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Abstract: In welded maraging steels, mechanical properties, particularly ductility and toughness,
are often compromised in the heat-affected zone (HAZ). This study focuses on 300-grade maraging
steel bars, solution annealed at 1123 K for 1.5 h (5.4 ks) and welded using gas tungsten arc welding,
followed by a post-weld heat treatment at 753 K for 13.33 h (48 ks). In situ observations during three-
point bending tests on HAZ samples featuring coarsened prior austenite grain sizes were conducted
to examine damage behavior and the crack path near the crack tip. The main crack initiated at the
peak applied load during the bending test and, upon further loading, exhibited significant deflection
and extension accompanied by numerous microcracks and localized crack branching. Distinctive
damage features, such as transgranular cracking across block regions, intense intergranular cracking
along packet boundaries with a pronounced shear component, and crowding of microcracks ahead
of the crack tip, were observed in the HAZ sample during the in situ test. The interaction between
the main crack tip and microcracks and its influence on the local crack propagation driving force
was discussed using fracture mechanics. Experimental results, including tensile fracture surface
observations and in situ images, along with analysis of the stress anti-shielding effect by microcracks,
suggest that the HAZ sample exhibits embrittlement fracture behavior with lower ductility and
toughness compared to the base metal sample.

Keywords: maraging steel; mechanical property; heat-affected zone; embrittlement fracture

1. Introduction

Steel materials can be categorized based on room temperature (RT) tensile strength,
σB, into two types: (1) high-strength steel (HSS) [1] and advanced high-strength steel
(AHSS) [2,3], used for plates and pipes in civil, building, ship, vessel, and vehicle con-
struction [4–6] within general industrial structure sectors, and (2) ultra-high strength steel
(UHSS) [1], employed in the manufacture of aircraft, space-rockets, dies, deep-sea sub-
mersibles, and centrifugal separators for uranium enrichment [7–11], pertinent to advanced
technology sectors. The development of HSSs aims to enhance economic efficiency by
minimizing material and construction costs. In contrast, UHSSs necessitate more attention
to strength and toughness compared to HSS, leading to a significant increase in material
costs. However, UHSSs are essential for achieving the requisite performance in machinery
and structures. Thus, UHSSs are utilized for critical applications, though they are not as
cost-effective as HSSs. Consequently, UHSS not only represents the strongest category
among steel materials, exhibiting a yield strength exceeding 1380 MPa (200 ksi) [12,13], but
also features high specific strength and high specific modulus.

Maraging steels, a category of UHSS, have been the subject of extensive research
focusing on the interplay between age-hardening, microstructure, mechanical properties,
fracture behavior, and heat treatment [14–16]. Initially developed by the International
Nickel Company Inc. in the 1960s, these steels, based on an Fe–Ni alloy containing signifi-
cant amounts of Co and Mo with a low carbon content, have evolved over time. Grades of
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maraging steels, such as 200, 250, 300, 350, and 400/450, are differentiated by their yield
strengths in ksi [17]. These steels exhibit a body-centered cubic (BCC) crystal structure
and form a low-strength martensite phase after solution annealing treatment. The primary
strengthening mechanism in maraging steel is the precipitation of intermetallic compound
(IMC) particles during the aging treatment, which impedes the dislocation movement. The
appropriate combination of a ductile martensite matrix and a dense array of hard IMCs
endows these steels with mechanical properties ideal for applications requiring stringent
strength specifications.

Standard heat treatment involves solution annealing above 1073 K followed by air-
cooling to RT, resulting in a ductile martensite matrix. Subsequent aging treatment typically
occurs between 723 and 823 K, promoting the formation of fine IMC particles such as Ni3(Ti,
Mo) and Fe2Mo within the martensite matrix [18–22]. Prolonged aging has been reported
to induce other IMC phases in these steels [23,24]. However, aging can also lead to the
formation of retained austenite, either partially or throughout the matrix [25], which influ-
ences the steel’s mechanical properties. Ultimately, the hardness and strength of maraging
steel are optimized through standard heat treatment, depending on the desired properties.

Since their introduction in the 1960s, maraging steels have garnered significant interest,
particularly in the aerospace industry. The research and development concerning higher
hardness and strength continues, establishing maraging steel as a key material in this
domain. Over the past decade, metal additive manufacturing techniques, notably direct
energy deposition and selective laser melting, have been employed to produce maraging
steel components [26–32]. Additionally, ongoing research efforts in the metal manufacturing
industry and academia, including precipitate analysis via transmission electron microscopy
(TEM) [33–36] and atom probe tomography [37,38], as well as first-principle calculations
and molecular dynamics studies, aim to enhance the RT strength and fatigue properties of
maraging steels.

However, welding processes involving high temperatures can diminish the effective-
ness of the high hardness and strength of these metals by eliminating fine IMC particles,
coarsening the grain size, and introducing other embrittlement factors through microstruc-
tural segregation. The weldability of steel, representing its propensity to be welded without
defects and the performance of its welded joints in service, is a critical consideration. In the
narrower sense, optimal weldability implies welding with minimal brittle heat-affected
zones (HAZs) and reduced risk of hydrogen-assisted cold cracking. The weldability of
maraging steel has traditionally been assessed based on empirical welding practices for
aircraft and rocket components [39–42]. Welding remains a vital fabrication method for var-
ious applications of maraging steel. Several studies have investigated the microstructural
evolution in the HAZ of welded maraging steel [43–54]. Our experiments [16] demon-
strated that the increase in hardness of 300-grade maraging steel is not dependent on
its prior austenite grain size. However, extensive grain coarsening significantly reduces
ductility and toughness. Moreover, we observed that the hardness distribution in the HAZ
adjacent to the fusion metal region remains unchanged despite grain coarsening due to
the tungsten inert gas (TIG) arc welding of the maraging steel. This suggests that the
deformation capability and toughness of coarsened grains in the HAZ are considerably
reduced even at the same hardness level, posing a risk. Thus, welding of maraging steels is
an ongoing area of study, with further research needed to fully understand and optimize
these processes.

Damage evolution is driven by plastic deformation which leads to the fracture of most
metallic materials. Fracture mechanics is a pivotal study field to understand the behavior
of metallic materials when subjected to external stresses. Currently, the J integral proposed
by Rice [55] is regarded as a major nonlinear fracture mechanics model to characterize
crack tip stress fields for power-law hardening materials. Additionally, the stress and strain
distributions ahead of the crack tip are obtained by HRR solution [56,57]. Thus, the axial
stresses at damaged sites around the crack tip during the growth of the main crack can
be calculated by HRR solution. Toda et al. [58–60] employed in situ SEM observation and



Materials 2024, 17, 440 3 of 17

analysis of HRR stress fields to investigate the fracture strength of coarse IMC particles
in the vicinity of the crack tip in a wrought aluminum alloy. Based on the HRR solution,
Fukumasu et al. [61] calculated the microcrack initiation stress ahead of the crack tip
in a sintered γ-base TiAl alloy at high temperature. Microstructural mages during the
interrupted fracture toughness test were used to estimate interaction effect between the
main crack and microcracks. The crack tip stress shielding effects caused by microcracking
have been studied by a number of researchers [62–65].

