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Abstract

This methodology investigates the determination of the fracture toughness of 3D-printed specimen,
under monotonic loading conditions. The application is based on the use of a Single Edge Notch
Bending (SENB) specimen made by a 3D-printing process (stainless-steel 17-4PH). The load-
displacement curves exhibited linear behavior until crack initiation, indicating that the Linear
Elastic Fracture Mechanics (LEFM) can be used under the small-scale yielding assumption. The
methodology established in the paper represents the major outcome to characterize the fracture
toughness of the material. The aim of the paper is twofold. The one is to describe the procedure
allowing the identification of the crack initiation through the monitoring of the Crack Mouth
Opening Displacement (CMOD), and the second is to determine the critical fracture toughness of
the 3D-printed material of the specimen.

Keywords: additive manufacturing; fused filament fabrication; digital image correlation; fracture
toughness; stress intensity factor; j-integral; advanced structured material

1. Introduction

Additive manufacturing, commonly known as 3D printing, has transformed numerous
industries by allowing the fabrication of intricate components with a high degree of design flexibility
(Gardan 2016). This study explores Atomic Diffusion Additive Manufacturing (ADAM), a metal 3D
printing process introduced by Markforged with their Metal X system. ADAM involves three stages:
printing a part from a filament of metal powder and plastic binder, debinding to remove the binder,
and sintering to fuse the metal particles into a solid, dense part (Galati et Minetola 2019). The
innovation of ADAM lies in its ability to produce complex, high-strength metal components without
expensive tooling, making it a cost-effective solution for small to medium production runs. This
process offers significant advancements in industries like aerospace, automotive, and medical (Jones,
J., Vafadar, A., & Hashemi, R. 2023).

Among the materials used, 17-4PH stainless steel is particularly valued for its excellent
mechanical properties, and its novel application in material extrusion technology, or Bound Powder
Extrusion, as used on the Metal X system. The Metal X process enhances design flexibility while
streamlining production, offering a more efficient alternative to traditional additive manufacturing
techniques (Alkindi et al. 2021). However, characterizing the fracture toughness of this material when
3D printed remains a challenge. In the last seven years, we tried successively to enhance the failure
resistance of 3D printed thermoplastic polymers by fused deposition modeling (Gardan, Makke, et
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Recho 2018) and to evaluate their fracture toughness by the use of Digital Image Correlation (Lenti et
al. 2023).

In this study, we aim to describe a robust fracture toughness-based methodology using a
coupling of local DIC close to the crack tip and the fracture mechanics analysis.

In order to estimate the fracture toughness of the material, the crack initiation and the Stress
Intensity Factor, or the J-integral, are the two parameters to determine.

We used Digital Image Correlation (DIC) to assess the fracture toughness of 3D-printed 17-4PH
stainless steel under monotonic loading. To carry out this investigation, Single Edge Notch Bending
(SENB) specimens were employed. The load-displacement responses displayed linearity up to the
point of crack initiation, justifying the use of Linear Elastic Fracture Mechanics (LEFM) under the
assumption of small-scale yielding for the tested material. The onset of cracking was identified by
monitoring the Crack Opening Displacement (COD) between the crack lips.

The displacement field measured by DIC was fitted using Williams” approach, considering the
first five terms. The results demonstrated a high degree of accuracy, when it’s determining the
displacement field close the notch tip.

Two procedures were tested to locate the crack initiation at the notch tip: the geometric
procedure and the optimization procedure. The optimization procedure proved more effective,
enhancing the accuracy of Stress Intensity Factor (SIF) calculations and yielding a critical SIF.
Additionally, the critical J-integral was determined using a finite element sub-model of the crack tip
vicinity, driven by the DIC-measured displacement field. The path independence of the J-integral
was confirmed, with a critical value of J.

Only few test specimens are analyzed, with the aim to describe the chosen procedure to evaluate
the fracture toughness. Therefore, more test specimens are needed if the aim was a determination of
a precise fracture toughness value of the used material.

This research enhances the understanding of the fracture behavior of the tested 3D printed
material (here 17-4PH stainless steel) and aims to optimize manufacturing methods for advanced
industrial and research applications using such material.

