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Highlights

The main findings

• Specimens 1 and 3 exhibited contrasting tensile responses despite comparatively
similar mean HRBW ranges.

• Specimen 1, which fractured through the weld region, exhibited greater local macro-
hardness dispersion than Specimen 3.

• CV and WHC differentiated the two welded joints more clearly than mean HRBW alone.
• The largest between-specimen differences in macrohardness dispersion occurred

within the heat-affected zone.

Implications of the main findings

• Statistical macrohardness mapping provides discriminatory information beyond con-
ventional mean-hardness profiles.

• CV and WHC enable direct spatial comparison of welded joints exhibiting different
mechanical responses.

• The contrasting-case comparison supports the use of hardness-dispersion descriptors
for complementary welded-joint characterization.

• The approach remains complementary to tensile testing and metallography and is not
presented as a stand-alone predictor of weld performance.

Abstract

This study evaluates a material homogeneity criterion (MHC)-based workflow for the
spatial characterization of macrohardness variability in tungsten inert gas (TIG) welded
AISI 304 stainless-steel joints produced using 308LSi filler metal. Five welded specimens
produced under different welding conditions were first evaluated by transverse tensile
testing. Two specimens representing contrasting mechanical responses were subsequently
selected for identical spatial macrohardness mapping: Specimen 1 exhibited the lowest
ultimate tensile strength (610 MPa), 24% elongation, and fracture through the weld re-
gion, whereas Specimen 3 exhibited the highest ultimate tensile strength (684 MPa), 41%
elongation, and fracture in the base material. For each specimen, 1000 Rockwell macro-
hardness (HRBW) measurements were obtained along twenty transverse measurement
lines spanning the base material (BM), heat-affected zone (HAZ), and fusion zone (FZ).
Mean hardness ranges were comparatively similar for Specimens 1 and 3 (92.04–95.70 and
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92.00–95.50 HRBW, respectively). Meanwhile, the coefficient of variation (CV) and Weibull
homogeneity coefficient (WHC) provided greater discrimination between the two joints.
Specimen 1 exhibited CV values of 0.534–1.433% and WHC values of 81.20–216.95, whereas
Specimen 3 exhibited CV values of 0.542–1.076% and WHC values of 107.87–214.12. The
largest between-specimen difference was observed within the HAZ, where Specimen 1
exhibited substantially greater macrohardness dispersion than Specimen 3. These results
show that statistical treatment of repeated macrohardness measurements can reveal spatial
differences between welded joints that are less evident from mean-hardness profiles alone.
The comparison does not establish a general predictive relationship between hardness
dispersion and tensile performance but provides experimental evidence supporting the
discriminatory value of spatial CV and WHC mapping for the two investigated contrast-
ing cases. Optical metallography provides complementary qualitative microstructural
characterization, while quantitative relationships between microstructural parameters and
macrohardness dispersion remain outside the scope of the present study.

Keywords: TIG welding; AISI 304 stainless steel; macrohardness; material homogeneity
criterion; coefficient of variation; Weibull homogeneity coefficient

1. Introduction
Ensuring sufficiently uniform material response across welded joints is important

because the fusion zone (FZ), heat-affected zone (HAZ), and base material (BM) may
exhibit different mechanical and microstructural characteristics [1,2]. Similar considerations
apply to coatings [3–5] and mechanically processed materials [6–9]. In welded structures,
spatial variations in microstructure and mechanical response may influence local strength,
ductility, residual-stress development, and susceptibility to crack initiation [10,11]. In
stainless-steel weldments, such variations are particularly relevant because local chemical
and microstructural changes may also affect corrosion behaviour [12–14].

The HAZ is of particular interest because it experiences substantial thermal exposure
without melting. Depending on the thermal cycle, austenitic stainless steels may exhibit
grain growth and other local microstructural changes in this region [15–18]. Grain coarsen-
ing close to the fusion boundary and, under suitable thermal conditions, grain-boundary
carbide precipitation have been reported for welded stainless steels [19–21]. Sensitization
of austenitic stainless steels may occur after exposure to critical temperature ranges and
can increase susceptibility to intergranular corrosion [22]. Consequently, control of welding
heat input and thermal conditions is important for limiting undesirable changes in the
HAZ [23,24]. Figure 1 summarizes the general relevance of spatially uniform material
response across the principal weld regions.

Austenitic stainless-steel welded joints are widely used in applications requiring
corrosion resistance, weldability, and stable mechanical performance [25–29]. AISI 304 is
among the most widely applied austenitic stainless steels because of its combination of
mechanical properties, weldability, and corrosion resistance [1,30]. Since welding produces
a spatially non-uniform thermal history, characterization methods capable of resolving
local variations across the welded joint are important for understanding the resulting
material response.

A range of conventional methods is available for welded-joint characterization, in-
cluding ultrasonic, radiographic, eddy-current, magnetic-particle, metallographic, and
mechanical testing [31–35]. These methods provide different types of information and
should be regarded as complementary. Hardness testing offers a comparatively simple
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means of obtaining spatially resolved information on the local indentation response and
is widely used for characterizing welded materials [17,36–38]. However, conventional
evaluation based primarily on individual or mean hardness values may not fully describe
the local statistical dispersion of repeated measurements.

Figure 1. Key advantages of homogeneous welding zones (BM, HAZ and FZ).

Statistical analysis of repeated hardness measurements has therefore been investigated
as an additional material-characterization approach [6,39–41]. Within this framework, the
Lebedev-Muzyka hardness (LM-hardness) methodology evaluates not only the absolute
hardness level but also the statistical distribution of repeated macrohardness measure-
ments [39–41]. Previous studies have applied parameters such as the coefficient of variation
and Weibull-based homogeneity descriptors to characterize the dispersion of mechanical-
response measurements under different material and manufacturing conditions [6,39,42].

The LM-hardness method has previously been described as quasi-non-destructive
because the material alteration is limited to localized indentation marks [42]. However,
macrohardness measurements produce permanent surface impressions and therefore do
not meet a strict definition of conventional non-destructive testing. The practical inva-
siveness of the procedure depends on indentation size and number, surface preparation,
component geometry, material properties, and subsequent service conditions. Accordingly,
the present study treats the method as a localized, minimally destructive indentation-based
characterization approach rather than as conventional non-destructive testing (NDT).

A fundamental feature of the LM-hardness methodology is that it can be implemented
using conventional macrohardness techniques, including Brinell, Rockwell, and Vickers
testing [43]. Macrohardness measurements sample a substantially larger material volume
than micro- or nanoindentation and therefore represent an integrated local mechanical
response involving multiple grains and microstructural constituents. Statistical evaluation
of repeated macrohardness measurements can consequently provide information on the
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spatial variability of this indentation response that is not available from the mean value
alone [43,44].

Applications of LM-hardness-based statistical analysis have previously been reported
for carbon and low-alloy steels, heat-resistant materials, and components subjected to
manufacturing operations such as machining [39,41,42]. However, its spatial implemen-
tation across the FZ–HAZ–BM sequence of TIG-welded AISI 304 stainless steel remains
insufficiently investigated. In particular, it remains unclear whether line-by-line statisti-
cal evaluation of repeated macrohardness measurements can reveal spatial variations in
hardness dispersion that are not evident from conventional mean-hardness profiles.

In the present study, the LM-hardness concept, the Weibull homogeneity coeffi-
cient WHC(m), and the coefficient of variation CV(ν) are treated as established statistical
tools [6,39,40,42]. The methodological contribution lies in their spatial implementation
across predefined transverse measurement lines extending through the BM–HAZ–FZ–
HAZ–BM sequence of TIG-welded AISI 304 joints. Repeated Rockwell macrohardness
measurements are used to characterize both the local hardness level and the statistical
dispersion of hardness at each spatial position.

The purpose of the study is not to interpret hardness dispersion as a direct quantitative
measure of physical microstructural heterogeneity, degradation, damage, structural in-
tegrity, or remaining service life. Instead, CV(ν) and WHC(m) are used as statistical descrip-
tors of macrohardness variability. Optical metallography provides complementary qualita-
tive microstructural context, while transverse tensile testing provides specimen-level me-
chanical characterization. No assumption is made that the hardness-dispersion descriptors
constitute direct predictors of tensile performance or specific microstructural mechanisms.

Accordingly, the aim of this study is to determine whether spatial statistical analysis
of repeated Rockwell macrohardness measurements provides discriminatory information
beyond conventional mean-hardness profiles when applied to TIG-welded AISI 304 joints
exhibiting contrasting mechanical responses. Five welded specimens produced under
different TIG conditions were initially characterized by transverse tensile testing. Specimen
1, which exhibited the lowest tensile strength and elongation and fractured through the
weld region, and Specimen 3, which exhibited the highest tensile strength and elongation
and fractured in the base material, were subsequently selected for identical spatial macro-
hardness mapping. Mean HRBW, CV(ν), and WHC(m) were evaluated at corresponding
positions across the BM–HAZ–FZ–HAZ–BM sequence of both specimens. The working
hypothesis was that dispersion-based descriptors of repeated macrohardness measure-
ments could reveal spatial differences between the two contrasting welded joints that are
less evident from mean hardness alone. The novelty of the work therefore lies not in the
individual statistical indicators themselves, but in their integration with dense transverse
Rockwell macrohardness mapping and in the direct position-by-position comparison of
two welded joints exhibiting distinctly different mechanical responses.

2. Materials and Methods
2.1. Materials

The investigated material consisted of 10 mm-thick AISI 304 austenitic stainless-steel
sheets with dimensions of 250 mm × 100 mm × 10 mm. Tables 1 and 2 present the
manufacturer-declared chemical composition and nominal mechanical properties of the
AISI 304 base material (Outokumpu Stainless AB, Degerfors, Sweden) and OK Tigrod
308LSi filler rod, respectively (ESAB Welding & Cutting Products, Hanover, York County,
PA, USA).
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Table 1. Chemical composition of the AISI 304 base material and OK Tigrod 308LSi filler rod.

Grade
Chemical Composition [%]

C Mn Si P S Cr Ni Cu N Mo

AISI 304 0.027 1.780 0.320 0.030 0.0010 18.05 8.05 - 0.066 -

OK Tigrod 308LSi * 0.010 1.800 0.800 0.020 0.0100 20.00 10.50 0.100 0.110 0.10

Fe—balance; *—filler rod.

Table 2. Nominal mechanical properties of the AISI 304 base material and OK Tigrod 308LSi filler rod.

Grade

Mechanical Properties

0.2% Proof
Strength Rp 0.2

[MPa]

1.0% Proof
Strength Rp 1.0

[MPa]

Tensile Strength
Rm [MPa] Elongation [%] Young’s Modulus

[GPa] Hardness [HV]

AISI 304 288 333 609 59.3 190–203 167

OK Tigrod 308LSi * 480 - 625 37 - 189

*—Filler rod.

Stainless steel sheets for welding were prepared to the required dimensions according
to the requirements of the standard EN ISO 9692-1:2013 [45] for a single Y-butt weld
with broad root face and backing run. The groove α with an angle of 60◦ was formed
by a Doosan DNM 5700 CNC vertical milling machine (Doosan Machine Tools Co., Ltd.,
Changwon, Republic of Korea). The geometry of the edges of the welded sheets is presented
in Figure 2. A gap (b) of 3 mm was left between the edges of the sheets during welding.
Before welding, the specimens were polished and degreased with ethanol (Merck KGaA,
Darmstadt, Germany) to remove any surface dirt, oxides or dust.

Figure 2. The geometry of sheet edge: α—an angle of the groove edge (60◦); t—the thickness of the
weldment (10 mm); b—root opening (3 mm); c—thickness of root face (2 mm).

2.2. Methods
2.2.1. Welding

The AISI 304 stainless-steel joints were produced using the gas tungsten arc welding
(GTAW) process, also known as tungsten inert gas (TIG; process 141) welding, with argon
shielding gas (AGA, Linde Gas AB, Solna, Sweden) using a MasterTig 335 ACDC welding
machine (KEMPPI OY, Lahti, Finland). A 2.4 mm diameter WL20 tungsten electrode
(KEMPPI OY, Lahti, Finland) and 2.0 mm diameter OK Tigrod 308LSi low-carbon, high-
silicon austenitic stainless-steel filler rods (ESAB Welding & Cutting Products, Hanover,
York County, PA, USA) were used. Pure argon (99.9%) was supplied as the shielding gas at
a flow rate of 20 L/min. Direct current was used during welding.

