Hfric+HSS+HGB+HP+MCαGb�𝜌𝜌SSD + 𝜌𝜌GND(ℎ𝐼𝐼)                          (2) 

H0=Hfric+HSS+HGB+HP+MCαGb�𝜌𝜌SSD                                     (3) 

where ρGND(h) and ρSSD are the density of GNDs at a specific indentation depth hI and the 

SSD density of the L-PBF HX alloy, respectively. C is a constraint factor, which transfers the 

complex stress state underneath the indenter into a uniaxial stress state [21]. For fully plastic 

indentation, the value of C is equal to ~3 [22]. M is the Taylor factor derived from the EBSD 

measurements to be 2.926. G=69.6 GPa is the shear modulus calculated from uniaxial tensile 

test [23]. b=0.257 nm is the magnitude of Burgers vector for HX alloy [24]. The value of 

empirical constant α is related to dislocation substructures [25, 26]. In the present work, on 

account of the fact that dislocations heterogeneously tangle along the cellular walls, using an α 

value (αHom=0.3 [8]) for the homogeneously distributed dislocations will lead to an 
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overestimation of the strength contribution from dislocations. Therefore, a modified α value 

(αHet) has been adopted [27]: 

𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻=2𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻�𝑓𝑓𝐼𝐼𝑓𝑓𝑤𝑤                                                     (4) 

𝑓𝑓𝐼𝐼+𝑓𝑓𝑤𝑤+fP≈𝑓𝑓𝐼𝐼+𝑓𝑓𝑤𝑤=1; fP=0.197% (as shown in Section 4.1)                      (5) 

𝑓𝑓𝑤𝑤≈ 𝜅𝜅𝑤𝑤
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

                                                               (6) 

where fI, fw and fP  are the volume fractions of cellular interiors, cellular walls and nano-

particles respectively; κ is a geometric constant and set as 3 for a regular substructure; w=33 

nm is the thinckness of cellular walls from Fig. 3e; dCell=530 nm is the average size of cellular 

structures from Fig. 3c and 3d. Therefore, the value of αHet can be calculated as 0.234. 

On the other hand, the contributions to the hardness by other strengthening mechanisms 

can be evaluated according to [28-33]: 

𝐻𝐻fric=3∆𝜎𝜎fric=3 2𝐺𝐺
1−𝑣𝑣𝑝𝑝

𝑒𝑒
− 2𝜋𝜋𝜋𝜋
𝑏𝑏�1−𝑣𝑣𝑝𝑝�                                               (7) 

𝐻𝐻SS=3∆𝜎𝜎SS=3�∑ 𝑘𝑘𝑖𝑖2𝑖𝑖 𝑐𝑐𝑖𝑖�
1 2⁄                                                 (8) 

𝐻𝐻GB=3∆𝜎𝜎GB=3 𝑘𝑘𝑦𝑦
�𝑑𝑑GB

                                                      (9) 

𝐻𝐻P−Cut=3∆𝜎𝜎P−Cut=3M𝐺𝐺𝐺𝐺
𝐿𝐿
�1 − �𝐸𝐸𝑝𝑝

𝐸𝐸𝑚𝑚
�
2
�
3
4
; sin−1 �𝐸𝐸𝑝𝑝

𝐸𝐸𝑚𝑚
�≥50°                       (10) 

𝐻𝐻P−Loop=3∆𝜎𝜎P−Loop=3 𝐺𝐺𝐺𝐺
𝐿𝐿−𝑑𝑑P

                                              (11) 

where the numerator, 3, in Eqs. (7)-(11) stands for the transforming the strength to hardness 

values [34]. ∆σfric, ∆σSS, ∆σGB are the strength contributions resulting from friction stress, solid 

solution strengthening and grain size strengthening, respectively. Due to the interaction 

between dislocations and precipitates is still highly unclear [33, 35-37], the strengths provided 

by the mechanisms of cutting through and by-passing are calculated as ∆σP-Cut and ∆σP-Loop. 

Actually, due to the small size and low content of the precipitates, the hardness components 

provided by the two mechanisms are very close and negligibly small, as listed in Table 4, which 

agrees well with the previous studies [8, 33]. G, M and b have been defined previously. vp=0.3 

is Poisson’s ratio; d is the interplanar spacing of the primary slip (𝑑𝑑{111}=0.2044 nm for HX 

alloy); 𝑐𝑐𝑖𝑖 is the concentration of element i in the unit of at.%; ki is the strengthening constant 

for element i in the unit of MPa‧ (at%)-1 2⁄  , and values are listed in Ref. [30]; 𝑘𝑘𝑦𝑦 =710 
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MPa‧μm1 2⁄   is the Hall–Petch constant for nickel-based superalloys [38]; dGB  is the mean 

grain size; Ep  and Em  are the dislocation line energy in the nanoparticles and matrix, 

respectively. dP is the average diameter of nanoparticles. L is the average spacing on the glide 

plane for nanoparticles, which can be calculated as follows: 

L=� 2𝜋𝜋
3𝑓𝑓P

𝑅𝑅P                                                          (12) 

where fP and RP=dP 2⁄  are the volume fraction and the mean radius of the nanoparticles. The 

rate of EP Em⁄  has close relationship with the size of precipitates: 

𝐸𝐸𝑝𝑝
𝐸𝐸𝑚𝑚

=𝐸𝐸𝑃𝑃
∞

𝐸𝐸𝑚𝑚∞
log𝑅𝑅P𝑟𝑟0
log 𝑟𝑟

𝑟𝑟0

+
log 𝑟𝑟

𝑅𝑅P
log 𝑟𝑟

𝑟𝑟0

                                                    (13) 

where r0 and r are the inner cut-off radius and outer cut-off radius of the dislocation stress 

field, whose values are taken as 2.5b and 2500b, respectively [39]. 𝐸𝐸𝑃𝑃∞ 𝐸𝐸𝐻𝐻∞⁄ =0.62 is the energy 

per unit length of a dislocation in an infinite medium [37]. 

