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Abstract

To develop the applications of nanoindentation in a liquid environment, a higher require-
ment has been presented for evaluating measured errors of micromechanical performance,
particularly for the immersion indentation. In this study, a numerical investigation was
conducted to explore the influence of buoyancy and surface roughness on the indentation
responses of EH36 steel. The results show that a difference in indentation load–depth
curves and mechanical properties with and without the buoyancy effect is observed as the
indentation depth increases. The relative calculated errors of reduced modulus and inden-
tation hardness are more than 25.35% and 1.92%, respectively. Meanwhile, as the surface
roughness increases, a pronounced increase in the data scatter of indentation responses is
observed, especially at shallow nanoindentations. The coupling effects of buoyancy and
surface roughness on the deviation of indentation data exhibit a competitive relationship
rather than a simple cumulative effect. The measured errors of reduced modulus at rough-
ness values below 0.10 µm are predominantly affected by buoyancy during immersion
indentations, while the surface roughness is the main factor in other cases. This study
provides a comprehensive understanding of these factors and predicts the qualitative
variations in micromechanical responses under assumed immersed conditions.

Keywords: immersion instrumented indentation; surface roughness; buoyancy effect;
indentation responses; finite element simulations

1. Introduction
High-strength steels have been widely used in manufacturing ship structures due

to their excellent mechanical properties [1,2]. Under conditions of equivalent structural
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strength, the utilization of high-strength steels (e.g., EH36) offers the advantages of reduced
hull weight, increased carrying capacity, and slightly lower operational costs. However,
for marine engineering structures, superior corrosion and fatigue resistance is required,
particularly in the welded joint zones [3,4]. The macroscopic damages often originate
from micro-defects on the surface or subsurface of engineering structures and result in
a degradation of micromechanical properties. Accordingly, the accurate assessment of
structural integrity and residual service life necessitates the convenient evaluation of
mechanical performance at micro- and nanoscopic scales.

Instrumented indentation testing (IIT) has been used as a semi-nondestructive method
to determine the local mechanical properties of bulk materials. For instance, Pamnani et al.
established the correlation between microstructure, microhardness, and tensile properties
obtained using automated ball indentation [5]. Nathan et al. evaluated the microhardness
evolution in the weld metal regions of high-strength steel joints fabricated by friction
stir welding and fusion welding [6]. Meanwhile, IIT has been successfully extended to
the investigation of elastic-plastic properties in biological tissues [7], electrochemical and
corrosion behaviors of metal components [8,9]. Nevertheless, in practical applications,
indentation measurements are highly susceptible to the surface condition of materials,
which affects the measured errors of the true mechanical properties of materials.

On the one hand, when nanoindentation experiments are performed under immersed
conditions, the indenter is inevitably subjected to the buoyancy, resulting in inaccuracies
in the measurement of the indentation load. Currently, several research institutions and
commercial companies have successively immersion-instrumented indentation apparatus.
Zhao et al. developed a novel low-temperature indentation apparatus that cools with
Peltier coolers [10]. To minimize the contact thermal drift, both the specimen and the
indenter tip are immersed in 50% methanol–water solution. Zhao et al. examined the
effects of atmospheric conditions, electrolyte composition, structural degradation, and
electrode volume expansion on lithium reactions using a nanoindentation integrated with
a custom fluid cell in an inert environment [11,12]. Meanwhile, Bruker Inc., as an example,
has introduced an in situ electrochemical environment loading cell [13,14]. However, the
aforementioned studies did not thoroughly investigate the floating effect caused by the
fluid media in immersion indentation, and the measured indentation load–depth (P-h)
curves were not corrected. Accordingly, this may introduce extra measurement errors,
particularly at the micro- and nanoscale.

On the other hand, the surface quality could progressively deteriorate with increasing
corrosion time due to the chemomechanical effects. Several studies have proven that there is
a significant effect of surface roughness on indentation responses, such as indentation depth
and contact area. Chen et al. evaluated roughness effects via sinusoidal surface profiles to
correct constitutive parameters of soft polymers. A plane strain modeling assumption is
preferred, owing to a lack of axisymmetry for real surface topography [15]. Nevertheless,
this FE model employs a wedge indenter, making it difficult to obtain accurate P-h curves
and micromechanical properties. Campbell et al. demonstrated that random surface
roughness significantly affected plastic zone development and residual stress distribution
via finite-element (FE) nanoindentation simulations [16]. Tan et al. revealed that the
indentation hardness of a nickel-based superalloy IN718 decreases with the increase in
surface roughness [17]. These investigations indicate that surface roughness serves as a
significant contribution to measurement uncertainty and data variability in IIT, primarily
through its influence on the distribution of local contact stress.