Each welded joint was deposited in four consecutive passes: root, hot, fill, and cap,
as illustrated in Figure 3. The hot, fill, and cap passes were performed using the same
parameter set within each individual specimen.
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Figure 3. Four-pass welding sequence used for the experimental joints: 1—root pass; 2—hot pass;
3—fill pass; 4—cap pass.

The general procedural requirements for joint preparation, welding sequence, welding
position, and interpass-temperature control were based on the applicable TIG welding
procedure specification. The procedure specified a nominal groove angle of approximately
60◦ and a maximum interpass temperature of 150 ◦C. The actual electrical and travel
parameters used for the five experimental specimens are reported in Table 3.

Table 3. Main parameters of the welding procedure.

Specimen
No. Pass TIG Voltage [V] TIG Current [A] Travel Speed

[mm/s] Heat Input [J/mm]

Specimen 1
Root pass 11.0 90 3.5 169.71

Hot, fill, and cap passes 11.0 120 5.0 158.40

Specimen 2
Root pass 13.0 100 3.5 222.86

Hot, fill, and cap passes 13.0 125 5.0 195.00

Specimen 3
Root pass 14.0 110 3.5 264.00

Hot, fill, and cap passes 14.0 130 5.0 218.40

Specimen 4
Root pass 14.5 110 3.5 273.43

Hot, fill, and cap passes 14.5 140 5.0 243.60

Specimen 5
Root pass 15.0 110 3.5 282.86

Hot, fill, and cap passes 15.0 150 5.0 270.00

TIG thermal efficiency factor, η = 0.6. The arc length was maintained at approximately 3 mm
during welding.

The principal welding parameters are summarized in Table 3. Welding current, volt-
age, and travel speed were controlled according to the selected welding condition. The
calculated heat input, (Q), was determined using a TIG thermal efficiency factor of η = 0.6:

Q =
ηUI

v
(1)

where (U) is the welding voltage (V), (I) is the welding current (A), and (v) is the travel
speed (mm/s). The calculated heat input is expressed in J/mm. The arc length was
maintained at approximately 3 mm throughout welding.

Based on the transverse tensile-test results described in Section 3.1, Specimens 1 and 3
were selected for detailed spatial macrohardness characterization because they represented
the most contrasting mechanical responses among the five investigated welding conditions.
Specimen 1 exhibited the lowest ultimate tensile strength and elongation and fractured
through the weld region, whereas Specimen 3 exhibited the highest ultimate tensile strength
and elongation and fractured in the base material. The purpose of selecting these two
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specimens was therefore to determine whether identical spatial macrohardness mapping
and statistical analysis could reveal differences between welded joints exhibiting distinctly
different tensile responses.

Specimen 1 was produced using 11 V, 90 A, and a travel speed of 3.5 mm/s for the
root pass, corresponding to a calculated heat input of 169.71 J/mm. The hot, fill, and cap
passes were performed at 11 V, 120 A, and 5.0 mm/s, corresponding to a heat input of
158.40 J/mm. Specimen 3 was produced using 14 V, 110 A, and 3.5 mm/s for the root pass,
corresponding to 264.00 J/mm, whereas the hot, fill, and cap passes were performed at
14 V, 130 A, and 5.0 mm/s, corresponding to 218.40 J/mm.

The complete welding thermal cycles and cooling rates were not directly monitored
using thermocouples or another temperature-acquisition system. Accordingly, no quan-
titative cooling-rate values are reported, and the present comparison does not establish
a causal relationship between individual welding parameters, thermal history, and the
subsequently determined macrohardness-dispersion parameters.

Following welding, Specimens 1 and 3 were prepared for spatial Rockwell macrohard-
ness measurements using the same surface-preparation procedure. The weld reinforcement
was removed by precision milling to obtain a flat measurement surface (Figure 4b), after
which the prepared surfaces were cleaned to remove oxide scale, machining residues,
foreign matter, and lubricants.

Figure 4. Specimen 3 used for macrohardness testing: (a) after welding; (b) after precision milling
and surface preparation. The same preparation procedure was applied to Specimen 1 before spatial
macrohardness mapping.

Precision milling was used as a laboratory specimen-preparation step to provide a
sufficiently flat and reproducible surface for Rockwell macrohardness testing [46]. This
preparation step is not an intrinsic component of the statistical analysis itself; however,
application of the macrohardness-based procedure requires surface conditions suitable for
reliable indentation measurements. Depending on the geometry and surface condition of
an investigated component, local surface preparation may therefore be necessary.
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For macrohardness testing, the specimen was placed on a rigid support with the
test surface positioned normal to the indenter axis and the direction of the applied force.
The specimen was firmly supported to prevent displacement during indentation. All
macrohardness measurements were performed at an ambient temperature of 20 ± 2 ◦C
and a relative humidity of 50 ± 5%.

2.2.2. Macrohardness Analysis

Hardness testing provides a practical means of characterizing the resistance of a
material to localized plastic deformation under indentation loading [43]. The measured
hardness value depends on the material response as well as on the selected test method,
indenter geometry, applied load, and measurement scale and therefore should be regarded
as an engineering response parameter rather than a fundamental material constant [43,47].
Relationships between hardness and other mechanical properties, including yield strength
and ultimate tensile strength, are material- and condition-dependent and should not be
assumed to be universal [43].

Hardness measurements may be performed at macro-, micro-, and nanoscale, with
each scale sampling different material volumes and structural features [43]. Micro-
and nanoindentation can be sensitive to individual grains, grain boundaries, phases, or
other local constituents, whereas macrohardness measurements sample a substantially
larger material volume and therefore provide a more spatially integrated indentation re-
sponse [43,44,48]. In the present study, Rockwell macrohardness was selected because the
objective was to evaluate the statistical dispersion of repeated hardness measurements
across predefined regions of the welded specimen rather than to characterize individual
microstructural constituents.

Beyond the mean hardness value, repeated measurements can be evaluated statistically
to describe the local dispersion of the indentation response. In the present study, two
established statistical descriptors were used: the Weibull homogeneity coefficient, WHC(m),
and the coefficient of variation, CV(ν) [6,39,40]. These parameters are interpreted strictly as
descriptors of macrohardness dispersion and are not treated as direct quantitative measures
of physical microstructural heterogeneity, degradation, damage, or structural integrity.

The WHC(m) parameter was calculated from the logarithmic dispersion of the mea-
sured hardness values according to [6]:

m =
d(n)

2.30259 · S(ℓog10H)
(2)

where

S(ℓg(H)) =

√︄
1

n − 1
·

n

∑
i=1

(︂
ℓog10(Hi)− ℓog10(H)

)︂2
(3)

and:

ℓog10(H) =
1
n
·

n

∑
i=1

ℓog10(Hi) (4)

Here, Hi is the measured macrohardness value at the i-th indentation point, n is the
number of observations included in the calculation, and d(n) is the measurement-number-
dependent coefficient used in the adopted WHC formulation [6]. For the present analysis,
n = 50 for each measurement line.

Within this formulation, lower WHC(m) values correspond to greater dispersion of
the logarithmically transformed hardness measurements, whereas higher values indicate a
comparatively narrower local hardness distribution. Previous LM-hardness studies have
used m = 10 as a practical boundary between heterogeneous and homogeneous material
states [6,49]. However, this threshold has not been independently validated for TIG-welded
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AISI 304/308LSi joints and is therefore not used as an absolute classification criterion in
the present study. WHC(m) is instead interpreted as a continuous comparative descriptor
across the investigated FZ–HAZ–BM sequence.

The coefficient of variation, CV(ν), was calculated as:

ν =

√︂
1

n−1 · ∑n
i=1

(︁
Hi − H

)︁2

H
·100 [%] (5)

where H is the arithmetic mean macrohardness of the corresponding measurement line.
CV(ν) expresses the standard deviation relative to the mean hardness and therefore provides
a direct measure of relative hardness dispersion.

WHC(m) and CV(ν) were calculated from the same local hardness datasets and should
therefore not be regarded as statistically independent validation parameters. Rather,
they provide two different numerical representations of the dispersion of the same un-
derlying HRBW measurements. CV(ν) describes relative scatter on the original hard-
ness scale, whereas WHC(m) characterizes dispersion in the logarithmically transformed
hardness data.

For each predefined transverse measurement line, 50 HRBW measurements were
processed independently. The resulting mean HRBW, CV(ν), and WHC(m) values were
assigned to the corresponding spatial position within the FZ–HAZ–BM sequence. This
procedure was applied independently to both selected welded specimens. Twenty mea-
surement lines were evaluated in each specimen, resulting in 1000 individual HRBW
measurements per specimen and 2000 measurements in the comparative dataset. The mea-
surements represent within-specimen spatial subsampling and should not be interpreted
as independent welded-joint replicates.

The methodological contribution of the present work lies in the weld-specific spatial
implementation of these established hardness-based statistical descriptors rather than in the
introduction of a new statistical parameter. The framework used in this study is illustrated
schematically in Figure 5.

Figure 5. Conceptual framework for the statistical assessment of material homogeneity based on
the spatial dispersion of hardness characteristics. The framework relates technological and material
factors to hardness variability and its statistical characterization using the coefficient of variation,
CV(ν), and the Weibull homogeneity coefficient, WHC(m).

https://doi.org/10.3390/ma19214708
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The macrohardness-based procedure involves permanent indentation marks and, in
the present laboratory implementation, surface preparation by precision milling. It is
therefore treated as a localized, minimally destructive indentation-based characterization
method rather than as conventional non-destructive testing. Its applicability to engineering
components depends on surface condition, accessibility, component geometry, material
properties, loading conditions, and the acceptability of permanent local indentations [46].

2.2.3. Statistical Analysis and Uncertainty Assessment

For each of the two selected welded specimens (Specimens 1 and 3), twenty mea-
surement lines were defined symmetrically across the investigated welded specimen and
designated −10 to −1 on the left-hand side and +1 to +10 on the right-hand side of the
weld centerline. Their respective positions ranged from −20 to −2 mm and from +2 to
+20 mm, with a spacing of ∆x = 2.0 mm between adjacent lines. Fifty individual HRBW
measurements were obtained along each measurement line.

Thus, 1000 hardness observations were obtained for each specimen, and 2000 HRBW
measurements were included in the comparative spatial analysis.

Each measurement line represents a predefined spatial position within a given welded
specimen, whereas the 50 measurements obtained along that line constitute local within-line
subsampling. The two selected specimens represent two contrasting welding conditions
and mechanical responses; they should not be interpreted as replicate welds produced
under identical conditions.

For each measurement line of each specimen (n = 50), the arithmetic mean, sample
standard deviation (SD), standard error of the mean (SE), and two-sided 95% confidence
interval (CI) of the mean were calculated as follows:

H =
1
n

n

∑
i=1

Hi (6)

s =

√︄
1

n − 1

n

∑
i=1

(︁
Hi − H

)︁2 (7)

SE =
s√
n

(8)

CI95% = H ± t0.975,n−1SE (9)

where Hi is the individual HRBW measurement, H is the arithmetic mean, s is the sample
standard deviation, and n = 50 is the number of observations within the corresponding
measurement line. The 95% CI of the mean was calculated using the Student-t distribution
with n−1 = 49 degrees of freedom.

CV(ν) and WHC(m) were calculated according to Equations (2)–(5) using the adopted
LM-hardness formulation [6,39,40]. Because the sampling distributions of these dispersion-
based estimators cannot be assumed to be normally distributed, their uncertainty was
evaluated by non-parametric bootstrap resampling [50]. For each measurement line of each
specimen, the corresponding set of 50 experimentally measured HRBW values was resam-
pled with replacement 20,000 times. CV(ν) and WHC(m) were recalculated for each boot-
strap sample, and the 2.5th and 97.5th percentiles of the resulting bootstrap distributions
were taken as the limits of the corresponding 95% percentile-bootstrap confidence intervals.

The sensitivity of CV(ν) and WHC(m) to the number of observations included in the
calculation was additionally evaluated separately for each specimen by repeated random
subsampling without replacement. Subsets of n = 15, 20, 25, 30, and 40 observations were
drawn from the complete set of 50 measurements for each measurement line. For each
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sample size, specimen, and measurement line, 10,000 random subsets were generated,
and CV(ν) and WHC(m) were recalculated for each subset. The resulting estimates were
compared with those obtained from the complete n = 50 dataset.

