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Abstract: A new strategy for the high-throughput characterization of the mechanical homogeneity
of metallurgical materials is proposed. Based on the principle of hydrostatic transmission and the
synergistic analysis of the composition, microstructure, defects, and surface profile of the chosen
material, the microstrain characteristics and changes in surface roughness after isostatic pressing were
analyzed. After isostatic pressing, two types of microstrains were produced: low microstrain (surface
smoothening with decreasing roughness) and large microstrain (surface roughening with increasing
roughness). Furthermore, the roughness of the roughened microregions could be further classified
based on the strain degree. The phenomenon of weak-interface damage with a large microstrain
(plastic deformation, cleavage fracture, and tearing near nonmetallic inclusions) indicated that
the surface microstrain analysis could be a new method of high-throughput characterization for
microregions with relatively poor micromechanical properties. In general, the effect of isostatic
pressing on the surface microstrain of heat-resistant steel provides a promising strategy for achieving
high-throughput screening and statistically characterizing microregions with poor micromechanical
properties, such as microregions containing microcracks, nonmetallic inclusions, pores, and other
surface defects.

Keywords: high-throughput characterization; mechanical property; isostatic pressing; microstrain;
heat-resistant steel

1. Introduction

Structural metallic materials are widely used in many fields, such as the aerospace, nu-
clear, weapon, military equipment, and petrochemical industries. The failure of structural
metallic materials during service may lead to severe safety accidents, which could impact
personnel safety and lead to economic losses and related irreversible damage [1-3]. During
the service of metallic structural components, failure occurs first in regions with relatively
poor mechanical properties and may then cause the entire failure of the components. For
example, defects such as crack initiations that form near non-metallic inclusions could
cause the failure of structural materials and may pose a safety risk [4,5]. Therefore, it is
essential to find possible microregions with relatively poor mechanical properties, such
as microregions containing non-metallic inclusions, pores, and other defects, in order to
study material reliability and service safety as well as to develop a new technology for the
high-throughput characterization of the micromechanical properties of materials [1,6].

The main types of mechanical testing approaches can be classified into macrome-
chanical and micromechanical testing techniques. Macromechanical testing includes
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different types of techniques, such as compression, tension, torsion, bending, and fatigue
testing [7-10]. Micromechanical testing includes several techniques, such as instrumental
indentation methods (Vickers indentation and nanoindentation), micropillar compression,
microtension, and microfatigue testing [11-14]. During the service process of structural
metallurgical materials, component failure would first to occur in microregions or microar-
eas with poor mechanical properties such as those with defects, inclusions, and pores in
any possible area of the component [15]. For the entire screening of microregions with
poor micromechanical properties, such as areas with nonmetallic inclusions, microcracks,
and shrinkage porosity, developing new methods for achieving high-throughput charac-
terization of the micromechanical properties of materials is necessary [15,16]. However, it
is difficult to achieve the continuous cross-scale characterization of the micromechanical
properties across the entire surface of specimens using the newly developed techniques,
which are based on the principle of combinatorial technologies, such as the compression
testing of micropillar arrays and the array testing of nanoindentation [11,16].

Typically, the isostatic pressing technique has been widely used in the fields of material
densification and forming during casting, sintering, joining, and welding [17-19]. The
isostatic pressing technique includes cold isostatic pressing (CIP), medium isostatic pressing
(MIP), and hot isostatic pressing (HIP), characterized by different processing temperatures.
For example, the evolution of the grain boundary network of 316L austenitic steel during
densification was investigated using an HIP thermomechanical process [20]. Ceramic
components with a complex shape can be manufactured through the combination of the
CIP of selective laser-processed (SLP) parts and solid-state sintering (SSS) [21]. Owing to
the principle of hydrostatic transmission, an equivalent load per unit area is applied to
the surface, and a corresponding loading-induced strain is simultaneously generated [16].
In addition, due to the intrinsic inhomogeneities of the composition, microstructure, and
mechanical properties, the strain exhibits different characteristics, which may provide a new
method for the high-throughput screening and characterization of the micromechanical
properties of materials [22].

In the present work, G115 heat-resistant steel was selected as a demonstration material,
and the CIP technique was used to generate strain (by applying a load) on the specimen
surface. By investigating the composition, microstructure, defects, and surface profile of
this material, the homogeneity of its micromechanical properties could be preliminarily
examined by high-throughput screening and statistically analyzed.

2. Experimental Procedure

To analyze the effect of isostatic pressing on the surface microstrain and evaluate
the application potential of this technique in the field of high-throughput mechanical
screening and characterization, heat-resistant steel was used as an experimental material.
This method requires 5 steps: (1) grind and polish the surface of the sample until no obvious
scratches can be detected under an optical microscope on the surface of the sample; (2) use a
microhardness or nanoindentation instrument to mark an area on the surface of the sample;
(3) characterize the element content, microstructure, microdefects, and three-dimensional
surface morphology of the sample before cold isostatic pressing in the test area based on the
position coordinates of the test area; (4) perform cold isostatic pressing for strain processing
on the polished surface and characterize element content, microstructure, microdefects,
and three-dimensional surface morphology of the entire surface area of the metal sample
after CIP treatment; (5) compare the composition, microstructure, microdefects, and three-
dimensional surface changes of the sample before and after CIP and use software to
statistically analyze the sample roughness to obtain a micromechanical evaluation with
statistical characterization in a full field of view and cross-scale and high-throughput
screening. In this work, all the apparatuses were calibrated by professional metrology
calibration institutions. Microhardness was tested using an automatic microhardness tester
(Qness 150A+, Wien, Austria) with a loading of 10 N and a holding time of 10 s. Moreover,
the coordinate position could be established through indentation using the automatic
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microhardness tester. The specimens were polished using a metallographic polishing
machine to obtain high-quality surfaces. The samples were processed via CIP with a
pressure of 190 MPa and a holding time of 30 min. Energy-dispersive spectroscopy (EDS,
Oxford, UK), micro X-ray fluorescence spectrometry (XRF, Bruker, Germany), automatic
optical microscopy (OM), high-throughput field-emission scanning electron microscopy
(high-throughput SEM, FBT-NCS, Shanghai, China), tungsten filament scanning electron
microscopy, and contour OM were utilized to study the composition, microstructure,
defects, and surface profile of the samples. For the quantitative analysis of roughness,
100 independent rectangular areas of 100-300 x 100-300 pm? were chosen for S, and S,
statistics. The value of length x width was fixed, which provided good comparability
of the result before and after CIP. The samples were processed by Gaussian filtering in
short-wave passing mode.