The primary objective of this study is to experimentally evaluate the mechanical
properties and fracture behavior of the HAZ following TIG welding in maraging steel. To
acquire miniature samples with varying prior austenite grain sizes, three-point bending test
specimens featuring a V-notch were extracted directly from the HAZ and the base metal
areas. Additionally, in situ observation of the bending test was conducted based on an
unload–reload examination method. This approach was employed to accurately determine
the behavior of plastic deformation and crack propagation near the specimen notch. There
is a notable paucity of research focusing on continuous, high-magnification observation
to thoroughly understand the fracture behavior in HAZ samples of maraging steel. For
comparative purposes, tensile test specimens that were not subjected to welding, possessing
identical hardness but different grain sizes, were treated at two different solution annealing
temperatures and then tested at RT. The findings of this study can significantly enhance
our understanding and application of holistic maraging steel utilization. Furthermore, they
can contribute to the advancement of structural design techniques, particularly in relation
to weldment products and joint technology.

2. Materials and Methods
2.1. Experimental Material

The material used in this study was a commercial 18% Ni 300-grade maraging steel
provided by Proterial Ltd. (formerly Hitachi Metals Ltd., Tokyo, Japan) in the form of a
hot-extruded round bar with a 9 mm diameter, as detailed in Table 1. The as-supplied
material was solution-annealed in an inert environment, exhibiting an average Vickers
hardness of 307 HV. To obtain samples with varying prior austenite grain sizes, two distinct
heat treatments were applied: (a) solution annealing treatment at 1123 K for 1.5 h (5.4 ks),
followed by an aging treatment at 753 K for 13.33 h (48 ks) (referred to as STed at 1123
K), and (b) solution annealing treatment at 1373 K for 1 h (3.6 ks), followed by an aging
treatment at 753 K for 13.33 h (48 ks) (referred to as STed at 1373 K). These processes
were conducted using an electric heating furnace, with all samples being air-cooled to
RT. Subsequently, the materials were cut and machined into the dimensions required for
tensile testing, as illustrated in Figure 1. The tensile test specimens were machined from
the as-received material along the extrusion direction. For digital microscopy analysis, the
samples were etched with a 5% nital solution following polishing to a 0.25 µm finish using
a diamond paste. The microstructure of each sample’s cross section was then observed.

Table 1. Chemical composition of the 300-grade maraging steel bar and filler used in this study.

Element C Ni Mo Co Ti Al Si Mn Fe

Bar 0.003 18.44 4.89 9.02 0.92 0.11 0.01 0.01 Bal.
Filler 0.002 18.16 4.80 8.54 0.62 0.12 0.04 0.05 Bal.
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X-ray diffraction (XRD) measurements were performed on the samples to detect
reverted austenite (MoKα). These samples did not form reverted austenite, as reported in a
previous study [66].

2.2. Tensile Test and Hardness Procedure

The tensile testing of specimens was conducted in accordance with Japanese Industrial
Standards (JIS) at an initial loading speed of 1.0 mm/min. A universal testing system (AG-
Xplus, Shimadzu, Tokyo, Japan) was employed to assess the mechanical properties in this
study. Tensile load F was measured using a load cell with a capacity of 50 kN. Displacement
and tensile strain in the gauge length of the tensile specimen, oriented in the growth
direction, were determined using a noncontact extensometer (DVE-101/201, Shimadzu)
and a strain gauge (FLK-1-11, Tokyo Measuring Instruments Lab., Tokyo, Japan) [16]. The
deformation within the elastic region was evaluated using the strain gauge. For assessing
fracture strain beyond the elastic region, the noncontact type of extensometer was utilized.
The area measurements for calculating tensile stress (σ) and elastic modulus (E) were based
on the average value of three measured cross-sectional areas (A) of the specimen along the
longitudinal axis prior to the tensile test. Consequently, the engineering tensile stress was
calculated as σ = F/A. The elastic modulus E was determined using a regression line fitted
to the stress–strain curve in the range of 100 to 300 MPa. A total of five specimens were
prepared for the tensile test in this study. Fractographic features were examined using SEM
(VHX-D500, Keyence Corp., Itasca, IL, USA). For the detailed interior views during SEM
observation, sputter coating with a Pt–Pd target was performed.

The Vickers hardness test (AVK-A, Akashi Seisakusho Ltd., Tokyo, Japan) was con-
ducted in accordance with JIS, using an indenter load of 9.8 N for a duration of 15 s.

2.3. TIG Welding and Three-Point Bending Test

Butt and full-circle welding experiments were conducted using rotary style equipment
(Figure 2) on maraging steel rods that had been STed at 1123 K for 1.5 h (5.4 ks). The
dimensions of the maraging steel rod for the welding experiment are shown in Figure 3.
The welding joint was completed in three passes using a TIG arc welding setup under an
argon gas shield, maintaining a constant current of 35 A and 20 V with a TIG welding
machine (YC-300BP4, Panasonic Corp., Tokyo, Japan). The filler used, with a diameter
of 1 mm, had the composition as shown in Table 1. The welded joint then underwent a
post-weld aging treatment at 753 K, held for 13.33 h (48 ks), followed by air cooling.
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Figure 3. Schematic of the configuration and dimensions of the welding sample.

For microstructural analysis, the welded joint was polished and etched. Hardness
testing was performed using a Vickers hardness tester under the conditions of 9.8 N and
15 s, as previously mentioned. Figure 4 shows the hardness distribution across the cross
section of the welded and aged joint sample. Based on the hardness distribution findings,
microstructure observations, and other research [51,52], distinct regions such as weld metal
(WM), heat-affected zone (HAZ), and base metal (BM) were identified. Miniature three-
point bending test specimens with V-notches were extracted from two different regions (as
indicated in Figure 4): the BM with a grain size of 10 µm and the HAZ with a grain size of
110 µm, both following a post-weld aging treatment.
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Figure 4. Hardness distribution in the cross section of the post-welded heat-treated joint sample.