As computational science has advanced rapidly, FE modeling has been widely em-
ployed to evaluate the mechanical response during indentation. Influence factors like the
indenter tip rounding defect [18], contact thermal drift [19], pore densification [20], sub-

https://doi.org/10.3390/mi17070766

https://doi.org/10.3390/mi17070766


Micromachines 2026, 17, 766 3 of 15

strate effect [21], etc., are investigated for the results of indentation tests via FE simulations.
However, few studies assessed the floating effect during immersion instrumented inden-
tations. Meanwhile, in practical immersion IIT experiments for estimating the corrosion
behaviors of high-strength steels, the buoyancy and surface roughness in the indentation
area are difficult to determine and eliminate. To more accurately evaluate the indentation
responses under in-service conditions, these coupled topographical and environmental
factors can be interpreted within the framework of surface integrity and data variance
standardization [22].

In this paper, a numerical investigation was conducted to explore the influence of
buoyancy and surface roughness on the indentation responses of EH36 steel. Two kinds of
typical immersed conditions and several rough surfaces were discussed for comparative
studies of P-h curves and indentation responses in conventional IIT and immersion instru-
mented indentation. This paper aims to understand the numerical sensitivities of error
margins associated with the indentation of EH36 steel in a liquid environment and to assess
their impact on the estimation of material performance. A comprehensive understanding
of the aforementioned factors could enhance IIT applications to accurately predict the
influence of environmental and topographic factors.

2. Theory and Modeling
2.1. Immersion Indentation

A schematic representation of the immersion indentation apparatus is presented in
Figure 1a. The high-strength steel specimen is securely mounted onto the specimen holder.
Under the assumption that the floating effect on the specimen is negligible, only the indenter
is the component subjected to the buoyancy force throughout the experimental procedure.
During the immersion indentation process, the progressive downward movement of the
indenter results in its exposure to buoyancy immediately upon liquid surface contact.
As the immersion depth (hi) increases, the buoyancy acting on the specimen increases
correspondingly throughout the entire immersion process. Hence, inaccurate measurement
of the reaction force on the indenter can result in an overestimation of the indentation load
in immersion indentation compared to traditional indentation. It is of great significance to
determine the influence of buoyancy on P-h curves using a numerical approach.

Figure 1. (a) A schematic representation of the immersion indentation apparatus. (b) The simplified
2D structural schematic of the experiment model. The liquid line is shown as a blue dashed line,
and the locally magnified region around the indenter tip is marked by a red dashed circle. 1⃝ and
2⃝ denote the immersion depths for the cases in which the liquid line is located at the indenter tip

and at the shaft, respectively.
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Herein, we take a commercial Berkovich indenter from Synton-MDP Inc., Nidau,
Switzerland, as an example. It was employed in our previous series of self-custom indenta-
tion apparatuses [23–25]. The indenter tip assembly consists of a shaft and a geometrically
defined tip, which are joined by a titanium-based brazing alloy. It is noted that the indenter
tip and the brazing layer have dimensions (hti) on the order of several tens of micrometers,
such as hti = 60 µm [19]. As a result, the indenter tip tends to be fully immersed in the liquid.
The cross-sectional schematic of the immersion indentation model shows the liquid-phase
line after the indenter contacts the specimen surface under two different conditions, as
indicated by the dashed lines in Figure 1b. The measured indentation depth is defined
as h, and the symbol hfl is used to represent the immersion depth of the specimen. hind

represents the height of the indenter tip assembly, which comprises a conical transition
region with the half-cone angle of θ (≈15◦) between the clamping shank and the indenter
tip. Meanwhile, the radius of the indenter shaft is Rs, and its height is Ls. Consequently,
the equation of immersion depth (hi) can be expressed as:

hi = h + hfl (1)

where the value of hi can be classified into two different regimes, namely, hi ≤ hind,
and hi > hind.