3. Results and Discussion

Figure 1 shows the two-dimensional (2D) contour map (Figure 1a,b,e,f) and three-
dimensional (3D) (Figure 1c,d,g h) surface profile data before and after CIP obtained via
contour OM. The experimental results revealed a smooth surface of the heat-resistant steel
before isostatic pressing, which was due to the excellent surface quality after metallographic
polishing (see Figure 1a). In this study, we referred to the grinding and polishing require-
ments of conventional metallographic samples, which are met when the surface of a sample
presents no significant damage or scratches. Therefore, the smoothness (roughness at the
nanoscale level) referred to here was relative to the strain generated in the experiment,
since the roughness after microstrain generation through CIP ranged from the submicron
to the micron level. Significant variations in the local surface height were observed in a
very small number of microregions (which were related to surface microstrains in um scale,
since the microstrain along the direction of the sample surface induced by CIP generally
ranged from the submicron level to one or hundreds of micrometers, causing discontinuity
in the surface contour. Moreover, microregions were defined also based on the resolution
of the white light profilometer (in lateral direction but not in vertical direction). By contrast,
numerous microregions with significant fluctuations in surface height could be detected on
the heat-resistant steel surface obtained after isostatic pressing (Figure 1b). The magnified
views of local areas in Figure 1a,b are also presented in Figure 1ef, respectively. As ob-
served for the whole surface area, regions exhibiting significant microstrain inhomogeneity
appeared; these regions were characterized by different strain degrees.

As is well known from the deformation and shrinkage behavior of powder materials
during isostatic pressing, a macroscopic shape variation results in inhomogeneous strain
due to the densification tendency of powders [1-3]. Therefore, the strain at the center of
the specimen is larger than at the edges, but the specimen surface in the corners becomes
sharp after isostatic pressing [23,24]. For example, on the basis of the Drucker—Prager-Cap
model, the densification and deformation of selective laser-sintered metal parts during
isostatic pressing was reported by Du et al. [25]. In this previous work, it was found that the
shear stress was small due to the uniform load applied to the specimen surface, and only a
small shear strain was generated at the corners of the specimen, which led to sharpening
at the edges of the specimen. Therefore, a surface profile may simultaneously contain
macroscopic and microscopic information, and the surface in the corners of a specimen
may exhibit a larger degree of distortion and deformation, induced by macroscopic shape
variation. Thus, the ability to distinguish these two types of surface profile data is required.
This will be discussed below in detail [24].
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Figure 1. Surface profile of the heat-resistant steel specimen before and after CIP: (a) 2D contour map
before CIP; (b) 2D contour map after CIP; (c) 3D profile of (a); (d) 3D profile of (b); (e) magnification
of (a), (f) magnification of (b), (g) 3D profile of (e); (h) 3D profile of (f).

When a load is applied uniformly to a liquid medium, hydrostatic transmission will
occur through the liquid, and the load will then be uniformly applied to the specimen
surface [26]. Similar to the testing of micromechanical properties, such as the evaluation of
the microhardness of materials through the extrusion deformation of a specimen surface
induced by indentation, micromechanical properties (such as hardness, strength, and resid-
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ual stress) can be determined indirectly through the analysis of the relationship between
load, loading time, and deformation behavior of materials during isostatic pressing because
of the similarity of this test with that based on the extrusion principle [27,28]. There-
fore, in order to analyze the micromechanical properties of heat-resistant steel in different
microregions on the basis of the surface deformation induced by isostatic pressing, the
deformation behavior should be analyzed and classified before analyzing the deformation
mechanism [29]. Figure 2 shows the microstructure and morphology of the areas subjected
to microstrain obtained via high-throughput SEM; two imaging modes were adopted,
namely, the secondary electron (SE) and the backscattered electron (BSE) modes. From the
analysis of the thousands of SEM images obtained via high-throughput SEM, it was found
that the surface of heat-resistant steel after isostatic pressing was mainly subjected to two
types of microstrain: low microstrain (mode I, surface smoothening with decreasing rough-
ness, which will be discussed later) and large microstrain (mode II, surface roughening
with increasing roughness depending on the degree of the microstrain). According to the
degree of the microstrain, mode II could also be classified into two types, namely, mode
II-A (microstrain at the submicron level) and mode II-B (microstrain at the micron level).
Various types of surface strains caused by different individual deformation mechanisms or
multiple deformation mechanisms could be detected between these two types.

~ EMicrostrain &

P | L " originofidamage

Enlarged

; E-nlaged T . e s . 4

Figure 2. SEM images of the surface microstructures defects, and microstrain pattern of the heat-
resistant steel specimen after isostatic pressing: (a) typical surface microstrains near non-metallic
inclusions or pores; (b) typical surface microstrains near non-metallic inclusions.