Three-point bending specimens of thickness (B) × width (W) × span (S) = 1 mm ×
1 mm × 14.6 mm, as shown in Figure 5, were used for in situ observation of the fracture
process. These specimens were first mechanically cut from the aforementioned regions
(see Figure 4) using a discharge machine and then polished to a 0.25 µm finish using a
diamond paste. The fracture experiment for the unload–reload bending test was conducted
on a universal testing machine with a capacity of 1 kN (LSC-1/30, Tokyo Koki Testing
Machine Corp., Tokyo, Japan) under bending displacement control at a loading speed of
0.05 mm/min at RT. Before the interrupted test, a monotonic three-point bending test was
performed continuously at 0.05 mm/min at RT.
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Figure 6 shows a schematic of the in situ observation equipment, including a digital
microscope (VHX-2000, Keyence Corp.). Load and displacement data were obtained from
a load cell and a laser extensometer (IL1000, Keyence Corp.), respectively. A laser point
marker, attached to the fixture along the loading line direction, measured the loading line
displacement of the specimen. Crack propagation behavior near the V-notch during the
unload–reload test was examined, with sequential magnification views captured using the
microscope and SEM (VHX-D500, Keyence Corp.).
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3. Results and Discussion
3.1. Microstructure

Figure 7 presents the micrographs of the lath martensite in each sample, etched with
5% nital. The prior austenite grain boundaries in the recrystallized microstructures are
distinctly contrasted. The measured grain sizes in prior austenite are 11 µm in the sample
STed at 1123 K and 106 µm in the sample STed at 1373 K, determined using the linear
intercept method. Typically, dispersoid particles serve as anchors, inhibiting grain growth.
At the higher solution annealing temperature of 1373 K, dispersoids diffuse into the grains,
resulting in easier spreading of grain boundaries and subsequent coarsening of the grain
size. Notably, the martensitic hierarchical microstructure in the sample STed at 1123 K is
characteristic of low-carbon steels with prior austenite grains, which are subdivided into
packets and blocks composed of laths. These results regarding grain size are consistent with
findings reported by other researchers [66,67]. Lima et al. [68] observed that the growth
rate of prior austenite grain size is relatively slow between 1133 and 1273 K and increases
significantly above 1423 K, with grain size values ranging from approximately 8 µm at
1133 K to 164 µm for the 300-grade maraging steel solution-annealed at 1423 K. Additionally,
Lima et al. noted that martensitic plates are more equiaxed up to 1133 K and transform
into martensitic blocks at a solution annealing temperature of 1237 K, characterized either
by the same orientation or blocks separated by high-angle boundaries [69]. The Vickers
hardness values for the samples STed at 1123 and 1373 K are identical in this study, both
measuring 561 HV.
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Figure 7. Microstructure of the samples STed at 1123 K and STed at 1373 K. The measured grain sizes in
prior austenite are 11 µm in the sample STed at 1123 K (a) and 106 µm in the sample STed at 1373 K (b).

3.2. Tensile Mechanical Properties

The tensile engineering stress–strain curves for samples subjected to two different
solution annealing temperatures are depicted in Figure 8. No significant variation was
observed in the elastic region, irrespective of the solution annealing temperature, with an
elastic modulus of 195 GPa noted in this study. All specimens demonstrated continuous
yielding flow behavior. In the sample STed at 1123 K, peak stress was reached early, a
characteristic typical of low-carbon martensite steel. This early peak stress in the sample
STed at 1123 K is attributed to its high initial mobile dislocation density and a microstructure
conducive to cross-slip deformation due to its BCC crystal structure. Consequently, work
hardening in this specimen was saturated at an early stage of plastic flow. The tensile-
tested specimens exhibited similar mechanical behaviors, with the average ultimate tensile
strength (UTS) and 0.2% proof stress for the specimen STed at 1123 K being 2159 MPa
and 2113 MPa, respectively; for the specimen STed at 1373 K, these values were 2103 MPa
and 2003 MPa, respectively. However, the fracture strain and reduction of area for the
specimen STed at 1373 K were 49% and 73% lower, respectively, compared to those for
the specimen STed at 1123 K. Thus, the experimental findings of this study suggest that
while hardness in 300-grade maraging steel is not dependent on prior austenite grain
size, ductility and fracture resistance significantly decrease as the grain size coarsens at
higher solution-annealing temperatures. The mechanical properties of the steel specimens
subjected to different heat treatments are summarized in Table 2.
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Table 2. Mechanical properties determined by tensile examination in this study.

Solution Annealing
(+753 K for 48 ks)

0.2% Proof Stress,
σ0.2, MPa

Ultimate Tensile
Strength, σu, MPa

Elastic Modulus, E,
GPa (Strain Gauge)

Fracture Strain,
εf, (−)

Reduction of Area,
ϕ, %

1123 K for 5.4 ks 2113 2159 195 0.079 49.8
1373 K for 3.6 ks 2003 2103 195 0.040 13.2

SEM fractography was performed to examine the fracture characteristics of the tensile-
tested maraging samples under different solution-annealing temperatures. Figure 9a shows
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well-proportioned necking deformation and extensive shear-lip rounding on the fracture
surface of the specimen STed at 1123 K. Figure 9b is a magnified view from the center of
Figure 9a, showing a typical ductile fracture surface with equiaxed dimples, indicative of
ductile nucleation, growth, and coalescence of microvoids. The specimen STed at 1373 K
exhibited a brittle fracture pattern without necking deformation or shear lips, as seen in
Figure 9c. This pattern is consistent with the low reduction in this area of the material.
Figure 9d is an enlarged photograph from Figure 9c, showing primarily quasi-cleavage
fracture morphologies accompanied by dimples. Notably, distinct intergranular cracks (IC,
indicated by arrows) and a decohesion rupture mode, presumably outlining the martensite
blocks containing a lamellar structure (as shown by arrows), were also observed. These
fracture behaviors, as illustrated in Figure 9, reflect the differences in ductility as observed
in the stress–strain curves presented in Figure 8.
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3.3. In Situ Observation in HAZ and BM

The load–displacement curves from the in situ three-point bending tests of the BM
and HAZ samples are shown in Figure 10a. Interruptions at various displacements for
observation imaging are marked on the curves with symbols such as Y (yield point), Pmax
(peak load), and 0.8Pmax (0.8 times the peak load past the peak point). Both curves exhibit
continuous nonlinear plastic flow beyond the yield point. The peak load and yield point
for the BM specimen were 385 and 285 N, respectively, while for the HAZ specimen, they
were 358 and 279 N. The peak load in BM is 7% higher than that in HAZ. Figures 4 and 10
collectively suggest that the peak load and Vickers hardness values are similar for both BM
and HAZ samples. However, the displacement at peak load and strain energy to failure for
the HAZ specimen are 0.44 mm and 127 × 10−3 J, respectively, 39% and 58% lower than
those for the BM specimen. These findings correlate with the results of tensile properties
presented in Figure 8 and Table 2. Figure 10b shows dimples on the fracture surface near the
notch tip of the BM specimen. The HAZ specimen displayed a brittle fracture pattern with
quasi-cleavage fracture morphologies and intergranular cracks, as seen in Figure 10c. These
fracture behaviors reflect the differences in ductility as observed in the load–displacement
curves presented in Figure 10a. Moreover, the embrittlement fracture behavior of the HAZ
sample is consistent with that of the tensile specimen STed at 1373 K.
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Figure 10. Load–displacement curves (a) and fracture surfaces (b,c) for BM and HAZ samples after
three-point bending tests. (b) shows fracture surface near the notch tip of the BM specimen. (c) shows
fracture surface near the notch tip of the HAZ specimen.