Two assumptions are proposed in this study: (1) the fluid remains relatively static
during the indentation process; (2) the surface tension of the liquid media adhered to
the indenter is negligible [24]. Regarding the Berkovich indenter, the indentation contact
area (Ac) without tip roundness is approximately 24.56h2

c , and hc denotes the indentation
contact depth.

In the case of hi ≤ hind, the equation of buoyancy can be expressed as:

Pfl = ρg

[∫ hi

hti

π

[
R2

1 + 2R1z
Rs − R1

H
+ z2

(
Rs − R1

H

)2
]

dz +
√

3h3
ti tan2 α

]
(2)

R1 = 2hti tan α (3)

H =
Rs − R1

tan θ
(4)

where Pfl denotes the buoyancy during the immersion indentation procedure, ρ denotes
the density of immersion liquid, g denotes the gravitational acceleration, and H denotes
the height of the conical transition region. Meanwhile, R1 is the radius of the circumscribed
circle at the Berkovich tip, and z denotes the height of liquid line.

Similarly, the equation of buoyancy in the case of hi > hind can be expressed as:

Pfl = ρg
[∫ hi

hind

πR2
s dz +

1
3

πH
(

R2
1 + R1Rs + R2

s

)
+
√

3h3
ti tan2 α

]
(5)

2.2. Immersion Indentation Modeling for the Rough Surface

A two-dimensional (2D) FE model was developed using ABAQUS/Standard 2020 software
to simulate the indentation of EH36 high-strength steel, as shown in Figure 2a. According to our
previous studies [19,26,27], the geometry and dimensions of each component in the indenter
tip assembly were configured to simulate the experimental indentation process. Herein, to
improve computational efficiency, the indenter tip assembly was simplified as a conical tip
with a half angle of 70.3◦ and a blunt radius (R) of ~72.83 nm [18]. It can yield the same
projection area as the Berkovich indenter. Although numerous studies have reported that
the axisymmetric indenter assumption is used to investigate the effect of rough surfaces on
indentation responses [28–30], it is admittedly insufficient for exact quantitative replication
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of three-dimensional localized stress fields on stochastic surfaces. When the surface rough-
ness amplitude is on the same order of magnitude as the indentation depth, the 2D FE
model remains highly capable of capturing the contact interactions between the indenter
profile and random surface profile. The results also indicate the drastic increase in data
scatter at shallow indentation depths, which is in good agreement with the conclusions
in the previous literature [31,32]. Therefore, the FE simulation results can be utilized to
extract P-h curves and mechanical properties.

Figure 2. (a) 2D axisymmetric FE model for immersion indentation. (b) 2D rough surface models
with different Ra values.

The indenter was set as a perfectly elastic body with a height of 20 µm. The elastic
modulus (Ei) was 1140 GPa, and the Poisson’s ratio (υi) was set to 0.07 [33]. The indenter
assembly shaft has a radius of 1.25 mm and a height of 15 mm. Meanwhile, the specimen
was modeled with dimensions of 0.1 mm × 0.1 mm. The stress–strain curve (σ-ε) for the
EH36 steel specimen can be described by the following equation: σ = Eε, for ε ≤ σy

E

σ = Kεn = Eεn
(

σy
E

)1−n
, for ε >

σy
E

(6)

where K represents the strength coefficient, σy represents the yield strength, and n represents
the work-hardening exponent, respectively. Accordingly, the elastic modulus (E) of the
specimen was set to be 206 GPa, with a yield strength of 432 MPa, and the values of n and
Poisson’s ratio (υ) were 0.1632 and 0.3, respectively [34,35].

All components in the model were meshed with 8-node linear hexahedral reduced
integration elements (CAX4R). Local mesh refinement was employed in the contact region,
with a gradual transition to a coarser mesh farther away. A surface-to-surface contact
pair was defined between the indenter (master surface) and the specimen (slave surface).
Moreover, normal behavior was governed by a hard contact constraint, while tangential
behavior was modeled as the Coulomb friction coefficient of 0.1 [18,36]. The boundary
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conditions were prescribed in accordance with the experimental indentation procedure:
the bottom surface of the specimen was constrained in X-axis degree of freedom, while the
lateral and top surfaces remained free. Meanwhile, the indenter could only move along
the Y-axis.