Figure 3 shows the microstructure, defects, and microstrain pattern induced by iso-
static pressing on the surface of heat-resistant steel. Different types of deformation charac-
teristics for mode II strain can be clearly observed. Figure 3(al,a2) shows the morphology
of the pits observed via SEM in the SE and BSE modes, respectively. It was found that
isostatic pressing led to the formation of pits for both mode II-A and mode II-B strains. The
large microstrain observed for mode II-B might have occurred due to different deformation
mechanisms, since damage initiation occurred with the generation of mode II-A strain
and different damage features connected with each other or propagated, leading to mode
II-B strain, which included mode II-A strain. Figure 3(b1,b2) illustrates a clearer view of
the microstrain resulting from both mode II-A and mode II-B strains. The pit with a large
microstrain seems to have a similar morphology to that of dimpled-fracture surfaces [30].
Interestingly, a micropit with mode II-A strain could be observed near the boundary of
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the pit subjected to a large microstrain, which seemed to appear first, before the formation
of a large microstrain, and contributed to the formation of a pit with a large microstrain.
Figure 3(c1,c2) shows that a scratch-like deformation and “tongues” occurred intermit-
tently or continuously, including both II-A and II-B strain modes. A similar microstrain
phenomenon was also observed in the fracture morphology of steel. In some local mag-
nified views, tearing of the material was observed due to the complex stress state. For
example, Figure 3(d1,d2) shows the tearing in a microregion surface near a nonmetallic
inclusion. Surface tearing and the large strain observed after isostatic pressing were due
to the incompatibility of the physical properties, such as hardness and elastic modulus, of
the matrix and the nonmetallic inclusion. Figure 3(el,e2) shows the presence of tearing
after the isostatic pressing process for superalloys. As for the formation of “tongues” was
induced by a cleavage fracture in BCC metals, the similar phenomenon observed here for
the G115 specimen surface was also induced by a cleavage fracture except for the plastic
deformation phenomenon found in the present work [1,31].

From the above deformation phenomena and strain modes, it is interesting to see that
different microstrain mechanisms led to different types of microstrain behaviors. Therefore,
to further classify the deformation behavior, it was important to first characterize the
variation in surface profile and roughness after isostatic pressing. In the present work,
the mean vertical roughness and root-mean-square (RMS) vertical roughness, denoted
as S, and S, respectively, were measured to obtain information on the surface vertical
roughness [32,33]:

Sa = J[ 1Z(x,y)ldxdy M

S¢=/ ﬂ Z(x,y) dxdy 2)

where Z(x, y) represents the height of the surface profile, and x and y are the in-plane coor-
dinates of the specimen. For the quantitative analysis of the vertical roughness variation,
100 different rectangular microregions with dimensions of about 100-300 x 100-300 pm?
were selected for the statistical measurement of S; and S;. As the length x width value
was fixed, they could be compared for the specimens before and after CIP. Meanwhile,
the samples before and after CIP were subjected to the same statistical analysis procedure
to maintain consistency and comparability. To reduce shape errors, the samples were
processed by Gaussian filtering in short-wave passing mode. A typical region I (low micros-
train) was an area without pronounced variations in surface height, while a typical region
II (large microstrain) was an area characterized by a large strain. The vertical roughness
of the surface profile obtained before and after isostatic pressing (without any filtering
process) can be seen in Figure 4, with Figure 4a,b presenting the statistical results of S, and
Sy, respectively. The insets in Figure 4a present the 3D surface profiles of local microregions
in the center of the specimen obtained before (Figure 4(al)) and after (Figure 4(a2,a3))
isostatic pressing. The results showed that the surface profile varied following two trends:
increasing smoothness with decreasing surface vertical roughness (Figure 4(al,a2)) and
decreasing smoothness with increasing surface vertical roughness (Figure 4(al-a3)). The
statistical results also indicated that the surface vertical roughness of microregions with
a low microstrain (region I) was far smaller than that of microregions with a large mi-
crostrain (region II). Moreover, by comparing these results with those obtained before
isostatic pressing, it was found that both Sa and Sq were smaller for the smoothened
microregions (region I without a pronounced surface height variation) in the specimen
after isostatic pressing.



Materials 2024, 17, 669 7of 17

SEM HV; 20.0 kv WD: 10.13 mm VEGA3 TESCAN|
SEM MAG: 5.00 kx Det: SE, BSE
View field: 5.4 ym Date(m/dly): 05/26/20 Performance in nanospace

SEM HV: 20.0 kv WD: 10.10 mm VEGA3 TESCAN|
SEM MAG: 5.00 kx Det: SE, BSE
View field: 55.4 um Date(m/dly): 05/26/20 Performance in nanospace

SEM HV: 200 kV WD: 10.09 mm
SEM MAG: 5.00 kx Det: SE, BSE
View field: §5.4 ym Date(m/dly): 04/30/20 Performance in nanospace

SEM HV: 20.0 kv WD: 10.12 mm | VEGA3 TESCAN
SEM MAG: 5.00 kx Det: SE, BSE
View field: 55.4 um Date(m/dly): 05/26/20 Performance in nanospace

SEM HV: 20.0 kV WD: 10.22 mm VEGA3 TESCAN

SEM MAG: 1.00 kx Det: SE, BSE
View field: 277 pm Date(midly): 05106120 Performance in nanospace

Figure 3. SEM images of the typical deformations observed on the surface of heat-resistant steel
((a1-d1) SE mode and (a2-d2) BSE mode) and powder superalloy ((el) SE mode and (e2) BSE
mode) samples after isostatic pressing: (al,a2) pit; (b1,b2) dent; (c1,c2) scratch-like surface damage;
(d1,d2) nonmetallic inclusion and surface tearing; (e1,e2) surface tearing.
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Figure 4. Mean vertical surface roughness (S;) and RMS vertical surface roughness (S;) for typical
microregions with a small microstrain and collapse deformation generated on the surface of heat-
resistant steel without the filtering process: (a) S;; (a1) 3D surface profile of a typical region 1 before
isostatic pressing, (a2) 3D surface profile of a typical region 1 after isostatic pressing, (a3) 3D surface
profile of a typical region 2 after isostatic pressing; (a4) SEM image of typical region 1; (a5) SEM
image of typical region 2; (b) ;.