The measurement-number-dependent coefficient d(n) corresponding to each sample
size was applied in the WHC(m) calculation [6,39,40,51]:

d(15) = 1.0206,

d(20) = 1.0628,

d(25) = 1.0915,

d(30) = 1.1124,

d(40) = 1.1413,

d(50) = 1.1607.

The measurement lines and individual indentations represent spatial observations
within two individual welded specimens produced under different welding conditions.
They therefore provide a direct descriptive comparison between two contrasting welded
joints but do not constitute replicated experiments within either welding condition. Ac-
cordingly, the reported confidence intervals quantify uncertainty associated with the local
within-specimen hardness measurements and the corresponding statistical estimators; they
do not quantify between-weld reproducibility.

The comparison between Specimens 1 and 3 was therefore interpreted descriptively
using the spatial profiles of mean HRBW, CV(ν), and WHC(m), together with their as-
sociated confidence intervals. No population-level hypothesis tests were used to claim
reproducible effects of welding condition, weld region, or mechanical performance because
only one specimen from each selected welding condition was subjected to detailed macro-
hardness mapping. Independent replicate welds produced under identical conditions
would be required for confirmatory inferential testing and for quantitative assessment of
between-specimen reproducibility.

Statistical uncertainty associated with the sampled hardness distributions was consid-
ered separately from the metrological uncertainty of the Rockwell hardness-testing system.
Rockwell measurements were performed in accordance with EN ISO 6508-1:2023 [46].
Instrument-specific measurement uncertainty cannot be reconstructed solely from the ob-
served dispersion of repeated hardness measurements and requires the corresponding
calibration, verification, resolution, indenter, and other relevant metrological informa-
tion [46,47].

3. Results
3.1. Tensile Testing

The welded joints were subjected to transverse tensile testing to characterize their
mechanical response and fracture location. The tests were performed using a Tinius
Olsen H100KT universal testing machine (Tinius Olsen Ltd., Redhill, UK). The tensile
specimens, with a gauge length of 60 mm, were prepared and tested in accordance with
ISO 4136:2012 [52], as shown in Figure 6.
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Figure 6. Tensile specimens: (a) specimen geometry: Lt—total length (180 mm); Lc—gauge length
(60 mm); Ls—maximum weld width (the diagonally hatched region in the center represents the
weld metal (fusion zone); b0—reduced-section width (14 mm); b1—grip-section width (25 mm);
r—shoulder radius (25 mm); (b) examples of prepared tensile specimens.

The tensile stress–strain responses of the five welded AISI 304 specimens are presented
in Figure 7.

Figure 7. Stress–strain curves of the five investigated welded specimens.

The experimentally determined ultimate tensile strength (UTS), elongation, and frac-
ture location of the five welded specimens are summarized in Table 4.

Table 4. Tensile test results of the welded AISI 304 specimens.

Specimen No. UTS (MPa) Elongation (%) Fracture Location

1 610 24 Weld region

2 641 31 Base material

3 684 41 Base material

4 670 38 Base material

5 661 35 Base material

Specimen 1 exhibited the lowest UTS (610 MPa) and elongation (24%) among the
five investigated welding conditions and fractured through the weld region. Meanwhile,
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Specimens 2–5 fractured in the base material. Specimen 3 exhibited the highest UTS
(684 MPa) and elongation (41%) of the investigated joints. Thus, Specimens 1 and 3
represented the two most contrasting tensile responses within the experimental set in terms
of both tensile performance and fracture location. Representative fracture locations for
Specimens 3 and 1 are shown in Figure 8.

Figure 8. Representative fracture locations after tensile testing: (a) Specimen 3, fractured in the base
material; (b) Specimen 1, fractured through the weld region.

The fracture of Specimen 1 through the weld region indicates that, under the cor-
responding welding condition, the welded region governed the final fracture location,
whereas Specimens 2–5 fractured in the base material. Based on their contrasting tensile
responses, Specimens 1 and 3 were selected for subsequent identical spatial macrohardness
mapping and statistical analysis. Specimen 1 represents the condition with the lowest
measured tensile strength and elongation and weld-region fracture, whereas Specimen 3
represents the condition with the highest measured tensile strength and elongation and
base-material fracture.

The purpose of this selection was not to assume in advance that either specimen
would exhibit greater or lower macrohardness dispersion. Rather, the two specimens were
selected as contrasting mechanical-response cases to determine whether spatial analysis
of mean HRBW, CV(ν), and WHC(m) could distinguish welded joints whose tensile be-
haviour differed substantially. Because only one welded specimen from each of these two
welding conditions was subjected to detailed macrohardness mapping, the subsequent
comparison should be interpreted as a between-condition case comparison rather than
as a replicated statistical validation of the relationship between hardness dispersion and
tensile performance.

3.2. Macrohardness Testing

Rockwell macrohardness measurements were performed across the BM–HAZ–FZ–
HAZ–BM sequence of Specimens 1 and 3 in accordance with EN ISO 6508-1:2023 [46] using
a VERZUS® 750TM Rockwell hardness tester (INNOVATEST Europe BV, Maastricht, The
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Netherlands). A tungsten-carbide ball indenter with a diameter of 1.588 mm was applied
under a total test force, F, of 980.7 N and a preliminary test force, F0, of 98.07 N.

For the HRBW scale, the Rockwell hardness value is determined from the permanent
indentation depth according to [47]:

HRBW = 130 − h
0.002

where h is the permanent indentation depth, in mm, measured after removal of the addi-
tional test force while maintaining the preliminary test force. The application time of the
preliminary test force did not exceed 2 s.

Both selected welded specimens were investigated in detail by macrohardness map-
ping. The spatial HRBW measurements were performed according to the measurement
scheme described in Section 2.2.2. Twenty transverse measurement lines were evaluated in
each specimen, with 50 HRBW measurements obtained along each line. Thus, 1000 hard-
ness observations were obtained for each specimen, resulting in a total of 2000 HRBW
measurements used for comparative analysis.

The identical measurement arrangement enabled direct position-by-position com-
parison of the mean macrohardness and corresponding dispersion descriptors between
Specimen 1, which exhibited the lowest tensile strength and weld-region fracture, and
Specimen 3, which exhibited the highest tensile strength and base-material fracture. The
distance between the centers of adjacent indentations was maintained in accordance with
the requirements of EN ISO 6508-1:2023 [46]. The arrangement of the measurement lines
across the FZ, HAZ, and BM is shown schematically in Figure 9.

Figure 9. Common macrohardness measurement scheme applied to Specimens 1 and 3: (a) spatial
arrangement of twenty transverse measurement lines, each containing 50 HRBW indentations, across
the BM–HAZ–FZ–HAZ–BM sequence; (b) schematic representation of the HRBW indentation test
using a 1.588 mm tungsten-carbide ball, a total test force of 980.7 N, and a preliminary test force of
98.07 N. The schematic is not drawn to scale.

The mean HRBW values obtained at each measurement position are presented in Table 5.
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Table 5. Comparison of mean Rockwell macrohardness values measured at corresponding spatial
positions in Specimens 1 and 3.

Measuring Line Zone Distance from the Weld
Centerline (mm)

Specimen 1 Mean
Hardness (HRBW)

Specimen 3 Mean
Hardness (HRBW)

Left side

−10 BM −20 92.46 92.56

−9 BM −18 92.78 93.02

−8 BM −16 92.98 93.14

−7 HAZ −14 93.84 94.00

−6 HAZ −12 94.88 94.72

−5 HAZ −10 95.70 95.50

−4 HAZ −8 95.46 94.82

−3 FZ −6 94.26 93.42

−2 FZ −4 92.42 92.00

−1 FZ −2 92.30 92.54

Right side

+1 FZ +2 92.28 92.40

+2 FZ +4 92.04 92.00

+3 FZ +6 93.74 93.38

+4 HAZ +8 95.36 94.76

+5 HAZ +10 95.44 95.42

+6 HAZ +12 94.62 94.70

+7 HAZ +14 93.94 93.94

+8 BM +16 93.02 93.06

+9 BM +18 92.82 93.00

+10 BM +20 92.60 92.60

The mean macrohardness profiles of Specimens 1 and 3 were comparatively similar
despite their distinctly different tensile responses. In Specimen 1, the mean HRBW values
ranged from 92.04 to 95.70, whereas in Specimen 3 they ranged from 92.00 to 95.50 HRBW.

Both specimens exhibited the same general spatial tendency, with lower mean hardness
values occurring primarily within the central FZ and higher values occurring within parts
of the HAZ. The maximum mean value in Specimen 1 was 95.70 HRBW at −10 mm, while
the maximum in Specimen 3 was 95.50 HRBW at the same position. The minimum mean
value in Specimen 1 was 92.04 HRBW at +4 mm, whereas Specimen 3 exhibited a minimum
of 92.00 HRBW at both −4 and +4 mm.

At most corresponding spatial positions, the difference in mean hardness between
the two specimens was small. The largest local difference was observed at −6 mm within
the FZ, where the mean hardness was 94.26 HRBW for Specimen 1 and 93.42 HRBW for
Specimen 3, corresponding to a difference of 0.84 HRBW. At −8 mm within the HAZ, the
corresponding values were 95.46 and 94.82 HRBW, giving a difference of 0.64 HRBW. The
outer BM values of the two specimens were also closely comparable.

Consequently, conventional comparison based on the mean HRBW profiles alone
provided only limited discrimination between Specimens 1 and 3 despite their substantial
differences in tensile strength, elongation, and fracture location. This observation provides
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the basis for the subsequent comparison of CV(ν) and WHC(m), which evaluates whether
the dispersion of repeated hardness measurements provides additional discriminatory
information between the two welded joints.

3.3. Microstructure Analysis

Microstructural analysis of Specimens 1 and 3 was performed using a Zeiss Axioscope
A1 optical microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with
a Zeiss Axiocam 208 color digital imaging camera (Carl Zeiss Microscopy GmbH, Jena,
Germany). Optical metallography was used to provide independent qualitative charac-
terization of the microstructural morphology across the base material (BM), heat-affected
zone (HAZ), fusion-boundary region, and fusion zone (FZ), and to provide metallurgical
context for the macrohardness results. Because these regions experienced different thermal
histories during fusion welding, spatial differences in their microstructural morphology
were expected [30,53]. Representative optical micrographs of the investigated regions are
presented in Figures 10 and 11.

Figure 10. Optical micrographs of the investigated TIG-welded AISI 304 joints: (a) general view
of the welded-joint microstructure of Specimen 1; (b) grain-boundary features in Specimen 1 with
morphology consistent with M23C6-type carbide precipitation; (c) corresponding general view of the
welded-joint microstructure of Specimen 3; (d) corresponding grain-boundary features in Specimen 3.
The identification is based on optical morphology and location; no chemical or phase-specific analysis
was performed.

Both welded joints exhibited a clear morphological transition from the thermally
affected material toward the fusion zone. The FZ showed the characteristic dendritic solidi-
fication morphology associated with melting and subsequent resolidification of the weld
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metal. The BM exhibited predominantly equiaxed grain morphology typical of wrought
austenitic stainless steel. Toward the HAZ and fusion boundary, changes in grain morphol-
ogy and microstructural appearance became evident, indicating spatial modification of
the material structure within the thermally affected region. Such morphological gradients
across welded interfaces are consistent with the general metallurgical behaviour reported
for fusion-welded metallic materials [30,53].

Figure 11. Comparative optical micrographs of the welded regions of Specimens 1 and 3: (a) HAZ–FZ
interface of Specimen 1; (b) dendritic fusion-zone morphology of Specimen 1, with visually identified
vermicular and lathy δ-ferrite features within the austenitic weld-metal matrix; (c) corresponding
HAZ–FZ interface of Specimen 3; (d) dendritic fusion-zone morphology of Specimen 3. The mi-
crographs are used for qualitative comparison of the morphology and apparent distribution of the
observed microstructural constituents; no quantitative phase-fraction determination was performed.