Finally, both the densities of SSDs and GNDs can be estimated by combing Eqs. (2)-(11): 

𝜌𝜌SSD=�
𝐻𝐻0−

6𝐺𝐺
1−𝑣𝑣𝑝𝑝

𝐻𝐻
− 2𝜋𝜋𝜋𝜋
𝑏𝑏�1−𝑣𝑣𝑝𝑝�−3�∑ 𝑘𝑘𝑖𝑖

2
𝑖𝑖 𝑐𝑐𝑖𝑖�

1 2⁄
−

3𝑘𝑘𝑦𝑦
�𝜋𝜋𝐺𝐺𝐺𝐺

−𝐻𝐻𝑝𝑝

𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺
�

2

                                 (14) 

𝜌𝜌GND(ℎ𝐼𝐼)=�
𝐻𝐻𝐼𝐼𝐼𝐼𝐼𝐼−

6𝐺𝐺
1−𝑣𝑣𝑝𝑝

𝐻𝐻
− 2𝜋𝜋𝜋𝜋
𝑏𝑏�1−𝑣𝑣𝑝𝑝�−3�∑ 𝑘𝑘𝑖𝑖

2
𝑖𝑖 𝑐𝑐𝑖𝑖�

1 2⁄
−

3𝑘𝑘𝑦𝑦
�𝜋𝜋𝐺𝐺𝐺𝐺

−𝐻𝐻𝑝𝑝

𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺
�

2

-𝜌𝜌SSD                      (15) 

It should be noted that the Eqs. (14) and (15) are derived based on assumption that the 

density of SSDs is a constant during indentation process [11] and the hardness contributions 

from various strengthening mechanisms other than dislocations are depth-independent. 

2.2 Determination of GND and SSD densities from EBSD-acquired orientation data and 

XRD data 

2.2.1 Determination of GND density from EBSD-acquired orientation data 

The crystal orientation (usually described by Euler angle notation (φ1, Φ, φ2)) of crystalline 

materials can be measured utilizing EBSD by implementing a point-by-point scan on the 

sample surface, as the crystallographic orientation map shown in Fig. 1a. The small 

misorientation angle (∆θ in Fig. 1b) between the adjacent measurement points, such as P(1) and 

P(2) in Fig. 1a, is caused by the lattice curvature, which is essentially caused by the existence 
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of GNDs in crystal, as shown in Fig. 1a and 1b. Therefore, the GND density can be quantified 

by calculating the amount of GNDs required for producing the EBSD-measured lattice 

curvature. Note that the SSDs have a net-zero Burgers vector and thus no extra lattice curvature 

is generated [2]. Fig. 1 schematically shows how the lattice curvature tensor (Kij) between the 

adjacent measurement points can be obtained using the crystal orientations: 

Kij=�
K11 K12 K13
K21 K22 K23
K31 K32 K33

�                                                     (16) 

For 2D EBSD orientation map, only the lattice orientations in the investigated plane (X1-

X2 plane in Fig. 1) are accessible. Thus, only six out of nine lattice curvature tensor components 

Ki1  and Ki2  can be calculated. From the misorientation angle (∆θ) between the adjacent 

measurement points separated spatially by ∆x, the lattice curvature can be expressed as follows 

[2, 7]: 

Kij=
𝜕𝜕𝜃𝜃𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

≈∆𝜃𝜃𝑖𝑖
∆𝑥𝑥𝑗𝑗

                                                            (17) 

∆𝜃𝜃1=|∆𝜃𝜃| � 𝑢𝑢
√𝑢𝑢2+𝑣𝑣2+𝑤𝑤2� 

∆𝜃𝜃2=|∆𝜃𝜃| � 𝑣𝑣
√𝑢𝑢2+𝑣𝑣2+𝑤𝑤2� 

∆𝜃𝜃3=|∆𝜃𝜃| � 𝑤𝑤
√𝑢𝑢2+𝑣𝑣2+𝑤𝑤2�                                                  (18) 

where u, v and w are orientation indexes of the common axis [uvw]c between two neighbouring 

crystals. Combing Eqs. (17) and (18), Ki1 and Ki2 can be explicitly expressed as: 

K11=∆𝜃𝜃1
∆𝑥𝑥1

; K21=∆𝜃𝜃2
∆𝑥𝑥1

; K31=∆𝜃𝜃3
∆𝑥𝑥1

; K12=∆𝜃𝜃1
∆𝑥𝑥2

; K22=∆𝜃𝜃2
∆𝑥𝑥2

; K32=∆𝜃𝜃3
∆𝑥𝑥2

                         (19) 

From Eq. (19), it can be inferred that the step size (λs, ∆x=∆x1=∆𝑥𝑥2=λs) used for the 

EBSD scanning has a significant impact on the measurement of the lattice curvature. On the 

one hand, according to Wilkinson et al. [40], the measurement error (𝜌𝜌𝑛𝑛𝐻𝐻𝑖𝑖𝑛𝑛𝐻𝐻) of GND density 

can be estimated as follows: 

𝜌𝜌𝑛𝑛𝐻𝐻𝑖𝑖𝑛𝑛𝐻𝐻=𝛿𝛿 𝑏𝑏𝜆𝜆𝑛𝑛⁄                                                            (20) 

where 𝛿𝛿 is uncertainly in the crystal orientation measurement, the upper-bound of which is a 

constant and related to EBSD detector. Therefore, the measurement error of GNDs can be 

minimised by increasing the step size during EBSD scanning. On the other hand, increasing 

∆x will increase the possibility of crossing the geometrically-necessary boundaries (GNBs), 
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leading to the inaccurate measurement of lattice curvature and underestimation of GND density 

[2]. In the present work, a step size of 200 nm is chosen during data acquisition, which is small 

enough to reveal the cellular structures (530 nm in average size) with high density of tangled 

dislocations on the cellular boundaries, and large enough to provide an acceptable measurement 

duration. 

In addition, ignoring the elastic stress field, the relation between Ney's total dislocation 

density tensor (αij) and all types (t) of dislocation density is as follows [2, 7]: 

αij=∑ b�⃗ i
t
l⃗j
t
ρG

tN
t=1                                                            (21) 

where b�⃗
t
, l⃗

t
 and ρt are the Burgers vector, line vector and dislocation density of the t-th type 

of GNDs, respectively. According to the study by Pantleon [7], five Nye's dislocation density 

tensor components can be derived from the six available curvature components in Eq. (19): 

α12=K21; α13=K31; α21=K12; α23=K32; α33=−K11-K22                          (22) 

The four missing dislocation density tensor components are: 

α11=−K22-K33; α22=−K11-K33; α31=K13; α32=K23                             (23) 

Using Eq. (23), one difference between two of the missing components can be obtained as: 

α11-α22=−K22+K11                                                       (24) 

Combing Eqs. (21)-(24), the relation between the lattice curvature (Kij) and dislocation 

density (ρG) is as follows: 

Kij=∑ �𝑏𝑏𝑗𝑗𝐻𝐻𝑙𝑙𝑖𝑖𝐻𝐻 −
1
2
𝛿𝛿𝑖𝑖𝑗𝑗𝑏𝑏𝐻𝐻𝐻𝐻 𝑙𝑙𝐻𝐻𝐻𝐻 �𝑁𝑁

𝐻𝐻=1 𝜌𝜌𝐺𝐺𝐻𝐻                                             (25) 

where 𝛿𝛿𝑖𝑖𝑗𝑗 is the Kronecker delta. 