2. Material and Method

2.1. Specimen Printing Method

Also, this work uses an Additive Manufacturing (AM) process called “Metal X”, recently
developed by Markforged Inc. (Campbell et Wohlers 2017), refers to a range of indirect’ metal AM,
and is based on material extrusion technology. The parts are not produced directly; rather, they’re
crafted using metal powders that are bound into a filament and then selectively extruded through a
nozzle (Gardan 2016). Markforged has named this method “Atomic Diffusion Additive
Manufacturing” (ADAM), which revolves around four fundamental steps: design, printing, de-
binding, and sintering. The introduced Metal X process is based on an interesting approach to
overcome dimensional inaccuracy and provides enhanced design freedom and simplified solution
compared to other AM processes (Alkindi et al. 2021). During the sintering process, as the powder
burns away, it enables the creation of intricate enclosed internal structures, resulting in lightweight
parts without compromising their strength (Chemkhi et al. 2021).

Additionally, the metal powder is encased in a polymer binder, which is subsequently removed
upon completion of the printing process (Galati et Minetola 2019). The polymer removes the inherent
toxicity and flammability of powders, making 3D metal printing more accessible and quicker, while
also cutting down on manufacturing costs (Gonzalez-Gutierrez et al. 2018).

2.2. Additive Manufacturing Parameters

The Metal X printing system developed by Markforged integrates metal injection molding
(MIM) and fused filament fabrication (FFF) technologies into Bound Powder Extrusion (BPE) for its
printing processes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The printing process consists of four fundamental steps: design, followed by printing,
debinding, drying, and sintering. Initially, the 3D model is sliced into layers using the slicer program
“Eiger” from Markforged solution and the layered model is then sent to the Metal X printer. The
specific settings used in the “Eiger” software for manufacturing specimens are outlined in Table 1.

Table 1. AM processing parameters for manufactured specimens.

Metal X Processing parameters As fabricated
Samples Filament material 17-4PH stainless steel
Furnace type Sinter-1

Infill pattern Triangular fill
Post-Sintered Layer Height (um) 125

Wall layers (contours) 4 walls (Imm post sintered)
Roof and floor layers (top and bottom) 4 layers (0.50mm post-sintered)
Use Raft Yes

Sinter Stability Yes

The printing process involves selectively extruding the fused filament through a nozzle to
produce the “green” part made of 17-4PH metal (stainless steel) powder bound in a polymer matrix.
Martensitic stainless steel filament spools with a diameter of 1.75 mm were utilized for printing
specimens.

Then, debinding takes place by immersing this “green” part in a specialized solvent (Opteon SF-
79) that dissolves the primary binder, resulting in the “brown” part. After solvent debinding, the part
is dried before undergoing thermal debinding using the Sinter-1 unit of the Metal X system to
completely remove any remaining binder.

The final step involves sintering the part in a high-temperature horizontal tube furnace of the
Sinter-1 unit to melt the metal powders and obtain the “silver” part.

2.3. Specimen Geometry and Mechanical Testing

In this study, Single Edge Notched Bending (SENB) specimens were utilized to assess the
fracture toughness of the printed stainless steel. The geometry and dimensions of the samples are
illustrated in Figure la, with the specimen thickness measuring approximately 10 mm. Two-
dimensional digital image correlation (2D-DIC) was employed to capture the displacement and strain
fields on the specimen’s surface. To enable this, the printed samples were coated with a random
speckle pattern, allowing for precise tracking of surface displacements (see Figure 1b).
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Figure 1. (a) geometry of the Single Edge Notched Bent SENB specimen used in this work. The specimen was
printed by FDP. (b) Close up view on the notch region showing the painting pattern used for DIC. The local
reference (X, y) and the global one (X, Y) are also shown in this figure. (r, 0) are the polar coordinates of a

subset.

Three-point bending tests were conducted using an Instron 4484 tensile testing machine,
equipped with custom supports designed to prevent out-of-plane specimen rotation. The crosshead
speed was set to 0.5 mm/min, and data acquisition occurred at a rate of 500 measurements per second.
A 20 kN load cell was used for force measurements. For each configuration “classical” and
“optimized” three specimens were tested. The testing setup was synchronized with a camera
capturing one image every two seconds, with a resolution of 1280 x 960 pixels and a scale of 0.04
mm/pixel.