Within the fusion-zone dendritic matrix, vermicular- and lathy-shaped secondary
features characteristic of δ-ferrite in austenitic stainless-steel weld metal were visually
identified. Their morphology is consistent with that commonly reported for weld metals
produced using 308-type filler materials [30]. The apparent amount and spatial distribution
of these features varied locally between the investigated regions and between the two spec-
imens. However, the present evaluation was qualitative; no ferrite-number measurement,
image-analysis-based area fraction, or crystallographic phase quantification was performed.
Therefore, differences in δ-ferrite content are discussed in terms of visually apparent mor-
phology and distribution rather than as quantitatively measured phase fractions.
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Grain-boundary features morphologically consistent with chromium-rich M23C6-type
carbide precipitation were also observed in the thermally affected material, as illustrated in
Figure 10b. Such carbide precipitation is metallurgically plausible in austenitic stainless
steels subjected to suitable thermal exposure [54]. In the present study, these features
were identified visually on the basis of their optical morphology and location along grain
boundaries. Their dimensions, number density, chemical composition, and local chromium
depletion were not quantitatively determined.

Carbon redistribution and migration have also been reported in welded material sys-
tems subjected to strong chemical and thermal gradients [30,55,56]. However, the studies
cited in [55,56] concern material systems different from the AISI 304/308LSi joint investi-
gated here and are therefore used only to illustrate possible metallurgical mechanisms.

The comparative observations indicate qualitative differences in the apparent distribu-
tion and density of the observed microstructural features between Specimens 1 and 3. Such
differences may contribute to variations in the local mechanical response and, consequently,
to the spatial dispersion of the measured macrohardness. In particular, differences in
dendritic morphology, the visually apparent distribution of δ-ferrite, and grain-boundary
precipitation provide plausible metallurgical factors that may contribute to the different
hardness-dispersion patterns observed in the two specimens. These observations should
nevertheless be interpreted as supporting metallurgical evidence rather than as proof of a
direct causal relationship. The present optical analysis does not provide quantitative phase
fractions, carbide number densities, grain-size distributions, or local chemical-composition
measurements. Consequently, quantitative correlations between individual microstruc-
tural parameters and CV(ν), WHC(m), or tensile properties cannot yet be established. The
combination of qualitative metallography, transverse tensile testing, and spatial macro-
hardness analysis therefore provides complementary evidence for differences between the
two welded joints. Future quantitative characterization, including ferrite measurement,
digital image analysis, Scanning Electron Microscopy combined with Energy-Dispersive
X-ray Spectroscopy (SEM/EDS), Electron Backscatter Diffraction (EBSD), or other suitable
phase- and composition-sensitive methods, would allow the visually observed differences
to be quantified and correlated more directly with the hardness-dispersion and mechanical-
response parameters.

3.4. Spatial Variation in Rockwell Macrohardness and Dispersion Descriptors

The spatial distributions of mean Rockwell macrohardness and the corresponding
dispersion descriptors were compared between Specimens 1 and 3 at identical measurement
positions across the BM-HAZ-FZ-HAZ-BM sequence. Each spatial position corresponds to
one measurement line containing 50 individual HRBW observations. The measurement-line
designations (−10 to −1 and +1 to +10) are distinguished from their physical positions
relative to the weld centerline, which extend from −20 to −2 mm on the left-hand side and
from +2 to +20 mm on the right-hand side.

As shown in Table 5, the mean macrohardness profiles of the two specimens were
comparatively similar. Specimen 1 exhibited mean values from 92.04 to 95.70 HRBW,
whereas Specimen 3 exhibited values from 92.00 to 95.50 HRBW. Meanwhile, substantially
greater differences between the specimens became apparent when the dispersion of the
50 measurements at each spatial position was evaluated. For Specimen 1, CV(ν) ranged
from 0.534% to 1.433%, while WHC(m) ranged from 81.20 to 216.95. For Specimen 3, CV(ν)
ranged from 0.542% to 1.076%, and WHC(m) ranged from 107.87 to 214.12. Importantly,
the spatial location of the greatest estimated dispersion also differed between the two
specimens. In Specimen 1, the maximum CV and minimum WHC occurred within the
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HAZ at line +4 (+8 mm), whereas in Specimen 3 the greatest point estimates of dispersion
occurred within the FZ at line +2 (+4 mm).

These differences indicate that the two welded joints, despite having broadly sim-
ilar mean-hardness profiles, exhibited distinctly different spatial distributions of local
macrohardness dispersion.

The direct comparison in Table 6 reveals substantially different spatial patterns of
macrohardness dispersion between the two welded joints. The outer BM regions exhibited
closely comparable dispersion levels in Specimens 1 and 3. When averaged descriptively
over the six BM measurement positions, CV values were 0.719% and 0.726%, respectively,
while the corresponding mean WHC values were 167.43 and 165.44. Thus, the outer BM
provided a broadly similar internal dispersion reference in the two specimens.

Table 6. Spatial variation and statistical uncertainty of Rockwell macrohardness and dispersion
descriptors across the investigated welded specimens.

Line No. Distance
[mm] Zone Specimen 1 CV,

% [95% CI]
Specimen 3 CV,

% [95% CI]
Specimen 1

WHC [95% CI]
Specimen 3

WHC [95% CI]

−10 −20 BM 0.545
[0.510–0.546]

0.542
[0.499–0.546]

213.25
[212.57–227.85]

214.12
[212.57–231.93]

−9 −18 BM 0.794
[0.653–0.914]

0.798
[0.646–0.933]

146.24
[126.94–177.77]

145.30
[124.20–179.56]

−8 −16 BM 0.768
[0.646–0.860]

0.782
[0.660–0.875]

151.16
[135.05–179.56]

148.22
[132.57–175.83]

−7 −14 HAZ 1.225
[0.995–1.408]

0.569
[0.428–0.680]

94.99
[82.56–116.92]

204.11
[170.77–271.68]

−6 −12 HAZ 1.217
[1.008–1.381]

0.827
[0.689–0.937]

95.54
[84.08–115.26]

140.47
[123.91–168.58]

−5 −10 HAZ 1.180
[0.998–1.329]

0.904
[0.739–1.035]

98.45
[87.35–116.42]

128.53
[112.09–157.19]

−4 −8 HAZ 1.325
[1.077–1.514]

0.870
[0.684–1.022]

87.92
[76.94–108.13]

133.78
[114.08–170.13]

−3 −6 FZ 1.283
[1.104–1.427]

1.061
[0.892–1.193]

90.51
[81.36–105.33]

109.47
[97.51–130.26]

−2 −4 FZ 1.050
[0.851–1.220]

0.792
[0.598–0.959]

110.50
[95.04–136.49]

146.58
[121.08–193.59]

−1 −2 FZ 0.826
[0.657–0.969]

0.763
[0.621–0.893]

140.62
[119.93–176.63]

152.26
[130.05–187.27]

+1 +2 FZ 1.096
[0.887–1.278]

0.902
[0.731–1.040]

106.22
[91.11–130.99]

128.86
[111.52–158.86]

+2 +4 FZ 0.956
[0.759–1.126]

1.076
[0.836–1.271]

121.59
[103.25–153.28]

107.87
[91.23–138.85]

+3 +6 FZ 1.177
[0.953–1.351]

0.989
[0.815–1.127]

98.88
[85.97–121.97]

117.53
[103.05–142.61]

+4 +8 HAZ 1.433
[1.174–1.635]

0.943
[0.732–1.119]

81.20
[71.14–99.20]

123.26
[103.81–158.81]

+5 +10 HAZ 1.040
[0.797–1.254]

0.875
[0.709–1.011]

111.49
[92.58–145.82]

132.68
[114.94–163.76]

+6 +12 HAZ 0.952
[0.748–1.134]

0.833
[0.639–1.030]

121.67
[102.02–155.25]

139.06
[112.08–181.60]

+7 +14 HAZ 1.084
[0.858–1.270]

0.585
[0.450–0.694]

107.12
[91.41–135.31]

198.23
[167.30–257.62]
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Table 6. Cont.

Line No. Distance
[mm] Zone Specimen 1 CV,

% [95% CI]
Specimen 3 CV,

% [95% CI]
Specimen 1

WHC [95% CI]
Specimen 3

WHC [95% CI]

+8 +16 BM 0.841
[0.728–0.922]

0.733
[0.608–0.836]

137.95
[125.93–159.22]

158.23
[138.73–190.99]

+9 +18 BM 0.834
[0.675–0.974]

0.922
[0.762–1.053]

139.00
[118.96–171.91]

125.70
[109.93–152.10]

+10 +20 BM 0.534
[0.478–0.546]

0.577
[0.508–0.655]

216.95
[212.57–242.31]

201.07
[177.58–227.85]

Note: n = 50 HRBW measurements per line and specimen. Bracketed intervals represent 95%
percentile-bootstrap confidence intervals based on 20,000 resamples. Specimens 1 and 3 represent
different welding conditions and are not replicate welds.

Differences became more pronounced within the welded and thermally affected
regions. In the FZ, the descriptive mean CV increased from 0.930% in Specimen 3 to 1.065%
in Specimen 1, while the corresponding mean WHC decreased from 127.10 to 111.39. The
largest contrast occurred within the HAZ. The eight HAZ measurement positions yielded
a mean CV of 1.182% for Specimen 1 compared with 0.801% for Specimen 3, while the
corresponding mean WHC values were 99.80 and 150.02, respectively.

The greatest dispersion point estimate in Specimen 1 occurred at +8 mm within the
HAZ, where CV reached 1.433% and WHC decreased to 81.20. A second pronounced
local maximum in dispersion was observed at −8 mm, where CV reached 1.325% and
WHC decreased to 87.92. In contrast, the greatest dispersion point estimate in Specimen 3
occurred within the FZ at +4 mm, where CV reached 1.076% and WHC decreased to 107.87.

Particularly pronounced local contrasts between the specimens were observed at sev-
eral HAZ positions. However, because each welding condition is represented by only one
mapped specimen, these differences describe the two investigated cross-sections and should
not be interpreted as population-level statistically significant effects of welding condition.

Overall, the comparison demonstrates that Specimens 1 and 3 exhibited similar outer-
BM macrohardness dispersion but distinctly different dispersion patterns within the welded
and thermally affected regions. This spatial contrast was substantially more evident in
CV(ν) and WHC(m) than in the corresponding mean HRBW profiles.

Specimen 1 represents the welded joint exhibiting the poorer tensile response and
fracture through the weld region, whereas Specimen 3 represents the joint exhibiting the
more favourable tensile response and fracture in the base material. Each point represents
the mean of 50 HRBW measurements obtained at the corresponding spatial position;
error bars indicate the 95% confidence interval of the line-specific mean. The dashed
horizontal reference lines indicate the overall minimum mean hardness (92.00 HRBW) and
the maximum mean values observed on the left- and right-hand sides of the investigated
cross-sections (95.70 and 95.44 HRBW, respectively).

Figure 12 compares the spatial distributions of mean Rockwell macrohardness in
Specimens 1 and 3. Despite the markedly different tensile responses and fracture locations
of the two welded joints, their mean HRBW profiles were generally similar. The mean
hardness ranged from 92.04 to 95.70 HRBW in Specimen 1 and from 92.00 to 95.50 HRBW
in Specimen 3.
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Figure 12. Spatial variation in mean Rockwell macrohardness (HRBW) across Specimens 1 and 3.

In both specimens, the highest mean hardness values were located within the HAZ at
approximately 10 mm from the weld centerline. On the left-hand side, the maximum values
were 95.70 HRBW for Specimen 1 and 95.50 HRBW for Specimen 3, whereas on the right-
hand side the corresponding maximum values were 95.44 and 95.42 HRBW, respectively.
The outer BM regions also exhibited closely comparable mean hardness values. The largest
local difference between the two specimens was observed at 6 mm on the left-hand side
within the FZ, where the mean hardness was 94.26 HRBW for Specimen 1 and 93.42 HRBW
for Specimen 3, corresponding to a difference of 0.84 HRBW.

Overall, the conventional mean-hardness profiles provide only limited discrimination
between the two investigated welded joints. This is particularly notable because Specimen
1 exhibited substantially lower tensile strength and elongation and fractured through the
weld region, whereas Specimen 3 exhibited the highest tensile response and fractured in
the base material. Consequently, the dispersion-based parameters CV(ν) and WHC(m)
were subsequently compared to determine whether the statistical distribution of repeated
hardness measurements provides additional discriminatory information beyond the mean
HRBW values alone.

