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ABSTRACT

Small specimen test techniques (SSTTs), developed for scarce materials, indus-

trial products, in-service equipment, etc., could be challenging to obtain suffi-

cient materials for routine testing. This review focuses on the research on

millimeter- and micron-scale SSTTs of metallic materials in the past decade.

Mainstream small specimens are divided into similarity, penetration, and semi-

penetration. Representative tests of the above three categories are analyzed in

detail, including the small tensile test, small punch test, and indentation test.

The macro- or micro-correlation methods of deformation and failure parameters

between the SSTTs and conventional tests are discussed, including Young’s

modulus, yield strength, ultimate tensile strength, damage evolution, fracture

strain, and the stress–strain full-history relationships. Meanwhile, the extensive

requirements for material testing are also considered, such as anisotropy and

strain rate, temperature, and stress triaxiality sensitivities. The characteristics

and modification strategies of the SSTTs are described from the aspects of size

effects, inhomogeneous structures, and manufacturing defects. Finally, this

paper discusses the application of SSTTs in forging, stamping, welding, and

additive manufacturing and highlights the potential development directions of

SSTTs.
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GRAPHICAL ABSTRACT

Abbreviations

AA Aluminum alloy

AM Additive manufacturing

CDM Continuum damage mechanics

CSM Continuous stiffness method

CTT Conventional tensile test

DIC Digital image correlation

DVC Digital volume correlation

ECM Expanding cavity model

EEP Energy equivalence principle

FEA Finite element analysis

GND Geometrically necessary dislocation

GTN Gurson–Tvergaard–Needleman

HAZ Heat affected zone

IAF Indenter area function

IESR Indentation energy scale relationship

IT Indentation test

SCT Small compression test

SDE Strength difference effect

SPT Small punch test

SS Stainless steel

SSD Statistically stored dislocation

SSM Single stiffness method

SSPT Small shear punch test

SSTT Small specimen test technique

STT Small tensile test

UTIR Ratio of unloading work to total indentation

work

UTS Ultimate tensile strength

WJ Welded joint

Introduction

Small specimen test techniques (SSTTs) were first

developed for the material testing of nuclear reactors,

residual life assessment of in-service components,

local property measurement in the welding industry,

and mechanical property evaluation of miniature

devices [1]. SSTTs can cover geometric feature sizes

on the order of nanometers, microns, and millimeters

(also known as nano, micro, meso, and macro).

However, a consensus has yet to be reached on

judging the critical size between small specimens and

conventional specimens; a geometry more diminutive

than the recommended range of the standard could

be generally regarded as small specimens. The cur-

rent application scenarios of SSTTs include aging

monitoring of in-service equipment (e.g., nuclear

energy, petroleum, and chemical industry); material

testing with small size but high testing demand (e.g.,

nanomaterials, composites, and precious metals);

research on local mechanical properties of inhomo-

geneous materials and structures (e.g., welding,

stamping, and other complex components with nar-

row geometry); and analysis of microscopic or

mesoscopic mechanical properties (e.g., micro-
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electro-mechanical systems, gradient materials, and

thin-film materials).

The small specimens preserved the same charac-

teristics as the conventional specimens to ensure data

comparability, shown in the following aspects.

(a) Sufficient grains in the geometric feature size

should ensure micro characteristics (grains, grain

boundaries, second phases, inclusions, etc.) to pre-

sent the macro mechanical properties of the material.

(b) Stable deformation mode and stress state during

loading (e.g., uniaxiality or multiaxiality, plane stress,

or plane strain) to accurately reflect the behaviors

under the expected stress states. (c) The geometric

similarity of different specimens in similar tests

makes measured parameters comparable. (d) A lower

size limit shall ensure the interchangeability of vari-

ous test devices and clamps.

According to the specimen’s geometric shape and

the test loading characteristics, SSTTs can be divided

into similarity, penetration, and semi-penetration

types. The similarity type refers to the proportional or

non-proportional reduction of the specimen geome-

try relative to the standard specimen, without

parameter conversion by complex correlations,

including the small tensile test (STT) and small

compression test (SCT). The penetration type refers to

the external elastic or rigid loading body that grad-

ually punches through the thin specimen, and the

extracted load–displacement response could be cor-

related with the conventional test, which is similar to

the macro-forming test, including small punch test

(SPT), small shear punch test (SSPT), and small

punch beam test. The semi-penetration type refers to

the external elastic or rigid loading body gradually

pressing into the thick specimen, and the load–dis-

placement response could also be correlated with the

conventional test, which is similar to the macro

hardness test, also called the indentation test (IT).

Three aspects should be considered when con-

ducting a complete SSTT. First, specimen sampling,

geometry design, and device selection. The mechan-

ical property affected zones caused by heat, scratches,

extrusion, and other factors should be avoided dur-

ing the sampling process. Most studies have been

conducted from two perspectives: one is the influence

of defects generated by processing on the measured

data reliability, which will be discussed later in this

paper; the other is the development of sampling

equipment [2] and methods [3], and the further

treatment strategy on the surface after sampling

[4, 5]. Second, data correlation analysis at the middle

stage, which contains elastic parameters (Young’s

modulus), plastic parameters (yield strength and

stress–strain relationship), and failure parameters

(ultimate tensile strength (UTS), damage evolution,

elongation, and fracture strain). The SSTTs achieve

good consistency with the conventional tests [6].

Third, data reliability verification is performed at the

final stage, including the various influences on size

effects, inhomogeneous materials and components,

and manufacturing defects of specimens and devices.

These three parts jointly ensure the consistency,

uniqueness, and robustness of the SSTT results.

This paper mainly discusses the typical and widely

applicable tests in three SSTT categories: the simi-

larity type selects STT, the penetration type selects

SPT, and the semi-penetration type selects IT. The

deformation and failure behaviors of metallic mate-

rials identified by SSTTs are summarized, including

the data correlation method of Young’s modulus,

yield strength, UTS, damage evolution, fracture

strain, full-history stress–strain curve, and other

parameters and responses. The extensive require-

ments of material testing, such as anisotropy, strain

rate, temperature, and stress triaxiality sensitivities,

are also discussed for the test devices, specimen

geometries, and data processing methods. The char-

acteristics and modification strategies of various

SSTTs are expounded from the aspects of the size

effect, inhomogeneous structure, and manufacturing

defects. Subsequently, the engineering application

status of various SSTTs is introduced. The advan-

tages and limitations of various SSTTs are dialecti-

cally analyzed, and further development of SSTTs in

testing the deformation and failure properties of

metallic materials is investigated.

Test of similarity type

Configuration of STT

Background

The origin of the similarity type conforms to the

inertia of scientific and technological development,

which presents the proportional or non-proportional

scaling of standard specimens. Hence, the geometric

dimensions and test methods are similar to the con-

ventional tensile test (CTT). The most commonly

J Mater Sci (2023) 58:63–100 65



used similarity type is the STT, also known as the

micro/sub-size tensile test. Because of the simplici-

ties of the geometric dimension and stress state under

the uniaxial tensile state, the specific STT standard

has yet to be published and implemented. The spec-

imen geometries generally refer to CTT standards,

such as ISO 6892-1 [7], ASTM E8 [8], and GB/T 228.1

[9]. STT specimens that fully inherit the geometric

proportional relationship are classified as the strict

similarity type, whereas others are classified as the

relaxed similarity type. The test conditions under

various temperatures, strain rates, and environments

also refer to the corresponding standards. Further-

more, the loading mode, test device, and data pro-

cessing method are also basically consistent with the

above standards. The curve measured by the STT is

in good agreement with the CTT, including evident

stages of elasticity, plasticity, and softening.

Geometry

Several basic principles should be followed in the

geometric design of the STT specimens [10]. (a) The

specimen geometry should reproduce a polycrys-

talline-like behavior, containing at least 5–6 grains

per smallest dimension. The typical grain size for

ferrous and non-ferrous alloys is approximately

40–50 lm, resulting in 300–400 lm being the limiting

minimum thickness for the specimen. (b) To accu-

rately reproduce necking and strain localization

behaviors, the geometry should satisfy specific

thickness/width and length/cross section require-

ments. (c) The specimen geometry is simple and

avoids or minimizes rounded shapes to reduce the

sample production cost.

The mainstream STT specimens also have flat and

round shapes, such as CTT, and the typical STT

geometric appearance is shown in Fig. 1. Both flat

and round specimens can better reflect the mechani-

cal properties of the materials [11]. However, the

round specimen has difficulty in manufacturing and

matching the test device and measuring equipment

[12], resulting in it being rarely used [13]. Inheriting

the standards or other reasonable dimensional rela-

tionships is key to the accuracy of the results, whe-

ther flat or round specimens [14, 15]. For the gauge

profiles, Cruz et al. [16] found that the plastic flow

behavior of the material before softening can be well-

described whether the gauge shape presents as a

straight line or an arc. Liu et al. [17] proposed that the

influence on the measured results gradually

decreased and then increased with the reduction in

the gauge length; therefore, an optimal size can be

found. At the same time, the specimen reflects a

higher bending stiffness caused by the reduction in

gauge length, which could be more convenient for

manufacturing and testing. Hwang [4] suggested that

a larger gauge diameter can be used as much as

possible for round specimens to reduce the surface

effect and test error. Yuan et al. [18] discussed the

difference in necking with different gauge diameters

and found that the diameters were independent of

the UTS, area reduction, and elongation. The defor-

mation length after necking depended only on the

gauge diameter and not on the gauge distance. The

size dependence of the tensile properties can be

eliminated when the length-to-diameter ratio is

greater than 10. Similar results were obtained for the

flat shape (gauge thickness of not less than 1 mm),

and the thickness of the specimen only affected the

Figure 1 Geometries of various STT specimens (list from large to

small). a Dog bone (round, curved and flat shapes), macroscopic

standard [7–9]. b Dog bone, proportion [7–9, 21]. c Dog bone,

non-proportion [16]. d Dog bone, short gauge [16]. e Dog bone,

arc gauge [12]. f Small disc [25]. g Ultra-small disc [25]. h Bow

tie [10].
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elongation after necking [19]. For the dimension of

the transition section, Bergonzi et al. [20] considered

the influence of the stress concentration degree and

contact force distribution (different contact points

between the specimen and clamp owing to different

radii) on the test results and determined the optimal

size of the transition arc between the head and the

parallel section of the specimens. The STT is also

applicable to curved surface specimens sampled from

tubular components, and the characteristics of the

test results are similar to those of curved surface CTT

[21]. In addition, several ingenious geometric designs

have been considered [22]. With a further reduction

in specimen size, measurement uncertainties

increase; hence, a sufficient number of specimens is

required to complete the statistical measures of

uncertainty [23]. Considering the microstructure, size

effect, manufacturing accuracy, and other issues of

the STT specimens comprehensively, some size

restrictions can be proposed for the meso-scale STT

specimens to guide design. For round specimens, the

manufacturing accuracy should be considered when

the gauge length is less than 5 mm [4]; the gauge

length and diameter are generally at least 1 mm [13].

For flat specimens, the ratio of thickness to grain size

should not be less than 5–10 [10], generally not less

than 1 mm [19], and the minimum is 0.2 mm [24]; the

gauge length less than 2 mm will lead data scattering

[17]. The transition arc should not be too small

compared to the gauge dimensions to avoid the

wrong stress and strain states [20].