The above phenomena were likely due to the following main reasons: (1) the defor-
mation was restricted within the level of a phase or of crystalline grains (low microstrain);
(2) the deformation contained many phases or crystalline grains (collapse deformation).
The decrease in surface vertical roughness after isostatic pressing could be induced by
the plastic deformation of the constituent phases. From the surface profiles, the average
value of the surface profile fluctuation (p) along the horizontal direction was calculated
to be about 1020 um; this value was independent of the grain size but depended on the
particle size of the diamond polishing fluid. We here considered a simple example with
two constituent phases: a hard phase and a soft phase. After mechanical polishing, many
peaks and valleys with a period of 10-20 pm formed due to the abrasion of the specimen
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surface by the diamond grit. Therefore, the peaks and valleys formed only hard phases, soft
phases, or a combination of these two phases, depending on the relationship between the
microstructure dimensions and the height fluctuation. As observed in Figures 2 and 3, the
microstructure dimensions were smaller than the fluctuation period, which indicated that
each peak or valley contained many constituent phases. Once the liquid load was applied to
the specimen surface, plastic deformation occurred, and the surface roughness decreased in
many microregions. During isostatic pressing, the surface vertical roughness of protruding
microregions decreased because of the plastic deformation due to the slip mechanism.
According to a study by Dai et al. [34], there is a linear relationship between surface vertical
roughness and plastic deformation and average grain size. As a result, in most surface
areas, the surface height fluctuation and the surface vertical roughness decreased simul-
taneously. Under normal conditions, a homogeneous distribution of the microstructure
and mechanical properties was considered in conventional studies of the deformation and
mechanical properties of materials. However, due to the intrinsic inhomogeneity of the
composition, microstructure, and defects, the mechanical properties of specimens may
exhibit inhomogeneous characteristics [35]. Furthermore, the micromechanical properties
of numerous microregions are statistically distributed due to the inhomogeneity of the
composition, microstructure, and defects [36,37]. Under isostatic pressing, collapse defor-
mation and damage initiation and propagation preferentially occur in microregions with
poor micromechanical properties, such as areas that contain microcracks or subsurface
pores (such as those that lead to a local depression during HIP [38]). The green solid lines in
Figure 4 represent the surface vertical roughness of microregions that underwent collapse
deformation at different strain degrees, ranging from tens of nanometers to microns. As
mentioned above, the II-B strain mode represents a type of collapse deformation that might
be induced by one microstrain mechanism or by several microstrain mechanisms (i.e., a
combinatorial microstrain mechanism).

Due to the small area of each measured region (areas with a low microstrain had di-
mensions of about 100-300 x 100-300 pm?), the selected regions without significant height
fluctuations could be considered as having almost a flat surface, and the macroprofiles
of the selected regions could be neglected, since the influence of the macroscopic shape
on the surface vertical roughness was very small. However, the original surface profile
of the specimen exhibited a height variation in the range of several microns, as shown
in Figure la,b. Therefore, when evaluating the surface vertical roughness variation of
the whole specimen area, the influence of the macroscopic shape on the surface vertical
roughness could not be neglected. Surface data include information on both the macro-
scopic shape and the microscopic profile of a specimen surface and can be decomposed into
two components: (1) low-frequency component (macroscopic profile); (2) high-frequency
component (microscopic profile) [34]. In order to directly compare the surface profile
data obtained before and after isostatic pressing, a filtering process of the macroscopic
shape is required. In the present work, the Gaussian regression filtering process was used
with a short wavelength cutoff to exclude the influence of the macroscopic shape on the
surface vertical roughness and include the influence of the microstructure dimensions
on the surface vertical roughness, since the microstructure dimensions were generally
smaller than 100 um [39,40]. Figure 5a shows the surface profiles obtained before and
after isostatic pressing (red and blue solid lines, respectively) and the corresponding data
after the Gaussian filtering process (red and blue dash lines, respectively). The insets
(Figure 5(al-a4)) in Figure 5a display the selected statistical microregions, and the results
shown in Figure 5a were obtained from the red dash lines marked in Figure 5(al-a4). The
results shown in Figure 5a indicated that the surface profiles with no filtering could not be
directly compared because of the simultaneous variation in the macroscopic shape. After
the Gaussian filtering process with a zero-mean value, the corresponding surface data
could be directly compared by evaluating the statistical distribution characteristics of the
relative height data. The relative height data (after the Gaussian filtering process) shown
in Figure 5 also indicated that the fluctuation in surface height decreased in most selected
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microregions but increased in some special microregions, which was in good agreement
with the trend before the filtering process.
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Figure 5. Original surface profiles for the selected circular regions with the same diameter obtained
before and after isostatic pressing and corresponding data obtained after the filtering process: (a) orig-
inal surface profiles and corresponding relative height information after filtering, (al) before isostatic
pressing and with no filtering, (a2) after isostatic pressing and with no filtering, (a3) before isostatic
pressing, after filtering, (a4) after isostatic pressing and filtering; (b) relative height information after
the filtering process for heat-resistant steel obtained before and after isostatic pressing.
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Additionally, the corresponding surface vertical roughness values measured in dif-
ferent selected microregions after the filtering process were also compared, as shown
in Figure 6. The insets in Figure 6a illustrate typical deformation microregions before
(Figure 6(al)) and after (Figure 6(a2,a3)) isostatic pressing. The height range scales in
Figure 6(al,a2) are the same as in the previous figure. The statistical results of the sur-
face vertical roughness after filtering showed the same microstrain trend. After isostatic
pressing, two types of microstrain trends could be detected, namely, low microstrains (corre-
sponding to a decrease in surface vertical roughness) and large microstrains (corresponding