2.4. Digital Image Correlation (DIC)

Digital Image Correlation (DIC) is a technique used to determine the displacement field within
a specified Region of Interest (ROI) on a material subjected to deformation. The process involves
partitioning the reference image into smaller areas, known as subsets, and tracking their movements
in the corresponding deformed image. From the resulting displacement field, the strain field can be
calculated by applying spatial differentiation, ensuring that rigid body motions, such as translations
and rotations, are properly excluded from the analysis.

In this study, DIC analysis was performed using NCORR software (Blaber, Adair, et Antoniou
2015; Harilal & Ramji 2014). Given the relatively low level of deformation, the initial undistorted
image of the sample was used as the reference. Displacement and strain fields were then calculated
relative to this reference. The ROI was strategically placed away from the image borders to ensure it
remained within the field of view after deformation.

For the analysis, the subset size was chosen to be larger than the filament width to ensure a
homogenized displacement value. Specifically, a subset radius of 30 pixels was selected, with a grid
spacing of 4 pixels. This configuration resulted in approximately 90% overlap between adjacent
subsets, ensuring smoothness in the resulting displacement field. Subset truncation was also applied,
as illustrated in Figure 2.

Spacing 4 Pixels

-

Subset size 30 Pixels

(b) (c)

Figure 2. (a) The local reference at the crack tip close to the V notch, (b) The region of interest taken around the
notch. The white circle shows a subset form the ROI. (c) shows the grid of the subset propagation in the ROL

Accurate strain determination is a critical aspect of DIC, as it requires differentiation of the
displacement field, a process that is sensitive to noise. To mitigate this, the displacement gradient is
computed using the strain window method (Pan et al., 2007). The displacement components, denoted
as U(X, Y) and V(X, Y) over a given range (Xmin < X < Xmax and Ymin <Y < Ymax), were fitted to a
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plane equation using least squares curve fitting. The user has the option to adjust the window size
(both in the X and Y directions) for optimal accuracy.
The Green-Lagrange strain has been computed by using the resulting plane slopes as follows:
Table Green-Lagrange strain has been computed by using the resulting plane slopes as follows:

=32 5+ () + () ) g

1 ) oV N <6U)2 N (OV)Z ?
v =5\ ¢ oy T oy oy
_1(6U+6V+6U6U+6V6V) .
&y =5\%y "ox Toxay T axov

3. Load Displacement Curves

Figure 3 shows load-displacement curve of the sample is presented, revealing two distinct stages
in the ascending portion of the graph. The first regime is for displacement d < 0.15 mm. It is
characterized by a low stiffness due to setting the test. The second one is for d > 0.2 mm, where the
curve becomes perfectly linear. The slope of this part is equal to 12.16 kN.mm-". At the end of the
rising branch the force reaches 8.4 KN, after that, it drops down. This behavior corresponds to the
crack initiation and growth in the sample. It is worth noting that the sample behavior is almost linear
until the crack initiation. There is apparent plasticity signature observed during the loading prior to
the crack initiation. Therefore, Linear elastic fracture mechanics assumption is relevant in such a case.
Moreover, Finite element simulation of the SENB deformation has been performed to calibrate the
Young’s modulus of the sample. The results shows that Young’s modulus of 150 GPa leads to a
sample stiffness consistent with the one calculated from the experimental results.

10

Load (KN)
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Figure 3. Load displacement curve.

4. Detection of Crack Initiation by DIC

To determine the critical Stress Intensity Factor of the specimen, it is essential to precisely
identify the moment when crack initiation occurs. In SENB specimens, crack propagation begins with
the upward movement of the singularity tip. This alters the displacement field near the notch tip,
thereby affecting the Crack Mouth Opening Displacement (CMOD).

Figure 4 shows the evolution of the crack tips mouth opening displacement during the sample
deformation. It's plot with respect to the snapshot number n which is proportional to the applied
displacement U so that:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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n_v.St (4)

where V is the loading velocity and dt is time window between two subsequent snapshots.

CMOD (mm)
o
S

Crack
initiation

0 50 100 150 200

Snapshot number

Figure 4. Crack Mouth Opening Displacement CMOD with respect to the snapshot number during the test.
The CMOD is evaluated from two distinct ROIs located beside the main notch as shown in the inset. The sharp

increase of the CMOD corresponds to the crack initiation.