Test device

The STT test device system includes frame equipment

(mainly clamps) and measuring equipment (mainly

measuring the displacement or strain fields). Com-

monly used displacement or strain measuring equip-

ment includes contact and non-contact extensometers,

such as small mechanical extensometers, laser exten-

someters, digital image correlation (DIC) systems, line

scan cameras, and relative displacement of inter-par-

ticles in the microscope view field [26]. It is difficult to

clamp or glue the traditional mechanical extensome-

ters directly onto the small specimen surface,while the

extension directly obtained between clamps includes

the deformation of the loading frame and specimen

shoulder. The DIC method can conveniently measure

the strain field of the arc section and head of speci-

mens; hence, it is widely used in STT. The traditional

speckle spray method can only provide medium-

density speckles, whereas speckles of 3–7 pixels pro-

vide the best sensitivity and the slightest error [10]. In

addition to the spray method, Nozawa et al. [27] pro-

posed a non-painting DIC method that exploited the

surface defect characteristics of a specimen, circum-

venting the difficulty of spraying fine speckles in STT

specimens. The machining accuracy and alignment of

the clamped components (the concentricity of the

clamping force and load direction) were also consid-

ered. When the specimen bears an eccentric load, the

stress distribution on both sides of the specimen axis is

inhomogeneous, the ductile metals first yield on the

side with large stress, and the brittle metals may

fracture earlier, which leads to significant errors or

even wrong results [14]. The design and development

of STT centering test devices suitable for various geo-

metric shapes are vital to ensuring the reliability of the

measured data [16]. Less attention has been paid to the

deformation and failure characteristics of materials

under different stress states (stress triaxiality andLode

parameter) in specimens with different notches,

although such research is highly active in CTT. With

the development of SSTTs, the importance of this type

of research in STT has become significant concerning

the constitutive, damage, and fracture behaviors

under full stress states and wide strain rates, which

could be more in line with the actual needs of engi-

neering structures. It is necessary to ensure that the

stress triaxiality and average strain rate remain

unchanged during STT. The constant stress triaxiality

maintains the monotonous loading path (i.e., load

history independent), and the constant average strain

rate ensures a negligible effect on the strain rate sen-

sitivity. According to the existing literature, the change

in stress triaxiality depends on the design of the

specimen shape and the hardening ability of the

material, and the average strain rate can bemaintained

by changing the loading rate of the test devices [28],

which should be considered in the design and devel-

opment of specimens and devices in future.

Data correlation of STT

Elastic parameter

The measurement of Young’s modulus in STT is

usually unsatisfactory, which is attributed to the sin-

gle or joint influence of material sampling, the man-

ufacturing process of specimens, dimensional
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relationships of geometries, alignment of loading

frames, and compliance of test devices [15]. Consis-

tent with the CTT calculation method, Young’s mod-

ulus, defined as the slope of the elastic stage in the

stress–strain curve, explicitly reflects the accurate

measurement of force and displacement. The influ-

ence of the force level mainly originates from the poor

alignment of the loading frames or manufacturing

defects of the specimens. Meanwhile, selecting dif-

ferent clamping positions, such as the gripping sec-

tion, transition section, and gauge section, also affects

the accuracy of Young’s modulus. Because the man-

ufacturing inhomogeneity of the transition section

affects the overall force level and even leads to pre-

mature fracture, Young’s modulus obtained by

clamping only the gauge section could be the most

accurate [29]. Venkatachalam et al. [30] discussed the

sensitivity of the cross-sectional area of the gauge

section to Young’s modulus using the DIC method

and found that the influence of the cross-sectional

area was more significant than the axial length of the

gauge section, and a small cross-sectional area would

magnify the influence of defects. Ma et al. [31] indi-

cated that the horizontal-type layout of test devices in

STT would lead to the overturn of the clamps and

further affect the measurement of the actual dis-

placement, and then established modified equations

considering the overturning moment, bending

moment, and geometric relationship. The deforma-

tion of the non-gauge section and loading frame most

derives the displacement measurement error. Hajy

Akbary et al. [32] reported that Young’s modulus can

be jointly affected by the arc section’s elongation and

the test frame’s compliance and proposed a load

function of the fillet elongation and the test device

compliance. They subtracted this term from the

crosshead displacement, resulting in a reliable

Young’s modulus. Yang et al. [33] found that the

deformation of the non-gauge section only accounted

for a small part of the measurement deviation, and

most of the deviation was caused by the compliance of

the test devices. However, the measured Young’s

modulus still had a particular gap compared with that

measured by the CTT. In addition, a series of meth-

ods, such as the energy method, can be used to mea-

sure Young’s modulus. Zhang et al. [13] conducted

STT on flat and round specimens and proposed a

semi-analytical model to solve the load–displacement

curve based on the assumption of energy equivalence,

which could accurately measure Young’s modulus.

Plastic parameter

The plastic parameters include yield strength, hard-

ening exponent, and the stress–strain relationship can

be obtained directly from STT. The solution method

for various plastic parameters still inherits the

methods in CTT (e.g., 0.2% offset solving for yield

stress, logarithmic conversion between true and

engineering curve). The test results of the STT are

suggested for comparison with the CTT to verify the

accuracy of the plastic parameters after eliminating

the interference factors [3, 21, 23]. DIC is an effective

method for identifying the strain field, especially in

test scenarios that do not recommend contact, such as

evaluating irradiated materials [34]. McClintock et al.

[35] studied the effect of irradiation on the material

microstructure and the changes in the constitutive

relationship, elongation, and fracture mechanism.

Gussev et al. [36] studied the accurate description of

face-centered cubic metals’ stress–strain relationship

and discussed the effects of damage dose, tempera-

ture, and grain size on the constitutive equation

without considering the large plastic deformation.

Kamaya et al. [37] measured the stress–strain curve of

stainless steel (SS) 316L and found that both DIC and

mechanical extensometer methods could obtain con-

sistent results, whereas the curve after necking was

identified by iterative finite element analysis (FEA).

McClintock et al. [38] indicated the inhomogeneity of

the deformation and strain field, which occurred as a

hotspot phenomenon of localized strain and defor-

mation bands. The deformation bands propagated

during the test and either fully or partially traversed

the gauge section as deformation waves, which could

explain the decreased load after yielding. The strain

rate was homogeneously distributed over the gauge

section in the hardening stage. Rund et al. [39] found

that STT can be achieved at a lower loading rate than

CTT under an expected strain rate, which could sig-

nificantly reduce the common problems of oscilla-

tions under high strain rates and maintain high

consistency.

Failure parameter

In general, SSTTs exhibit great scattering in predict-

ing failure parameters (especially post-necking

behavior) [33]. STT specimens are more difficult to

process than SPT and IT specimens, but the measured

data can be used directly [40]. Zhang et al. [41]
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indicated that aluminum alloy (AA) had little

dependence on specimen size before necking,

whereas after necking, a difference may be caused by

geometric instability and the distribution of micro

defects. Scattering makes it difficult to obtain the

fracture strain by inverse FEA, and the repeatability

of the fracture strain identified by DIC also needs to

be further studied. Many studies have focused on the

influence of gauge dimensions on necking and soft-

ening and have regarded an increase in total elon-

gation with a decrease in gauge length as a common

phenomenon [15]. Kumar et al. [42] proposed that the

reason for the continuous increase in the total elon-

gation in higher thickness STT was that sufficient

volume in the gauge section could maintain elonga-

tion and resist fracture. Lall et al. [43] indicated that

the effect of thickness was essentially the effect of the

number of grains in the thickness direction by in situ

STT. The yield strength was stable on sufficient

grains, whereas the necking mechanism was differ-

ent. After the UTS, the shear failure and diagonal

localized necking occurred in the thinner specimens.

However, thicker specimens triggered diffusion

necking, the shear failure area at the edge decreased,

and the dimpled area of the specimen center

increased, indicating the formation of conjugated

localized shear bands on the upper and lower sur-

faces. Yang et al. [33] pointed out that the stress states

of specimens in CTT and STT were the same in the

elongation stage, while after necking, different frac-

ture mechanisms led to different ductility’s. A sub-

sequent study of welded joints (WJs) obtained similar

conclusions, which reflected different fracture posi-

tions in the CTT and STT. The difference in geometric

dimensions led to a difference in the degree of con-

straint; hence, the fracture initiation position changed

accordingly [44]. A potential research direction is

failure behaviors under wide strain rates and various

stress states, which have been relatively active in

CTT. Sun et al. [45] combined SHPB for impact STT

and found that the specimen with a short gauge had

the most significant elongation after a fracture. They

considered the elongation after a fracture as a frac-

ture-strain-related parameter and then coupled the

element size effect to the dynamic impact and colli-

sion problems. Notched specimens can be used to

study stress triaxiality sensitivity. Arnaud et al. [46]

pointed out that notched specimens could reflect

fracture information to a certain extent despite the

sensitivity of manufacturing defects, providing a

feasible idea for obtaining fracture strain under var-

ious stress states in STT (Table 1). Because the size of

the STT specimen is relatively small, a design with a

reasonable geometric size that can produce homoge-

neous strain and stress triaxiality fields during STT

becomes an important issue. Even for uniaxial tensile

specimens, the field variable distribution of SST is

inferior to that of CTT [26]. The specimen size and

material mechanical properties cause different

restraint degrees of notched or non-notched STT and

CTT specimens, which present different distributions

of stress triaxiality fields and affect the accurate

judgment of plasticity and failure [23]. Furthermore,

the evolution mechanism of the microstructure can

also provide theoretical support for the damage

evolution and fracture mode of materials [47].

Data reliability of STT

Size effect

The size effect can be divided into two types: one is

the deviation of the test data caused by the specimen

size deviating from the standard; at this moment, the

STT specimen could still reflect the macro behavior of

materials from the perspective of continuum

mechanics, and the other is the ultra-small specimen

size that is unable to reflect the macro behavior of

materials [48]. A consensus could be that a homoge-

neous structure with at least six to 10 grains or

200–500 microstructural features within the defor-

mation section [23] and the yield strength and UTS

sensitivities could be different [49]. Wharry et al. [50]

indicated that the difference in specimen size led to a

change in the deformation mechanism, which con-

tained fewer dislocation sources; hence, plastic

yielding could not occur until a sufficient population

of dislocations was introduced into the specimen

from external loading, resulting in the measured

yield strength exceeding the CTT value and

approaching the theoretical strength. When the

specimen size increased to the transition dimension,

the yield strength was independent of the specimen

size, referring to abundant dislocation sources within

the specimen volume. The transition dimension is

inherently correlated with the material microstruc-

ture, and this relationship is significant for SSTTs. In

terms of statistical theory, the grain size effect is

greater than the inherent size effect; the size effect

intensity on compression strength is more significant
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than tensile strength when considering the strength

difference effect (SDE) [51]. Yalçinkaya et al. [52]

studied microstructures with different numbers of

grains with random orientations and investigated the

influence of the grain size and number on both the

local and macro behaviors of materials. Zhu et al. [53]

combined SHTB with STT and studied the influence

of the size effect on the deformation behavior of pure

titanium foil with different grain sizes. The

microstructure evolution mechanism under a high

strain rate (above 1000/s) was significantly different,

and the fracture mechanism changed from the mixed

fracture mode of ductile fracture and cleavage frac-

ture to pure ductile fracture.

Inhomogeneity structure

The inhomogeneous structural gradient and particles

of the STT specimens could affect the test results.