to an increase in surface vertical roughness).
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Figure 6. Surface vertical roughness of heat-resistant steel obtained after Gaussian filtering for two
typical regions exhibiting a low microstrain and collapse deformation: (a) S,, (al) 3D surface profile
of a typical region 1 obtained before isostatic pressing, (a2) 3D surface profile of a typical region
1 obtained after isostatic pressing, (a3) 3D surface profile of a typical region 2 obtained after isostatic
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As mentioned above, different types of microstrain behaviors were observed during
the isostatic pressing process. However, for a more detailed analysis, a wider distribution
of strain should be considered. Figure 7 shows the classification of the main observed
microstrain phenomena on the surface of heat-resistant steel. On the basis of microstruc-
ture observation and surface profile analysis, the microstrain could be broadly classified
according to two trends: (1) surface smoothening with decreasing height fluctuation in
local microregions (AH1—AH2); (2) surface roughening with increasing height fluctuation
in local microregions (AH1—AH3). Typically, the vertical roughness and horizontal rough-
ness of a surface profile are independent, and a linear relationship was found between
the magnitude of plastic deformation and the surface vertical roughness, as reported by
Dai et al. [34]. Then, information on the height fluctuation provides information on the
variation in surface vertical roughness. When the influence of the macroscopic shape on
the surface vertical roughness can be neglected after the filtering process, the microstrain
trend can also be described as (i) surface smoothening with decreasing surface vertical
roughness and (ii) surface roughening with increasing surface vertical roughness. This
roughening process is similar to the roughening phenomenon observed during plastic
deformation, such as during the plastic straining of Al-Mg-5i sheets or austenitic stainless
steels, although different processing techniques are used, and different principles are at
the basis of these processes [41,42]. Furthermore, an increase in surface vertical roughness
is also induced by several types of collapse deformation with different strain degrees.
For example, when the deformation occurs in a restricted small microregion including
one constituent phase or several constituent phases, the strain degree is very small, and
the surface vertical roughness is only larger than the vertical roughness measured before
isostatic pressing. When the deformation occurs in microregions containing many con-
stituent phases, the strain degree increases. When the deformation occurs in regions with
dimensions of hundreds of microns, the strain degree increases even more (for example,
the surface vertical roughness reaches the micron scale). The collapse microstrain with
increasing surface vertical roughness indicates damage initiation and propagation in local
microregions with poor micromechanical properties, and evaluating the strain degree
represents a new promising method for the high-throughput screening of microregions
with poor micromechanical properties and the characterization of the micromechanical
properties of materials.

Figure 8 shows the statistical results of the relative height data after the Gaussian
filtering process. The presence of microregions with significant height fluctuations could be
observed directly from the experimental results; this can be considered a high-throughput
screening method for studying the micromechanical properties or damage mechanics
(microregions with high strain degrees and poor micromechanical properties, which might
lead to failure during service) of materials. Similar to the high-throughput characterization
of the composition, microstructure, or defects (such as nonmetallic inclusions) of materials,
different strain degrees can be located, screened, statistically analyzed, and classified by
setting different ranges of relative height [35,43-45]. Figure 9 shows the screening of
microregions with poor micromechanical properties and a high strain degree. The collapse
microstrain of microregions can be preliminarily detected on the basis of the surface profile
information after isostatic pressing. From the SEM and EDS analyses, it can be concluded
that the measured, large microstrain was induced by the tearing of the specimen surface
around nonmetallic inclusions [46]. Similarly, based on the characterization [47-49] of the
surface profile, composition, microstructure, and defects, as well as the related theoretical
analysis of the deformation, the deformation mechanisms, such as inclusion tearing, plastic
deformation, cleavage fracture, grain rotation, dislocation slip, or multiple combined
deformation mechanisms, could be further screened and classified [50,51]. Combining
isostatic pressing with the characterization of the surface composition, microstructure,
defects, and deformation and depending on the type of relationship between composition,
microstructure, defects, and strain, a new approach could be developed for the high-
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throughput screening and characterization of the micromechanical properties and damage
mechanics of materials.

(2)

Before CIP processing

Sample surface

i CIPprocessing
S —— :....-.-.-_________________iv_________________.
(b) : b
i After CIP processing EAHs E
P fa
5 R
H Sample surface :

Figure 7. Schematic of the main deformation process of heat-resistant steel after isostatic pressing:
(a) before CIP; (b) after CIP; (c1,¢2) detailed deformation information after CIP.
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Figure 8. High-throughput screening and characterization of microregions on the surface of heat-
resistant steel with values of the relative surface height: (a) before CIP; (b) after CIP.
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Figure 9. Scanning and location of the collapse deformation and the corresponding observed mi-
crostructures and analysis of the microregion composition: (a) location of the microregion with
collapse deformation; (b1,b2) SE- and BSE-mode SEM images of the collapse deformation area;
(c1-c7) EDS analysis of the collapse deformation area.

4. Conclusions

G115 heat-resistant steel was processed using the CIP technique, and then its composi-
tion, microstructure, and surface profile were characterized to clarify the effect of isostatic
pressing on strain degree and surface deformation, as well as the possible applications of
the technique used. After isostatic pressing, different types of deformation were observed
on the surface of the G115 specimen via contour OM. Furthermore, the generation of
surface deformation was observed, which was classified into two broad categories: low
microstrain and large microstrain. The analysis of the surface vertical roughness showed
the trend of microstrain modification after isostatic pressing: surface smoothening with
decreasing surface vertical roughness (S;: 6.023 nm—4.799 nm) and surface roughening
with increasing surface vertical roughness (S;: 6.023 nm—113.999 nm). The smoothening
process of the surface was probably induced by plastic deformation, but the roughening
process might have been induced by different mechanisms, such as cleavage fracture,
tearing near nonmetallic inclusions, or plastic deformation. After the filtering process of the
surface profiles, the corresponding relative height data could be directly compared, and the
large microstrain could be screened and statistically characterized using a high-throughput
method. In general, the analysis of the generation of collapse microstrain corresponding to
a high strain degree in microregions with poor micromechanical properties and the high-
throughput screening and statistical characterization of the micromechanical properties of
the material could be achieved by simultaneously analyzing its composition, microstructure
and defects, as well as the statistical distribution of the deformation on its surface.