For FCC crystals, there are 12 edge and 6 screw dislocation configurations on the 

{111}<110> slip mode (N=18, the dislocations with the same Burgers vector and an opposite 

line vector are not considered). The resultant 18 GND dislocation types are listed in Table 1. 

Since the dislocation configuration types N=18 is larger than the number of linear equations, 

there is no unique solution to determine dislocation density. In the previous studies, different 

methods have been applied to calculate the dislocation density by solving Eq. (25), including 

minimization the total line energy of the dislocation configurations [41, 42] or minimizing the 

equivalent dislocation line length [40]. In the present work, the L1 total line energy 
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minimization procedure [7, 43] has been applied to fit the observed lattice curvatures. In 

addition, the energy ratio given in Eq. (26) is also considered as weights [2, 43], and the 

weighted sum density of all types of dislocation is shown in Eq. (27): 

𝐸𝐸𝐶𝐶𝜋𝜋𝑒𝑒𝐶𝐶
𝐸𝐸𝑠𝑠𝑠𝑠𝑟𝑟𝐶𝐶𝑠𝑠

 = 1
1−𝑣𝑣𝑝𝑝

                                                                (26) 

∑ 𝐸𝐸𝐻𝐻𝑑𝑑𝑒𝑒𝐻𝐻𝐻𝐻 𝜌𝜌𝐻𝐻
𝐻𝐻𝑑𝑑𝑒𝑒𝐻𝐻+∑ 𝐸𝐸𝑛𝑛𝑐𝑐𝑠𝑠𝐻𝐻𝑤𝑤𝐻𝐻 𝜌𝜌𝐻𝐻𝑛𝑛𝑐𝑐𝑠𝑠𝐻𝐻𝑤𝑤=min                                        (27) 

𝐸𝐸𝑛𝑛𝑐𝑐𝑠𝑠𝐻𝐻𝑤𝑤=𝐺𝐺𝐺𝐺
3

4𝜋𝜋
ln � 𝑠𝑠

𝑠𝑠0
�                                                        (28) 

where Escrew and Eedge are line energies of screw and edge GND dislocations, respectively; 

ρedge  and ρscrew  are the densities of the edge and screw GND dislocations, respectively; 

r=2500b and r0=2.5b have been defined in Eq. (13). Therefore, the values of Escrew and Eedge 

can be determined as 3.7 and 5.3 eV, respectively. Finally, a lower-bound total density of GND 

type dislocation is derived by summing the magnitudes of all dislocation components, as shown 

in Eq. (29): 

𝜌𝜌GND=∑ 𝜌𝜌𝐺𝐺𝐻𝐻𝑁𝑁
𝐻𝐻=1 ≈min∑ 𝜌𝜌𝐺𝐺𝐻𝐻6

𝐻𝐻=1                                                  (29) 

In the present work, the GND density is obtained based on the above theory, more details 

can be seen in Ref. [2, 7]. Moreover, this has been successfully used to quantify the 

microstructure-averaged GND density in different alloys under different deformation states [1, 

2, 8]. Note that the SSDs have a net-zero Burgers vector, so they cannot be detected by EBSD. 

According to the report by Ashby [44], the total dislocation density is the sum of GNDs and 

SSDs, and both of them contribute equally to strength. Therefore, the SSD density can be 

obtained by subtracting the GND density from the total dislocation density. Section 2.2.2 

illustrates how to estimate the total dislocation density from XRD data. 

2.2.2 Determination of total dislocation density from XRD data 

XRD measurement was conducted in Bragg–Brentano geometry using a Panalytical X'Pert 

PRO equipped with a graphite curved crystal monochromator and Cu-Kα radiation (λ=1.5418 

Å) in the 2θ range from 40° to 140°. The step size is 0.004° and the counting time per step is 

45 s. Instrumental broadening effects have been removed from the measured value using a 

LaB6 powder reference. The m-WH method [45-47] was applied to determine the total 

dislocation density in the as-built HX alloy, which also has been verified by the value obtained 
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from the STEM micrographs using the intersection method (Appendix Ⅰ.) [48]. 

In the m-WH method, the relationship between total dislocation density (ρtot) and coherent 

domain size (D) can be represented by the following equation [46]: 

∆𝐾𝐾hkl=
0.9
D

+�π𝑀𝑀𝑝𝑝
2𝐺𝐺2

2
�
1 2⁄

𝜌𝜌tot
1 2⁄ �𝐾𝐾hkl𝐶𝐶h̅kl

1 2⁄ �+O�𝐾𝐾hkl2 𝐶𝐶h̅kl�                         (30) 

where ∆K=2cosθ(∆θ)/λ and K=2sinθ/λ, ∆θ is the full width at half maximum (FWHM) of the 

diffraction peak, θ is diffraction angle, Mp is a parameter related with the dislocation density 

and the effective outer cut-off radius of the dislocations. O�Khkl
2 C�hkl� is the higher-order terms 

in K2C�, and it is considered negligible [25]. C� is the average dislocation contrast factor, which 

is used to correct the strain anisotropy in the classical Williamson Hall method [46]: 

𝐶𝐶̅=𝐶𝐶h̅00 �1 − 𝑞𝑞 ℎ2𝑘𝑘2+𝑘𝑘2𝑙𝑙2+𝑙𝑙2ℎ2

(ℎ2+𝑘𝑘2+𝑙𝑙2)2 �                                             (31) 

𝐶𝐶h̅00=𝑎𝑎1[1 − 𝑒𝑒𝑥𝑥𝑒𝑒(−𝐴𝐴𝑖𝑖 𝑏𝑏1⁄ )] + 𝑐𝑐1𝐴𝐴𝑖𝑖 + 𝑑𝑑1                                    (32) 

q=𝑎𝑎2[1− 𝑒𝑒𝑥𝑥𝑒𝑒(−𝐴𝐴𝑖𝑖 𝑏𝑏2⁄ )] + 𝑐𝑐2𝐴𝐴𝑖𝑖 + 𝑑𝑑2                                       (33) 

𝐴𝐴𝑖𝑖=2𝐶𝐶44 (𝐶𝐶11 − 𝐶𝐶12)⁄                                                     (34) 

where C11, C12 and C44 are anisotropic elastic constants, and for HX alloy the values of them 

are 230.4, 156.12, 121.77 GPa, respectively [49]. h, k and l are the Miller indices. For screw 

dislocations in FCC crystals, the values of a1 to d1 in Eq.s (32) and a2 to d2 in Eq.s (33) are 

constants; while for the case of edge dislocations, their values are related with C12 C44⁄  [46]. 

By assuming that equal proportion of edge and screw dislocations are present in the as-built 

HX alloy, the values of C� and q can be calculated, as given in Table 2. Ultimately, the total 

dislocation density of the as-built HX could be obtained. 