In situ observation photographs corresponding to each step of the three-point bending
test up to the specimen fracture are illustrated in Figure 11. These photographs correspond
to the symbols marked on the load–displacement curves in Figure 10a, with the applied
loading axis aligned horizontally. Figure 11b shows the microstructure at the yield point
of the BM sample. It reveals a plastic strain field extending approximately 160 µm to the
right from the notch tip, with no significant damage or microcracks observed near the
notch tip. Beyond the yield point, plastic deformation with strain hardening continued,
leading to peak load with a plastically strained field of approximately 300 µm and main
crack initiation at the notch, as shown in Figure 11c.
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Figure 11. Sequential micrographs of damage behavior near the notch tip in samples BM (a–d) and
HAZ (e–h), with loading axis (horizontal). These graphs correspond to the loading points indicated
Figure 10a, viz., (a,e) before test; (b,f) Y point; (c,g) Pmax; (d,h) 0.8Pmax.

Beyond the peak load, the load decreased gradually, followed by a rapid load drop
response, concurrent with an increase in main crack opening displacement at the notch
edge and expansion of the strain field ahead of the notch tip. Figure 11d depicts the main
crack propagation at the point of 0.8Pmax, indicated by a white dashed line. In contrast,
the microstructure at the yield point of the HAZ sample (Figure 11f) shows a plastic strain
field extending beyond 200 µm and large shear bands near the notch tip. After a further
22% increase in load, the peak load was reached with localized plastic strain and main
crack initiation at the notch edge, as shown in Figure 11g. Additionally, microcracks (MC,
indicated by yellow arrows) were observed several hundred micrometers from the main
crack initiation point. With continued loading, a few large cracks (indicated by arrows)
emerged from the notch edge, and a main crack (white dashed line) exhibited significant
deflection and extension with crack branching within the localized strain field, as illustrated
in Figure 11h.

3.4. Crack Propagation Behavior in HAZ

The SEM micrographs in Figure 12 illustrate the fracture micromechanisms of crack
propagation (specifically transgranular cracking) in the HAZ sample, including numerous
microcracks initiated around the crack tip. Figure 12 shows crack propagation in the region
of 0.8Pmax during the three-point bending test. In Figure 12a, the image illustrates the
moment before the main crack tip intersects a block structure within a packet. Additionally,
secondary cracks, areas of severe localized deformation, and cracks along the boundaries
of the block structure are visible in the area where the main crack has already propagated
(upper side in crack tip in Figure 12a). Therefore Figure 12a reveals the block structure
being intersected by crack propagation, with the crack path discernible through the block
structure, showing weak shear deformation. As the load increases, crack growth and
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crack tip blunting behaviors in three directions are observed, with one direction exhibiting
considerable crack deflection while the other two maintain sharp configurations. Their
initiations from the blunted crack tip are identifiable in Figure 12b. Figure 13, an enlarged
view of section A (outlined by dashed lines in Figure 12a), shows crowding microcracks
along the boundaries of laths or sub-blocks in packets, approximately 120 µm ahead of the
crack tip.
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Materials 2024, 17, x FOR PEER REVIEW 11 of 18 
 

 

3.4. Crack Propagation Behavior in HAZ 
The SEM micrographs in Figure 12 illustrate the fracture micromechanisms of crack 

propagation (specifically transgranular cracking) in the HAZ sample, including numerous 
microcracks initiated around the crack tip. Figure 12 shows crack propagation in the re-
gion of 0.8Pmax during the three-point bending test. In Figure 12a, the image illustrates the 
moment before the main crack tip intersects a block structure within a packet. Addition-
ally, secondary cracks, areas of severe localized deformation, and cracks along the bound-
aries of the block structure are visible in the area where the main crack has already prop-
agated (upper side in crack tip in Figure 12a). Therefore Figure 12a reveals the block struc-
ture being intersected by crack propagation, with the crack path discernible through the 
block structure, showing weak shear deformation. As the load increases, crack growth and 
crack tip blunting behaviors in three directions are observed, with one direction exhibiting 
considerable crack deflection while the other two maintain sharp configurations. Their 
initiations from the blunted crack tip are identifiable in Figure 12b. Figure 13, an enlarged 
view of section A (outlined by dashed lines in Figure 12a), shows crowding microcracks 
along the boundaries of laths or sub-blocks in packets, approximately 120 µm ahead of 
the crack tip.  

 
Figure 12. Sequential observations of crack propagation in HAZ sample during three-point bending 
test. (a) shows the photograph of the moment before the main crack tip intersects a block structure 
within a packet. (b) shows crack growth and crack tip blunting as the load increasing. 

 
Figure 13. SEM image of section A surrounded by dashed lines in Figure 12a. Figure 13. SEM image of section A surrounded by dashed lines in Figure 12a.

Regarding the origins of microcracks in the martensitic microstructure of maraging
steels, Fanton et al. [51] suggested the presence of an oxidized layer formed during welding
passes. Lima et al. reported the formation of several precipitation particles, such as TiC [69]
and Ni3Ti [68], at the grain boundary during heat treatment. Viswanathan et al. [18,19]
observed that maraging material becomes softer due to the occurrence of the retained
austenite phase. Wang et al. [34] noted the presence of both precipitation carbides and
a thin austenite phase, with their formation mechanisms analyzed via the Thermo-Cals
simulation and other reports [35,70–72]. Additionally, thin austenite layers of 5–10 nm
thickness and a needle-like shape were detected through TEM and high-resolution TEM
experiments. In this study, however, the impact of the retained austenite phase and
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precipitation particles on the tensile mechanical properties and crack propagation behavior
remains unclear. Our next research task involves measuring the austenite phase in the HAZ
region using XRD.