Displacement control was employed for the whole indentation process, imposing
maximum indentation depths (hm) of 100, 200, 300, 400, and 500 nm, respectively. In
immersion indentation, the indenter experiences an extra buoyancy force that increases with
the value of hm. Consequently, an equivalent buoyancy load opposite to the indentation
direction is applied to the reference point on the indenter end. In this paper, to simulate
the shipbuilding steel plate under marine corrosion environment, the homogeneous liquid
medium was assumed to be 3.5% NaCl, with a density of 1.02 g/cm3 [37]. Furthermore,
the submergence depths of the indenter at the onset of contact are assumed to be 2 mm and
5 mm for the aforementioned two immersion cases. The maximum value of Pfl is around
0.14 mN calculated from Equations (2)–(5).

Rough surface models were directly generated in ABAQUS to assess the effect of
surface roughness on the mechanical response of EH36 steel under immersion indentation.
Herein, based on the RufGen plugin developed by Lim et al. [38], the initial rough surface
was established by the subroutine of the height distribution method to modify the Y-
coordinates (Y(x)) of each node. The probability density function (PDF) of the rough surface
follows a Gaussian distribution. Ra is defined as the arithmetic mean of the absolute values
of the Y-coordinates of the nodes in the sampling line (Lx), as follows:

Ra =
1
Lx

∫ Lx

0
|Y(x)|dx (7)

The representative rough surface models (e.g., Ra = 0.05 µm, 0.10 µm, 0.20 µm, and
0.40 µm) are shown in Figure 2b. Meanwhile, a smooth surface was set as the reference
group. A total of 20 simulations were conducted for each value of surface roughness,
with indentation locations randomly distributed across the rough surfaces. To assess
the statistical characteristics of the detection data, the standard deviation of independent
repeated measurements was employed for the error bars.

3. Results and Discussions
3.1. Effect of Buoyancy on P-h Curves and Mechanical Properties

To avoid the effect of mesh refinement on the micromechanical properties prior to
the parametric analysis, a convergence study of the FE simulations has been conducted.
Herein, the influence of various refined mesh sizes (e.g., 27.5 nm, 25 nm, 20 nm, 15 nm,
and 12.5 nm) on the deviation of curvature (c2) in the loading segment is investigated. The
relative error of curvature (η) can be calculated as [18]:

η =

∣∣∣cn+1
2 − cn

2

∣∣∣∣∣∣cn+1
2

∣∣∣ (8)

where cn+1
2 , cn

2 denote the values of reduced modulus at the (n + 1)th and nth iterations.
In general, when η < 1%, the simulation results are defined as converged [18]. As

shown in Figure 3, the value of η is only 0.55% for the refined mesh size of 12.5 nm.
Therefore, the refined mesh size of our FE simulation model is reasonable.
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Figure 3. The convergence study for FE simulations with different mesh sizes. The blue dashed
line represents the 1% relative error threshold, while the red dashed line indicates the trend of error
variation with different refined mesh sizes.

A comparable study was conducted to investigate the effect of buoyancy on indenta-
tion responses, with maximum indentation depths varying from 100 nm to 500 nm. Figure 4
shows representative P-h curves for the immersion indentation on the smooth surface with
or without the floating effect. The loading curve exhibits oscillatory fluctuations that can-
not be attributed to the discreteness of the data, given that each curve comprises several
hundred data points. These oscillations are also observed, albeit with reduced amplitude,
at lower indentation loads. It could be caused by the severe localized plastic deformation
under the sharp indenter tip, requiring continuous severe discontinuity iterations to resolve
the contact boundary. In other words, the contact chattering creates high-frequency, low-
amplitude numeric force oscillations during indentation displacement-controlled loading.
The oscillations on the loading segment have been observed in numerous previous studies,
such as Li et al. [39], Niu et al. [40], and Karbasian et al. [41]. Notably, although the contact
stress under the spherical indenter is smoother than that of the sharp indenter, a similar
oscillation phenomenon in the loading segment is still observed. As shown in Figure 4,
the unloading curves exhibit exceptional smoothness without any noticeable oscillations.
The critical mechanical properties are extracted from the unloading segment of the P-h
curves using the Oliver–Pharr method. Herein, the simulated reference group of smooth
surfaces calculated an average reduced modulus of 205.53 GPa, which perfectly matches the
input value with a negligible relative error of only 0.23%. Therefore, both the indentation
hardness and reduced modulus can be determined from the unloading segment of the
P-h curves.