Specimen 1 represents the welded joint exhibiting the poorer tensile response and frac-
ture through the weld region, whereas Specimen 3 represents the joint exhibiting the more
favourable tensile response and fracture in the base material. Each CV value was calculated
from 50 HRBW measurements obtained at the corresponding spatial position. Error bars
represent 95% percentile-bootstrap confidence intervals based on 20,000 resamples. Higher
CV values indicate greater relative macrohardness dispersion. Specimen 1 is shown by the
dashed line and Specimen 3 by the solid line.

Figure 13 shows that the spatial behaviour of CV(ν) differed considerably more be-
tween Specimens 1 and 3 than did their corresponding mean-HRBW profiles. In the outer
BM, the CV values of the two specimens remained broadly comparable. Averaged de-
scriptively over the six BM measurement positions, CV was 0.719% for Specimen 1 and
0.726% for Specimen 3. This close agreement indicates that the greater dispersion observed
in Specimen 1 was not uniformly distributed throughout the entire cross-section. The
differences became more apparent within the FZ and particularly within the HAZ. In
the FZ, the descriptively averaged CV increased from 0.930% in Specimen 3 to 1.065%
in Specimen 1. A substantially larger difference was observed in the HAZ, where the
corresponding mean CV values were 0.801% and 1.182%, respectively. Thus, the average
relative hardness dispersion within the HAZ of Specimen 1 was approximately 48% greater
than that observed in Specimen 3.
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Figure 13. Spatial variation in the coefficient of variation, CV(ν), across Specimens 1 and 3.

The highest CV point estimate in Specimen 1 was 1.433% at +8 mm from the weld
centerline within the HAZ. A second pronounced maximum of 1.325% occurred at the
corresponding −8 mm position. In contrast, the maximum CV in Specimen 3 was 1.076%
and occurred at +4 mm from the weld centerline within the FZ.

These results demonstrate that Specimen 1, which exhibited the poorer tensile response
and fracture through the weld region, also exhibited greater local macrohardness dispersion
within the welded and thermally affected regions. Importantly, this contrast was much
less evident from the mean-HRBW profiles shown in Figure 12. CV(ν) therefore provides
additional spatial discrimination between the two investigated welded joints beyond that
obtained from conventional comparison of mean hardness alone. Because each welding
condition is represented by one mapped specimen, however, the observed differences are
interpreted as characteristics of the two investigated cases rather than as population-level
effects of welding condition.

Specimen 1 represents the welded joint exhibiting the poorer tensile response and
fracture through the weld region, whereas Specimen 3 represents the joint exhibiting the
more favourable tensile response and fracture in the base material. Each WHC value was
calculated from 50 HRBW measurements obtained at the corresponding spatial position. Er-
ror bars represent 95% percentile-bootstrap confidence intervals based on 20,000 resamples.
Lower WHC values correspond to greater local macrohardness dispersion, whereas higher
WHC values indicate a comparatively narrower local hardness distribution. Specimen 1 is
shown by the dashed line and Specimen 3 by the solid line.

Figure 14 shows that the spatial behaviour of WHC(m) was consistent with the cor-
responding CV(ν) trends presented in Figure 13. Positions characterized by higher CV
generally exhibited lower WHC, reflecting the inverse relationship between the two disper-
sion descriptors derived from the same local HRBW datasets.
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Figure 14. Spatial variation in the Weibull homogeneity coefficient WHC(m) across Specimens 1 and 3.

The difference between Specimens 1 and 3 was most pronounced within the HAZ.
In Specimen 1, WHC decreased to 87.92 on the left-hand side and to 81.20 on the right-
hand side at 8 mm from the weld centerline. At the corresponding positions, Specimen
3 exhibited substantially higher WHC values of 133.78 and 123.26, respectively. When
averaged descriptively over the eight HAZ measurement positions, WHC was 99.80 for
Specimen 1 and 150.02 for Specimen 3.

A similar, although less pronounced, tendency was observed within the FZ. The
descriptively averaged WHC was 111.39 for Specimen 1 and 127.10 for Specimen 3. In
contrast, the outer BM regions of the two specimens showed very similar values, with
average WHC values of 167.43 and 165.44, respectively. Thus, the lower WHC observed in
Specimen 1 was concentrated primarily within the welded and thermally affected regions
rather than representing uniformly greater dispersion throughout the entire cross-section.

Taken together, Figures 13 and 14 show that the joint exhibiting the poorer tensile
response and fracture through the weld region also exhibited greater macrohardness
dispersion, expressed by higher CV and lower WHC, particularly within the HAZ. This
contrast was substantially more evident in the dispersion-based descriptors than in the
corresponding mean HRBW profiles. The results therefore support the use of spatial CV
and WHC mapping as complementary descriptors for differentiating welded joints with
contrasting mechanical responses. However, because each welding condition is represented
by a single mapped specimen, the observed relationship should be interpreted as a case-
specific association rather than as a generally validated predictive relationship between
macrohardness dispersion and tensile performance.

The sample-size sensitivity analysis showed the same general behaviour in both inves-
tigated specimens (Table 7). The stability of CV(ν) and WHC(m) progressively improved as
the number of hardness measurements included in the calculation increased. For Specimen
1, the median absolute relative deviation of CV decreased from 8.36% at n = 15 to 2.64% at
n = 40, while the corresponding WHC deviation decreased from 13.82% to 3.09%. Similar
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behaviour was observed for Specimen 3, for which the median deviations decreased from
9.74% to 3.11% for CV and from 13.79% to 3.47% for WHC.

Table 7. Sensitivity of CV(ν) and WHC(m) to the number of hardness measurements per line.

n d(n)

Median Absolute
Relative Deviation of

CV from
n = 50, %

95th Percentile
Deviation of CV, %

Median Absolute
Relative Deviation of
WHC from n = 50, %

Percentile Deviation
of WHC, %

Specimen 1

15 1.0206 8.36 27.61 13.82 29.15

20 1.0628 6.75 21.94 9.85 22.94

25 1.0915 5.45 17.54 7.35 18.56

30 1.1124 4.37 14.18 5.62 14.72

40 1.1413 2.64 8.62 3.09 8.65

50 1.1607 Reference Reference Reference Reference

Specimen 3

15 1.0206 9.74 29.38 13.79 30.76

20 1.0628 7.44 23.70 10.32 24.32

25 1.0915 6.33 18.88 7.78 19.31

30 1.1124 5.04 15.61 6.38 15.88

40 1.1413 3.11 9.35 3.47 9.27

50 1.1607 Reference Reference Reference Reference

Note: For each specimen, measurement line, and sample size, 10,000 random subsets were generated
without replacement from the complete set of 50 HRBW measurements. Absolute relative deviations
were calculated with respect to the corresponding n = 50 estimate.

The 95th-percentile deviations showed the same tendency. At n = 15, deviations
approaching approximately 28–31% occurred for both dispersion descriptors, whereas
at n = 40 the 95th-percentile deviations decreased to below approximately 10% in both
specimens. WHC generally showed greater sensitivity than CV when relatively small
subsets were used, particularly at n = 15–20.

The agreement of the sensitivity trends between Specimens 1 and 3 indicates that the
observed improvement in estimator stability with increasing sampling density was not re-
stricted to a single welded joint or to one particular level of macrohardness dispersion. The
results support the use of the complete set of 50 measurements per line for the present com-
parative analysis. However, they do not establish n = 50 as a universal minimum sampling
requirement, because the required number of measurements may depend on the material,
hardness scale, surface condition, spatial variability, and required statistical precision.

4. Discussion
The direct comparison of Specimens 1 and 3 demonstrates an important distinction

between the spatial variation in mean Rockwell macrohardness and the statistical dis-
persion of repeated hardness measurements. Although the two welded joints exhibited
markedly different tensile responses and fracture locations, their mean HRBW profiles
remained comparatively similar. Mean hardness varied from 92.04 to 95.70 HRBW in
Specimen 1 and from 92.00 to 95.50 HRBW in Specimen 3. Both specimens exhibited the
same general spatial tendency, with lower mean hardness predominantly within the FZ
and higher values within parts of the HAZ. The outer BM values were also closely compa-
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rable. Consequently, evaluation based on mean hardness alone provided relatively limited
discrimination between the two investigated welding conditions.

A substantially clearer distinction emerged when the distributions of repeated hard-
ness measurements were evaluated using CV(ν) and WHC(m). Specimen 1, which exhibited
the lowest UTS (610 MPa), the lowest elongation (24%), and fracture through the weld
region, generally showed higher CV and lower WHC within the welded and thermally
affected regions than Specimen 3, which exhibited the highest UTS (684 MPa), 41% elon-
gation, and fracture in the base material. This difference was particularly pronounced
within the HAZ. The descriptively averaged CV across the HAZ increased from 0.801% in
Specimen 3 to 1.182% in Specimen 1, while the corresponding mean WHC decreased from
150.02 to 99.80.

The contrasting HAZ behaviour is particularly relevant because the outer BM regions
of the two specimens exhibited almost identical dispersion characteristics. The mean CV
values calculated across the BM measurement positions were 0.719% for Specimen 1 and
0.726% for Specimen 3, while the corresponding mean WHC values were 167.43 and 165.44,
respectively. Specimen 1 therefore cannot be described simply as exhibiting uniformly
greater hardness scatter throughout the entire cross-section. Instead, the increased disper-
sion was spatially concentrated within the weld-affected regions, particularly the HAZ. This
localization provides substantially stronger discrimination between the two investigated
joints than the absolute hardness level alone.

Differences were also observed within the FZ, although they were less pronounced
than those within the HAZ. The descriptively averaged CV in the FZ was 1.065% for
Specimen 1 and 0.930% for Specimen 3, while the corresponding mean WHC values were
111.39 and 127.10. The spatial locations of the greatest dispersion estimates also differed
between the specimens. In Specimen 1, the lowest WHC values occurred within the HAZ,
reaching 87.92 and 81.20 at positions 8 mm from the weld centerline on the left- and
right-hand sides, respectively. In Specimen 3, the greatest macrohardness-dispersion point
estimate occurred within the FZ, where CV reached 1.076% and WHC decreased to 107.87 at
+4 mm. Thus, the two specimens differed not only in the magnitude of local macrohardness
dispersion but also in its spatial distribution across the welded joint.

These results provide experimental support for the principal methodological concept
investigated in the present study: statistical analysis of repeated macrohardness measure-
ments can reveal differences between welded joints that are considerably less evident from
conventional mean-hardness profiles. The additional information does not arise from a
new hardness scale or from newly introduced statistical parameters. CV(ν) and WHC(m)
are established dispersion descriptors [6,39,40]. The methodological contribution of the
present work lies in combining these descriptors with dense spatial Rockwell macrohard-
ness mapping and applying the same measurement strategy at corresponding positions in
two welded joints exhibiting distinctly different mechanical responses.

This direct comparison also provides a stronger evaluation of the practical discrimina-
tory capability of the spatial macrohardness methodology than analysis of a single welded
specimen. The outer BM behaviour of Specimens 1 and 3 was very similar in terms of both
mean hardness and hardness dispersion, whereas substantial differences appeared when
approaching the welded and thermally affected regions. Therefore, the differentiation
achieved using CV and WHC cannot be attributed merely to a general shift in hardness
level between the two specimens. Rather, the dispersion-based parameters reveal localized
differences in the distribution of repeated hardness measurements within specific regions
of the welded joints.

The tensile-test results provide an independent mechanical context for this comparison.
The specimen exhibiting greater hardness dispersion within the weld-affected regions was
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also the specimen that showed the poorer tensile response and fractured through the weld
region. Conversely, Specimen 3 exhibited lower macrohardness dispersion, particularly
within the HAZ, together with the more favourable tensile response and fracture in the base
material. For the two investigated cases, this correspondence supports the working hypoth-
esis that spatial analysis of hardness dispersion can provide discriminatory information
that is not evident from mean hardness alone.

Nevertheless, the present results do not demonstrate that CV(ν) or WHC(m) can
quantitatively predict tensile strength, elongation, or fracture location. Specimens 1 and 3
represent different welding conditions, and only one welded specimen from each condition
was subjected to detailed spatial macrohardness mapping. The observed correspondence
between greater macrohardness dispersion and the poorer tensile response must therefore
be interpreted as an association between two contrasting investigated cases rather than
as a generally validated predictive relationship. Accordingly, the observed differences in
CV(ν) and WHC(m) apply only to the two specific experimental conditions investigated
here and do not demonstrate a general correlation between macrohardness dispersion and
mechanical strength. Confirmation of such a relationship would require independently pro-
duced replicate welds under each condition and direct statistical evaluation of relationships
between hardness-dispersion parameters and mechanical properties.