Apart from the m-WH method, the Convolutional Multiple Whole Profile (CMWP) [50-

52] method is also widely used to estimate the dislocation density. Especially for alloys with 

μm-scale grain size and fiber-textured structure, the CMWP method using the individual 

contrast factors can give sufficient results with respect to the total dislocation density [51, 52]. 

We will present the CMWP fitting results in our future work. 
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3 Materials and experimental procedures to verify the hardness-based model 

3.1 Material and L-PBF process 

The plate-like samples with a thickness of 4 mm (Fig. 2) were vertically printed from the 

gas atomized EOS NickelAlloy HX powder with the chemical composition listed in Table 3 

and a Gaussian size distribution ranging from 15 to 50 μm. Samples were 3D-printed in argon 

atmosphere using an EOS M290 machine with the maximum power capacity of 400 W 

continuous Yb-fibre laser and a laser beam spot size of 100 μm. We set layer thickness to 20 

μm, the hatching distance to 150 μm. The 67° scanning direction rotation was applied between 

the adjacent layers (Fig. 2a) to reduce the anisotropy of mechanical properties and refine the 

microstructure. 

3.2 Microstructural characterization and microhardness measurement 

Microstructural characterizations were carried out both on the X-Y and X-Z planes in the 

as-built material, as shown in Fig. 2b. Samples were mounted in conductive bakelite and then 

well ground and polished according to Struers recommendations. For revealing the 

microstructural features of L-PBF alloys via scanning electron microscopy (SEM), such as 

submicron cellular structures, semi-elliptical melt pool boundaries (MPBs) and highly serrated 

grain boundaries (GBs) etc., the well-polished samples were chemically etched in a solution of 

4.5 g CuSO4 + 20 mL HCl + 20 mL H2O at ambient temperature for 3-4 min. The samples for 

electron backscatter diffraction (EBSD) analysis were metallographically prepared with a final 

polishing step of 0.05 μm using an OPU suspension for 15 min; while for XRD analysis, the 

samples were well-polished and then electro-etched at room temperature in a solution of 78 ml 

perchloric acid, 90 ml distilled water, 730 ml ethanol and 100 ml 2-butoxyethanol at 30 V for 

15 seconds. A Hitachi SU70 FEG SEM equipped with an Oxford Instruments EBSD system 

were used to illustrate the microstructural features in detail. The operating voltage of the SEM 

used for imaging is 10-20 kV and that for EBSD is 20 kV. Microtexture, grain misorientation 

and qualitative analysis of the GND density distribution were performed with a scanning step 

size of 400 nm and a binning of 4×4 with a Nordlys-STM detector. While a step size of 200 nm 

and a binning of 2×2 were selected for GND density calculation. The post-data analysis was 

done using HKL Channel 5 software and the MTEX MATLAB toolbox. A FEI Tecnai G2 
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scanning transmission electron microscope (STEM) operating at 200 kV was employed to 

further reveal the microstructures and dislocation configurations. Thin foils for TEM 

observations were twin-jet electro-polished in a solution of 10 vol.% perchloric acid and 90 

vol.% ethanol at 25 V and -25 °C. 

It is widely accepted that the microhardness measurements can provide the collective 

response of a large area or a certain number of grains affected by the applied load. For this 

reason, we chose microhardness instead of nanohardness for testing, hoping to get a more 

statistical measure of dislocation density. Vickers microhardness was performed on the X-Z 

plane (Fig. 2b) using a Struers DuraScan G5 hardness tester with eight different maximum loads 

ranging from 0.01 kgf to 0.5 kgf and 15 seconds dwell-time. For each maximum load, the 

hardness is determined by no less than 20 indentations. 

  



14 
 

4 Results and Discussion 

4.1 As-built microstructures 

SEM images in Fig. 3a-3d show the typical morphologies of MPBs, HAGBs and cellular 

structures in the as-built HX alloy. As illustrated in Fig. 3a, the MPBs are distinguished by red 

lines, and since 67° rotation was applied between the adjacent layers, each MPB is not aligned 

with the other underneath. The MPBs are partially overlapping; re-melting of them during the 

subsequent scanning can be confirmed by the larger depth of MPBs than the layer thickness (20 

μm). The overlapping and re-melting of MPBs are necessary for the complete melting of the 

deposited powder. Fig. 3b shows the magnified SEM micrograph of the black dotted box in Fig. 

3a. It can be seen that the columnar grains with highly serrated GBs can span over several 

MPBs. Two kinds of cellular structure appearances depending on the difference in orientations 

are present in Fig. 3c and 3d, and both have the average size of 530 nm. In order to further study 

the features of cellular structures, a FEI Tecnai G2 STEM is employed, as shown in Fig. 3e. 

The cellular structures consist of high density of tangled dislocations along the cellular walls 

with the thickness of 33 nm and relatively clean interiors. According to the Eq. (5), the volume 

fraction (fw) of cellular walls can be determined to be 18.7%, which is coincident with the value 

reported in [8]. In addition, some nanoparticles with an average size of 65 nm and an area 

fraction of 0.197% can also be observed in the vicinity of cellular walls. Using Eq. (12), the 

average spacing of the nanoparticles on the glide plane (L) can be estimated to be 1.06 μm. 

Apart from microstructural features of MPBs, serrated GBs and cellular structures, the 

grain orientation and the distribution of grain size and GND density are also studied by EBSD 

(Fig. 3f-3k). According to the cross-sections in Figs. 3f and j, different grain morphologies can 

be seen. The X-Z plane with the reference axis parallel to the building direction presents a 

microstructure which consists of many small-sized <001> orientation grains separated by the 

large-sized <101> orientation grains, as shown in Fig. 3f. To further study the locations of the 

<001> orientated grains, the X-Y plane of the as-built HX alloy with the same reference axis is 

also measured by EBSD, as shown in Fig. 3g. It can be clearly observed that the <001> 

orientated small grains were located in the intersection of the <101> orientated large ones. It is 

known that for FCC crystals, the preferential growth direction during solidification is <001> 
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[53]. During the L-PBF process, the direction of cellular structures is mainly determined by the 

local temperature gradient [54]. The highest temperature gradient is almost along the normal of 

the MPB and will vary with the radius of the MPB. In the center of the melt pool, the normal 

of the MPB is parallel with BD direction, leading to the formation of <001> orientated cellular 

structures. As the radius of the molten pool increases, the normal direction of MPB begins to 

tilt toward the center, which results in the formation of a large area fraction of cellular structures 

inclined around 45° to the normal of the central MPB. Due to the directional growth of grains 

in L-PBF alloys, the average grain size (27.21±29.95 μm) of X-Z plane is noticeably larger than 

that of X-Y plane (18.07±15.23), therefore a geometric mean of 22.17 μm is treated as the 

microstructure-averaged grain size. 