Ando et al. [54] found significant differences in the

STT results between micron and millimeter speci-

mens sampled at different locations owing to the

inhomogeneous structure. Based on the sufficient

number of grains in STT specimens (without the size

effect), Xu et al. [55] found that inclusion in the

matrix would not affect the hardening ability of

materials but would reduce the ductility, providing a

reference for material toughening. Kumar et al. [42]

studied the minimum material volume in the gauge

section to be comparable between the STT and CTT

curves and found that non-uniform deformation

occurred when the thickness of the specimen was less

than 0.3 mm. The selection of thickness should be

cautiously considered. For thick specimens, the

specimen had sufficient volume in the gauge section

to maintain elongation and resist fracture, indicating

that the shear fracture mechanism mainly existed. For

thin specimens, the void initiation and coalescence

mechanisms mainly existed, and the non-uniform

deformation of the specimens resulted in the rapid

evolution of voids, reduction of elongation, and

premature fracture. The Ashby’s model can further

explain the low strength of thinner specimens. In

CTT, the grains of a polycrystalline material con-

strained each other to accommodate the misfit

between them in the form of geometrically necessary

dislocations (GNDs), which induced a wide range of

back-stress fields. The internal crystal in thick speci-

mens generated back-stress to resist the tensile force,

and the relaxed back-stress reduced the yield

strength and UTS of the thin specimens [2].

Manufacturing defect

Appropriate sampling and processing methods are

required to ensure the surface quality (i.e., roughness

and flatness), internal defect ratio, and geometric

symmetry of specimens, and maintaining the accu-

racy and robustness of the mechanical properties of

materials are vital issues [3, 56]. Arnaud et al. [46]

found that the nano-roughness caused by the man-

ufacturing defects of a focused ion beam had a par-

ticular impact on micron specimens. Dzugan et al.

[57] performed STTs with different sampling

Table 1 Representative methods and formulas of STT data correlation

Type Parameters Methods Formulas References

Elasticity Young’s modulus Extensometer or DIC E ¼ DR=De [7–9]

Elastic strain correction eemod ¼ DLa � DLmð Þ
�

Lp þ 2gLp
� �

[32]

Plasticity Yield strength 0.2% offset strain method ry eenð Þ ¼ E een � 0:2%ð Þ [7–9]

Full-history Logarithmic transformation r ¼ ren 1þ eenð Þ; e ¼ ln 1þ eenð Þ [7–9]

Failure UTS Maximum stress ru ¼ max ren½ � [7–9]

Damage Apparent elastic modulus D ¼ 1� ~A
�
A0 [17]

Elongation Standard method A ¼ DL=L [7–9]

Fracture strain Cross section method ef ¼ ln A0=Afð Þ [40]

where E is Young’s modulus; r and ren are true stress and engineering stress; ry and ru are yield strength and UTS; A is elongation; D is

damage; e, een and ef are true, engineering and fracture strains; eemod is the modified elastic strain considering deformation out of gauge; Ã,

A0 and Af are effective, initial and fracture area of cross section; DR is stress difference in De interval; De is elastic strain difference in a

specified interval; L is initial gauge length; DL, DLa, DLm and DLp are gauge, apparent, machine and parallel-section elongations; g is

coefficient
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positions, sampling directions, and thicknesses for

two types of additive manufacturing (AM) speci-

mens: selective laser melting and selective electron

beam melting. Different surface qualities resulted in a

significant scattering of Young’s modulus and

strength. The build orientation determined the

microstructure and mechanical properties rather than

the thickness and position within the build chamber.

Liu et al. [17] found that the thinner specimens

caused significant scattering, and the influence of

inhomogeneous thickness became significant. Devia-

tion, waviness, roughness, etc., jointly determined the

manufacturing inhomogeneity of the surface profile.

Surface treatments can improve scattering. Caution

should be exercised in the surface treatment process

because the residual stress and residual deformation

caused by mechanical extrusion, sliding, and heat

sources would also deteriorate the scattering [58]. In

addition, the material microstructure and structural

integrity differ under various manufacturing pro-

cesses. The difference in size, location, and number of

defects could cause differences and instability in the

mechanical properties [57]. Kale et al. [59] analyzed

the non-uniform deformation of AM SS316L with

different selective laser melting energy densities. The

inhomogeneous microstructure leads to a non-uni-

form distribution of mechanical properties along the

specimen, affecting the elongation, fracture strain,

and fracture mode. Fang et al. [60] discussed the

anisotropic plasticity and fracture behaviors and

found that the influence of surface defects on duc-

tility was greater than that of internal defects. Benz-

ing et al. [61] discussed the effects of internal

porosity, anisotropy, and microstructural inhomo-

geneity in the AM process and proposed a specimen

size insensitive to the above factors.

Engineering application of STT

Millimeter-scale STTs are widely used in defect

detection of micro components and local mechanical

property testing of WJs [62]. Sridharan et al. [63]

performed STT on ultrasonic AM AA6061 and found

that the coalescence of pre-existing shear bands at the

interfaces promoted the anisotropy of plasticity and

fracture. Luo and Zhang [64] studied the constitutive

relationship of the fusion zone of spot WJs and found

that the microstructural defects and residual defor-

mation produced by the manufacturing process can

be intuitively observed from the non-uniform and

asymmetric strain field by DIC. Manikandan et al.

[65] performed STT on AA2219-T87 friction stir WJs

and investigated local regions’ anisotropy and tem-

perature sensitivity, reflecting the difference in the

microstructure evolution mechanism. Therefore,

studying the mechanical properties of WJs in local

zones is necessary. However, sampling has signifi-

cant limitations in the heat affected zone (HAZ) that

could be narrow or inclined due to the groove. The

isotropic material could ensure sufficient HAZ in the

gauge section [66].

For structures with apparent differences in

mechanical properties, such as WJs, a CTT with the

sub-regional DIC method on whole joints could

measure the mechanical properties of the local zone

[67]. It is a generalized STT method; the same implies

a small gauge length rather than a small specimen.

Ambriz et al. [68] and Suthar et al. [69] studied

AA6061 and AA6061-AA7075 friction stir WJs and

observed non-uniform deformation caused by the

difference in the stiffness of each area; the HAZ first

significantly softened and failed. Furthermore, the

digital volume correlation (DVC, namely 3D-DIC)

method could concurrently measure the strain field

of the front and side surfaces, making it more suit-

able for non-uniform specimen dimension [70], the

stress–strain curve after necking, and anisotropy [71].

The DVC and DIC methods can also guide the zone

division of WJs, which could better identify the

zoning boundaries of WJs of all weld matching types

(i.e., match, overmatch, and undermatch) [72]. The

objective evaluation of generalized STT has been

shown in Table 2.

Innovation of similarity test

In addition to the mainstream STT, tests of similarity

type also include SCT [73], small three-bending test

[74], small cantilever-bending test [75], small ring

tensile test [76], small ring compression test [77],

small disk bending test [23] (SPT has been developed

on this basis, which will be discussed in detail in the

subsequent section), small compact tensile test [25],

small Charpy test [78], etc. The specimen shape can

be standard, wire, disc, hourglass, or other variants

[25]. SCT is generally used at the nano-scale, and

in situ SEM observations are generally used to study

localized deformation and orientation-dependent

mechanisms [79]. Rovaris et al. [80] found the sensi-

tivity of the specimen end face’s curvature (surface
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inhomogeneity) in SCT, which caused stress inho-

mogeneity and changed the microstructure evolution

mechanism. Jedrasiak and Shercliff [81] observed

classic barreling and dead metal zones around

clamps under various temperatures and strain rates.

Kitamura and Terano [82] proposed a cubic SCT,

considering the phenomenon of the specimen section

evolving from square to rectangle, which could be

suitable for identifying anisotropy. Mueller et al. [83]

held that the error was mainly caused by deviations

of the indenter placement point from the beam span

center in the small three-bending test. Armstrong

et al. [84] found that small cantilever-bending test

could better reflect the ductility and brittleness of

local zones than IT. The manufacturing problems

mentioned above also affect the material’s mechani-

cal properties for these similarity type tests [85].

Test of penetration type

Configuration of SPT

Background

The inspiration for the penetration test comes from

the conventional metal forming test, defined as an

external elastic or rigid punch invading a flat speci-

men with a fixed boundary, causing the deformation

and failure of the specimen. The penetration test is

also a similarity type of conventional forming test

from another point of view. Based on theoretical

frameworks or inverse FEA, the correlation of

elastoplasticity and failure parameters between the

penetration test and the CTT can be obtained. The

SPT is the most active penetration test. Recently, SPT

standards have been released, such as ASTM E3205

[86], EN 10371 [87], and GB/T 29459 [88]. The punch

has ball and semi-ball shapes, as shown in Fig. 2a,

which do not contribute to the test results because of

the continuous contact between the punch’s lower

surface and specimen during SPT. The punch is

generally selected as a ball shape, meeting the inter-

changeability requirement to prevent the cumulative

damage from affecting the subsequent tests [89]. The

typical responses of ductility and brittleness are

shown in Fig. 2c and are mainly divided into five

stages.

Stage I: linear-elastic bending, and the deformation

of the specimen is controlled by Young’s modulus

and Poisson’s ratio. Stage II: plastic bending, and the

slope of the curve changes owing to the yield. Stage

III: membrane stretching, and the specimen further

deformed due to biaxial stress. Stage IV: plastic

instability, and specimen thinning with the initiation

and aggregation of voids. Stage V represents failure,

and the crack begins to expand. In some studies,

Stage V divides into two sub-stages: the crack initia-

tion stage (V) and the bearing capacity complete loss

stage (VI), which could better investigate the soften-

ing phenomenon of materials in the failure process.

However, with the deepening of research, it has been

found that Stage I is accompanied by elastic bending

and plastic indentation [90], and the subsequent

stages exhibit a non-uniform deformation with a

Table 2 Objective evaluation of the generalized STT

Progressiveness Limitation

Convenient sampling, less processing, and more suitable for narrow

substructure

The specimen is directly sampled from the engineering structure,

and the material composition may change along the thickness

direction (the transition of materials in the internal space of the

specimen cannot be observed)

The stiffness of the specimen is larger than that of the specimen in

the STT, which is difficult to buckle and insensitive to the

alignment of the test devices

Large deformation and necking would occur in the local area with

weaker stiffness; hence, the other zones would deform slightly,

and a full-history curve cannot be obtained

The zone division can be adjusted based on the distribution of the

strain field after the test with high adaptability

The uniaxial stress state cannot always be maintained because of the

significant cross-sectional difference after necking, making it

challenging to design specimens under various stress states

The order of magnitude of the test data is higher than that of the

STT, and both instrumental and rounding errors are relatively

small

Cannot obtain the fracture strains of all zones
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small amount of elastic deformation [91]. Plastic

instability may occur before reaching the maximum

load [92]. Therefore, the accuracy of the measured

data and the necessity for strict reanalysis should be

further discussed.

Geometry

SPT specimens are divided into round and square

according to the outer contour; flat and tubular

according to the straightness [95]; and standard, dog

bone, and notch types according to the inner contour

[90], shown in Fig. 3. Notched specimens are mostly

used to measure the fracture toughness and ductile–

brittle transition temperature. The recommended

thickness of the SPT specimen is 0.5 mm [86–88], and

whether thinner specimens can be used is also a

controversial issue. Haroush et al. [96] and Priel et al.

[97] studied SS316L thin foils and found that a

thickness of 300–500 lm still satisfied the thin plate

bending equations; a thickness below 50 lm should

employ the equations derived from the membrane

solution rather than classical plate theory; and a

thickness of 50–300 lm belonged to a transition zone

between the plate and membrane states. For the

length or diameter, it is generally selected within two

ranges specified in the standards; that is, for the

measurements of macro mechanical behaviors select

8–10 mm; for the materials requiring microstructure

observation select 3 mm [86–88]. Simonovski et al.