The welding conditions applied to Specimens 1 and 3 resulted in substantially different
calculated heat inputs. Specimen 1 was welded using calculated heat inputs of 169.71 J/mm
for the root pass and 158.40 J/mm for the hot, fill, and cap passes, whereas the correspond-
ing values for Specimen 3 were 264.00 and 218.40 J/mm. Heat input is known to influence
the thermal history, solidification conditions, and microstructural evolution of welded
materials [15–24,30]. The differences in welding conditions are therefore metallurgically
relevant when interpreting the contrasting behaviour of the two investigated joints.

However, complete welding thermal cycles and cooling rates were not directly mea-
sured in the present experiments. Consequently, the observed differences in tensile re-
sponse, microstructural morphology, CV(ν), and WHC(m) cannot be quantitatively at-
tributed to heat input or cooling rate. The calculated heat-input values characterize the
imposed welding conditions but do not represent direct measurements of the local thermal
histories experienced at individual positions across the welded joints.

Optical metallography provides complementary qualitative microstructural context
for the mechanical and macrohardness results. Both specimens exhibited a clear transition
from the thermally affected material toward a dendritic fusion-zone structure. Within
the FZ, vermicular- and lathy-shaped features morphologically characteristic of δ-ferrite
in austenitic stainless-steel weld metal were visually identified. Similar morphologies
have been reported for austenitic stainless-steel weld metals produced using 308-type filler
materials [30]. Differences in the visually apparent morphology and spatial distribution
of these features were observed between the investigated specimens. However, no ferrite-
number measurement, quantitative image analysis, or crystallographic phase identification
was performed; therefore, differences in δ-ferrite content cannot be quantified from the
present optical observations.

Grain-boundary features morphologically consistent with M23C6-type carbide pre-
cipitation were also observed in the thermally affected material. Formation of M23C6

carbides at austenite grain boundaries under suitable thermal exposure has been reported
for austenitic stainless steels and may be associated with local chromium depletion [54].
In the present study, however, these features were identified solely from their optical mor-
phology and grain-boundary location. Their chemical composition, dimensions, number
density, and any associated chromium depletion were not measured. Accordingly, their
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interpretation as M23C6-type precipitates should be regarded as metallurgically plausible
rather than analytically confirmed.

Carbon redistribution and migration have also been reported in welded material
systems subjected to suitable chemical and thermal gradients [30,55,56]. Because the
material systems investigated in [55,56] differ from the AISI 304/308LSi joint examined
here, these studies are cited only as examples of possible metallurgical mechanisms and
not as direct evidence that carbon migration occurred in the present specimens.

The metallographic interpretation therefore remains qualitative. No quantitative
δ-ferrite fraction, ferrite number, carbide number density, grain-size distribution, local
chemical composition, or chromium-depletion profile was determined. Consequently, the
observed microstructural differences cannot presently be correlated quantitatively with
CV(ν), WHC(m), or the tensile properties. The optical observations provide complementary
metallurgical context for the differences between Specimens 1 and 3 rather than direct proof
of the mechanisms responsible for the measured macrohardness dispersion. Quantitative
image analysis, ferrite measurement, SEM/EDS, EBSD, XRD, or other suitable phase- and
composition-sensitive methods would be required to establish such relationships.

An important distinction also concerns the interpretation of WHC(m). Previous MHC
studies have used m = 10 as a practical boundary for distinguishing structurally heteroge-
neous and homogeneous material states [6,49]. However, an absolute material-independent
threshold cannot be assumed without validation for a specific alloy, welding process, hard-
ness scale, sampling strategy, and microstructural condition. In the present investigation, all
WHC values were substantially above this previously proposed threshold. The minimum
WHC value was 81.20 in Specimen 1 and 107.87 in Specimen 3. Consequently, the m = 10
criterion does not provide meaningful discrimination between either the investigated weld
regions or the two welded joints.

WHC(m) is therefore interpreted in the present study as a continuous compar-
ative descriptor of macrohardness dispersion rather than as an absolute homoge-
neous/heterogeneous classification criterion. Lower WHC values correspond to greater
dispersion of the logarithmically transformed local hardness distribution, whereas higher
values correspond to a comparatively narrower distribution [39,40]. This approach allows
relative spatial differences to be evaluated without assigning an experimentally unvalidated
structural classification to the investigated material.

The inverse spatial behaviour of CV(ν) and WHC(m) is expected because both param-
eters are calculated from the same underlying HRBW datasets and characterize dispersion
using related mathematical formulations [6,39,40]. Their agreement should therefore not
be interpreted as independent validation of a physical microstructural state. CV describes
relative scatter on the original hardness scale, whereas WHC characterizes dispersion of the
logarithmically transformed hardness measurements. Their value in the present analysis
lies in providing complementary numerical representations of the same underlying local
macrohardness variability and in demonstrating consistent spatial trends between the two
investigated joints.

The complementary roles of the experimental and statistical methods used in the
present investigation are summarized in Table 8.

The methods summarized in Table 8 provide complementary rather than interchange-
able information. Transverse tensile testing characterizes the global mechanical response
and fracture location of the welded joints, optical metallography provides qualitative in-
formation on local microstructural morphology, and Rockwell testing provides spatially
resolved indentation-hardness measurements. Statistical evaluation of repeated HRBW
measurements using CV(ν) and WHC(m) adds information on the spatial distribution of lo-
cal hardness dispersion. The direct comparison of Specimens 1 and 3 demonstrates that this
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dispersion-based information can differentiate two welded joints whose mean-hardness
profiles are comparatively similar but whose tensile responses and fracture locations are
markedly different. Nevertheless, the present results do not establish equivalence with, su-
periority over, or replacement of tensile testing, quantitative metallography, or established
non-destructive testing methods.

Table 8. Comparison of the complementary characterization methods used in the present study.

Method Directly Evaluated
Quantity Spatial Information Destructive Character Role in the Present Study

Transverse tensile
testing [52]

Tensile response,
elongation, and fracture
location

Global specimen-level
response Destructive

Comparison of the five
welding conditions and
identification of Specimens 1
and 3 as contrasting
mechanical-response cases

Optical
metallography [30,53–56]

Microstructural
morphology of the BM,
HAZ, fusion-boundary
region, and FZ

Local/region-specific Requires metallographic
specimen preparation

Qualitative comparison of the
microstructural morphology of
Specimens 1 and 3 and
metallurgical context for
interpretation of the
mechanical and
macrohardness results

Rockwell
macrohardness [46,47]

Local indentation
hardness Spatially resolved

Produces permanent
local indentations;
minimally destructive

Direct HRBW mapping at
identical spatial positions in
Specimens 1 and 3

CV(ν) and WHC(m)
analysis [6,39,40]

Statistical dispersion of
repeated HRBW
measurements

High-density spatial
profile

Derived from Rockwell
measurements

Direct comparison of spatial
macrohardness dispersion
between Specimens 1 and 3
and evaluation of information
not evident from mean HRBW
alone

The sample-size sensitivity analysis further demonstrated that the stability of both
dispersion descriptors depends on the number of hardness measurements included in the
calculation. The same general trend was observed for both investigated specimens. For
Specimen 1, the median absolute relative deviation of CV decreased from 8.36% at n = 15
to 2.64% at n = 40, while the corresponding deviation of WHC decreased from 13.82% to
3.09%. For Specimen 3, the median CV deviation decreased from 9.74% to 3.11%, while the
WHC deviation decreased from 13.79% to 3.47% over the same range of sample sizes.

The corresponding 95th-percentile deviations showed the same tendency. At n = 15,
deviations approaching approximately 28–31% occurred for the dispersion descriptors,
whereas at n = 40 the 95th-percentile deviations were below approximately 10% for both
specimens. The broadly similar sensitivity behaviour of Specimens 1 and 3 indicates that
the progressive increase in estimator stability with sampling density was not restricted
to one particular welded joint or one specific level of macrohardness dispersion. These
results support the use of all 50 measurements per line in the present analysis but do not
establish n = 50 as a universal minimum sampling requirement. The number of measure-
ments required in another application will depend on the material, hardness scale, surface
condition, local variability, and required statistical precision.

The experimental replication structure remains an important limitation of the present
study. Although the revised analysis includes two welded specimens with distinctly dif-
ferent mechanical responses, Specimens 1 and 3 were produced using different welding
conditions and are not replicate welds. Each specimen contains 20 spatial measurement
lines with 50 local HRBW measurements per line, resulting in 1000 measurements per
specimen and 2000 measurements in the comparative dataset. These measurements pro-
vide high-resolution spatial information but do not constitute 2000 independent welded-
joint replicates.
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Accordingly, the reported confidence intervals characterize uncertainty associated
with the local hardness measurements and the corresponding statistical estimators. They do
not quantify between-weld reproducibility. Differences between Specimens 1 and 3 should
therefore not be interpreted as population-level statistically significant effects of welding
condition. Independently produced replicate welds under each investigated condition
would be required for confirmatory inferential testing, quantitative assessment of between-
weld reproducibility, and generalization of the observed relationship between hardness
dispersion and mechanical response.

The outer BM regions provide useful internal reference areas for the comparative
analysis because both specimens exhibited closely similar mean hardness and dispersion
descriptors in these regions. This bilateral and between-specimen agreement strengthens
the interpretation that the more pronounced differences observed within the HAZ and FZ
are spatially associated with the weld-affected regions rather than with a uniform difference
between the two specimens. Nevertheless, no independent pre-weld hardness maps or
quantitative pre-weld microstructural measurements were available. The contribution
of any pre-existing spatial variability in the original plate material therefore cannot be
separated completely from changes associated with welding.

A further distinction should be made between the controlled laboratory implementa-
tion used in the present study and potential industrial or field application. The experimental
procedure included removal of the weld reinforcement by precision milling to provide
a sufficiently flat surface for Rockwell testing and employed a deliberately dense mea-
surement grid. Rockwell testing also produces permanent local indentations. The present
approach should therefore be regarded as a localized, minimally destructive indentation-
based material-characterization procedure rather than as conventional NDT. Any reduction
in surface-preparation requirements or sampling density would require separate validation
before routine industrial application.

The methodology should also not be interpreted as a comprehensive weld-quality
assessment. Weld quality is multidimensional and may involve tensile performance,
fracture behaviour, internal and surface defects, weld geometry, residual stresses, corrosion
behaviour, and quantitative microstructural characteristics. The macrohardness-based
statistical analysis used here directly evaluates only the spatial level and dispersion of
Rockwell hardness measurements. Its experimentally supported contribution is therefore
the provision of additional spatial information on local material response beyond that
available from mean HRBW alone.

Overall, the direct comparison of Specimens 1 and 3 substantially strengthens the
experimental evidence for the discriminatory value of spatial macrohardness-dispersion
mapping. Two welded joints exhibiting broadly similar mean HRBW profiles showed
markedly different spatial distributions of CV and WHC, with the greater differences
concentrated particularly within the HAZ. The specimen exhibiting the poorer tensile
response and weld-region fracture also exhibited greater local macrohardness dispersion
within the weld-affected regions. These findings support further investigation of spatial
CV and WHC mapping as complementary descriptors for welded-joint characterization.

Further work should determine whether the observed relationship is reproducible
across independently produced replicate welds and whether CV(ν) and WHC(m) cor-
relate quantitatively with tensile properties, fracture behaviour, grain-size distribution,
δ-ferrite fraction, carbide distribution, residual stress, local chemical composition, and other
independently measured characteristics. Such validation is required before the hardness-
dispersion descriptors can be extended from comparative characterization of individual
welded joints toward broader predictive or weld-quality assessment applications.
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5. Conclusions
The spatial macrohardness analysis of two TIG-welded AISI 304 specimens exhibiting

contrasting tensile responses demonstrated that mean Rockwell macrohardness alone pro-
vided limited differentiation between the investigated joints. Mean HRBW values ranged
from 92.04 to 95.70 in Specimen 1 and from 92.00 to 95.50 in Specimen 3, resulting in broadly
similar spatial mean-hardness profiles despite substantial differences in tensile behaviour.