The results in Figure 4 demonstrate that indentation loads at the same indentation
depth during the immersion indentation are larger than those obtained from the conven-
tional indentation without the floating effect. It could be attributed to the fact that the
buoyancy acts in the opposite direction to the indentation. In addition, it can be clearly seen
that the slope of the unloading segment (S = dP/dh, i.e., the contact stiffness) in immersion
indentation significantly increases. Therefore, both the loading and unloading segments of
the P-h curves deviate from their conventional indentation to some extent.
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Figure 4. Representative P-h curves for the immersion indentation on the smooth surface with or
without the floating effect.

Herein, the indentation hardness and reduced modulus can be calculated using the
Oliver–Pharr method. To quantitatively interpret how buoyancy affects the immersion
indentation results, the relative errors of reduced modulus and indentation hardness (εE, εH)
can be calculated using the following equation:{

εE = Efl−E0
Efl

× 100%
εH = Hfl−H0

Hfl
× 100%

(9)

where Efl and Hfl are the reduced modulus and indentation hardness obtained from immer-
sion indentation. E0 and H0 are the results obtained from conventional indentation without
the floating effect.

As shown in Figure 5, the values of εE gradually increase from 25.35% to 33.06%
with an increase in the maximum indentation depth. Meanwhile, the values of εH are
approximately 1.92% with different maximum indentation depths. Compared with the
previous study for various biological tissues, such as the bone, brain, etc. [42], the calculated
errors obviously decrease owing to the higher indentation loads at the same value of hm.
The results in Figure 5 indicate that the buoyancy has a significant effect on the reduced
modulus, whereas the calculated error for the indentation hardness is independent of the
indentation depth and can be negligible.

3.2. Effect of Surface Roughness on P-h Curves and Mechanical Properties

To quantify the contribution of surface roughness, four rough surface models
(Ra = 0.05–0.4 µm) were compared against a perfectly smooth reference model in terms
of indentation responses. Figure 6 illustrates the representative P-h curves (hm = 500 nm)
between the different roughness models and the ideal smooth surface model. It is obvious
that the P-h curves exhibit significant scatter due to the surface roughness effect, such as
the curve obtained with a roughness value of 0.20 µm. Therefore, it also constitutes one of
the primary reasons for calculated error in the analysis of indentation data [43,44]. In other
words, surface roughness markedly affects the scatter of indentation responses. This result
is consistent with the findings of numerous previous studies [17,45].
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Figure 5. Relative calculated errors of reduced modulus and indentation hardness for the conventional
indentation compared with immersion indentations with different values of hm.

Figure 6. The representative simulated P-h curves for various surface roughness (Ra = 0.05–0.4 µm)
and the reference group of smooth surfaces (Ra = 0).

In Figure 7, the mean values and standard deviation of reduced modulus and indenta-
tion hardness are calculated from each P-h curve at different Ra values of surface roughness.
The results indicate that there is the lowest scatter of indentation data for the reference
group, namely, the smooth surface model. Furthermore, it can be observed that although
the roughness of the rough surface model is as low as Ra = 0.05 µm, the calculated error for
the elastic modulus compared with the reference value reaches ~36.31%, and that for the
indentation hardness reaches ~37.76%. As the surface roughness increases, the standard
deviation of the measured data remains almost unchanged (<20%), while the relative errors
exhibit considerable scatter, indicating that the factors influencing indentation tests on
rough surfaces are not solely related to surface roughness. At low roughness, the indenta-
tion response is dominated by local topological geometric confinement among asperities,
resulting in an apparent overestimation of mechanical properties. Conversely, as the ratio
of Ra to hm increases, the discontinuous plastic collapse of isolated asperities leads to the
degradation of the true contact area; that is, the mechanical properties exhibit macroscopic
softening features.
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Figure 7. The reduced modulus and indentation hardness obtained from the simulated P-h curves at
different Ra values of surface roughness.