[95] conducted SPTs of rectangular, circular, and

tubular specimens and found that the results of

rectangular and circular specimens were consistent;

the maximum loads of tubular specimens were

slightly larger, while the maximum displacements

were slightly smaller. The curved surface shape

affected the friction; hence, different clamping

degrees led to a deviation in the measured yield

strength. Some innovative designs, such as dog bone

SPT specimens, can place the specimens in a uniaxial

stress state during loading [90]. This type of specimen

provides an idea to carry out SPT under a specific

Figure 2 Configuration and general response in SPT. a Semi-ball and ball punch common used [87]. b Test system and displacement

measurement methods [93]. c Typical force–displacement curves [94].

Figure 3 Geometries of various SPT specimens. a Rectangle,

standard [90]. b Rectangle, surface notch [98]. c Rectangle,

through-thickness notch [99]. d Rectangle, central notch [89].

e Circular, standard [87]. f Circular, surface ring notch [100].

g Dog bone, standard [90]. h Dog bone, through-thickness notch

[101].
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stress triaxiality, breaking through the lack of theories

to study the correlation between the biaxial response

of SPT and the uniaxial response of CTT, making it

possible to obtain the deformation and failure

behaviors under full stress states in SPT.

Test device

Research on the SPT system focuses on the setting and

coordination of the test frame and accurate measure-

ment of displacement. Different parameter settings

are essential factors that affect the SPT results. For

instance, the thickness of the specimen, diameter of

the ball punch, fillet of the lower die, and chamfer

would affect the value of the contact reaction force,

which affects the SPT response [102]. A possible

internal reason is that the microstructural evolution

mechanism changes under different parameters in

each loading stage, causing a change in the SPT curve

[102]. The gap between the ball and the lower die

generally follows the standards [86–88], and different

gaps place the specimen in different stress states [103].

Rasche and Kuna [94] held that the clamping force

falsified the measurements for brittle materials;

omitting the lower die and expounding the integrated

punch was more suitable for the SPT of brittle mate-

rials. Researchers have different views regarding the

use of upper dies. Andrés and Dymáček [104] ana-

lyzed different upper die clamping conditions (i.e.,

displacement constraint, force constraint, no gap, and

no upper die) and found that the clamping conditions

of the upper die had little effect on the measured

mechanical properties, while the measurement of

yield strength and UTS would be low without the

upper die. Therefore, the upper die is recommended,

which also makes the SPT under the condition of

shallow indentations feasible. The clamping force

setting is also a factor to be discussed. A clamping

force that is too small will lead to sliding between the

clamp and the specimen, and a clamping force that is

too large will cause irreversible deformation of the

specimen. Simultaneously, the clamping force affec-

ted the amplitude and growth rate of the load to a

certain extent [105]. The friction coefficient signifi-

cantly influences the stage from plastic instability to

failure and even affects the fracture position of the

specimen. Friction restrains the pull-off phenomenon

of specimens between the upper and lower dies;

hence, the homogeneity of friction is also a key issue

in ensuring the reliability of the SPT [102, 106].

For accurate displacement measurement without

considering the compliance of test devices, linear

variable displacement transducers and crack opening

displacement extensometers are commonly used [89].

Sánchez-Ávila et al. [107] proposed a method of

continuous loading–unloading to separate the

responses of elastic and plastic deformation and an

obtained accurate displacement expression. Different

definitions of displacement also have a significant

impact on SPT results. Moreno et al. [93] compared

the differences between three displacement defini-

tions: the displacement of the loading frame relative

to the upper die, the displacement of the ball, and the

deflection at the bottom of the specimen, as shown in

Fig. 2b. The displacement defined at the bottom of

the specimen presented the actual displacement of

the specimen, excluding extra contributions due to

neither the deformation of the intermediate kinematic

chains nor the ball indentation during the test. Some

methods without mechanical measurement exist.

Vijayanand et al. [108] set a 45� inclined mirror and

built a macroscopic in situ DIC system. In this case,

DIC only identified the out-of-plane deformation,

which put forward stricter requirements for identifi-

cation technology, and the DVC method may be an

appropriate choice. The non-contact measurement is

applicable to impact SPT because the mechanical

extensometer can be damaged during impact load-

ing. The impact SPT system can consist of an SHPB or

drop-weight testing machine [109, 110].

Data correlation of SPT

Elastic parameter

The solution of Young’s modulus includes the Stage I

slope and unloading slope methods, establishing the

relationship between Young’s modulus and slope,

specimen thickness, Poisson’s ratio, and other

parameters [90, 105]. However, Stage I includes the

plastic indentation and elastic bending of specimens,

which cannot be strictly regarded as pure elastic

deformation; Stage II includes the plastic deformation

under the punch and the elastic bending of the sur-

rounding materials, which cannot be strictly regar-

ded as the pure plastic deformation [91]. In contrast,

unloading is pure elasticity and Poisson’s ratio

independent and is a feasible method to establish the

relationship between the unloading slope and

Young’s modulus without considering the damage
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evolution [111]. To avoid the limitation of low

Young’s modulus measured by the Stage I slope

method, Chica et al. [112] introduced the unloading/

loading cycle to solve the mapping coefficient of

Young’s modulus, which applied to most isotropic

and homogeneous metals and only related to speci-

men geometries.

Plastic parameter

The determination of the yield point in the SPT curve

usually involves determining the elastic–plastic

transition force Fe, which is mapped to the yield

strength Rp0.2 in the CTT stress–strain curve. Stan-

dard solution methods include the two-line, offset,

and inflection point methods, as shown in Fig. 4. The

selection of two lines has been widely discussed,

divided into the bilinear method and the two-tangent

method with the development of research [113]. The

bilinear method fits two connected lines in a specified

continuous interval and ensures the least mean

squares. In contrast, the two-tangent method solves

the tangent in the specified discrete interval. The

interval selection of the bilinear method has a rec-

ommended value in standards, called the specimen

thickness h0 (also the CEN or CWA method) [87]. The

two-tangent method has no standard for providing a

basis for selecting intervals. The above two-line

methods are defined based on the load–deflection

curve. For the load–displacement curve, the three-

line method should be introduced to correct the

influence of compliance [87]. The offset method was

inspired by the 0.2% strain offset method based on

the elastic line in the CTT to determine the yield

stress. The offset datum selects the tangent passing

through the coordinate origin or fitting line in a

specified interval in Stage I. The offset distance

mainly includes thickness-related h0/10 or h0/100

and an independent 0.1 mm fixed-point strategy

[114, 115]. The inflection point method is similar to

the inflection point of the yield strength in bilinear

elastoplastic materials; the point deviating from the

above initial tangent or fitting line refers to the yield

point [114].

Although a deformation mechanism supports the

above methods to a certain extent, it could be a

phenomenological understanding based on experi-

ence and sensitivity to displacement, material

parameters, and compliance [116, 117]. In addition,

the interval selection significantly affects the deter-

mination of the elastic–plastic transition force for the

two-line and offset methods. Although the proposed

methods ensure data repeatability, the accuracy of

various methods still needs to be verified using CTT

[118]. A series of modification methods [119] or new

methods [120] have also been developed based on the

above mainstream methods, such as the viewpoint of

energy, which considers the energy before yield only

related to the yield strength. Chen et al. [121, 122]

proposed an analytical method based on the energy

equivalence principle (EEP), which can accurately

identify the yield strength of isotropic power-law

materials. In addition to the existing identification of

force–displacement and force–deflection curves,

some innovative identification methods have been

developed. Janča et al. [113] proposed a force–

Figure 4 Determination

methods of elastic–plastic

transition force [113].
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thinning curve that subtracts deflection from dis-

placement, which had certain advantages in plastic

identification.

A series of database-based, inversion, and opti-

mization methods have been proposed to study the

anisotropy, strain rate sensitivity, stress state depen-

dence, and damage-coupled constitutive, broadening

the research field of vision [123, 124]. Algorithms

such as enumeration, least squares-support vector

machine, and gold section algorithm can inversely

analyze the full-history stress–strain curve [125].

Calaf-Chica et al. [126] assumed 36 types of aniso-

tropic materials, estimated the yield strength in

combination with the Hill-48 yield criterion [119] and

found that the SPT can provide a reference for eval-

uating the average value of six yield stress compo-

nents. The residual deformation and the Bauschinger

effect produced during manufacturing will cause the

initial isotropic materials to become anisotropic,

which could invalidate the existing yield strength

prediction methods [127, 128]. The influences of the

strain rate and stress state could also be considered in

the SPT [129]. Test settings related to stress states are

the directions for development, including the SDE of

materials [116]. Cuesta et al. [90] proposed a dog

bone SPT specimen to maintain a uniaxial stress state.

Based on the study of stress state sensitivity. It can

also explain that the difference in stress triaxiality

(i.e., biaxial and uniaxial stress states) is the reason

for the correlation deviation between SPT and CTT

[130].

Failure parameter

In determining the failure parameters, multiple

dependencies of the material type and direction

should be considered [89], and an analytical method

has yet to be widely accepted. The UTS is usually

calculated using the maximum load point in the SPT,

similar to the CTT. However, before reaching the

maximum load, the specimen may have been thinned

(corresponding to necking in the CTT) and fractured

[92, 131], which can be observed by physical methods

or identified by FEA [132]. Cuesta et al. [131] indi-

cated that the maximum load was not the instant of

initial crack propagation. The initial crack propaga-

tion point, which generally occurred at 70% of the

maximum load, can be determined by observing the

physical crack using the interrupted test method or

measuring the flexibility mutation using the partial

unloading method. Altstadt et al. [92] confirmed that

the material failed before reaching the maximum

force, defined a force at the onset of plastic instability,

and correlated it with UTS. The difference between

the ball’s displacement and deflection at the bottom

of the specimen reflected the onset of plastic insta-

bility, and the difference from the maximum load

point was approximately half.

The boundary conditions are described based on

the notched specimen, temperature, stress state, and

strain rate. Two methods could be used to determine

fracture parameters. One is to find the correlation

method based on the maximum deformation of the

force–deflection curve; Another is to prefabricate

various notches in specimens to trigger the stress

concentration effect. The common notched SPT

specimens are shown in Fig. 3. Under the same notch

form, the location of the fracture is related to the

friction coefficient and specimen thickness [117]. The

restraint degree of the SPT notch specimen is still

lower than that of the CTT notch specimen. SPT notch

specimen may only apply to ductile materials

because the loss of restraint may change the micro

mechanism of fracture [98]. SPT notch specimens can

also produce various stress states, such as the surface

ring notch, which refers to the approximate plane

strain state [100], and the through-thickness notch,

which refers to the approximate plane stress state

[99]. Meanwhile, some studies have focused on the

sensitivity of temperature [133] and strain rate [110].

Pham et al. [109] discussed the effect of strain rate

(deflection rate) on the deformation and fracture

mechanisms. With an increase in loading speed, the

time from void growth to final fracture was short-

ened, resulting in aggregation retardation; hence, the

fracture toughness gradually decreased, and the

fracture morphology changed [106].

Damage evolution and fracture strain are also the

focus of this study. The multiaxial fracture strain

energy density [134], ASME empirical formula [125],

thickness change monitoring [114], DIC technology

[135], and other methods can be used to obtain the

fracture strain. After necking, the DIC measurement

accuracy of SPT decreases compared with that of CTT

but still maintains high repeatability [135]. Plastic

instability occupies a large part of the SPT curve, and

the stress triaxiality could be different from that of

the CTT. Therefore, the microstructural evolution

may differ, resulting in different deformation and

fracture mechanisms. Damage coupling is considered
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to characterize the macro deformation and failure

behaviors [136]. The stress triaxiality and the Lode

parameter describe the complete spatial stress state.