Elucidating the effects of microcracks, which serve as precursors to damage, on the
macroscopic ductility and fracture toughness of materials is fundamentally important. Un-
derstanding the fracture strength of these microcracks, even qualitatively, is vital. Therefore,
in situ initiation stresses at microcracks are calculated using a fracture mechanics-based
analysis, considering the crack tip singularity field. Because the measured area lies within
the plastic zone but outside the intense large-strain region, the strain hardening plasticity
solution at a crack tip is applicable for calculating stress distribution in polar coordinates
(r–θ) centered at the crack tip or notch tip. Large deformations would render the HRR the-
ory used in this study invalid; hence, the finite-strain region near the crack tip is excluded
from the measurement. The finite-strain region occurs within a distance rs from the crack
tip [73], as expressed in the following equations:

rs =
(

e
π
2 − 1

)
·δt, (1)

δt = dn
J

σ0
, (2)

where δt is the crack tip opening displacement, J is the J integral, and dn is a dimensionless
constant. This constant is significantly influenced by the strain-hardening exponent and
moderately affected by both the flow stress (σ0) and the elastic modulus (E) of the material.
Consequently, the large deformation distance, rs, in the HAZ sample is 53 µm. Therefore,
calculations for a microcrack (indicated by a red arrow and located 42 µm from the crack
tip as shown in the upper part of Figure 13) are not applicable. The initiation of these
microcracks is estimated by calculating axial stresses in the σyy direction at the positions of
the microcracks. In this study, the stress state is analyzed under plane stress conditions, as
the main crack propagation behavior and the microcrack observation were focused on the
surface of the specimen. The Ramberg–Osgood power–law relationship between plastic
strain and stress is given by Equation (3) [74]:

σ

εy
=

σ

σy
+ α

(
σ

σy

)n
, (3)

where α is a dimensionless constant, and n is the strain-hardening exponent (n ≥ 1).
The values of α and n for the sample STed at 1372 K were determined to be 1.0 and 12,
respectively, from data obtained in this study. The axial stress σyy at initiated microcracks
ahead of the main crack was calculated using Equations (4) and (5) [56,57]:

σij = σ0

(
EJ

ασ02 Inr

) 1
n+1 ∼

σij(n, θ), (4)

σyy = σrrsin2θ + σθθcos2θ + 2σrθsinθcosθ, (5)

where J is the mode I stress intensity factor, relevant when crack propagation is interrupted.
The distance from the main crack tip is denoted by r, In is an integration constant dependent
on n, and

∼
σij is a dimensionless function of n and θ. The terms In and

∼
σij were determined

from reference [75], with In being 2.9. An important aspect to consider is the transition of
the HRR singularity to a weaker logarithmic form during growth of the main crack [76].
Previous research indicates that this transition occurs when the normalized ductility pa-
rameter, Ω = E·ε1 f /σ0, exceeds 34.5 [77,78]. In this study, ε1f is 0.039, resulting in Ω = 3.7,
confirming that the HRR singularity remains significant even after crack propagation be-
gins. Consequently, the axial stresses σyy for three microcracks labeled (1) to (3) in Figure 13
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are 3105, 4321, and 3688 MPa, respectively. This suggests that microcracks are likely to
form due to high axial stress, as analyzed through fracture mechanics.

Microcrack shielding, a phenomenon where microcracks near the main crack tip can
influence crack propagation, is observed. Generally, the driving force for crack propagation
varies significantly based on the proximity and orientation relative to the microcrack,
resulting in a local mixed mode at the main crack tip and causing the main crack to deflect.
As depicted in Figure 12a,b, the presence of a shear component is observed contributing
to the separation of the material, indicating that the main crack propagates in a mixed
mode of modes I and II. Toda et al. [79–81] discussed the relationship between crack
length and kI and kII and the mode I and II driving forces, in a local stress intensity factor
at the main crack tip. According to their findings, when a single microcrack is located
near the main crack tip and the distance between them is close to half the length of the
microcrack, the mode I driving force at the main crack tip increases by 78% due to the
influence of the single microcrack. In this study, the main crack is observed to propagate
toward the crowded microcracks in the HAZ sample, as shown in Figure 12a, and the
merging of the main crack with the microcracks is evident in Figure 12b. This observation
implies a stage in the process where the anti-shielding effect of the microcracks becomes
significantly pronounced, thereby enhancing the growth of the main crack. Consequently,
the propagation of the main crack is drastically accelerated by the presence of microcracks.

Figure 14 highlights intense shear cracking at packet boundaries and severe micro-
cracks along the contours of sub-blocks and laths in the HAZ sample, corresponding to
observations made prior to the crack propagation behavior depicted in Figure 11. Addi-
tionally, as indicated in Figure 11g, three microcracks (marked by arrows) are situated
ahead of a main crack and occur several hundred micrometers from the main crack tip.
Understanding the local interaction of these features and their impact on the overall fracture
toughness of maraging steel fabricated through welding necessitates further experimenta-
tion and analysis.

Materials 2024, 17, x FOR PEER REVIEW 13 of 18 
 

 

dependent on n, and 𝜎  is a dimensionless function of n and θ. The terms In and 𝜎  were 
determined from reference [75], with In being 2.9. An important aspect to consider is the 
transition of the HRR singularity to a weaker logarithmic form during growth of the main 
crack [76]. Previous research indicates that this transition occurs when the normalized 
ductility parameter, Ω = 𝐸 ∙ 𝜀 𝜎⁄ , exceeds 34.5 [77,78]. In this study, ε1f is 0.039, result-
ing in Ω = 3.7, confirming that the HRR singularity remains significant even after crack 
propagation begins. Consequently, the axial stresses σyy for three microcracks labeled (1) 
to (3) in Figure 13 are 3105, 4321, and 3688 MPa, respectively. This suggests that mi-
crocracks are likely to form due to high axial stress, as analyzed through fracture mechan-
ics. 

Microcrack shielding, a phenomenon where microcracks near the main crack tip can 
influence crack propagation, is observed. Generally, the driving force for crack propaga-
tion varies significantly based on the proximity and orientation relative to the microcrack, 
resulting in a local mixed mode at the main crack tip and causing the main crack to deflect. 
As depicted in Figure 12a,b, the presence of a shear component is observed contributing 
to the separation of the material, indicating that the main crack propagates in a mixed 
mode of modes I and II. Toda et al. [79–81] discussed the relationship between crack length 
and kI and kII and the mode I and II driving forces, in a local stress intensity factor at the 
main crack tip. According to their findings, when a single microcrack is located near the 
main crack tip and the distance between them is close to half the length of the microcrack, 
the mode I driving force at the main crack tip increases by 78% due to the influence of the 
single microcrack. In this study, the main crack is observed to propagate toward the 
crowded microcracks in the HAZ sample, as shown in Figure 12a, and the merging of the 
main crack with the microcracks is evident in Figure 12b. This observation implies a stage 
in the process where the anti-shielding effect of the microcracks becomes significantly 
pronounced, thereby enhancing the growth of the main crack. Consequently, the propa-
gation of the main crack is drastically accelerated by the presence of microcracks. 

Figure 14 highlights intense shear cracking at packet boundaries and severe mi-
crocracks along the contours of sub-blocks and laths in the HAZ sample, corresponding 
to observations made prior to the crack propagation behavior depicted in Figure 11. Ad-
ditionally, as indicated in Figure 11g, three microcracks (marked by arrows) are situated 
ahead of a main crack and occur several hundred micrometers from the main crack tip. 
Understanding the local interaction of these features and their impact on the overall frac-
ture toughness of maraging steel fabricated through welding necessitates further experi-
mentation and analysis. 