The distribution of GND density in the black and white boxes in Fig. 3f and 3g are shown 

in Fig. 3i and 3j, respectively. An interesting phenomenon is that significantly higher density of 

GNDs is formed in the small size <001> orientated grains, as for the comparison of the 

representative grain 1 with <101> orientation and grain 2 with <001> orientation in Fig. 3f and 

3i. Similar distribution trend is also observed in an individual grain, as the grain 3 shown in Fig. 

3f and 3i; higher density of GNDs (marked by white arrow in Fig. 3i) is distributed in the yellow 

and red region in Fig. 3f. The GND density distribution on the X-Y plane also confirms this, as 

illustrated in Fig. 3j. The detailed information of the difference between large grains and the 

surrounding small grains from the aspects of GB density, GND density and grain orientation 

were collected and schematically shown in Fig. 3l. Thus, the small-sized <001> orientation 

grains may provide a greater contribution to alloy strength than large-sized <101> ones. Fig. 

3k shows the pole figures of (001), (011) and (111) from the same measuring region in Fig. 3g, 

and a <101> fiber texture is formed, which is also reported in other L-PBF alloys [53, 55, 56]. 

4.2 Estimating the dislocation density via microhardness 

4.2.1 Slip trace analysis and factors affecting hardness measurements 

In this part, we will analyze the factors that affect the hardness measurement from the 

patterns of the slip traces. Slip traces are the result of the movement of dislocations on the 

sample free surface, and in the direction of the intersection of the active slip planes and sample 

surface, as shown in Fig. 4a. Therefore, the factors that affect the morphologies of slip traces 
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will in turn affect the hardness measurement. To identify the active slip planes that 

accommodate the plastic deformation during the indentation process, the data of SEM and 

EBSD were combined to do the analysis (Fig. 4b and 4c). Then, all the possible slip traces 

(marked by different colored lines in Fig. 4b) for a given orientation grain can be determined 

from the EBSD-acquired data, and compared with the SEM-measured ones (as shown in Fig. 

4b) to identify the corresponding active slip planes. It has been reported that the slip mode 

information can be revealed form the features of slip traces [57], namely the thinner and 

straighter ones illustrating the occurrence of planar slip, while the thick and wavy ones 

demonstrating the activation of wavy slip. In addition, the character of slip traces has a close 

relationship with the stacking fault energy (SFE) of materials: the lower the SFE, the straighter 

the slip traces and the narrower the spacing [57]. In the present work, since the HX is a solid 

solution strengthened alloy without the precipitation of γ’ phase, stacking faults only can be 

formed in the γ matrix with the following reaction [58, 59]: 

a
2
〈110〉→a

6
〈121〉+Stacking fault+a

6
〈211〉                                       (35) 

A layer of stacking fault is generated by the repulsive force originating from the two partial 

dislocations, whereas the attractive force exerted by the stacking fault energy keeps the distance 

of partials within a few nm [58]. Assuming the equilibrium state of the two forces is achieved, 

the SFE can be calculated as follows: 

SFE= Ga2

24πdE
= Gb2

12πdE
                                                          (36) 

where dE  is the equilibrium distance between the two partials, a≈0.36 nm is the lattice 

parameter [60]. According to the typical equilibrium distance dE of 3-13 nm in γ matrix of the 

precipitation hardening nickel-based superalloys [58], the SFE of L-PBF HX can be estimated 

to be 10-40 mJ/m2, which is consistent with previous researches [59, 61, 62]. Although the 

accurate value of SFE is difficult to obtain and varies with the measurement methods, 

undoubtedly HX alloy possesses a relatively low SFE. As shown in Fig. 4b, the dense and 

straight slip traces are formed around the impression, indicating that planar slip is the main 

activated slip mode in the present work. Fig. 4d shows the imprint of a Vickers indenter, 

revealing that the GND density noticeably increases in the region adjunct to the indent, while 

the dislocations outside the indentation region are still concentrated at the subgrain boundaries 
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(sub-GBs). 

On the other hand, the crystal orientation of the sample surface where the indentation is 

made also has significant influence on the slip trace patterns [57]. In the present work, the 

typical slip trace patterns with the grain orientation close to (001) and (101) are chosen and 

presented in Fig. 4g-4h ((001) orientated grain, as confirmed by the red grain in Fig. 4c) and 

Fig. 4e ((101) orientated grain, as confirmed by the green grain in Fig. 4c), respectively. For 

the {001} orientated grain (Fig. 4g and 4h), since the intersections of both (111) and (111�) slip 

planes with sample surface ((001) plane) are along the [11�0] direction, and the (1�11) and (11�1) 

slip planes have a common intersection of [110] with (001) plane, only two possible line 

directions for the slip traces appear on the {001}-orientated surface, as illustrated in Fig. 4g and 

4h. Nevertheless, for {101}-orientated grains, three different lines of intersection with the 

sample surface rather than two are observed (Fig. 4e). Furthermore, as marked by white rings 

in Fig. 4e, a considerable number of slip traces undergo the phenomenon of slip-transfer 

between sub-GBs and HAGBs; the point-to-point misorientation across several slip-transfer 

also has been measured and displayed in Fig. 4f. It is interesting to note that different from the 

slip-transfer at points A and B, no obvious misorientation is detected at the slip-transfer between 

points C and D, illustrating that the activation of slip system 1 is due to the slip transmission of 

the adjacent grain. More detailed discussion about the slip transmission ability of a GB can be 

found in Ref. [63], which is mainly governed by the misorientation of the active slip systems 

in the two neighboring grains [63, 64]. Accordingly, the SFE of metallic materials, crystal 

orientation as well as the distribution of GB and dislocation density have a great impact on the 

slip trace patterns and hardness measurements. 

4.2.2 Determination of GND and SSD densities via microhardness 

Fig. 5a shows the relationship between the variation of hardness and applied load. Each 

plotted point and its error bar are the average and standard deviation of 20 indentation 

measurements at a specific maximum load. It can be clearly observed that with the increased 

applied load, the hardness value gradually decreases until it approaches a constant. Similar 

trend is also present in the relationship between hardness and indentation depth hI (Fig. 5b). 