Various notched specimens can provide a broader

range of stress states and contribute to a complete

damage model [137]. Most studies found that with an

increase in the loading displacement, the fracture

location gradually moved away from the center [138],

with mesoscopic or phenomenological models such

as the Gurson–Tvergaard–Needleman (GTN) [139]

and modified Mohr–Coulomb [140] models. The

actual stress state of the specimen is approximately a

biaxial stress state with an inhomogeneous distribu-

tion [114]. The top surface is subjected to shear and

compression stresses, and the bottom surface is sub-

jected to tensile stress [125], which could lead to a

different damage evolution mechanism, making it

possible for non-single crack initiation [141]. The

improvement of classical fracture criteria can con-

sider more complex stress states, such as introducing

a shear mechanism [142] and a brittle fracture

mechanism [143]. In actual loading, the stress triaxi-

ality gradually increases with the loading depth, and

the average value is generally used (Table 3). There-

fore, maintaining the stress triaxiality during the SPT

to ensure the accuracy of the results should be

attention when designing SPT specimens [144].

Data reliability of SPT

Size effect

The SPT specimen size is determined, and the range

is narrow compared with specimens of STT and IT,

resulting in less discussion on the size effect.

However, it must be addressed in SPT, especially for

specimens composed of larger microstructures or

unique processes. Cheng et al. [146] indicated that the

shear mechanism was the main fracture factor in SPT,

and the strain gradient plasticity based on the dislo-

cation mechanism could be introduced to consider

the size effect of smaller specimen size. Song et al.

[147] manufactured specimens with different textures

but similar grain sizes using different processes and

found that SPT can capture the differences in

mechanical properties caused by different specimen

thicknesses, grain sizes, and thickness-to-grain size

ratios. Wang et al. [148] conducted SPTs on speci-

mens with different thicknesses and grain sizes and

found that the material strength with coarse grain

size increased with the decrease in thickness; the size

dependence of the yield strength was stronger than

that of the UTS, whereas the material strength value

with fine grain size was independent of thickness. A

theoretical model considering the density of GNDs,

available dislocation source, and grain size was pro-

posed to explain the different mechanical responses

to specimen thicknesses, as shown in Fig. 5. The

element sensitivity of FEA is also a manifestation of

the size effect, which must be corrected to eliminate

the influence [97] or avoided by non-local methods

[149].

Inhomogeneity structure

As mentioned above, because the SPT specimen size

does not descend to the micro- or nano-scale, the

deviation caused by structural inhomogeneity is

slight. The error of the structural inhomogeneity in

the SPT is mainly caused by the thickness deviation

Table 3 Representative

methods and formulas of SPT

data correlation

Type Parameters Methods Formulas References

Elasticity Young’s modulus Initial slope method E ¼ k � k=h0ð Þ [112]

Plasticity Yield strength Two-line series methods ry ¼ a1 � Fe
�
h20 þ a2 [86–88]

Energy method ry ¼
ffiffiffiffiffiffiffiffiffiffi
kESP

p
[145]

Failure UTS Maximum load method ru ¼ b1 � Fm
�
h20 þ b2 [86–88]

Load–displacement balance ru ¼ b1 � Fm= h0umð Þ þ b2 [111]

Elongation Proportional method A ¼ c1um þ c2 [133]

Fracture strain Thickness method ef ¼ ln h=hfð Þ [89]

Central deflection method ef ¼ k h=h0ð Þl [117]

where k is the slope in Stage I; ESP is elastic energy; h0, h, and hf are initial, instantaneous, and fracture

thicknesses; um is the maximum deflection; Fm and Fe are the maximum and elastic–plastic transition

forces; k, l, ai, bi, ci (i = 1, 2) are coefficients
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and inhomogeneous material. Altstadt et al. [150]

systematically analyzed the repeatability and device

dependence of the SPT results and confirmed the

feasibility of identifying elastoplastic parameters.

Guan et al. [151] studied the influence of inhomoge-

neous material characteristics of Q345R and Q235A,

which were significant for the UTS but not for the

yield strength. Yang et al. [152] studied the ultrasonic

impact treatment of SS304 with a non-uniform sur-

face and thickness and discussed the mechanical

properties of materials with various grain sizes. Peng

et al. [102] analyzed the sensitivity of the contact

reaction to specimen parameters and found that a 5%

deviation in thickness can cause significant changes

in the SPT curve; the existing standard requires that

the thickness deviation should not exceed 1% [86–88].

Manufacturing defect

This work mainly discusses the anisotropy caused by

the preferred orientation of the microstructure or

grains during manufacturing [127, 128], as well as the

macro-anisotropy of materials caused by defects such

as pores and inclusions, including elastoplastic and

fracture anisotropy. Moreno-Valle et al. [153] studied

the anisotropic deformation and fracture behaviors of

coarse-grained commercially pure titanium after

hydrostatic extrusion, which were related to the

specific microstructure and texture. Rezaei et al. [154]

conducted SPT on SLN IN718 and found that the

comprehensive factors of sampling positions, speci-

men orientations, and residual stresses caused plastic

anisotropy and different fracture mechanisms. Song

et al. [155] studied the anisotropic fracture of A350

and found that the ordered distribution of pores and

inclusions produced by manufacturing was the

reason for the anisotropic ductile or brittle fracture of

SPT specimens.

Engineering application of SPT

SPTs are widely used to test the mechanical proper-

ties of irradiation equipment, pressure vessels,

industrial components, WJs, and other devices and

structures, which are non-uniform or deteriorate with

time. Rodrı́guez et al. [156] considered the local

porosity, sampling location, and sampling direction,

and conducted SPT on the sintered product and

welding HAZ to obtain the UTS of each zone. Rasche

and Kuna [94] proposed that for a narrow weld of

approximately 1 mm, the sampling slices could be

parallel to the symmetry plane of the welded seam,

and the result could correspond to the CTT of sam-

pling perpendicular to the weld. Gülçimen et al. [157]

carried out SPT on various zones of the P91 WJ and

found that fine-grained HAZ had significant advan-

tages in ductility and strength, while weld metal was

temperature-sensitive and had relatively poor per-

formance. Fan et al. [158] analyzed the significant

effect of the inhomogeneous microstructure of

SS316L multi-pass WJ on crack initiation and propa-

gation and found that all zones of the WJ presented

ductile fracture. The weld metal reduced the strength

and ductility, and the HAZ exhibited high strength

with low ductility, which was caused by the residual

welding strain. Cuesta et al. [116] considered the

influence of AA6061-T4 on the SPT under various

pre-strains, providing a basis for testing the

mechanical properties of stamping products at dif-

ferent positions. Gao et al. [159] studied the stress–

strain characteristics of AA7075-T6 at various tem-

peratures and strain rates and verified the thermo-

plastic damage behavior combined with the GTN

Figure 5 Dislocation sources and GNDs [148]. a–b Coarse grain size (50 lm). c–d Fine grain size (10 lm).
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model. Subsequently, the forming process of the

automobile B-pillar was simulated, and it was found

that the corner regions exhibited larger thinning than

the flange region owing to the distribution of the void

volume fraction.

Innovation of penetration test

The deviation of the punch geometry from a spherical

shape will make the test no longer meet the definition

of the SPT, but it is still a penetration test. These

shape changes change not only the stress triaxiality

but also the deformation and fracture mechanisms of

the specimens [103]. For penetration tests, in addition

to the common SPT, the small punch beam test [160]

and SSPT [161] are similar to the SPT in the test

device, loading mode, and response curve. Speci-

mens of small punch beam test are composed of

supported beams and cylindrical punches, which can

ensure better machining accuracy compared with

SPT. Zhuang et al. [162] considered the dimensional

and shape error for the punch and proposed a flat

punch with a semi-circular cross section and rectan-

gular specimen. This small punch beam test config-

uration was insensitive to displacement rate and

failure time, making it more suitable for measuring

strain rate dependence. The SSPT is similar to fine

blanking, and similar zones are distributed at the

sheared edge: the rollover zone, shear zone, fracture

zone, and burr zone. The rollover zone depends on

plasticity; the shear zone presents a smooth fracture

surface; the fracture zone produces an irregular and

rough surface after crack onset; and the burr zone is

caused by the final plastic deformation [161]. The

research direction of SSPT is the same as that of SPT,

such as device condition [163], specimen state [164],

manufacturing process [165], and size effect [166].

Banafshi and Fereshteh-Saniee [161] proposed that

the ratio of the die diameter to plate thickness should

be within a specific range (2:1–10:1). Because a larger

ratio increased the fracture zone, and a ratio that was

too smaller increased the rollover zone, both excessed

will inhibit the formation of the shear zone, resulting

in inaccurate shear strength measurement. Lancaster

et al. [164] indicated a linear relationship between the

data generated by SPT, SSPT, and CTT, and that SSPT

was more advantageous in predicting UTS. Some

researchers determined the correlation between var-

ious strengths and specimen parameters [166, 167]

and found that the shear strength presented a size

effect when the thickness was below 200 lm [166].

The SSPT is especially suitable for materials with

strain rate [168] or temperature [169] sensitivities and

high ductility [170], which can produce large strain

on small loading displacements because of the con-

centrated strain field. Zergani et al. [171] discussed

the strain rate sensitivity and deformation mecha-

nism of SS304L under various temperatures and

found that the deformation mode was related to the

gap and thickness; hence, a pure shear stress state

could be maintained by adjusting the ratio. The SSPT

is widely used to determine the local properties of

stamped components [172] and WJs [173], which

supports a large number of tests [174]. In addition,

the general cylindrical punch can be changed to a

rectangular section, which is suitable for dentifying

anisotropy [175].

Test of semi-penetration type

Configuration of IT

Background

The IT originates from the hardness–strength map-

ping based on hardness tests. The relevant test set-

tings and definitions are inherited from the hardness

test, including indenter shape and indentation depth

classification. Commonly used indenters include flat-

end cylindrical (also flat) indenters, sharp indenters,

and rounded indenters. The flat-end cylindrical

indenter provides a stable stress field, which is gen-

erally used for strain rate sensitivity. Both flat and

sharp indenters produce a large range of plastic zone

suitable for identifying fracture parameters, and the

rounded indenter can measure the full-history

elastoplastic behaviors [176]. The load and depth of

indentation can be divided into macro-scale (2 N

B F B 30 kN), micro-scale (F\ 2 N, h[ 200 nm),

and nano-scale (h B 200 nm) [176]. The data mea-

sured by various IT scales can realize the formula

conversion of hardness–hardness or hardness–

strength and form the corresponding standard [177].

Recently, an instrumented IT technique (generally

nano-scale) with a specified indenter shape has been

developed to automate the loading and displacement

measurements of the indenter. The mainstream

standards for instrumented IT include ISO 14577

[178], ASTM E2546 [179], GB/T 21838 [180], and GB/
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T 22458 [181]. The ASTM standard only identifies

hardness and modulus based on the Oliver–Pharr

method. In contrast, the GB standard adds the con-

tinuous stiffness method (CSM) and indentation

energy scale relationship (IESR) to the ASTM and ISO

standards [181].