Author Contributions: Conceptualization, J.C.; Software, W.W.; Formal analysis, X.S.; Investigation,
W.Z., W.Y. and B.Z.; Resources, L.L.; Writing—original draft, Z.F.; Writing—review & editing, Q.R.
and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (52002077) and
the Key Field R&D Program of Guangdong Province (2019B010941001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.



Materials 2024, 17, 669 16 of 17

Conflicts of Interest: Authors Qun Ren, Haizhou Wang, Xuejing Shen, Wenyu Zhang and Weihao
Wan were employed by the company NCS Testing Technology Co., Ltd. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References

1. Pineau, A.; Benzerga, A.A.; Pardoen, T. Failure of metals I: Brittle and ductile fracture. Acta Mater. 2016, 107, 424-483. [CrossRef]

2. Pineau, A.; McDowell, D.L.; Busso, E.P.; Antolovich, S.D. Failure of metals II: Fatigue. Acta Mater. 2016, 107, 484-507. [CrossRef]

3. Zerbst, U,; Madia, M.; Klinger, C.; Bettge, D.; Murakami, Y. Defects as a root cause of fatigue failure of metallic components. II:
Non-metallic inclusions. Eng. Fail. Anal. 2019, 98, 228-239. [CrossRef]

4. Bandyopadhyay, R.; Sangid, M.D. Crystal plasticity assessment of inclusion- and matrix driven competing failure modes in a
nickel-base superalloy. Acta Mater. 2019, 177, 20-34. [CrossRef]

5. Naragani, D.; Sangid, M.D.; Shade, P.A.; Schuren, J.C.; Sharma, H.; Park, J.-S.; Kenesei, P.; Bernier, J.V.; Turner, T.J.; Parr, L.
Investigation of fatigue crack initiation from a non-metallic inclusion via high energy x-ray diffraction microscopy. Acta Mater.
2017, 137, 71-84. [CrossRef]

6. Hamade, R.; Baydoun, A. Nondestructive detection of defects in friction stir welded lap joints using computed tomography.
Mater. Des. 2019, 162, 10-23. [CrossRef]

7.  Tseng, L.;Ma,].; Wang, S.; Karaman, I.; Kaya, M.; Luo, Z.; Chumlyakov, Y. Superelastic response of a single crystalline FeMnAINi
shape memory alloy under tension and compression. Acta Mater. 2015, 89, 374-383. [CrossRef]

8. Straumal, B.B,; Kilmametov, A.R.; Baretzky, B.; Kogtenkova, O.A.; Straumal, P.B.; Lityriska-Dobrzynska, L.; Chulist, R.; Korneva,
A.; Zieba, P. High pressure torsion of Cu-Ag and Cu-5n alloys: Limits for solubility and dissolution. Acta Mater. 2020, 195, 184-198.
[CrossRef]

9.  Cho, J.-H,; Kim, H.-W,; Kang, S.-B.; Han, T.-S. Bending behavior, and evolution of texture and microstructure during differential
speed warm rolling of AZ31B magnesium alloys. Acta Mater. 2011, 59, 5638-5651. [CrossRef]

10. Heckman, N.M.; Berwind, M.E; Eberl, C.; Hodge, A.M. Microstructural deformation in fatigued nanotwinned copper alloys. Acta
Mater. 2018, 144, 138-144. [CrossRef]

11.  Zhang, X.; Xiang, Y. Combinatorial approaches for high-throughput characterization of mechanical properties. . Materiomics
2017, 3, 209-220. [CrossRef]

12.  Bellén, B.; Haouala, S.; Llorca, J. An analysis of the influence of the precipitate type on the mechanical behavior of Al-Cu alloys by
means of micropillar compression tests. Acta Mater. 2020, 194, 207-223. [CrossRef]

13. Wang, Y.; Gao, L.; Fan, S.; Zhou, W.; Li, X,; Lu, Y. 3D printed micro-mechanical device (MMD) for in situ tensile testing of
micro/nanowires. Extreme Mech. Lett. 2019, 33, 100575. [CrossRef]

14. Zhang, H.; Chen, Q.; Li, D. Development of a novel lateral force-sensing microindentation technique for determination of
interfacial bond strength. Acta Mater. 2004, 52, 2037-2046. [CrossRef]

15.  Zerbst, U.; Madia, M.; Klinger, C.; Bettge, D.; Murakami, Y. Defects as a root cause of fatigue failure of metallic components. III:
Cavities, dents, corrosion pits, scratches. Eng. Fail. Anal. 2019, 97, 759-776. [CrossRef]

16. Feng, G.; Qin, H.; Jia, Y,; Zhao, L.; Zou, Y.; Wang, S.; Wang, H. Contour map of nano-mechanical-properties using Isostatic
Pressing. Scr. Mater. 2017, 137, 69-72. [CrossRef]

17.  Turner, C.D.; Ashby, M.F. The cold isostatic pressing of composite powders-I. experimental investigations using model powders.
Acta Mater. 1996, 44, 4521-4530. [CrossRef]