As displayed in Fig. 5a, the value of the depth-dependent hardness, namely HISE, ranges from 
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3.164 to 2.659 GPa, while the depth-independent hardness (H0) can be calculated as follows 

[15]: 

�𝐻𝐻
𝐻𝐻0
�

2
=1+ℎ

∗

ℎ𝐼𝐼
                                                             (37) 

where H is the hardness at a given indentation depth hI, ℎ∗ is a characteristic length related to 

the shape of the indenter, the shear modulus and SSD density [9, 15]. By fitting Eq. (37), the 

relation between H2 and 1/hI can be plotted in Fig. 5c, and the value of H0 is determined to be 

2.575 GPa. Furthermore, from Eqs. (7)-(11) the hardness components resulting from different 

strengthening mechanisms also can be estimated and listed in Table 4. Note that the hardness 

components from dislocation cutting (HP-Cut) and looping mechanisms (HP-Loop) are very close 

and negligibly small. The deformation mechanism causing a smaller strength increment is the 

operative mechanism [65-67]. Therefore, the value from the Orowan model has been adopted 

to determine dislocation densities in our further evaluation. Fig. 5d shows the relationship 

between indentation depth and corresponding GND density of the present L-PBF HX alloy. 

Finally, the densities of GNDs and SSDs for the as-built HX alloy can be obtained using Eqs. 

(14)-(15) to be 4.039×1014 and 3.364×1014/m2, which are close to the reported values measured 

utilizing Hough-based EBSD method in an as-built L-PBF 316L alloy [8, 68]. 

4.3 Estimation the GND and SSD densities via EBSD and XRD 

To obtain the detailed distribution of GNDs across microstructures, we also performed 

EBSD scans over a large area with a small step size (Fig. 6a, 0.2 μm, 400×) together with STEM 

examinations (Figs. 6e-6g) of the as-built HX alloy. Figs. 6a, b and d show the magnified 

EBSD-BC (Band Contrast), GB distribution and the corresponding GND density map of the 

as-built sample – this clearly shows that GNDs tend to arrange themselves to form stable and 

energetically favourable configurations during L-PBF process. For example, as demonstrated 

in Figs. 6d3, some dislocation tangles evolve into sub-GBs (LAGBs). Moreover, by further 

increasing the image magnification, one can also see that densely populated dislocations not 

only tangle along the LAGBs but also concentrate at cellular walls (Figs. 6e-6g). Interestingly, 

as shown in Figs. 6d1 and d2, the GNDs are found to be mainly consist of edge dislocations. 

The tendency for planar slip during plastic deformation and low SFE of L-PBF HX, as 

illustrated in Section 4.2.1, may partly suppress the cross slip of dislocations, and thus promote 
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more edge ones. Additionally, the discrete total screw (ρGND-S), total edge (ρGND-E) together 

with the total GND density (ρGND-T) as a relative frequency of the as-built HX alloy are also 

plotted (Fig. 6c). By assuming the lognormal distribution of GND density [1, 2, 8] described 

by Eq. (38), the geometric mean (mGND) and the heterogeneous distribution of GNDs (sGND) 

across the microstructure can be defined as follows: 

f(𝜌𝜌GND|𝜇𝜇,𝜎𝜎)= 1
𝜎𝜎𝜌𝜌GND√2π

𝑒𝑒𝑥𝑥𝑒𝑒 �−(ln𝜌𝜌GND−𝜇𝜇)2

2𝜎𝜎2
�                                  (38) 

𝑚𝑚GND=exp(𝜇𝜇)                                                         (39) 

𝑠𝑠GND=exp(𝜇𝜇 ± 𝜎𝜎)                                                       (40) 

where μ and σ are the location and scale parameter of lognormal distribution, respectively. 

In Eq. (40), eμ is the geometric standard deviation of the GND density, and thus the upper and 

lower limits of GND density are equal to eμ+σ  and eμ-σ , respectively. Therefore, the mean 

value of the total GND density for the as-built HX alloy can be estimated to be 3.950×1014/m2, 

which consists of a majority of edge ones in the order of 2.511×1014/m2 and a small part of 

screw ones in the order of 1.549×1014/m2. On the other hand, the value of sGND has also been 

determined to be between 2.118×1014/m2 and 7.364×1014/m2, illustrating that the distribution of 

GND density in the microstructure is significantly non-uniform, which agrees well with the 

observations of EBSD-GND map (Fig. 6d3) and STEM micrograph (Fig. 6e). 

In our case, the m-WH method has been adopted to estimate the total dislocation density, 

which also has been verified by the value obtained from the STEM micrographs using the 

intersection method [48]. The detailed calculation of the intersection method is shown in 

Appendix Ⅰ. For the value of Mp in Eq. (30), we selected the data of 0.17±0.03 obtained from 

an L-PBF 316L stainless steel [45] with a similar microstructure to the present alloy. The peak 

broadening of reflections is schematically shown by the (422) peak profile (Fig. 6h), and first 

examined with the m-WH method, where ∆K is plotted against the values of K�C�, as shown in 

Fig. 6i. The data points fall on a straight line, and the slope of which is directly proportional to 

the square root of dislocation density. The average total dislocation density is finally determined 

as (6.169±1.712)×1014/m2, which consists well with the value of 6.702×1014/m2 from the 

intersection method (Appendix Ⅰ). By assuming that the total dislocation density is composed 

by the linear additive density of GNDs and SSDs [1, 2, 8], the SSD density can be determined 
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to be 2.219×1014/m2 by subtracting the EBSD-measured GND density from the total value. 

Note that the accuracy of the SSD density will be largely affected by the accuracy of total and 

GND-type dislocation densities. The total dislocation density is carefully determined from the 

well-collected XRD data using the well-accepted m-WH method, whose value agrees well with 

that measured from TEM micrographs. The density of GNDs is statistically calculated across 

more than 800 grains, and the value of total GND density at each scanning point is larger than 

the minimum detectable ρGND of about 1.0×1012/m2 [2]. Therefore, both measurements can 

provide acceptable accuracy, so that the estimated SSD density is reliable. It also can be seen 

that the SSD density only accounts for a quarter of the total density, illustrating that the GNDs 

play a more important role on the strengthening of AM alloys, which coincides well with our 

previous research [8]. 

4.4 Comparison of the hardness-based method and other approaches 

To sum up, the densities of SSDs and GNDs of the as-built HX alloy determined from 

XRD and EBSD data are 2.219×1014/m2 and 3.950×1014/m2 respectively, which agree well with 

our estimations based on ISE and microstructural strengthening mechanisms (3.364×1014/m2 

for SSD density and 4.039×1014/m2 for GND density). The conventional approach combined 

with XRD [69, 70] and EBSD [1, 2, 8] is widely accepted and its accuracy has been certificated 

by many studies [1, 2]. However, the hardness-based results show a slight discrepancy 

comparing with conventional method. This is likely due to the accuracy of the simplified 

strength models in Eqs. (7)-(11) and the assumption that the hardness contributions from 

different strengthening mechanisms are indentation depth independent. Compared with the 

combined approach of EBSD and XRD, the evident advantages of the hardness-based method 

are simple operation, time-efficient and low cost. Furthermore, unlike other hardness-based 

methods [10, 20, 71], our method not only considers the microstructural strengthening 

mechanisms, but is also expected to be generic to all FCC metals without considering the 

change of f values [11]. Nevertheless, the hardness-based method requires an in-depth 

investigation of the microstructure in order to determine the numerous parameters for the 

contributions of various strengthening mechanisms. For example, the value of the empirical 

parameter α in Eq. (2) always varies with the microstructure features and dislocation 
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distribution, which in turn has a great impact on the estimation of dislocation density. On the 

other hand, the accurate determination of the statistical value of hardness is also important for 

the measurement of dislocation density. Grain orientation [57], GB density [72] and the 

heterogeneous distribution of dislocations [73] have great effects on the hardness measurements. 