Geometry

Generally, sharp indenters include triangular pyra-

mids, rectangular pyramids, and cone types; rounded

indenters include spherical and cylindrical types; and

flat indenters refer to column types. Several specific

shapes are widely used, including triangular pyra-

mid types containing Berkovich indenter, cube-cor-

ner indenter, rectangular pyramid types containing

Vickers indenter, cone types containing Rockwell

indenter, and spherical types containing Brinell (also

sphere or ball) indenter. The classical indenters with

specific characteristics are shown in Fig. 6. The four

pyramidal surfaces of the Vickers indenter are diffi-

cult to intersect, resulting in the horizontal edge at

the top and difficult-to-maintain self-similarity.

Hence, a Berkovich indenter with the same projection

area is designed. The cube-corner indenter is suit-

able for fracture toughness tests. The cone indenter is

suitable for large-scale IT. The Brinell indenter, an

irregular sphere (polyhedron) affected by the aniso-

tropy of diamond, with small initial contact stress-

producing only elastic deformation, is suitable for the

elastoplastic test but not at the submicron-scale. IT

with a flat indenter (also called impression test)

presents a constant average contact stress under

constant loading, resulting in a constant area of the

plastic zone. Plastic deformation is related to the

propagation of the plastic zone, which is suitable for

the strain rate dependent test [182].

In order to simplify the analysis and directly

establish a correlation relationship with the CTT

curve, the characteristic strains of various indenter

shapes are defined to describe the indentation strain

because of the complexity of the stress field beneath

the indenter. Characteristic strain can be solved using

the hardness and load definition methods [183]. The

characteristic strain of self-similar indenters (such as

cones or pyramids) is independent of indentation

depth, whereas non-self-similar indenters (such as

spheres) vary with indentation depth. With the

development of indentation mechanism research, the

theoretical model has gradually changed from a

shear flow mechanism and an elastoplastic mecha-

nism to a compression mechanism [176]. Factors

affecting the IT response include device compliance,

indenter shape, friction, residual stress, and strain

hardening exponent. To reduce the effect of friction,

the cone angle of pyramid indenters is generally

designed to be large; cube-corner indenters with

small equivalent cone angles present larger friction,

which could change the contact mechanics mecha-

nism [183]. Hardness is generally believed to be

proportional to the yield stress when the specimen

below the indenter is completely plastic.

Generally, the surface size of the specimen is not

considered, and the thickness is selected as the

maximum value between 2 mm and 20 times the

indentation depth. As the indenter deepens, the

material surrounding the indenter can be drawn

inward or raised upward. Within the elastic limit, the

material caves around the indenter, which is known

as sink-in in most annealed materials, shown in

Fig. 7a. As the deformation exceeds the elastic limit,

the material is raised in the upward direction around

the indenter, which is known as pile-up in most

highly cold-worked materials, shown in Fig. 7b [176].

The existence of sink-in and pile-up phenomena

would mislead the measurement of the indentation

diameter, and the main influencing factors are the

friction coefficient and hardening exponent. Ma et al.

[184] proposed a method to identify the diameter of

spherical indentation and found that the contact edge

Figure 6 Geometries of indenters [24]. a Vickers. b Berkovich. c Cube-corner. d Cone. e Brinell. f Cylindrical.
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point occurred at the maximum slope angle change

or the negative peak of the slope rate profile for both

the loading and unloading conditions. The coexis-

tence of sink-in and pile-up may occur for specific

materials and loading conditions [185, 186], shown in

Fig. 7c.

Test device

The processing quality of an indenter has a signifi-

cant influence on the IT results. Most indenters can be

seen as spherical crowns in a small size range; the

smaller the radius of the indenter tip, the closer the

actual indenter area function (IAF) is to the perfect

IAF [183]. The triangular pyramid indenter is easier

to grind with the highest processing quality, and the

tip curvature of the Berkovich indenter is at least

20 nm; the rectangular pyramid inevitably exists as a

transverse edge; the spherical indenter will present

pyramid surfaces rather than an ideal sphere because

of the anisotropy of the diamond crystal structure;

the cylindrical indenter is fragile because of the hard

and brittle characteristics of a diamond. The insta-

bilities and errors measured by IT mainly include

[183] the measurement equipment represented by

indenter defects, contact zero, measuring resolution,

electrical noise, and device compliance; the specimen

surface quality represented by roughness, natural

moisture absorption, work hardening during polish-

ing, and residual stress; the material properties rep-

resented by sink-in and pile-up phenomena; the

measurement environment represented by tempera-

ture, vibration, and noise; and the system parameter

setting represented by indentation spacing and dis-

tance from the edge of the specimen. It is necessary to

consider modified or new methods to improve the

data reliability when the error is significant [187].

The stress–strain curve obtained from IT is usually

processed using CSM, essentially the estimation of

the zero point and contact radius. The CSM errors

include the following [188]: first, the load and dis-

placement will be underestimated because the

machine records the mean values during the oscilla-

tion cycle rather than the peak value; second, the

contact stiffness will be underestimated because the

ratio of the peak-to-peak amplitudes of the load and

displacement signal is measured, whereas the actual

load and displacement are nonlinear; and third, the

loss of contact between the indenter tip and the

specimen at low loads during the dynamic oscilla-

tions. Sudharshan Phani et al. [189] designed a device

to maintain a constant indentation strain rate and

developed a program to correct errors in the plastic

stage, which improved the reliability of the CSM.

Impact IT can also be established with a drop weight

[190, 191], pendulum [192], and SHPB [193], and

other aspects of the impact IT system also needs to be

improved to avoid the influence of resonance, arti-

facts, and spring back in dynamic indentation

[192, 194].

Data correlation of IT

Elastic parameter

The identification methods for Young’s modulus

include the single stiffness method (SSM) and CSM.

The SSM is a quasi-static loading mode used to obtain

the initial unloading stiffness with a loading–un-

loading process. The CSM superimposes a small

dynamic alternating load based on SSM to produce a

constant micro-amplitude displacement of the same

frequency and measures the amplitude and phase

difference of the alternating load and displacement

signals to determine the change in contact stiffness

with the indentation depth. The standards recom-

mend three typical analysis methods for determining

Young’s modulus [178–181]. First, the contact stiff-

ness and contact depth method (i.e., the Oliver–Pharr

Figure 7 Indentation profiles [185]. a Sink-in phenomenon. b Pile-up phenomenon. c Coexistence phenomenon.
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method) is used to select the analysis parameters

from the maximum load, IAF, and contact stiffness.

The method presents a precise mechanical mecha-

nism that is limited by the heavy dependence on IAF,

which could underestimate the indentation area and

overestimate the hardness and modulus when ana-

lyzing the pile-up or shallow indentation [183]. Sec-

ond, the indentation energy and contact stiffness

method, selecting the analysis parameters from the

maximum load, contact stiffness, and the ratio of

unloading work to total indentation work (UTIR), the

IESR is established based on dimensional analysis.

This method does not involve an IAF, which is suit-

able for sink-in and pile-up indentations but signifi-

cantly influences the contact stiffness error. Third, the

indentation energy method, which selects the analy-

sis parameters from the ratio of the maximum load to

the IAF and UTIR, the IESR is also established based

on dimensional analysis. This method is also suit-

able for sink-in and pile-in indentations; however, the

limitation lies in the difficulty of coefficient correc-

tion. The relationship between the analysis parame-

ters and identification parameters limits their

applicability [183]. For instance, the applicability of

elastic contact theory in analyzing elastoplastic

deformation with the Oliver–Pharr method, and the

applicable scope and accuracy of the non-IESR with

indentation energy analysis method [183].

The material properties can affect the degree of

pile-up, and the work-hardening of the material

surface around the indenter limits the material flow

above the surface. Some indenter shapes, such as the

Berkovich indenter, are insensitive to the pile-up

phenomenon [195], but the indenter shapes affect the

determination of Young’s modulus. Liu et al. [196]

indicated that the hardness of the Berkovich indenter

was higher, and Young’s modulus was lower than

that of the cone indenter. Methods generally suit-

able for sink-in and pile-up phenomena have been

widely studied. N’Jock et al. [197] proposed a method

to calculate the elastoplastic parameters of a Vickers

indenter by considering the ratio of the elastic

recovery energy to the total indentation work rather

than the contact area. Roa and Sirena [198] proposed

a linear relationship between the ratio of elastic strain

energy to total strain energy and the ratio of hardness

to modulus with a cone indenter, which can effec-

tively avoid the solution of IAF. Generally, a spheri-

cal indenter presents a long initial elastic stage, which

is suitable for determining the elastic parameters. The

initial elastic stage of nano-IT only refers to a stroke

of tens of nanometers; hence, the unloading method

is commonly used to measure Young’s modulus

[188]. The data measured by micro or nano ITs could

be necessary to verify the consistency and effective-

ness of macro IT [199], and the measurement uncer-

tainty under various scales should be considered

[200]. Most methods currently rely on the known

Poisson’s ratio, whereas correlating elastic parame-

ters directly from hardness has broader applicability

[177]. Zorzi and Perottoni [201] discussed the

empirical relationship between hardness and

Young’s modulus, which can accurately estimate

Young’s modulus and Poisson’s ratio, thereby pro-

viding a reference for the performance measurement

of new materials.

Plastic parameter

For the identification of plastic parameters, the Oli-

ver–Pharr method based on the elastic contact theory

has limitations determining yield, which could not be

suitable for materials with apparent plastic plateaus.

Several methods are provided to identify plastic

parameters, such as the expanding cavity model

(ECM), the representative strain method, and the self-

similarity method. The ECM is a theoretical and

analytical method; the self-similarity theory is used in

the initial part of the plastic stage, and the slip-line

theory is used in the latter part [183]. The represen-

tative strain method attempts to establish an equiv-

alent relationship between the IT and CTT through

massive tests [202]. The IT result refers to the cou-

pling action between the indenter and the specimen.

Hardness, a comprehensive mechanical parameter,

makes the simple equivalent of a representative

strain lack theorization [183]. Additional correction

methods are still being explored [203]. Non-self-

similarity (such as spherical) indenters are often

used. For self-similarity indenters, the distribution of

indentation stress and strain fields are self-similari-

ties with the increase in indentation depth, which is

not conducive to the decoupling of elasticity and

plasticity [204]. For non-self-similarity indenters, the

ratio of elastic deformation to plastic deformation

changes during IT, which is conducive to decoupling

and identification [182, 205].

The shape and size of the elastoplastic boundary

must be partially captured in an idealized geometry.

Hence, it is difficult to theoretically calculate the
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contact stress of the elastoplastic indentation [206],

which has led to the development of various

numerical methods [207–209]. The method based on

statistics is used to establish the correlation between

indentation response and constitutive parameters

according to massive FEA solutions and inverse the

constitutive relationship from IT data (e.g., response

surface and neural network methods) [210]. The

methods are applicable for various situations, such as

materials with apparent yield plateaus [211], identi-

fication with different indenter shapes [212],

improvement of ECM to normalize formula [213] or

speed up the calculation [214], parameter identifica-

tion affecting different definitions of representative

strain and contact radius [215], various stress states

and strain states [216]. The energy method is insen-

sitive to sink-in and pile-up phenomena [217], and

the analytical formula has universality and a lower

error than other empirical expressions [218]. Chen

et al. [121, 219] proposed the total strain energy

algorithm according to the integral mean value the-

orem (i.e., EEP), and it was successfully applied to the

cone, spherical, cylindrical, and Vickers indenters

[122]. The application condition of this principle is

isotropic power-law material, which is universal for

SPT and IT [122].