The curve exhibits two distinct regimes, separated by a sharp increase in the Crack Mouth
Opening Displacement (CMOD). In the initial regime, where n<100, the CMOD increases linearly
with the applied load, reflecting the elastic behavior of the material as it deforms without any
significant crack growth. During this phase, the sample responds elastically, and the deformation
remains relatively uniform across the material. In contrast, for n>110 the CMOD continues to increase
linearly with the applied load, but with a steeper slope, indicating the onset of crack propagation
within the sample. This steeper slope reflects the material’s transition from elastic behavior to the
irreversible process of crack growth, where the displacement becomes more pronounced as the crack
propagates further. The sharp transition between these two regimes signals the initiation of crack
growth, with the inflection point at n=105 being considered the threshold where the crack begins to
propagate. This value was determined by calculating the average within the transition region,
providing a reliable estimate for the point at which crack growth is triggered.

5. Fracture Toughness Characterization Results

5.1. Determination of the Stress Intensity Factor SIF

The evaluation of the critical Stress Intensity Factor (SIF) involves analyzing the displacement
field within a circular Region of Interest (ROI) centered at the notch tip. This displacement field is
obtained through Digital Image Correlation (DIC) for each captured image throughout the
deformation process. The connection between the SIF and the displacement field near the notch tip
is described by the Williams analytical solution.

For SENB sample submitted to mode I loading condition (see Figure 5), the stress field around
the V-notch tip can be written as follow (Williams 1952):

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Oy w i @ + A, cos 2(m — @) + cos 2(m — a)AL) cos(A, — 1)6 — (AL, — 1) cos(A, — 3)6
<0y> = Z R f_; (2 = A, cos 2(m — a) — cos 2(m — a)AL) cos(A, — 1)6 + (A}, — 1) cos(A, — 3)6 (5)
Oxy/ m=1 TN\ = cos 2(m — @) — cos 2( — )AL) sin(A, — 1)8 + (A, — 1) sin(AL, — 1)
where Al is the mode I eigenvalues. AL are the root of the following equation:.
¢, y) =sin(RALy) + Al sin(2y) =0 (6)

where y = —m + @ and 2a is the V-notch tip angle. Only the root with a positive real part can be
accepted. Equation (6) has been solved numerically. Table 2 shows the values of the first five A}. As
AL <1 thus the first stress term in Equation (5) is singular with a singularity degree of (1 -Ah).
Therefore, the Notch Stress Intensity Factor NSIF, in this case, can be written as:

K, = erg (\/anl‘lllay(e = 0)) =V2rAl (A + A — AL cos 2(m — a) — cos 2(m — a)A}) A, (7)

where Al is the first term in the stress Equation (5). To determine the coefficients Ai, the displacement
field around the notch tip is used. The displacement field can be expressed as:

o]

A
U(r,0) = Z Re (Z—Z rl_}“ln((k + Al cos 2(m — @) + cos 2(r — a)AL) cos AL,8 — AL, cos (AL, — 2)9)) 8)
n=1
o (A
V(r,0) = Z Re (Z—Z rl_}“ln((k + Al cos 2(m — @) — cos 2(m — a)AL) sin AL6 + A, sin(Al, — 2)9)) )
n=1

where p is the shear modulus and « is the Kolosov’s constant.

k={3-v (10)

for plane stress

;3 — 4v for plane strain
1+v

The Equation (7) shows the dependence of SIF with the singularity degree A, that depends upon
the V-notch angle. The measured displacement field has been employed to fit the coefficients A; of
the William’s solution through a numeric method as detailed in Appendix A. The eigenvalues A} are
the roots of Equation (6). The first 5 terms are only considered in Equations (8) and (9).

Figure 5. SENB geometry. Bottom: V notch vicinity with local and global references.
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Table 2. The first five values of /1{1 calculated for V-notch tip angle 2o =10 deg.

M & A A4 A5
0.5001 1.0588 1.4997 2.1188 3.1815

Figure 6a compares the displacement field measured by DIC (dots) and the one fit by William's
solution (mesh). The displacement field normal to the crack surface V(r,0) is shown in this case.
Figure 6b presents a scatter plot of the fitted displacement values versus those measured by DIC,
where each point corresponds to a subset. The color of each point reflects its distance from the crack
tip. The alignment of the data along the first bisector indicates a strong agreement between the
measured and modeled displacement fields. All points are within a scatter band of +0.01, however,
the points deviate from the first bisector as it becomes closer to the notch tip. This is somewhere
related to the decrease of the accuracy of the DIC when a subset is close to the tip as shown by the
correlation coefficient of the subsets shown in Figure 6.
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Figure 6. (a) comparison between the measured and the fit function of the displacement field V (r, 8). (b)
scatter plots show the fit value V(r,8) with respect to the measured ones. The points were fitted using a linear
function. The slope of this line is the coefficient of determination of the fit. The correlation coefficient for both
cases is close to one, which indicates that the fit and measured values are strongly consistent. Moreover, most

of the points are within a scatter band of +0.01lmm.