 
Figure 14. Intense shear cracking at packet boundaries and severe microcracks along the contours 
of sub-blocks and laths in the HAZ sample. Figure 14 shows observation finding made prior to the 
crack propagation behavior depicted in Figure 11. 

Figure 14. Intense shear cracking at packet boundaries and severe microcracks along the contours
of sub-blocks and laths in the HAZ sample. Figure 14 shows observation finding made prior to the
crack propagation behavior depicted in Figure 11.

The experimental results, including observations of the tensile fracture surface and
in situ images, coupled with the analysis of the stress anti-shielding effect by microcracks,
suggest that the HAZ sample exhibits lower ductility and toughness compared to the BM
sample. Findings in Table 2 and Figure 8 indicate that hardness and tensile strength remain
unchanged despite the coarsening of prior austenite grain size due to elevated solution
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annealing temperatures. The role of prior austenite grain size in strengthening maraging
steel remains unclear, given the Hall–Petch relationship, which suggests an ambiguity
regarding the influence of block and lath size on strengthening.

This study primarily focused on fracture behavior in the HAZ region, and there are
no reports on in situ experiments in the BM sample. Considering the finer prior austenite
grain size in the BM region compared to the HAZ, a high-resolution field-emission SEM is
required for detailed analysis. A three-point bending test on a specimen STed at 1123 K
without a welding history yielded a load–displacement curve almost identical to that of
the BM sample in Figure 9. However, future in situ experimentation on the BM sample is
necessary for a more accurate understanding of the damage behavior in the HAZ. Moreover,
investigation of the WM region, characterized by solidification microstructure and lower
hardness than the HAZ and BM, is also desired.

4. Conclusions

This study investigated the mechanical properties and fracture behavior of the HAZ in
300-grade maraging steel, TIG welded and subjected to post-weld heat treatment, through
the in situ observation of bending tests. Additionally, tensile testing specimens with
varying prior austenite grain sizes, treated solely by solution annealing and aging, without
a welding history, were prepared for tensile examination. Experimental results by tensile
examination suggest that hardness in the prepared samples does not depend on prior
austenite grain size, but ductility decreases significantly as grain size coarsens at elevated
solution-annealing temperatures. The tensile-tested specimen STed at 1123 K exhibited
behavior indicative of typical ductile fracture behavior with equiaxed dimples. On the
other hand, the specimen STed at 1373 K exhibited a brittle fracture pattern without necking
deformation or shear lips, characterized primarily by quasi-cleavage fracture morphologies.
Results from the three-point bending test, hardness distribution and grain size revealed
that the peak applied load and Vickers hardness in both BM and HAZ samples were
similar. However, the strain energy to failure, or toughness, of the HAZ (grain size of
110 µm) specimen was 127 × 10−3 J and 58% lower than that of the BM (grain size of 10 µm)
specimen. These measurement findings correlate with the results of tensile properties,
hardness, and grain size. In situ observation during the three-point bending test on the
HAZ sample revealed significant deflection and extension of the main crack, accompanied
by numerous microcracks and localized crack branching. Features such as transgranular
cracking across block regions, intense intergranular cracking along packet boundaries with
a substantial shear component, and crowding microcracks ahead of the crack tip, were
confirmed in the HAZ sample during the test. Thus, the experimental results suggest
that the HAZ sample exhibited embrittlement fracture behavior with lower ductility and
toughness compared to the BM sample, as evidenced by observations of fracture surfaces
after tensile and bending examination.

The advantage of the present investigation is that such in situ fracture examinations
make it possible to study and follow deformation behavior on a local scale. In particular,
this approach is important to accurately determine, based on fracture mechanics analysis,
the behavior of plastic deformation and crack propagation near the crack tip in materials
with inhomogeneity microstructures such as weldments, gradient material, castings and
composite materials.
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30. Król, M.; Snopiński, P.; Hajnyš, J.; Pagáč, M.; Łukowiec, D. Selective Laser Melting of 18NI-300 Maraging Steel. Materials 2020, 13,
4268. [CrossRef] [PubMed]

31. Gil, J.; Seca, R.; Amaral, R.; Emadinia, O.; de Jesus, A.; Reis, A. Tensile Properties of As-Built 18NI300 Maraging Steel Produced by
DED. Appl. Sci. 2022, 12, 10829. [CrossRef]

32. Zhang, J.; Fan, J.; Xu, J.; Yang, D.; Peng, Y. The Effect of Heat Input on the Microstructure and Mechanical Properties of 18Ni 300
Maraging Steel Fabricated by Arc Directed Energy Deposition. Mater. Sci. Eng. 2023, A884, 145545. [CrossRef]

33. Moshka, O.; Plinkas, M.; Brosh, E.; Ezersky, V.; Meshi, L. Addressing the Issue of Precipitates in Maraging Steels—Unambiguous
Answer. Mater. Sci. Eng. 2015, A638, 232–239. [CrossRef]

34. Wang, C.; Zheng, C.; Yang, Z. Austenite Layer and Precipitation in High Co-Ni Maraging Steel. Micron 2014, 67, 112–116.
[CrossRef]

35. Hu, Z.F.; Wu, X.F. High Resolution Electron Microscopy of Precipitates in High Co-Ni alloy Steel. Micron 2003, 34, 19–23.
36. Guler, M.; Guler, E.; Kahveci, N. Aspects of Thermal Martensite in a FeNiMoCo Alloy. Micron 2010, 41, 537–539. [CrossRef]
37. Zhang, Z.; Liu, T.C.; Miller, M.K.; Wang, X.L.; Wen, Y.; Fujita, T.; Hirata, A.; Chen, M.; Chen, G.; Chin, B. A Nanoscale

Co-Precipitation Approach for Property Enhancement of Fe-Base Alloys. Sci. Rep. 2013, 3, 1327. [CrossRef] [PubMed]
38. Moszner, S.; Gerstl, S.S.A.; Uggöwitzer, P.J.; Loffler, J.F. Structural and Chemical Characterization of the Hardening Phase in

Biodegradation Fe-Mn-Pd Maraging Steels. J. Mater. Res. 2014, 29, 1069–1076. [CrossRef]
39. Rajkumar, V.; Arivazhagan, N.; Devendranath, R.K. Studied on Welding of Maraging Steels. Procedia Eng. 2014, 75, 83–87.