The strain rate effect is also an issue that can be

easily ignored [135]. The Impact IT is usually carried

out with a small drop weight rig [190]. It is difficult to

dissipate heat at a high strain rate IT, presenting an

adiabatic condition, which makes it difficult to iden-

tify the temperature sensitive constitutive relation-

ship. Therefore, IT is often performed under low

plastic strain to avoid excessive accumulation of

plastic strain [190]. It is generally believed that the

constraint factor obtained from quasi-static IT can be

directly applied to dynamic IT and that the indenta-

tion strain rate is proportional to the equivalent uni-

axial strain rate [183]. Ito and Arai [191] introduced a

heat conduction equation into the ECM using the

Johnson–Cook model to adapt to dynamic spherical

indentation. Calle et al. [190] pointed out that the

dilution of the high-strain-rate zone caused the non-

uniform strain rate fields during spherical IT by the

low strain rate of the large plastic zone as the

indenter deepened, resulting in the strain rate tradi-

tionally defined to be larger than the actual situation.

Saxena et al. [193] considered the influence of SDE on

static and dynamic IT and found that the differences

in the pile-up phenomenon and smoothness of the lip

were significantly different from the crater profiles of

residual impressions. In addition, anisotropy is also a

direction that is difficult to identify. Most existing

studies rely on inverse identification methods such as

optimization, neural networks, and machine learning

[220], which depend on sink-in and pile-up phe-

nomena [221]. Wang et al. [222] considered the

potential uncertainty in optimization and identified

plastic anisotropy based on Bayesian inference. Zhan

et al. [223] modified the ECM with the Hill-48 model,

considering the sink-in and pile-up phenomena,

which can identify the out-of-plane anisotropy

parameters of materials.

Failure parameter

For the identification of failure parameters, most

studies have focused on the measurement of fracture

toughness KIC. Existing methods mainly include

pyramidal (Vickers, Berkovich, cube-corner) inden-

ters and spherical indenters. The crack length with a

pyramid indenter can be accurately measured, but

the elastic–plastic deformation field is challenging to

analyze. The elastic deformation field with a spheri-

cal indenter is easy to analyze but lacks accuracy in

measuring the crack length [183]. Even if the same

indenter is used for IT, the indentation fracture

morphology will differ owing to various factors [224],

as shown in Fig. 8. The determination of the fracture

toughness by IT is based on a certain approximation.

In classical fracture mechanics, three necessary con-

ditions are considered for testing KIC [183]. First, the

crack must be mode I, and the symmetry of IT can

ensure that the crack is a mode I crack. Second, a

plane strain state is required around the crack tip,

which cannot be perfect around the radial crack tip;

hence, the existing models generally introduce free

surface influence factors for modification. Third, the

analytical parameters are measured at the critical

moment of crack propagation, while the actual crack

size after unloading corresponds to the crack termi-

nation. During unloading, the radial crack continues

to propagate under the action of the residual stress

field, which is maintained before the crack stops. The

third condition is approximately established when

the parameter is similar to that at the end of the

unloading. Lee et al. [224] found that ductile fracture

was sensitive to Poisson’s ratio because of the

dependence of the indentation stress field on Pois-

son’s ratio. Zhang et al. [225] discussed the
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limitations of the Haggag toughness, critical inden-

tation energy, critical stress–strain, and energy

release rate models in identifying the fracture

parameters of ductile metals. DIC is still a method for

identifying plasticity, and it should be noted that DIC

can only measure the strain field at the start and end

moments of IT [226]. Strain field information can be

identified by combining X-ray computed tomography

with DVC [227].

It is expected that the device compliance will cause

a reduction in the measured Young’s modulus dur-

ing loading, while few studies have focused on the

degradation of Young’s modulus due to the damage

evolution, and their mechanisms are entirely differ-

ent. The anisotropic damage caused by the shear and

other mechanisms cannot be ignored during the

loading process [228, 229]. Zou et al. [230] proposed a

continuous indentation method to measure the area

reduction rate to consider the damage evolution. The

deformation was divided into two stages according

to the change in modulus during unloading, and the

critical point was regarded as the failure onset of

materials below the indenter. For the study of dam-

age failure, the GTN model based on micromechanics

[231] and the continuum damage mechanics (CDM)

model [232] are commonly used. Zhang et al. [229]

proposed a shear-modified GTN model to describe

the damage caused by indentation, considering the

shear softening and localization owing to the nucle-

ation of secondary and existing voids, which indi-

cated the coexistence of shear softening and

nucleation of secondary void mechanisms. Xue et al.

[233] estimated the critical depth at the fracture

instant by identifying the critical void volume frac-

tion of the CDM model. Sun et al. [234] modified the

ECM to accurately describe the stress triaxiality of a

material under an indenter and found that the dam-

age beneath the indenter was controlled by void

nucleation induced by particle crushing. Ghosh et al.

[235] conducted pre-strain IT based on the CDM

model and found that the fracture toughness

decreased with an increase in pre-strain, which

proved the strength deterioration of in-service mate-

rials. Wu et al. [236] normalized the dynamic strength

and hardness and found that the thermal softening

effect caused the loss of strain hardening ability

under dynamic loading, which promoted the trans-

formation to the shear failure mode, providing

insights into the correlation between strength and

hardness (Table 4). Future research could focus on

the adaptability of the strain rate, stress state, aniso-

tropy, SDE, and other aspects in the determination of

fracture parameters [237].

Data reliability of IT

Size effect

A higher hardness at shallow indents can occur when

intense forces are applied over a small area. During

IT, the indented material underneath the indenter tip

is deformed to generate dislocations, including GNDs

and statistically stored dislocations (SSDs). While

SSDs are randomly accumulated in the IT, GNDs are

generated from the gradients of the plastic shear

strain [238]. The density change of GNDs can

describe the IT size effect, and the classical Nix–Gao

model could adequately describe the indentation

depth dependence of hardness in most metallic

materials [239]. Various correction models were

subsequently developed to avoid prediction devia-

tion with a further reduction of indentation depth,

such as SSDs and GNDs coupling [240] and elastic

deformation effect [241]. At shallow indents, enor-

mous stress is applied to induce plastic deformation,

and numerous dislocations are created and stored in

a slight deformation zone. These dislocations obstruct

and interact with each other, leading to obstruction of

dislocation motion. The obstructions are caused by

the grain boundary, motions of dislocations, gliding

of dislocations (easy slip systems) upon other non-

easy slip systems, and other defects. In order to

Figure 8 Representative crack morphologies in IT. a Medium crack. b Radial crack. c Half-penny crack. d Lateral crack. e Cone crack.
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overcome these obstacles, stresses must increase

continuously; thus, high stress (high hardness) and

high density of dislocations are observed at shallow

indentations [238]. The general IT identification

methods are based on the isotropic Hertz contact

theory. When the size effect is noticeable, the signif-

icant anisotropy (Young’s modulus and Poisson’s

ratio) of grains must also be considered [188]. The

pop-in shows that the indentation depth suddenly

increases without an evident increase in the load,

which is related to significant plastic deformation,

resulting in the stress approaching the theoretical

limit [188]. The pop-in is attributed to the size effect,

and the indentation size at the yield point is equiv-

alent to the dislocation network density (e.g., the

dislocation spacing and cell size) [188]. The millisec-

ond acquisition system usually cannot capture the

actual material response, and the influence of the

instrument on the measurement in the pop-in process

is determined by inertia [242]. In addition, the

indenter’s size effect should also be considered,

especially the uniqueness of non-self-similar inden-

ters. For spherical indenters, the consensus is that

hardness is not affected by depth but increases with

the decrease in the tip radius of the indenter [243].

Flat indenters have complex characteristics, affected

by the coupling of the constant contact area and two

length scales dependent pressure, singular plastic

strain gradients at the sharp edges [244]. Yu et al.

[245] proposed a closed-form expression of the cross-

scale indentation relationship based on the strain

gradient plasticity theory and clarified the specific

influences of indentation velocity, size effect, and

initial porosity on the hardness and cavitation field in

IT. Yin et al. [246] performed IT on gradient SS316L

and found that the gradient layer thickness and grain

size affected the strain rate sensitivity of the material,

which presented an elastically homogenous but

plastically gradient in nature. dos Santos et al. [247]

studied the size effect induced by the plastic strain

gradient in dynamic IT based on the porous plastic

theory and found that the size effect hindered the

emergence of plastic shock waves, which regularized

the plastic shock wave and reduced the maximum

plastic strain rate.

Inhomogeneity structure

Surface performance and flatness are essential factors

to consider. Because IT is a surface probe technique,

interference with the surface quality may affect the

results. Considering the influence of surface modifi-

cations (e.g., coating, irradiation layer, and shot

peening), an appropriate indenter should be selected

because of the thin surface layer (approximately

1 lm); if the performance of the surface is not con-

sidered, it is necessary to remove the surface with a

process does not produce an affected zone before IT

[188]. The influence of surface quality can be sum-

marized into three aspects [188]: a highly disturbed

Table 4 Representative methods and formulas of IT data correlation

Type Parameters Methods Formulas References

Elasticity Young’s modulus Standard method E ¼ 1� m2s
� ��

1
�
Er � 1� m2i

� ��
Ei

� �
[177–179]

Plasticity Full-history Load–indentation Pm ¼ k d=dið Þm [202]

Flow stress–strain rflow ¼ Pm=w; ep ¼ a=R [213]

Representative strain er ¼ n tan c [210]

Modified ECM
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2E We �Ui �Ueð Þ½ �

.
2p=3ð Þ 3P=2preð Þ3=2

h ir
[214]

Failure UTS EEP (Berkovich) ry ¼ 1þ nð Þ HBpDBð Þm½ �
�
Pm�1b1 eb2=nð Þn 1þmð ÞD2�m

B

� �
[121, 219]

EEP (Vickers) ry ¼ HV 1þ nð Þ½ �= 2gb1 eb2=nð Þnsin h=2ð Þ½ � [121, 219]

Damage Load deviation D ¼ Pideal
m � Pm

� ��
Pideal
m

[234]

where Er is reduced modulus; Ei is modulus of indenter; rflow is flow stress; re is proportional limit; er is representative strain; tanc is shear
strain at contact edges; mi and ms are Poisson’s ratios of indenter and specimen; Pm and Pm

indeal are mean and ideal loads; We is elastic part

of external work; Ui and Ue are the elastic energies stored in indenter and specimen; DB is the diameter of Berkovich indenter; h is half-

cone angle; R is radius of indenter tip; a is radius of the instantaneous contact boundary; d, and di are experimental, and indenter diagonals;

m, n, n, and w are coefficients; e is natural constant; HV and HB are Vickers and Berkovich hardness
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surface layer produced by mechanical slicing and

polishing methods, surface irregularities such as

surface roughness or a thin oxide film on the surface,

and the occurrence of pop-in at low loads. The rough

specimen produces a significant error in IT. Marteau

et al. [248] analyzed the sensitivity of parameters

describing surface roughness and found that the root

means square deviation had the greatest impact on

hardness. Marimuthu et al. [249] proposed a two-

stage flat-spherical indentation method for rough

surfaces, suitable for non-uniform surfaces (rough-

ness Ra = 0–20 lm). In addition, the indentation

spacing is also considered owing to the IT intensity,

which is essentially the judgment of the minimum

surface-affected zone. Sudharshan Phani and Oliver

[250] evaluated the influence of Berkovich indenta-

tion spacing on the measured hardness and Young’s

modulus and found that a minimum indentation

spacing of 10 times the indentation depth could be

sufficient to obtain reliable results, which was less

than half of the standard (20 times the indentation

depth) [178–181].