5.2. Accurate Detection of the Crack Tip Position

The William solution gives the displacement field with respect to the polar coordinate of a point
taking the tip as the origin of the reference. Thus, the identification of the tip is critical to convert the
subset position from cartesian to polar coordinate system. Any shift of the tip position can reduce
drastically the precision of the fit. To identify the tip position two methods were tested:

—  geometrical method: where the tip position is identified by the contrast of pixel color at the
boundary of the V-Notch.

—  optimization method: where the tip is searched within a square of 15x15 pixels centered by the
expected geometric notch tip. Each pixel is considered as a potential notch tip. Thus, the polar
coordinates of each subset were calculated. The measured displacement field fits with William’s
equation. Then a residual is calculated. The pixel that leads to a minimum residual is the one
that is considered as the crack tip.

Figure 7 shows the scatter plot between the fitted and the measured displacement field for both
methods. Both scatters show a good correlation, however, the scatter width is larger if the tip is
determined by geometric method. These results depict that accurate identification of notch or crack
tip can be done by using the optimization method. The displacement field of the snapshot that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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corresponds to the onset of the crack was used to determine the critical SIF K*. The result shows that
K; = 26.81 MPavm.
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Vdisplacement field o 14 V displacement field = 14
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Figure 7. (a) Scatter plot of the fitted versus the measured displacement field V(r,8) the notch tip is taken as
the pixel at the peak of the notch as depicted in the inset. (b) same curve as in (a) but the crack tip is taken as
the pixel that minimizes the residual R(r, 8).This pixel is searched within a window of 15 x 15 pix around the

geometric crack tip as shown in the inset.

5.3. | Integral Evaluation

In the case of LEFM assumption the ] integral represent the energy release rate of the crack
extension. It's given by the following equation:

J= fr(w dy—T.g—l;ds) (11)

where W' is the strain energy density. T is the traction vector. U is the displacement vector. I' is
the contour around the crack tip.

As shown by the Equation (11) the J integral calculation requires the stress which cannot be
measured. The only information accessible by DIC is the displacement field and its gradient. To
circumvent this issue, a method based on the submodeling of the crack tip by finite element is
suggested. Figure 8 describes the sequence of steps of this method. It can be summarized as follow:

—  Considering the ROI used in DIC, the grid of the subsets is converted to finite element mesh.
— In each element the displacement measured by DIC can be written U®©)(x,y)=
4, U®N;(x,y) and the same for V@ (x,y) = Y&, VI N;(x,y) where Ni(x, y) are the shape
functions of quadrangle elements.
— In the other side, a finite element submodel that encircle the is defined. The contour of this
submodel is driven by the displacement measured by DIC.
—  The]Jintegral is calculated from the FE solution.

The J-integral was calculated for different circular contours with various radii. Figure 9 shows
the ] integral value with respect to the contour radius. The result depicts that J-integral becomes path
independent for contour radius - between 3 mm to 8 mm. For r <3 mm the contour is close to the
tip while for 1 > 8mm the contour is close to the boundary layer where the driven displacement is
applied. The crtical J integral found is J* = 9.72 MPa.mm. For plain stress assumption we check

*72
that the value of J*verify the equation J* = Lss
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Figure 8. Description of the process used to compute J integral. Starting from the displacement field
determined by DIC, the grid of subsets center is converted to finite element mesh. Quadratic shape functions
are used to interpolate the displacement field. This field is used to drive the deformation of a local finite

element submodel. The obtained stress, strain, and the displacement fields are used to compute J-integral.
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Figure 9. J-integral computed at different circular contours with various radius. The inset shows the domain

where computing j-integral is reliable.
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6. Conclusions

Digital image correlation has been employed to characterize the fracture toughness of 3D-
printed material (here stainless- steel 17-4PH) following a methodology based on the use of SENB
specimens which are submitted to three points bending test.