For example, the microstructure of the present HX alloy, the differences between large grains 

and the surrounding small grains are multiple (grain orientation, GB density and GND density), 

while it is difficult to recognize them during the hardness measurements. Therefore, it is highly 

recommended to use microhardness measurements, which can provide the collective response 

of a large area affected by the applied load to eliminate the inhomogeneity of microstructures. 

In conclusion, the work here provides quantitative results of GND and SSD density for L-PBF 

HX, which can be made a quantitative analysis on other FCC crystals, and provides a firm basis 

for future quantitative work on Body-Centered Cubic (BCC) and Hexagonal Close Packed 

(HCP) metals. 
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5. Conclusions 

In the present work, the microstructure characterization and a general approach to estimate 

the dislocation density using microhardness measurements for L-PBF HX alloy have been 

proposed. Microstructural features, such as the MPBs, highly serrated GBs, cellular structures, 

microtexture, grain orientation and distribution of GNDs and dislocations, were investigated by 

SEM, EBSD together with STEM observations. In addition, the densities of GNDs and SSDs 

were measured utilizing the Hough-based EBSD method and the XRD based m-WH method, 

which is used to validate the applicability of the hardness-based method proposed in our study. 

The main conclusions are summarized as follows: 

(1) Typical microstructure of the as-built HX alloy consists of large-sized grains surrounded 

by small-sized ones, semi-elliptical MPBs, highly serrated GBs, dislocation tangled cellular 

structures and nanoscale precipitations on the cellular walls. 

(2) The differences between large grains and the surrounding small grains are multiple: grain 

orientation, GB density and GND density. The large grain regions have preferentially the 

<101> orientation along the building direction and lower GND density and GB density, 

while it is opposite for small grain regions with <100> orientation. 

(3) Active slip planes are determined using slip trace analysis method combined with SEM and 

EBSD data. Dense and straight slip traces are formed on the sample surfaces, illustrating 

that planar slip is the main activated slip mode during indentation testing. The slip step 

patterns are dependent mostly on grain orientations and stacking fault energy. The 

phenomenon of slip-transfer occurs between sub-GBs and HAGBs. 

(4) The GNDs are heterogeneously distributed, and mainly concentrate near stable and 

energetically favourable configurations of LAGBs and cellular walls. GNDs mainly consist 

of edge-GNDs, which may be due to the low SFE of L-PBF HX. The SSD density only 

accounts for a quarter of the total density, illustrating that the GNDs play a more important 

role on the strengthening of the L-PBF alloy. 

(5) A new approach to determine the densities of GNDs and SSDs based on ISE and 

microstructural strengthening mechanisms has been proposed, which also has been verified 

by the traditional methods of Hough-based EBSD and m-WH. Although the hardness-based 
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method requires an in-depth investigation of microstructures, the advantages of simple 

operation, time-efficient and low cost are evident. In addition, the present work provides a 

firm basis for future quantitative work on other FCC, BCC and HCP metals. Therefore, it 

has great application potential in the field of mechanical performance analysis and 

microstructure tailoring for metallic materials. 
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Table 1 

Detailed information of the resultant 18 GND dislocation types, including 12 edge with Burgers 

vector perpendicular to the line vector 𝒃𝒃��⃗ ⊥𝒍𝒍 , and 6 screw dislocation configurations with 

Burgers vector parallel to the line vector 𝒃𝒃��⃗∥𝒍𝒍. 

Dislocation type Burgers vector b�⃗  Line vector l⃗ 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[01�1]⁄  [2�11] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[01�1]⁄  [211] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[101]⁄  [1�2�1] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[101]⁄  [12�1�] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[011]⁄  [21�1] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[011]⁄  [211�] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[1�01]⁄  [1�21�] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[1�01]⁄  [121] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[110]⁄  [11�2] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[110]⁄  [112�] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[11�0]⁄  [112�] 

𝒃𝒃��⃗⊥𝒍𝒍 𝑎𝑎 2[11�0]⁄  [1�1�2�] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[01�1]⁄  [01�1] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[101]⁄  [101] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[011]⁄  [011] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[1�01]⁄  [1�01] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[110]⁄  [110] 

𝒃𝒃��⃗∥𝒍𝒍 𝑎𝑎 2[11�0]⁄  [11�0] 
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Table 2 

The calculated values of C�  and q by assuming equal proportions of edge and screw 

dislocations in the as-built HX alloy. 

𝐶𝐶{̅111} 𝐶𝐶{̅200} 𝐶𝐶{̅220} 𝐶𝐶{̅311} 𝐶𝐶{̅222} 𝐶𝐶{̅420} 𝐶𝐶{̅422} q 

0.09877 0.30175 0.14952 0.20613 0.09877 0.20432 0.14952 2.01801 
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Table 3 The chemical composition of the EOS NickelAlloy HX powder (wt.%). 

C Mn Co Cr Mo Si Fe Ni 

0.09 0.9 1.03 21 9.2 0.88 18.8 Bal. 
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Table 4 

Estimated values of various hardness components (GPa) and the densities of GNDs and SSDs 

(m-2). 

Hfric HSS HGB HP-Cut HP-Loop 𝜌𝜌SSD 𝜌𝜌GND(ℎ) 

0.463 0.932 0.452 0.060 0.054 3.364×1014 4.039×1014 
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Fig. 1. (a) A schematic illustration showing the variation of crystal orientations caused by the 

presence of GNDs in EBSD-acquired orientation maps. The GND density was calculated from 

the measurements within the high angle grain boundaries (HAGBs). Moreover, a misorientation 

angle of 15° was used as the criterion between HAGBs and low angle grain boundaries 

(LAGBs). Not that because the SSD type dislocations have a net-zero Burger vector, the 

existence of SSDs has no effect on the lattice curvature. (b) The schematic 3D view of the lattice 

curvature calculated between points 1 and 2 in Fig. 1a with the common axis of [uvw]c and a 

misorientation angle of ∆θ. 
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Fig. 2. (a) Schematic illustration of scanning strategy applied in the present work. (b) Schematic 

3D overview of the sample for microstructural characterization, hardness measurement and 

method for determination of GND and SSD densities. BD: building direction, WD: wall 

direction, TD: transverse direction. 
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Fig. 3. Typical microstructures of the as-built HX alloy. (a)-(d) SEM micrographs showing the 
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morphologies of semi-elliptical MPBs, highly serrated GBs, submicron cellular structures. (e) 

A bright-field STEM micrograph showing high density of tangled dislocations on the cellular 

boundaries and some nanoparticles with an average size of 65 nm precipitating nearby the 

boundaries. (f) and (g) Inverse pole figure (IPF) coloring maps acquired from the X-Z and X-

Y planes, respectively. (h) Distribution of grain size in the X-Z and X-Y planes in Fig. 3f and 

3g, respectively. (i) and (j) Qualitative distribution of GND density in the dashed boxes in Fig. 