Based on the Oliver–Pharr model, the indentation results mainly depend on the
indentation contact area and maximum indentation load (Pm). Compared with the smooth
surface model, the actual area of initial contact on rough surfaces is limited to the peaks of
the highest asperities, which are composed of many micro-asperities and valleys. Rough
surfaces exhibit a complex and irregular morphology that is often characterized as random.
Consequently, the material exhibits an apparently higher hardness when the indentation site
is located in a valley, whereas indentation on a peak yields a more compliant response. This
topography dependence is intrinsically governed by the alteration of the localized plastic
zone and the real contact area. The plastic zone within the valley could be constrained,
and the subsurface hydrostatic stress fields are modified. In contrast, indentation on sharp
asperities and peak contacts drastically enlarges Ac. This leads to higher measured values
and a significant increase in random errors, which is in good agreement with classic contact
mechanics simulations. Meanwhile, in this study, the indentation depth is on the same
order as the characteristic length scale of the surface roughness. The hardening effect of
surface asperities becomes more pronounced, leading to higher measured values and a
significant increase in random errors [46].

Figure 8 shows the variations in reduced modulus and indentation hardness with
different surface roughness at various maximum indentation depths of 300 nm, 400 nm, and
500 nm, respectively. The results indicate that for the smooth surface model, the reduced
modulus and indentation hardness are independent of the indentation depth. As the value
of hm increases for rough surface models, the measured results gradually trend towards the
reference values obtained from the smooth surface model; i.e., the influence of roughness
progressively weakens. Accordingly, it can be guaranteed that enough indentation depth is
chosen to avoid the surface roughness effect, such as more than 20 times the Ra values [47].

3.3. Coupling Effects of Buoyancy and Surface Roughness

In practical indentation in the liquid environment, the buoyancy and surface rough-
ness are inherently coupled. However, it is misleading to attribute variations in in-
dentation responses only to contact conditions, particularly in FE simulations. Herein,
this study integrates both buoyancy and surface roughness effects into the analysis of
indentation responses.
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Figure 8. The variations in reduced modulus (a) and indentation hardness (b) with different surface
roughness at various maximum indentation depths.

Figure 9 presents the coupling effects of buoyancy and surface roughness on the
reduced modulus and indentation hardness during immersion indentations. On the one
hand, when the Ra value of the rough surface is less than 0.05 µm, the relative errors of
reduced modulus are 30.96% for the smooth surface models and 30.26% for the rough
surface model with an Ra value of 0.05 µm, owing to the buoyancy effect. As the roughness
increases, the buoyancy effect gradually weakens, and the influence of surface roughness
becomes more significant. Meanwhile, the scatter in the measured results increases slightly.

Figure 9. The variation in reduced modulus (a) and indentation hardness (b) with the combined
influence of buoyancy and surface roughness.

On the other hand, the results in Figure 9b show that the values of indentation hardness
between immersion indentation and conventional indentation without the buoyancy, as
well as their standard deviation, are nearly the same. Therefore, it could mainly be affected
by the surface roughness effect rather than the floating effect. Overall, the coupling effect of
buoyancy and surface roughness reveals that surface roughness is the principal contributor
to variations in micromechanical properties, with buoyancy playing only a minor role. This
phenomenon aligns with the underlying competition mechanism observed in multi-factor
surface integrity assessments, where dominate mechanical or geometric factors overshadow
minor environment alterations [22].

It is worth noting that capillary effects and surface tension forces (Fst) acting on
the indenter shaft cannot be ignored from an absolute force perspective at the micro-
and nano-scale. An order-of-magnitude estimation indicates that for an indenter shaft
radius of 1.25 mm in a 3.5% NaCl solution, the maximum vertical surface tension force
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is approximately 0.15 mN. It is almost comparable in magnitude to the buoyancy force.
However, since the maximum indentation depth is only at the micrometer- or nanometer-
scale, the liquid meniscus remains stable, rendering Fst a constant background force during
the quasi-static indentation cycle. Meanwhile, mechanical properties are calculated from
the different unloading responses such that this constant force offset does not alter the data
scatter or the stiffness deviations investigated herein. Notably, as with our previous custom-
designed indentation apparatus [10], this constant capillary force is typically eliminated
via pre-contact loading calibration.