A considerably stronger distinction was obtained from the dispersion-based descrip-
tors CV(ν) and WHC(m). The largest between-specimen difference was observed within
the HAZ. The descriptively averaged CV was 1.182% for Specimen 1 and 0.801% for Speci-
men 3, whereas the corresponding mean WHC values were 99.80 and 150.02, respectively.
Within the FZ, the corresponding average CV values were 1.065% and 0.930%, while the
mean WHC values were 111.39 and 127.10. In contrast, the outer BM regions exhibited
closely comparable dispersion characteristics, with average CV values of 0.719% and
0.726% and mean WHC values of 167.43 and 165.44 for Specimens 1 and 3, respectively. The
greater dispersion observed in Specimen 1 was therefore concentrated primarily within the
weld-affected regions rather than representing a uniform increase in hardness variability
throughout the specimen.

The macrohardness-dispersion results corresponded to the contrasting tensile be-
haviour of the two selected specimens. Specimen 1 exhibited the lowest UTS among the
five investigated joints (610 MPa), the lowest elongation (24%), and fracture through the
weld region, whereas Specimen 3 exhibited the highest UTS (684 MPa), 41% elongation,
and fracture in the base material. The specimen exhibiting the poorer tensile response
therefore also showed greater local macrohardness dispersion, particularly within the HAZ.
This correspondence demonstrates the discriminatory potential of spatial CV and WHC
mapping for distinguishing the two investigated welded joints despite their comparatively
similar mean-hardness profiles. However, because only one detailed macrohardness map
was obtained for each welding condition, this correspondence represents a case-specific
association and should not be interpreted as a validated predictive relationship between
hardness dispersion, tensile properties, or fracture location.

Optical metallography revealed qualitative differences in the morphology and visually
apparent distribution of microstructural features within the BM–HAZ–FZ sequence of the
two specimens. Dendritic weld-metal features characteristic of δ-ferrite and grain-boundary
features morphologically consistent with M23C6-type carbide precipitation provided met-
allurgical context for the observed spatial variations. However, δ-ferrite fraction, carbide
density, grain-size distribution, and local chemical composition were not quantitatively
determined. Consequently, the present microstructural observations provide supporting
qualitative evidence rather than quantitative confirmation of the mechanisms responsible
for the observed macrohardness dispersion.

The previously proposed WHC threshold of m = 10 did not provide meaningful dis-
crimination for the investigated AISI 304/308LSi welded joints because all calculated WHC
values were substantially higher. WHC was therefore applied as a continuous comparative
descriptor, with lower values corresponding to greater local macrohardness dispersion and
higher values corresponding to a comparatively narrower hardness distribution. Because
CV and WHC are derived from the same HRBW datasets, their consistent spatial trends
should be regarded as complementary mathematical descriptions of hardness dispersion
rather than as independent validation of material homogeneity.

The sample-size sensitivity analysis showed that the stability of both dispersion
descriptors improved progressively as the number of hardness measurements per line
increased. In both specimens, the median deviations from the complete n = 50 estimates
decreased substantially as the subset size increased from n = 15 to n = 40, while the 95th-
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percentile deviations decreased to below approximately 10% at n = 40. These findings
support the use of 50 measurements per line for the present experimental configuration but
do not establish a universal minimum sampling requirement.

In total, the comparative macrohardness dataset comprised 2000 HRBW measurements
obtained from 40 spatial measurement lines across the two selected welded specimens.
These measurements provide dense within-specimen spatial information but do not con-
stitute independent welded-joint replication. The present study therefore demonstrates
that spatial analysis of repeated Rockwell macrohardness measurements using CV(ν) and
WHC(m) can provide additional discriminatory information beyond conventional mean-
hardness profiling for the two investigated contrasting cases. Further studies should
include independently replicated welds under each welding condition and quantitative
evaluation of relationships between hardness-dispersion descriptors and tensile properties,
fracture behaviour, δ-ferrite fraction, grain-size distribution, carbide characteristics, resid-
ual stresses, and local chemical composition before broader predictive or weld-assessment
applications are considered.

Author Contributions: Conceptualization, S.B. and Y.K.; methodology, S.B. and Y.K.; validation, O.O.;
formal analysis, S.B., L.K. and J.B.; investigation, S.B., Y.K. and L.K.; resources, L.K. and O.O.; data
curation, Y.K., L.K. and O.O.; writing—original draft, S.B.; writing—review & editing, S.B., Y.K., J.B.
and T.K.; visualization, Y.K., L.K., J.B. and T.K.; supervision, Y.K., J.B. and T.K.; project administration,
S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the authors used MS365 Copilot,
based on GPT-5 generation model, for the purposes of enhancing the visualization of the findings in
Figures 1 and 3. The authors have reviewed and edited the output and take full responsibility for the
content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

MHC material homogeneity criterion
WHC(m) Weibull homogeneity coefficient m
CV(ν) coefficient of variation ν

FZ fusion zone
BM base material
HAZ heat-affected zone
HRBW Rockwell macrohardness
NDT non-destructive testing

References
1. Yelamasetti, B.; Sonia, P.; Aslesha, C.L.; Vardhan T, V.; Ahmed, F.; Kumar, A.; Chandrashekar, R.; Abdo, H.S.; Alnaser, I.

Investigations on corrosion rate, mechanical properties and structural homogeneity of interpulse TIG dissimilar weldments. J.
Mater. Res. Technol. 2024, 32, 2537–2546. [CrossRef]

https://doi.org/10.3390/ma19214708

https://doi.org/10.1016/j.jmrt.2024.08.053
https://doi.org/10.3390/ma19214708


Materials 2026, 19, 4708 32 of 34

2. de Queiroz Caetano, G.; Motta, M.F.; Miranda, H.C.; Farias, J.P.; Bergmann, L.A.; dos Santos, J.F.; Silva, C.C. Microstructure
evolution of dissimilar AISI 304L and AISI 410S stainless steel joints by the friction stir welding. J. Mater. Res. Technol. 2026,
42, 902–921. [CrossRef]

3. Dwivedi, S.P.; Sharma, S.; Srivastava, A.P.; Sethi, V.A.; Mohammed, K.A.; Kumar, A.; Khan, M.I.; Abbas, M.; Tag-Eldin, E.M.
Homogeneity, metallurgical, mechanical, wear, and corrosion behavior of Ni and B4C coatings deposited on 304 stainless steels
developed by microwave cladding technique. J. Mater. Res. Technol. 2023, 27, 5854–5867. [CrossRef]

4. Akimov, V. The influence of erosion of an AISI 304 stainless steel target during long-term magnetron spraying on the structural
and chemical homogeneity of the obtained thin films. Mater. Chem. Phys. 2025, 339, 130741. [CrossRef]

5. Chen, C.-H.; Kuo, C.-W.; Uan, J.-Y. Integration of Cr(OH)3 and Ni(OH)2 within a compact CO2-assisted LDH conversion coating
on 316 L stainless steel. Surf. Coat. Technol. 2026, 526, 133359. [CrossRef]

6. Yaroslav, K.; Vadym, S.; Olha, K.; Onysko, O.; Dragašius, E.; Baskutis, S.; Chatys, R. Control of the parameters of the surface layer
of steel parts during their processing applying the material homogeneity criterion. Maint. Reliab. 2024, 26, 187794. [CrossRef]

7. Mukhopadhyay, A.; Escobar, J.D.; Li, L.; Holden, M.J.; Niverty, S.; Wang, T.; Lemmon, T.L.; dos Santos, J.F.; Soulami, A.; Li, X.
Structural uniformity and compositional homogeneity of solid-phase alloyed rod. J. Mater. Res. Technol. 2026, 41, 5712–5724.
[CrossRef]

8. Lu, L.; Liu, S.; Wang, X.; Yuan, W.; Ding, Y.; Zhou, S.; Yuan, X. Investigation on texture and microstructural homogeneity of
high-purity tantalum plates under different rolling modes. Mater. Charact. 2025, 230, 115719. [CrossRef]

9. Adeoye, A.O.; Damanpack, A.R.; Spitas, C.; Razavi, R.S.; Ren, Y.; Nie, Y. Optimizing ball milling duration for microstruc-
tural homogeneity and interfacial bonding in Mg-HA-graphene nanocomposites for biomedical implants. Ceram. Int. 2026,
52, 17957–17973. [CrossRef]

10. Hu, T.; Pan, H.; Zhu, P.; Zhou, J.; Wu, T.; Ding, K.; Gao, Y. Microstructure homogeneity and its role in the mechanical properties of
the magnetic pulse welded steel/Al tubular joints. J. Mater. Res. Technol. 2024, 30, 7076–7083. [CrossRef]

11. Xu, W.; Suo, H.; Lu, H.; Wang, C.; Wang, Y.; Wang, H. Influence of composite-shaped pins on microstructure and mechanical
properties homogeneity of friction stir welding 7050-T7451 aluminum alloy long-thick plate joints. Mater. Charact. 2025,
221, 114776. [CrossRef]

12. Haddad, S.A.G.; Mendes, S.G.; Junior, E.R.G.; Lopes, F.P.D.; Monteiro, S.N.; Simonassi, N.T. Effects of post-weld heat treatments
on dissimilar joints of rigid pipes made of API X65 steel and Inconel 625 for offshore applications. J. Mater. Res. Technol. 2026,
40, 3956–3967. [CrossRef]

13. Li, C.; Duan, Q.; Wang, C.; Yu, W.; Yang, J.; Ji, F.; Yan, J.; Di, X. Laser surface remelting enhances microstructure uniformity and
improves corrosion resistance of low-alloy steel weld metals. Mater. Charact. 2025, 221, 114732. [CrossRef]

14. Tian, W.P.; Zhang, Z.Y.; Jin, Z.Q.; Xie, G.M. Influence of substrate pre-heating on microstructural homogeneity in wire-arc
additively manufactured super martensitic stainless steel. Mater. Charact. 2025, 222, 114868. [CrossRef]

15. Wang, D.; Yang, S.; Zhao, P. Is the heat-affected zone truly the weakest link in welded joints? Mater. Today Commun. 2026,
51, 114668. [CrossRef]

16. Jia, S.-J.; Ma, Q.-L.; Hou, Y.; Li, B.; Zhang, H.-S.; Liu, Q.-Y. Changes in microstructure and properties of weld heat-affected zone of
high-strength low-alloy steel. J. Iron Steel Res. Int. 2024, 31, 2041–2052. [CrossRef]

17. Emerson, J.N.; Marrero-Jackson, E.H.; Nemets, G.A.; Topsakal, M.; Gill, S.; Wharry, J.P.; Okuniewski, M.A. Influence of fabrication
on microstructure and heat affected zone width in weldments of nuclear reactor pressure vessel steel. Mater. Des. 2026, 263, 115521.
[CrossRef]

18. Wang, Y.; Park, D.-Y.; Li, L. Microstructural analysis of fracture in heat-affected zone of two ×70 pipeline steel weldments. Can.
Metall. Q. 2018, 57, 129–139. [CrossRef]

19. Baskutis, S.; Baskutiene, J.; Bendikiene, R.; Ciuplys, A.; Dutkus, K. Comparative research of microstructure and mechanical
properties of stainless and structural steel dissimilar welds. Materials 2021, 14, 6180. [CrossRef]

20. Wang, Y.; Ding, M.; Zheng, Y.; Liu, S.; Wang, W.; Zhang, Z. Finite-element thermal analysis and grain growth behavior of HAZ on
argon tungsten-arc welding of 443 stainless steel. Metals 2016, 6, 77. [CrossRef]

21. Wang, Y.; Wang, H.; Peng, S.; Xia, B.; Zhu, H. The dominant role of recrystallization and grain growth behaviors in the simulated
welding heat-affected zone of high-Mn steel. Materials 2024, 17, 2218. [CrossRef]

22. Barla, N.A.; Ghosh, P.K.; Kumar, V.; Paraye, N.K.; Anant, R.; Das, S. Simulated stress induced sensitization of HAZ in multipass
weld of 304LN austenitic stainless steel. J. Manuf. Process. 2021, 62, 784–796. [CrossRef]

23. Dhanasekar, R.; Satish Kumar, T.; Krishna Kumar, K.; Jeyaprakash, N. Physical simulation of the heat-affected zone in nickel-free
high-nitrogen stainless steel weld at various peak temperatures and cooling rates. Mater. Today Commun. 2024, 38, 107996.
[CrossRef]