[CrossRef]
40. Jose, B.; Manoharan, M.; Natarajan, A.; Muktinutalapati, R.N.; Reddy, G.M. Development of a Low Heat-Input Welding Technique

for Joining Thick Plates of 250 Grade Maraging Steels to Fabricate Rocket Motor Castings. Mater. Lett. 2023, 326, 132984.
[CrossRef]

41. El-Batahgy, A.M. Influence of Heat Input and Pre-weld Heat Treatment Condition on Properties of Maraging Steel Weldments.
Q. J. Jpn. Weld. Soc. 1997, 15, 574–583. [CrossRef]

42. Mo, D.F.; Hu, Z.F.; Chen, S.J.; Wang, C.X.; He, G.Q. Microstructure and Hardness of T250 Maraging Steel in Heat Affected Zone.
J. Iron Steel Res. Inter. 2009, 16, 87–91. [CrossRef]

43. Welding of Maraging Steels, A Practical Guide to the Use of Nickel-Containing Alloys, No. 584, Inco. Available online:
https://nickelinstitute.org/en/library/technical-guides/welding-of-maraging-steels-584/ (accessed on 10 January 2024).

44. Pepe, J.J.; Savage, W.F. The Weld Heat-Affected Zone of the 18Ni Maraging Steels. Weld. Res. 1970, 49, 545–553.
45. Mitteal, M.C.; Ghose, B.R. An Analysis of Fracture Toughness in the HAZ of GTA Welded Maraging Steel. Weld. Res. 1989, 77,

457–461.
46. Shamantha, C.R.; Narayanan, R.; Iyer, K.J.L.; Radhakrishnan, V.M.; Seshadri, S.K.; Sundararajan, S.; Sundaresan, S. Microstructural

Change during Welding and Subsequent Heat Treatment of 18Ni (250-Grade) Maraging Steel. Mater. Sci. Eng. 2000, A287, 43–51.
[CrossRef]

47. Tariq, F.; Baloch, A.B.; Ahmed, B.; Naz, N. Investigation into Microstructures of Maraging Steel 250 Weldments and Effect of
Post-Weld Heat Treatments. J. Mater. Eng. Perform. 2010, 19, 264–273. [CrossRef]

48. Reddy, M.G.; Rao, K.S. Microstructure and Corrosion Behavior of Gas Tungsten Arc Welds of Maraging Steel. Def. Technol. 2018,
11, 48–55. [CrossRef]

49. Joshi, J.R.; Potta, M.; Adepu, K.; Katta, R.U.; Gankidi, M.R. A Comparative Evaluation of Microstructural and Mechanical
Behavior of Fiber Laser Beam and Tungsten Inert Gas Dissimilar Ultra High Strength Steel Welds. Def. Technol. 2016, 12, 464–472.
[CrossRef]

50. Sakai, P.R.; Lima, M.S.F.; Fanton, L.; Gomes, C.V.; Lombardo, S.; Silva, D.F.; Abdalla, A.J. Comparison of Mechanical and
Microstructural Characteristics in Maraging 300 Steel Welded by Three Different Processes: LASER, PLASMA and TIG. Prodedia
Eng. 2015, 114, 291–297. [CrossRef]

51. Fanton, L.; Abdalla, A.J.; de Lima, M.S.F. Heat Treatment and Yb-Fiber Laser Welding of a Maraging Steel. Weld. Res. 2014, 93,
362–368.

52. Li, K.; Shan, J.; Wang, C.; Tian, Z. Effect of Post-Weld Heat Treatments on Strength and Toughness Behavior of T-250 Maraging
Steel Welded by Laser Beam. Mater. Sci. Eng. 2016, A663, 157–165. [CrossRef]

53. Gupra, R.N.; Raja, V.S. Environmentally Assisted Cracking Susceptibility of Dark Etched HAZ/Parent Metal Interfaces Region of
18Ni 250 Maraging Steel Weldment. Mater. Sci. Eng. 2020, A774, 138911.

https://doi.org/10.1016/j.matpr.2015.07.381
https://doi.org/10.1016/j.optlastec.2014.07.021
https://doi.org/10.1016/j.matdes.2017.08.026
https://doi.org/10.1016/j.msea.2017.06.033
https://doi.org/10.1016/j.jallcom.2017.07.177
https://doi.org/10.3390/ma13194268
https://www.ncbi.nlm.nih.gov/pubmed/32992702
https://doi.org/10.3390/app122110829
https://doi.org/10.1016/j.msea.2023.145545
https://doi.org/10.1016/j.msea.2015.04.067
https://doi.org/10.1016/j.micron.2014.07.008
https://doi.org/10.1016/j.micron.2010.02.001
https://doi.org/10.1038/srep01327
https://www.ncbi.nlm.nih.gov/pubmed/23429646
https://doi.org/10.1557/jmr.2014.84
https://doi.org/10.1016/j.proeng.2013.11.017
https://doi.org/10.1016/j.matlet.2022.132984
https://doi.org/10.2207/qjjws.15.574
https://doi.org/10.1016/S1006-706X(09)60016-9
https://nickelinstitute.org/en/library/technical-guides/welding-of-maraging-steels-584/
https://doi.org/10.1016/S0921-5093(00)00838-8
https://doi.org/10.1007/s11665-009-9455-1
https://doi.org/10.1016/j.dt.2014.09.005
https://doi.org/10.1016/j.dt.2016.08.003
https://doi.org/10.1016/j.proeng.2015.08.071
https://doi.org/10.1016/j.msea.2016.03.082


Materials 2024, 17, 440 17 of 17

54. Ahmed, B.; Tariq, F.; Naz, N.; Baloch, R.A. How Multiple Weld Repairs Impact Maraging Steel. Weld. J. 2012, 91, 38–46.
55. Rice, J.R. A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks. J. Appl.

Mech. 1968, 35, 379–386. [CrossRef]
56. Rice, J.R.; Rosengren, G.F. Plane Strain Deformation near a Crack Tip in a Power-Law Hardening material. J. Mech. Phys. Solids

1968, 16, 1–12. [CrossRef]
57. Hutchinson, J.W. Singular Behaviour at the End of a Tensile Crack in a Hardening Material. J. Mech. Phys. Solids 1968, 16, 13–31.

[CrossRef]
58. Toda, H.; Kobayashi, T.; Takahashi, A. Micromechanism of Fracture in Wrought Aluminum Alloy Containing Coarse Inclusion

Particles. Alum. Trans. 1999, 1, 109–116.
59. Toda, H.; Kobayashi, T.; Takahashi, A. Mechanical Analysis of Toughness Degradation due to Premature Fracture of Course

Inclusions in Wrought Aluminium Alloys. Mater. Sci. Eng. 2000, A280, 69–75. [CrossRef]
60. Toda, H.; Kobayashi, T.; Hoshiyama, A.; Takahashi, A. In-Situ SEM Study on Damege Evolution at Coarse Secondary Particles in

6061 Aluminum Alloy. J. Jpn. Ins. Light Met. 2001, 51, 113–118. (In Japanese) [CrossRef]
61. Fukumasu, H.; Kobayashi, T.; Toda, H.; Shibue, K. Dynamic Fracture Toughness of a Ti-45Al-1.6Mn Alloy at High Temperature.