3f and 3g, respectively. (k) The (100), (110) and (111) pole figures from the same measuring 

region in Fig. 3g. (l) Schematic showing the difference between large grains and the 

surrounding small grains from the aspects of GB density, GND density and grain orientation. 
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Fig. 4. (a) The schematic illustration of the slip trace (or trace of slip plane) on the sample 

surface. (b) Indentation of the maximum load of 0.1 kgf in the as-built HX alloy demonstrates 

that planar slip mode is apparent from the thin and straight slip traces on the sample surface. (c) 

EBSD IPF coloring map acquired from the same region in Fig. 4b. (d) GND density map shows 

the effect of indent on the microstructure. (e) Enlarged region of the white box in Fig. 4b and 
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4c illustrates the occurrence of slip transfer. (f) The change of misorientation angle as a function 

of the distance from point A in Fig. 4g. (g), (h) Enlarged regions of white and red boxes in Fig. 

4b and 4c show that two line directions of slip steps present in the {001} orientated grains. 
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Fig. 5. (a), (b) Hardness as a function of applied stress and indentation depth for the as-built L-

PBF HX alloy and (c) corresponding N/G plot for the data in Fig .5a and 5b. (d) Relationship 

between indentation depth and corresponding GND density. 
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Fig. 6. (a), (b) Magnified EBSD-BC and GB distribution maps. (c) Frequency histograms of 

the total screw, total edge and total GND density distribution in the HX alloy. (d) The total 

screw, total edge and total GND density map, respectively. (e) Bright-field STEM micrograph 

of the as-built HX alloy, showing that high density of dislocations segregate at cellular walls. 

(f) Enlarged regions of the red box in Fig. 4e. (g) A high-angle annular dark-field (HAADF) 

STEM image, showing dense dislocation tangled cell structures formed in the as-built 

microstructure. (h) Peak broadening of reflection 422 in the as-built HX alloy. Full width at half 

maximum (FHWM) is also indicated, and instrumental broadening has been removed. (i) 

Relationship between ∆K and K𝐶𝐶̅1 2⁄  by fitting Eq. (30). The slope of m-WH plot generally 

represents the magnitude of total dislocation density. 
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Appendix Ⅰ. Estimation of dislocation density using the intersection method 

In order to minimize the effect of dislocation density variations in the microstructures, at least 

50 different representative areas from at least 5 different TEM samples were measured to get 

the statistical dislocation density. The dislocation density ρ for one material state can be 

obtained as follows [48]: 

ρ= 1
ℎ𝑡𝑡
�∑𝑛𝑛𝑣𝑣∑𝐿𝐿𝑣𝑣

+ ∑𝑛𝑛ℎ
∑𝐿𝐿ℎ

�                                            (A1) 

where ℎ𝐻𝐻 is the thickness of the TEM foils, which is estimated to be 180 nm [48]. ∑𝑛𝑛𝑣𝑣 and 

∑𝑛𝑛ℎ are the total intersections of dislocations with the vertical and horizontal test lines. ∑𝐿𝐿𝑣𝑣 

and ∑𝐿𝐿ℎ are the total length of the vertical and horizontal test lines from all TEM micrographs 

used for a specific material state. For the as-built state, since a large quantity of dislocations are 

tangled in the cellular wall, it is almost impossible to directly measure the dislocation density 

in these regions. On the contrary, the dislocation density within the cellular interior (𝜌𝜌𝐼𝐼 ) is 

relatively low and can be determined using Eq. (A1) to be (2.084±0.740)×1014/m2, which is 

close to the value in an as-built L-PBF Inconel 718 alloy [74]. On the other hand, several 

relationships between the dislocation density along the cellular walls and cellular interiors have 

been proposed [75-79]. For example, as reported by the literature [76-79], the dislocation 

density in the cellular wall region (𝜌𝜌𝑤𝑤) is about 3-5 times the average density (𝜌𝜌𝐴𝐴). In our study, 

assuming that this relationship is appropriate for the present alloy and an intermediate value of 

4 from the study of AM 316L stainless steel [68] is selected to calculate the value of 𝜌𝜌𝐴𝐴 and 

𝜌𝜌𝑤𝑤. Therefore, the average dislocation density for the as-built alloy can be estimated as follows: 

𝜌𝜌𝐴𝐴=𝜌𝜌𝑤𝑤𝑓𝑓𝑤𝑤+𝜌𝜌𝐼𝐼𝑓𝑓𝐼𝐼                                              (A2) 

𝜌𝜌𝑤𝑤=4𝜌𝜌𝐴𝐴                                                    (A3) 

𝑓𝑓𝑤𝑤≈𝜅𝜅𝑤𝑤
𝑑𝑑𝑠𝑠

                                                      (A4) 

𝑓𝑓𝑤𝑤+𝑓𝑓𝐼𝐼=1                                                     (A5) 

where 𝑓𝑓𝑤𝑤 and 𝑓𝑓𝐼𝐼 are the volume fractions of cellular walls and cell interiors respectively; 𝜅𝜅 

is a geometric constant and set as 3 for a regular substructure [80], w=33 nm is the thickness of 

cellular walls, 𝑑𝑑𝑐𝑐=530 nm is the average size of cellular structures. Thus, the volume fraction 

of cellular walls for the as-built alloy is about 18.7%. Using Eqs. (A2)-(A5), the value of 𝜌𝜌𝐴𝐴 

is determined to be 6.702×1014/m2, which consists well with the result from the m-WH method. 
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Consequently, the total dislocation density of the present L-PBF HX is around 6.169×1014/m2. 

Additionally, our estimated dislocation density agrees well with the values in may L-PBF alloys 

[74, 81-83], such as IN718 superalloy [74], 316L stainless steel [81], high-entropy alloys [82, 

83], Hastelloy X [23]. All of them has a total dislocation density in the order of 1014-1015/m2. 

Thus, it further confirms that our estimations provide a high confidence of accuracy. 
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