18. Irukuvarghula, S.; Hassanin, H.; Cayron, C.; Aristizabal, M.; Attallah, M.; Preuss, M. Effect of powder characteristics and oxygen
content on modifications to the microstructural topology during hot isostatic pressing of an austenitic steel. Acta Mater. 2019,
172, 6-17. [CrossRef]

19. Chang, L.-S.; Straumal, B.; Rabkin, E.; Lojkowski, W.; Gust, W. Hot isostatic pressing of Cu-Bi polycrystals with liquid-like grain
boundary layers. Acta Mater. 2007, 55, 335-343. [CrossRef]

20. Irukuvarghula, S.; Hassanin, H.; Cayron, C.; Attallah, M.; Stewart, D.; Preuss, M. Evolution of grain boundary network topology
in 316L austenitic stainless steel during powder hot isostatic pressing. Acta Mater. 2017, 133, 269-281. [CrossRef]

21. Wang, Z],; Shi, Y.S.; He, W.T,; Liu, K.; Zhang, Y.S. Compound process of selective laser processed alumina parts densified by cold
isostatic pressing and solid state sintering: Experiments, full process simulation and parameter optimization. Ceram. Int. 2015,
41, 3245-3253. [CrossRef]

22. Wang, H.Z.; Wang, H.; Ding, H.; Xiang, X.D.; Xiang, Y.; Zhang, X.K. Progress in high-throughput materials synthesis and
characterization. Sci. Technol. Rev. 2015, 33, 31-49.

23. Henderson, R.; Chandler, H.; Akisanya, A.; Barber, H.; Moriarty, B. Finite element modelling of cold isostatic pressing. J. Eur.
Ceram. Soc. 2000, 20, 1121-1128. [CrossRef]

24. He, W.; Wei, Q.; Liu, K; Shi, Y.; Liu, J. Numerical simulation of cold isostatic pressed alumina parts produced by selective laser
sintering and part shape optimization. Ceram. Int. 2013, 39, 9683-9690. [CrossRef]

25. Du, Y.Y,; Shi, Y.S.; Wei, Q.S. Finite Element Simulation of Cold Isostatic Pressing of the Selective Laser-Sintered Components.

Mater. Manuf. Process. 2010, 25, 1389-1396. [CrossRef]


https://doi.org/10.1016/j.actamat.2015.12.034
https://doi.org/10.1016/j.actamat.2015.05.050
https://doi.org/10.1016/j.engfailanal.2019.01.054
https://doi.org/10.1016/j.actamat.2019.07.024
https://doi.org/10.1016/j.actamat.2017.07.027
https://doi.org/10.1016/j.matdes.2018.11.034
https://doi.org/10.1016/j.actamat.2015.01.009
https://doi.org/10.1016/j.actamat.2020.05.055
https://doi.org/10.1016/j.actamat.2011.05.039
https://doi.org/10.1016/j.actamat.2017.10.057
https://doi.org/10.1016/j.jmat.2017.07.002
https://doi.org/10.1016/j.actamat.2020.05.040
https://doi.org/10.1016/j.eml.2019.100575
https://doi.org/10.1016/j.actamat.2003.12.047
https://doi.org/10.1016/j.engfailanal.2019.01.034
https://doi.org/10.1016/j.scriptamat.2017.05.013
https://doi.org/10.1016/1359-6454(96)00064-X
https://doi.org/10.1016/j.actamat.2019.03.038
https://doi.org/10.1016/j.actamat.2006.08.030
https://doi.org/10.1016/j.actamat.2017.04.068
https://doi.org/10.1016/j.ceramint.2014.11.014
https://doi.org/10.1016/S0955-2219(99)00280-0
https://doi.org/10.1016/j.ceramint.2013.04.086
https://doi.org/10.1080/10426914.2010.496126

Materials 2024, 17, 669 17 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.
47.
48.

49.

50.

51.

Govindarajan, R.M.; Aravas, N. Deformation processing of metal powders: Part I-cold isostatic pressing. Int. |. Mech. Sci. 1994,
36, 343-357. [CrossRef]

Song, Z.; Komvopoulos, K. Elastic-plastic spherical indentation: Deformation regimes, evolution of plasticity, and hardening
effect. Mech. Mater. 2013, 61, 91-100. [CrossRef]

Zhao, P.Y.; Guo, Y.B. Grain size effects on indentation-induced defect evolution and plastic deformation mechanism of polycrys-
talline materials. Comput. Mater. Sci. 2018, 155, 431-438. [CrossRef]

Wang, Y.; Wang, W.; Zhang, B.; Li, C.-Q. A review on mixed mode fracture of metals. Eng. Fract. Mech. 2020, 235, 107126.
[CrossRef]

Van Stone, R.H.; Cox, T.B.; Low, ].R.; Psioda, J.A. Microstructural aspects of fracture by dimpled rupture. Int. Met. Rev. 1985,
30, 157-180.

Zhao, X.; Tian, Y.; Wang, N. Shearing properties of low temperature Cu-In Solid-Liquid Interdiffusion in 3D package. In
Proceedings of the 14th International Conference on Electronic Packaging Technology (2013), Dalian, China, 1-14 August 2013;
pp. 143-147.