The load- displacement curve of the sample shows that the behavior is still linear till the crack
initiation. This behavior reveals that the use LEFM with small scale yielding assumption is justified
for this type of material. The load displacement curve is used to calibrate the Young’ modulus and
E=150 GPa is found.

The snapshot that corresponds to the crack initiation in each sample has been identified using
the Crack Mouth Opening Displacement CMOD.

The displacement field of this sample was fit by William's equation taking into consideration the
first five terms of the equation. The results show that William’s equations fit the displacement field
accurately with a determination coefficient close to one for all cases. This also justifies the use of LEFM
assumption.

To identify the position notch tip, two methods were tested in order to guarantee a reliable
result: the geometrical method and the optimization method. The results highlight an improvement
of the accuracy of SIF calculation when the optimization method is used. The critical SIF found is
K} = 26.81 MPav/m. Otherwise, the geometrical method is easier to use and provides almost good
result.

Finally, the critical ] integral J* of the sample has determined using a finite element sub-model
at the crack tip vicinity. The sub-model deformation was driven by the displacement field measured
by DIC. The path independence of | integral was verified. The critical value of ] integral found is J* =
9.72 MPa.mm. It’s to be noted that J*-integral determination represents a verification to the Kj-
Stress Intensity Factor calculation.

Appendix A. Determination of the Coefficients Al

Equations (8) and (9) show that the displacement field results from the summation of several
terms. The first term A1 is used in the evaluation of the NSIF. The higher-order terms (n = 2) have to
be taken into account to fit accurately the displacement field around the notch. In this context, several
studies (Yates, Zanganeh, et Tai 2010; Torabi, Bahrami, et Ayatollahi 2019; Bahrami, Ayatollahi, et
Torabi 2020; Miarka et al. 2020) showed that at least 5 terms are required to converge to a stable value
of NSIF. In the following, only the first five terms are considered.

The Equations (8) and (9) can be written in a simple matrix equation form as follows:

U.l fll f21 f31 f41 f51

: Ay
: : A,
Um — flm f2m f3m f4-m me A (12)
V1 hll h’21 h31 h‘4—1 h51 ' A3
. 4
. . As
Vm hlm h2m h3m h4-m hSm
where
i 17 17
- T s
fij = JZu ((k + A cos—5—+ COSTA{-) cos A}6; — A cos(A] — 2) Gj) (13)
And
i 17 17
- T s
h;; = JZu ((k - A cos—5= = COSTA{-) sin A}6; + A sin(4] — 2) 9j> (14)

Uy =U(,0y) and V; =V (1, 0;), (17, 8;) are the polar coordinates of the ithsubset. 1 <i<m, mis
the total number of the subset in the ROI.
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Conversely, the SENB specimens exhibit significant Rigid Body (RB) displacement at the notch
tip due to central bending. As a result, it is necessary to account for the RB contribution within the
measured displacement field. To incorporate these effects, translation and rotation terms
representing rigid body motion are added to Equation (14), which is then modified accordingly:

(1 fir for fzn fax fsa 0 —rsin(0y) ] a
U, . N
1 . A,
Un — 1 fl,m fZ,m f3,m ﬁl—,m fS.m 0 —Tm Sin(em) . Az (15)
V-'l 0 hys hyr hyy hyy hsi 1 1cos(6y) ﬁ‘*
. ' 5
Vin : b,
0 hl,m h2,m h3,m h4,m hs,m 1 "m COS(@m)_ R

(ay, by) is the translation vector and R is the magnitude of RB rotation. The matrix form shown
in Equation (15) is more compatible with numerical treatment. In the following, only the
displacement component concerning the notch opening is used. To determine the unknown terms:
A;,aq,by and R in Equation (15), a non-linear least square method has been employed to fit the
measured displacement field around the notch tip. (implemented in Gnuplot (Janert 2016)).

Nomenclature

ADAM Atomic Diffusion Additive Manufacturing

DIC Digital Image Correlation

LEFM Linear Elastic Fracture Mechanics

SIF Stress Intensity Factor

J-integral Path-independent integral used in fracture mechanics
K_IC Fracture toughness (critical stress intensity factor)
o Applied stress (MPa)

€ Strain

a Crack length (mm)

E Young’s modulus (GPa)

\Y Poisson’s ratio

FEM Finite Element Method
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