Furthermore, it is instructive to discuss the extensibility of the current numerical
results to other fluid environments. While the specific numerical values are bound to EH36
steel in a 3.5% NaCl solution, the empirical relationships and competitive mechanisms
could remain universally applicable. For softer metals where the absolute indentation
loading is low, the relative distortion induced by the buoyancy force on the unloading slope
would be more pronounced, yielding higher evaluation errors for the reduced modulus.
In contrast, for exceptionally hard metals, this floating effect becomes less significant.
Meanwhile, substituting the medium with denser fluids (e.g., drilling mud) would linearly
upscale the buoyancy magnitude according to Equations (2)–(5), thereby amplifying the
reduced modulus deviations.

While the numerical results presented in this study provide a quantitative approach
for understanding buoyancy and surface roughness effects, translating these simulation
results into practical experiments involves several inherent challenges and limitations. First,
since conventional nanoindentation tests are typically quasi-static loading and unloading
procedures, only a nearly constant surface tension and a uniformly varying buoyancy
force were taken into account. However, the transiently dynamic resistance and liquid
adhesion exerted on the indenter shaft during immersion IIT were not considered in this
study. Furthermore, compared with the 2D Gaussian distribution model used in FE simula-
tions, practical marine immersion often induces non-uniform pitting corrosion and fragile
oxide layers [48]. These features exhibit asymmetric micro-asperities and localized material
property gradients that complicate indentation contact area determinations compared to ho-
mogeneous FE models. In addition, practical immersion IIT are highly sensitive to thermal
drift caused by the temperature difference between the fluid and the indenter, as well as
structural compliance shifts. Distinguishing micro- and nanoscale material responses from
environmental instrument noise remains a primary hurdle in high-precision experimental
calibration. Consequently, to bridge this gap, future experimental work will focus on
utilizing reference materials with known, stable properties to calibrate the apparatus and
incorporate dynamic viscosity calibrations into the load-correction algorithms.

In addition, it is worth noting that there is abundant room for improvement in evalu-
ating the effect of surface roughness on indentation responses. A 2D axisymmetric inden-
tation model can be established by describing the rough surface with sinusoidal curves
and employing an axisymmetric self-similar indenter. Several studies have suggested that
this model exhibits reasonable applicability and accuracy in revealing the critical influence
of surface roughness [28,30]. However, the micromechanical behaviors could be slightly
overestimated compared to those of the 3D continuum due to the geometric constraint
for out-of-plane material flow. Furthermore, although randomly selecting the indentation
site through translation for 3D models is difficult for the 2D axisymmetric assumption, the
contact positioning between the indenter and the rough surface can still be determined by
the phase shift [29] or user-defined subroutines for Z-coordinate values.
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4. Conclusions
Through a combined theoretical and numerical approach, this study investigated

the effects of buoyancy and surface roughness on the mechanical performance of EH36
high-strength steel during immersion instrumented indentation. The findings provide
critical insights into how these factors influence IIT results, thereby offering predictive
quantitative insights into error ranges during parametric simulations. The main conclusions
are summarized as follows:

(1) The comparison studies in P-h curves of immersion indentation and conventional
indentation indicate that the buoyancy could affect the contact stiffness and the
indentation load, leading to differences in mechanical properties. As the maximum
indentation depth increases, the calculated error for reduced modulus gradually
increases from 25.35% to 33.06%. However, the measured values of indentation
hardness are almost independent of the indentation depth, and the relative error of
~1.92% can be negligible in practical applications.

(2) Surface roughness has a significant effect on P-h curves and the dispersity of inden-
tation data, especially at shallow indentations. When the indentation depth is on
the same order as the characteristic length scale of surface roughness, unexpectedly
higher measured values are observed owing to the hardening effect of surface asper-
ities. As the maximum indentation depth increases for rough surface models, the
measured results gradually trend towards the reference values obtained from the
smooth surface model.

(3) The combined effects of buoyancy and surface roughness on the dispersity of inden-
tation data exhibit a competitive relationship rather than a monotonous cumulative
effect. The measured errors of reduced modulus at roughness values below 0.10 µm
are predominantly affected by buoyancy during immersion indentations. With the
progressive increase of Ra values, surface roughness becomes the dominant factor
affecting the error variation. Meanwhile, indentation hardness assessments are mainly
affected by surface roughness.
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