Croll, S. Surface roughness profile and its effect on coating adhesion and corrosion protection: A review. Prog. Org. Coatings 2020,
148, 105847. [CrossRef]

Olayinka, A.; Emblom, W.J.; Wagner, S.W.; Khonsari, M.; Haghshenas, A. Investigation of Deformation Induced Micro to Macro
scale Surface Roughness. Procedia Manuf. 2020, 48, 237-243. [CrossRef]

Dai, Y.Z.; Chiang, F.P. On the Mechanism of Plastic Deformation Induced Surface Roughness. Trans. ASME 1992, 114, 432-438.
[CrossRef]

Wang, H.Z.; Zhao, L.; Jia, YH.; Li, D.L.; Yang, L.X,; Lu, Y.H.; Feng, G.; Wan, W.H. State-of-the-art review of high-throughput
statistical spatial-mapping characterization technology and its application. Engineering 2020, 6, 621-636. [CrossRef]

Torralba, ].M.; Velasco, F.; Ruiz-Roman, ].M.; Cambronero, L.E.G.; Ruiz-Prieto, ].M. Reliability and homogeneity study of sintered
steels through the Weibull statistic. . Mater. Sci. Lett. 1996, 15, 2105-2107. [CrossRef]

Roa, J.; Phani, PS.; Oliver, W.; Llanes, L. Mapping of mechanical properties at microstructural length scale in WC-Co cemented
carbides: Assessment of hardness and elastic modulus by means of high speed massive nanoindentation and statistical analysis.
Int. ]. Refract. Met. Hard Mater. 2018, 75, 211-217. [CrossRef]

Srinivasan, R.; Weiss, I. Formation of surface depressions during Hot Isostatic Pressing (HIP). Scr. Metall. Mater. 1990, 24, 2413-2418.
[CrossRef]

Luo, N.L; Sullivan, PJ.; Stout, K.J. Gaussian filtering of three-dimensional engineering surface topography. Meas. Technol. Intell.
Instrum. 1993, 2101, 527-538.

Thomas, T.R. Roughness Surfaces; Longman: London, UK, 1982.

Raabe, D.; Sachtleber, M.; Weiland, H.; Scheele, G.; Zhao, Z. Grain-scale micromechanics of polycrystal surfaces during plastic
straining. Acta Mater. 2003, 51, 1539-1560. [CrossRef]

Baydogan, M.; Akoy, M.A,; Kayali, E.S.; Cimenoglu, H. Deformation Induced Surface Roughening of Austenitic Stainless Steels.
ISI] Int. 2003, 43, 1795-1798. [CrossRef]

Wang, Z.; Zhang, L.; Li, W.; Qin, Z.; Wang, Z.; Li, Z.; Tan, L.; Zhu, L.; Liu, E; Han, H.; et al. High throughput experiment assisted
discovery of new Ni-base superalloys. Scr. Mater. 2020, 178, 134-138. [CrossRef]

Mao, S.; Wang, C.; Li, N.; Wang, J.; Chen, Y.; Xu, G.; Guo, Y.; Cui, Y. Invited paper: Kinetic diffusion multiple: A high-throughput
approach to screening the composition-microstructure-micromechanical properties relationships. Calphad 2018, 61, 219-226.
[CrossRef]

Al Hasan, N.M.; Hou, H.; Sarkar, S.; Thienhaus, S.; Mehta, A.; Ludwig, A.; Takeuchi, I. Combinatorial Synthesis and High-
Throughput Characterization of Microstructure and Phase Transformation in Ni-Ti-Cu-V Quaternary Thin-Film Library. Engi-
neering 2020, 6, 637-643. [CrossRef]

Argon, A.S.; Im, ].; Safoglu, R. Cavity formation from inclusions in ductile fracture. Metall. Trans. A 1975, 6, 825-837. [CrossRef]
Smith, T.; Bonacuse, P; Sosa, J.; Kulis, M.; Evans, L. A quantifiable and automated volume fraction characterization technique for
secondary and tertiary v’ precipitates in Ni-based superalloys. Mater. Charact. 2018, 140, 86-94. [CrossRef]

Balbaa, M.; Mekhiel, S.; Elbestawi, M.; Mclsaac, ]. On selective laser melting of Inconel 718: Densification, surface roughness, and
residual stresses. Mater. Des. 2020, 193, 108818. [CrossRef]

Li, D.-L.; Liu, Z.-X.; Zhao, L.; Shen, X.-].; Wang, H.-Z. Characterization of the elemental distribution of superalloy composite
powders by micro beam X-ray fluorescence and laser-induced breakdown spectroscopy. Spectrochim. Acta Part B Spectrosc. 2020,
169, 105896. [CrossRef]

George, E.P.,; Curtin, WA ; Tasan, C.C. High Entropy Alloys: A Focused Review of Mechanical Properties and Deformation
Mechanisms. Acta Mater. 2020, 188, 435-474. [CrossRef]

Zhang, J.; Liu, G.; Sun, J. Deformation mechanisms, microstructural evolution and mechanical properties in small-scaled
face-centered-cubic metallic thin films. Nano Mater. Sci. 2020, 2, 58-65. [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/10.1016/0020-7403(94)90040-X
https://doi.org/10.1016/j.mechmat.2013.01.003
https://doi.org/10.1016/j.commatsci.2018.09.014
https://doi.org/10.1016/j.engfracmech.2020.107126
https://doi.org/10.1016/j.porgcoat.2020.105847
https://doi.org/10.1016/j.promfg.2020.05.043
https://doi.org/10.1115/1.2904196
https://doi.org/10.1016/j.eng.2020.05.005
https://doi.org/10.1007/BF00278637
https://doi.org/10.1016/j.ijrmhm.2018.04.019
https://doi.org/10.1016/0956-716X(90)90103-N
https://doi.org/10.1016/S1359-6454(02)00557-8
https://doi.org/10.2355/isijinternational.43.1795
https://doi.org/10.1016/j.scriptamat.2019.11.019
https://doi.org/10.1016/j.calphad.2018.04.001
https://doi.org/10.1016/j.eng.2020.05.003
https://doi.org/10.1007/BF02672306
https://doi.org/10.1016/j.matchar.2018.03.051
https://doi.org/10.1016/j.matdes.2020.108818
https://doi.org/10.1016/j.sab.2020.105896
https://doi.org/10.1016/j.actamat.2019.12.015
https://doi.org/10.1016/j.nanoms.2019.11.002

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	Conclusions 
	References