Metall. Trans. A 2000, 31, 3053–3061. [CrossRef]
62. Gong, S.X.; Horii, H. General Solution to the Problem of Microcracks near the Tip of a Main Crack. J. Mech. Phys. Solids 1989, 37,

27–46. [CrossRef]
63. Ouinas, D.; Bouiadjra, B.B.; Benderdouche, N. Interaction Effect of a main Crack Emanating from a Semicircular Notch and a

Microcrack. Comp. Mater. Sci. 2008, 43, 1155–1159. [CrossRef]
64. Li, X.; Li, X.; Jiang, X. Influence of a Micro-Crack on the Finite Macro-Crack. Eng. Fract. Mech. 2017, 177, 95–103. [CrossRef]
65. Saksala, T. Effect of Inherent Microcrack Populations on Rock Tensile Fracture Behaviour: Numerical Study Based on Embedded

Discontinuity Finite Elements. Acta Geotech. 2021, 17, 2079–2099. [CrossRef]
66. Moriyama, M.; Takaki, S.; Kawagoishi, N. Influence of Aging Conditions and Reversion Austenite on Fatigue Property of the 300

Grade 18Ni Maraging Steel. J. Soc. Mat. Sci. 2000, 49, 631–637. (In Japanese) [CrossRef]
67. Kawabe, Y.; Kanao, M.; Muneki, S. The Effects of Structural Change during Aging and Austenite Grain Size on the Tensile

Properties of 18 Ni Maraging Steel. Tetsu-Hagané 1973, 59, 18–29. (In Japanese)
68. Lima, V.X.; Barros, I.F.; de Abreu, H.F.G. Influence of Solution Annealing on Microstructure and Mechanical Properties of

Maraging 300 Steel. Mat. Res. 2017, 20, 10–14. [CrossRef]
69. Lima, V.X.; Lima, T.N.; Griza, S.; Saravia, B.R.C.; de Abreu, H.F.G. The Increase of Fracture Toughness with Solution Annealing

Temperature in 18Ni Maraging 300 Steel. Mater. Res. 2021, 24, e20200472. [CrossRef]
70. Ayer, R.; Machmeier, P.M. Transmission Electron Microscopy Examination of Hardening and Toughening Phenomena in Aermet

100. Metall. Trans. A 1993, 24A, 1943–1955. [CrossRef]
71. Yoo, C.H.; Lee, H.M.; Chen, J.W.; Morris, J.W. M2C Precipitates in Isothermal Tempering of High Co–Ni Secondary Hardening

Steel. Metall. Trans. A 1996, 27A, 3466–3472.
72. Wang, L.D.; Liu, L.; Ao, C.X.; Liu, X.J.; Chen, C.L.; Kang, W.M. Investigation of Toughness of Ultrahigh Strength Steel Aermet 100.

J. Mater. Sci. Technol. 2000, 16, 491–494.
73. Rice, J.R.; Johnson, M.A. Inelastic Behavior of Solids; Kanninen, M.F., Adler, W.F., Rosenfield, A.R., Jaffee, R.I., Eds.; McGraw Hill:

New York City, NY, USA, 1970; pp. 641–672.
74. Osgood, W.R.; Ramberg, W. Description of Stress-Strain Curves by Three Parameters. National Advisory Committee for

Aeronautics Technical Note No.902. 1943. Available online: https://www.apesolutions.com/spd/public/NACA-TN902.pdf
(accessed on 10 January 2024).

75. Anderson, T.L. Fracture Mechanics, Fundamentals and Applications, 2nd ed.; CRC Press: Boca Raton, FL, USA, 1995.
76. Rice, J.R.; Drugan, W.J.; Sham, T.L. Fracture Mechanics. In Proceedings of the Twelfth Symposium on Fracture Mechanics, St

Louis, MO, USA, 21 May 1979; ASTM STP 700. American Society for Testing and Materials: Philadelphia, PA, USA, 1980; pp.
189–219.

77. Chen, K.S. Crack-Tip Behaviors of Stationary and Growing Cracks in Al-Fe-X Alloys: Part I. Near-Tip Strain Field. Metall. Trans.
A 1990, 21, 69–80. [CrossRef]

78. Chen, K.S. Crack-Tip Behaviors of Stationary and Growing Cracks in Al-Fe-X Alloys: Part II. Crack Opening Profiles. Metall.
Trans. A 1990, 21, 81–86. [CrossRef]

79. Toda, H.; Kobayashi, T.; Takahashi Hoshiyama, A. Numerical Simulation of Fracture Induced by Damage of Intermetallic Particles
in Wrought Aluminum Alloy. J. Jpn. Int. Met. 2001, 65, 29–37. (In Japanese) [CrossRef]

80. Toda, H.; Kobayashi, T.; Wada, Y. Fracture Mechanical Simulations of a Crack Propagating in Discontinuously-Reinforced Metal
Matrix Composites. J. Jpn. Uns. Met. 1995, 59, 94–102. (In Japanese)

81. Kobayashi, T.; Toda, H. Fracture in Complex Microstructures. Mater. Trans. 2001, 42, 90–99. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1115/1.3601206
https://doi.org/10.1016/0022-5096(68)90013-6
https://doi.org/10.1016/0022-5096(68)90014-8
https://doi.org/10.1016/S0921-5093(99)00658-9
https://doi.org/10.2464/jilm.51.113
https://doi.org/10.1007/s11661-000-0084-4
https://doi.org/10.1016/0022-5096(87)90003-2
https://doi.org/10.1016/j.commatsci.2008.03.014
https://doi.org/10.1016/j.engfracmech.2017.03.037
https://doi.org/10.1007/s11440-021-01354-y
https://doi.org/10.2472/jsms.49.631
https://doi.org/10.1590/1980-5373-mr-2016-0257
https://doi.org/10.1590/1980-5373-mr-2020-0472
https://doi.org/10.1007/BF02666329
https://www.apesolutions.com/spd/public/NACA-TN902.pdf
https://doi.org/10.1007/BF02656425
https://doi.org/10.1007/BF02656426
https://doi.org/10.2320/jinstmet1952.65.1_29
https://doi.org/10.2320/matertrans.42.90

	Introduction 
	Materials and Methods 
	Experimental Material 
	Tensile Test and Hardness Procedure 
	TIG Welding and Three-Point Bending Test 

	Results and Discussion 
	Microstructure 
	Tensile Mechanical Properties 
	In Situ Observation in HAZ and BM 
	Crack Propagation Behavior in HAZ 

	Conclusions 
	References