24. Krishna Murthy, K.R.; Gamerdinger, M.; Troise, M.; Olschok, S.; Reisgen, U. Residual stress and distortion control using low
transformation temperature effect and welding heat field for high- and low-alloy steels using electron beam welding. J. Adv. Join.
Process. 2026, 13, 100384. [CrossRef]

https://doi.org/10.3390/ma19214708

https://doi.org/10.1016/j.jmrt.2026.03.097
https://doi.org/10.1016/j.jmrt.2023.10.202
https://doi.org/10.1016/j.matchemphys.2025.130741
https://doi.org/10.1016/j.surfcoat.2026.133359
https://doi.org/10.17531/ein/187794
https://doi.org/10.1016/j.jmrt.2026.02.137
https://doi.org/10.1016/j.matchar.2025.115719
https://doi.org/10.1016/j.ceramint.2026.02.373
https://doi.org/10.1016/j.jmrt.2024.05.111
https://doi.org/10.1016/j.matchar.2025.114776
https://doi.org/10.1016/j.jmrt.2026.01.056
https://doi.org/10.1016/j.matchar.2025.114732
https://doi.org/10.1016/j.matchar.2025.114868
https://doi.org/10.1016/j.mtcomm.2026.114668
https://doi.org/10.1007/s42243-023-01133-x
https://doi.org/10.1016/j.matdes.2026.115521
https://doi.org/10.1080/00084433.2017.1390643
https://doi.org/10.3390/ma14206180
https://doi.org/10.3390/met6040077
https://doi.org/10.3390/ma17102218
https://doi.org/10.1016/j.jmapro.2020.12.061
https://doi.org/10.1016/j.mtcomm.2023.107996
https://doi.org/10.1016/j.jajp.2026.100384
https://doi.org/10.3390/ma19214708


Materials 2026, 19, 4708 33 of 34

25. Hemwat, J.; Seenawat, M.; Promoppatum, P.; Pandee, P. Welding of additively and conventionally manufactured 316L stainless
steel. Mater. Today Commun. 2025, 46, 112683. [CrossRef]

26. Xie, F.; Chang, Z.; Jiang, Z.; Zeng, C.; Qi, B.; Cong, B.; Wu, D. Achieving high-integrity seals in double-layered 316L nuclear
waste containers through ultrasonic-frequency pulsed arc deep penetration welding. J. Mater. Res. Technol. 2025, 39, 4996–5007.
[CrossRef]

27. Pavan, A.R.; Chandrasekar, N.; Arivazhagan, B.; Kumar, S.; Vasudevan, M. Study of arc characteristics using varying shielding gas
and optimization of activated-tig welding technique for thick AISI 316L(N) plates. CIRP J. Manuf. Sci. Technol. 2021, 35, 675–690.
[CrossRef]

28. Ghumman, K.Z.; Ali, S.; Khan, N.B.; Khan, M.I.; Ali, H.T.; Ashurov, M. Optimization of TIG welding parameters for enhanced
mechanical properties in AISI 316L stainless steel welds. Int. J. Adv. Manuf. Technol. 2025, 136, 353–365. [CrossRef]

29. Khrais, S.; Mohammed, A.; Al, A.A.; Darabseh, T. Effect of TIG welding parameters on 316 L stainless steel joints using taguchi
L27 approach. Mater. Res. Express 2024, 11, 016512. [CrossRef]

30. Lippold, J.C.; Kotecki, D.J. Welding Metallurgy and Weldability of Stainless Steels; John Wiley & Sons: Hoboken, NJ, USA, 2005; 376p,
ISBN 978-0-471-47379-4.

31. Leach, T.; Nicolson, E.; Watson, R.; Loukas, C.; Lines, D.; Pierce, G.; Macleod, C.N. Towards a calibration methodology for an
in-series phased array ultrasonic inspection of weld cladding at elevated temperatures. NDT Int. 2026, 161, 103699. [CrossRef]

32. Shen, M.; Yang, J.; Jiang, W.; Wang, Y. A physics-guided memory-enhanced semi-supervised approach for detecting weld defects
in radiographic images. NDT Int. 2026, 157, 103521. [CrossRef]

33. He, G.; Gao, X.; Zhang, Y. Magneto optical imaging non-destructive testing of welding defects with controlled rotationally excited
magnetic field based on improved NSCT-GWO-PCNN image fusion. Opt. Laser Eng. 2026, 201, 109718. [CrossRef]

34. Wang, D.; Yi, Q.; Liu, Y.; Lu, R.; Tian, G. Advanced detection and reconstruction of welding defects in irregular geometries using
eddy current pulsed thermography. NDT Int. 2025, 154, 103398. [CrossRef]

35. Say, D.; Qaisar, S.M.; Krichen, M.; Zidi, S. Artificial intelligence assisted non-destructive testing of welding joints: A review of
techniques, X-ray image processing and applications. Eng. Appl. Artif. Intell. 2025, 160, 111792. [CrossRef]

36. Qi, X.; Huan, P.; Wang, X.; Shen, X.; Liu, Z.; Di, H. Effect of microstructure homogeneity on the impact fracture mechanism of
X100 pipeline steel laser–MAG hybrid welds with an alternating magnetic field. Mater. Sci. Eng. A. 2022, 851, 143656. [CrossRef]

37. Kumar, M.S.; Yang, C.-H.; Aravinthan, V.; Adediran, A.A.; Begum, S.R.; Vasumathi, M.; Jen, T.C. Influence of low heat input by
CMT powered WAAM on attaining the microstructural and mechanical homogeneity of printed 304 SS cylindrical component.
Results Eng. 2024, 21, 101846. [CrossRef]

38. Li, M.; Xu, P.; Zhou, L.; Wei, Z.; Liang, Y. Better mechanical properties via uniform microstructure architecture in flash-butt
welded TA19 joints. Mater. Sci. Eng. A. 2020, 788, 139545. [CrossRef]

39. Maslo, O.M.; Bulakh, P.O.; Shvets, V.P.; Kotlyarenko, A.A. Application of the LM-hardness method to assess the current material
state of structural elements. Strength Mater. 2022, 54, 630–640. [CrossRef]

40. Lebedev, A.A.; Muzyka, N.R.; Volchek, N.L. Determination of damage accumulated in structural materials by the parameters of
scatter of their hardness characteristics. Strength Mater. 2002, 34, 317–321. [CrossRef]

41. Bulakh, P. Experimental validation of the assessment of the limit state of heat-resistant steels by the LM-hardness method. Procedia
Struct. Integr. 2024, 59, 253–258. [CrossRef]

42. Kusyi, Y.; Ivanov, V.; Korniy, S.; Datsko, B.; Hatala, M. Non-destructive evaluation of quality parameters of Al-Si workpieces after
milling. Int. J. Adv. Manuf. Technol. 2026, 144, 7693–7715. [CrossRef]

43. Broitman, E. Indentation hardness measurements at macro-, micro-, and nanoscale: A critical overview. Tribol. Lett. 2017, 65, 23.
[CrossRef]

44. Baskutis, S.; Vasauskas, V.; Žunda, A. Nano and microhardness testing of heterogeneous structures. Mechanika 2016, 22, 85–89.
[CrossRef]

45. EN ISO 9692-1:2013; Welding and Allied Processes—Types of Joint Preparation—Part 1: Manual Metal Arc Welding, Gas-Shielded
Metal Arc Welding, Gas Welding, TIG Welding and Beam Welding of Steels. European Committee for Standardization: Brussels,
Belgium, 2013.

46. EN ISO 6508-1:2023; Metallic Materials—Rockwell Hardness Test—Part 1: Test Method. European Committee for Standardization:
Brussels, Belgium, 2023.

47. Low, S.R. NIST Recommended Practice Guide: Rockwell Hardness Measurement of Metallic Materials; National Institute of Standards
and Technology, Special Publication 960-5; U.S. Government Printing Office: Washington, DC, USA, 2001; 116p. [CrossRef]

48. Lu, S.; Zhang, B.; Li, X.; Zhao, J.; Zaiser, M.; Fan, H.; Zhang, X. Grain boundary effect on nanoindentation: A multiscale discrete
dislocation dynamics model. J. Mech. Phys. Solids 2019, 126, 117–135. [CrossRef]

49. Dzyubyk, A.; Kusyi, Y.; Dzyubyk, L.; Nazar, I.; Ivanov, V. Influence of the welding cycle on the parameters of material
damageability of the high-strength steel connection with an austenitic seam. Vibroeng. Procedia 2024, 55, 201–207. [CrossRef]

50. Efron, B.; Tibshirani, R.J. An Introduction to the Bootstrap; Chapman & Hall: New York, NY, USA, 1993; ISBN 0-412-04231-2.

https://doi.org/10.3390/ma19214708

https://doi.org/10.1016/j.mtcomm.2025.112683
https://doi.org/10.1016/j.jmrt.2025.10.125
https://doi.org/10.1016/j.cirpj.2021.08.013
https://doi.org/10.1007/s00170-024-14277-1
https://doi.org/10.1088/2053-1591/ad1cab
https://doi.org/10.1016/j.ndteint.2026.103699
https://doi.org/10.1016/j.ndteint.2025.103521
https://doi.org/10.1016/j.optlaseng.2026.109718
https://doi.org/10.1016/j.ndteint.2025.103398
https://doi.org/10.1016/j.engappai.2025.111792
https://doi.org/10.1016/j.msea.2022.143656
https://doi.org/10.1016/j.rineng.2024.101846
https://doi.org/10.1016/j.msea.2020.139545
https://doi.org/10.1007/s11223-022-00441-z
https://doi.org/10.1023/A:1020376103529
https://doi.org/10.1016/j.prostr.2024.04.036
https://doi.org/10.1007/s00170-025-16956-z
https://doi.org/10.1007/s11249-016-0805-5
https://doi.org/10.5755/j01.mech.22.2.13690
https://doi.org/10.6028/NBS.SP.960-5
https://doi.org/10.1016/j.jmps.2019.02.003
https://doi.org/10.21595/vp.2024.24483
https://doi.org/10.3390/ma19214708


Materials 2026, 19, 4708 34 of 34

51. Gumbel, E.J. Statistics of Extremes; Columbia University Press: New York, NY, USA; Chichester, UK, 1958. [CrossRef]
52. EN ISO 4136:2012; Destructive Tests on Welds in Metallic Materials—Transverse Tensile Test. European Committee for Standard-

ization: Brussels, Belgium, 2012.
53. Jafarzadegan, M.; Taghiabadi, R.; Mofid, M.A. Using double ellipsoid heat source model for prediction of HAZ grain growth in

GTAW of stainless steel 304. Mater. Today Commun. 2022, 31, 103411. [CrossRef]
54. Kaneko, K.; Fukunaga, T.; Yamada, K.; Nakada, N.; Kikuchi, M.; Saghi, Z.; Barnard, J.S.; Midgley, P.A. Formation of M23C6-type

precipitates and chromium-depleted zones in austenite stainless steel. Scr. Mater. 2011, 65, 509–512. [CrossRef]
55. Xi, W.; Jiao, Z.; Hao, K. Research on Mechanism of Internal Cracking of Welds Caused by Carbon Migration of Welding Joints.

IOP Conf. Ser. Earth Environ. Sci. 2019, 252, 022147. [CrossRef]
56. You, Y.-Y.; Shiue, R.-K.; Shiue, R.-H.; Chen, C. The study of carbon migration in dissimilar welding of the modified 9Cr-1Mo steel.

J. Mater. Sci. Lett. 2001, 20, 1429–1432. [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/10.3390/ma19214708

https://doi.org/10.7312/gumb92958
https://doi.org/10.1016/j.mtcomm.2022.103411
https://doi.org/10.1016/j.scriptamat.2011.06.010
https://doi.org/10.1088/1755-1315/252/2/022147
https://doi.org/10.1023/A:1011616232396
https://doi.org/10.3390/ma19214708

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Welding 
	Macrohardness Analysis 
	Statistical Analysis and Uncertainty Assessment 


	Results 
	Tensile Testing 
	Macrohardness Testing 
	Microstructure Analysis 
	Spatial Variation in Rockwell Macrohardness and Dispersion Descriptors 

	Discussion 
	Conclusions 
	References