Manufacturing defect

The difference in sharpness, which refers to manu-

facturing defects of the indenter or in-service wear,

significantly impacts IT results, especially for shallow

indentation depths. It could be explained as [183]: a

sharp indenter presents an apparent boundary

between the loading and unloading curve, indicating

the material has undergone large plastic deformation;

it can also find the large contact area of blunt indenter

from the loading level, the contact area of blunt

indenter will be much larger than the contact area of

a sharp indenter under the same indentation depth,

resulting in a considerable hardness. The elastic

deformation of the indenter during loading also

affects the IT results [251]. A certain inclination angle

between the indenter and tested component gener-

ally exists owing to the device’s tolerance and struc-

ture. Shahjahan and Hu [252] found that the influence

of the angular deviation on IT can be ignored only

when the deflection angle is less than 1.2�. In addi-

tion, various factors, such as the deformation

behavior and mechanism affected by the grain ori-

entation and boundary in the specimen [253], extra

hardening caused by GNDS under the indenter [135],

and the residual stress in tensile or compressive

stress states [176], would affect the force level in IT.

Zhang et al. [254] analyzed the residual stress and

plastic properties of specimens after uniaxial tension

with spherical IT and found that the spherical char-

acteristics of ECM were lost owing to the existence of

residual stress, which needed to be further corrected,

providing a reference for testing engineering com-

ponents with residual stress and deformation.

Engineering application of IT

The indenter type can be flexibly selected for practi-

cal engineering applications. The Berkovich indenter

is suitable for identifying hardness and Young’s

modulus; the Spherical indenter is considered to

obtain a continuously varying indentation strain; the

cylindrical indenter is used when a significant initial

contact stiffness is expected [183]. Microstructural

changes caused by heat treatment or stamping [255],

engineering structures of welding or AM [256], and

detection of large- or medium-sized in-service devi-

ces are all engineering testing scenarios of IT. Wu

et al. [257] performed IT on austenitic SS304, identi-

fied the yield strength and UTS of local zones, and

found a softening zone in the coarse-grained HAZ.

Pham et al. [258] found that nano IT and micro IT are

sensitive to metallurgical conditions during welding.

Nano IT can obtain the mechanical properties of

microstructural phases, and micro IT can obtain the

mechanical properties of local zones to a certain

extent. Peng et al. [66] carried out STT and micro IT

on each zone of the Q345 WJ and proposed a method

to obtain the hardening exponent from the micro-

hardness based on Considère’s necking criterion,

which can accurately simulate the constitutive

behavior in a large strain range. In addition, the

temperature, strain rate, and stress state affecting

materials’ constitutive and failure behaviors are

considered. Yonezu et al. [259] studied the mechani-

cal properties of SS316L WJ at high temperatures and

found that the local material properties improved

due to welding thermal deformation. Awale et al.

[260] conducted spherical IT on SS316LN and P91

dissimilar WJs and studied the mechanical properties

related to the strain rate of each zone. Mohamadiza-

deh et al. [261] proposed a hardness correlation

method to reasonably divide the WJ local zones of

ultra-high-strength automotive steels, coupled the

fracture strain measured by DIC to the meso-model

of each zone, and simulated various failure modes of

spot WJs. It should be noted that the two-dimensional

86 J Mater Sci (2023) 58:63–100



(plane stress state) fracture locus used in WJ local

zones was approximated by the translation of the

fracture locus of the base metal and then expanded to

a three-dimensional fracture locus, which also pro-

vides a research direction for the spatialization of the

fracture locus of the WJ.

Innovation of semi-penetration test

The IT still encounters opportunities and challenges,

such as new plastic parameter identification methods

and a more comprehensive range of specimen surface

states. Campbell et al. [262] proposed a profilometry-

based indentation plastometry method that can

identify a full-history curve with good consistency

with CTT. Sun et al. [263] developed a method for

identifying Young’s modulus of a microcapsule with

a core–shell structure, expanding the identification

object of IT. In fact, the current standards need to be

more accurate to some extent. Zhang [183] believed

that some definitions needed to be more accurate in

ISO 14577 [178], such as ‘‘The mechanical work Wtotal

indicated during the indentation procedure is only

partly consumed as plastic deformation work Wplast.

During the removal of the test force, the remaining

part is set free as work of the elastic reverse defor-

mation Welast.’’. The area below the unloading curve

was elastic work, and the energy unreleased during

unloading was defined as plastic work, which con-

fused the distinction between unloading work and

elastic performance. However, during unloading, the

elastic energy stored in the total indentation work

was partially released in the unloading work mode,

and the remainder was stored in the material under

indentation, which is also the unloading difference

between IT and CTT. After CTT unloading, only

residual deformation existed, and the elastic energy

was released entirely. After IT unloading, some

elastic energy (approximately 40%) of the material

beneath the indenter could not be released owing to

residual indentation. This part of the elastic defor-

mation energy and plastic dissipation energy should

be differentially treated because they can be released

under specific conditions. The relevant definitions

and descriptions have been modified [183] in GB/T

22458 [181]. Generally, it is a misunderstanding of the

mechanical concept that does not affect the solution

of mechanical properties in previous studies. How-

ever, the definition of relevant parameters in

standards should be considered more cautiously, and

a cooperative agreement should be reached.

Summary and outlook

In this work, a series of SSTT tests were classified

according to specimen geometry and loading fea-

tures; that is, a similarity test with a geometry and

loading method similar to CTT, a penetration test

with a thin specimen punched through, a semi-pen-

etration test with a specimen indented. The progres-

siveness and limitations of each type of typical test

(i.e., STT, SPT, IT) were reviewed. (a) The STT is

convenient for sampling, and the loading process is

consistent with the CTT under the premise that the

specimen geometry is similar, resulting in satisfac-

tory analysis complexity, device compatibility, and

testing repetition numbers. (b) The SPT specimen is

in an approximate biaxial stress state during loading,

which refers to the compression-shear state of the

contact surface and tension state of the opposite side,

resulting in less sampling, data stability, and broad

applicability. (c) The IT is a non-destructive test,

which refers to the compression state of the contact

surface and no deformation of the opposite side,

resulting in non-preparation required, massive test

ability, and test portability; however, surface quality

and data scattering should be considered. These three

types of tests may have some differences in specimen

geometries, test devices, loading methods, or data

processing, but are all faced with data reliability

issues of size effects, inhomogeneity structures, and

manufacturing defects.

Many commonalities are reflected not only

between similarity tests and conventional tests but

also between penetration tests and semi-penetration

tests. Penetration and semi-penetration tests are the

intrusions of external elastoplastic or rigid loading

bodies into specimens with a consistent loading

mode. The stress and strain states on the contact

surface are the same, and the solution methods of

deformation and failure parameters also have some

similarities (such as continuous unloading to solve

Young’s modulus). The loading bodies of the SPT

and spherical IT are both spherical shapes, and the

loading bodies of the SPT and cylindrical IT are both

flat shapes. Conical and pyramid-shaped loading

bodies may also be applied to penetration tests to

introduce the progressiveness of self-similarity and
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anisotropic adaptability in semi-penetration tests into

penetration tests.

Different types of tests have different scopes of

applications. In the study of fractures, similarity

types and penetration types can quickly identify the

fracture strain, whereas the semi-penetration type

should establish a theoretical assumption model with

a particular difficulty [234]. The advantage of a sim-

ilar type is obvious when it comes to the stress state

sensitivity of fracture. The stress states of specimens

in similarity tests and conventional tests are consis-

tent, such as the uniaxial stress state in STT and CTT,

and the penetration test represented by SPT is in a

biaxial stress state. In order to adapt to a broader

range of stress states, SPT specimens need to be

improved and innovated [101]. When SDE is

involved, only the STT is suitable because of the test

features. Current studies on notched SPT specimens

have mainly focused on fracture toughness rather

than fracture strain [99]. All types of tests are per-

formed for temperature and strain rate sensitivity

tests. However, it should be noted that the defor-

mation behaviors of the specimens are different;

hence, methods to maintain the constant strain rate

deformation of specimens could also be different

[264].

SSTTs can still be developed considerably, espe-

cially when testing the deformation and failure

properties of metallic materials [183]. This develop-

ment can include expanding similarity, penetration,

and semi-penetration test methods; cross-referencing

the advantages of specimen designs and test devices;

accurately defining various tests with broad consen-

sus; improving specimens for stress state sensitivity;

improving the robustness of various tests under

medium and high strain rates; broadening the

applicability of parameter solving methods under

specific studies; correcting data reliability such as size

effects; further researching the problem of data scat-

tering. By focusing on these directions, SSTTs will be

used as alternative tests instead of complementary

tests.
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(2015) Investigation of sample-size influence on tensile test

results at different strain rates. Procedia Eng 114:410–415.

https://doi.org/10.1016/j.proeng.2015.08.086

[40] Anderson D, Winkler S, Bardelcik A, Worswick MJ (2014)

Influence of stress triaxiality and strain rate on the failure

behavior of a dual-phase DP780 steel. Mater Des

60:198–207. https://doi.org/10.1016/j.matdes.2014.03.073

[41] Zhang Y, Karnati S, Pan T, Liou F (2020) Determination of

constitutive relation from miniature tensile test with digital

image correlation. J Strain Anal Eng Des 55:99–108. h

ttps://doi.org/10.1177/0309324719892732

[42] Kumar K, Pooleery A, Madhusoodanan K, Singh RN,

Chatterjee A, Dutta BK, Sinha RK (2016) Optimisation of

thickness of miniature tensile specimens for evaluation of

mechanical properties. Mater Sci Eng A Struct 675:32–43.

https://doi.org/10.1016/j.msea.2016.08.032

[43] Lall A, Bowen P, Rabiei A (2022) A numerical and

experimental approach to compare the effect of sample

thickness in small in-situ SEM and large ex-situ tensile

testing in Alloy 709. Mater Charact 184:111614. https://doi.

org/10.1016/j.matchar.2021.111614

[44] Yang B, Xuan F-Z, Chen J-K (2018) Evaluation of the

microstructure related strength of CrMoV weldment by

using the in-situ tensile test of miniature specimen. Mater

Sci Eng A Struct 736:193–201. https://doi.org/10.1016/j.

msea.2018.08.099

[45] Sun X, Soulami A, Choi KS, Guzman O, Chen W (2012)

Effects of sample geometry and loading rate on tensile

ductility of TRIP800 steel. Mater Sci Eng A truct 541:1–7.

https://doi.org/10.1016/j.msea.2011.12.115

[46] Arnaud P, Heripre E, Douit F, Aubin V, Fouvry S, Guiheux

R, Branger V, Michel G (2021) Micromechanical tensile

test investigation to identify elastic and toughness proper-

ties of thin nitride compound layers. Surf Coat Technol

421:127303. https://doi.org/10.1016/j.surfcoat.2021.

127303

[47] Xing L, Zhan M, Gao PF, Li M, Dong YD, He WW (2020)

The interactive effect of microstructure and stress state on

the microscopic damage development of aluminum alloy

tailor-welded blank. Mater Des 193:108836. https://doi.org/

10.1016/j.matdes.2020.108836

[48] Azghandi SM, Weiss M, Arhatari BD, Adrien J, Maire E,

Barnett MR (2020) A rationale for the influence of grain

size on failure of magnesium alloy AZ31: An in situ X-ray

microtomography study. Acta Mater 200:619–631. https://d

oi.org/10.1016/j.actamat.2020.09.016

[49] Hou Y, Zhang W, Mi X, Xie H, Feng X, Huang G, Peng L,

Yang Z (2022) Different response mechanisms of yield

strength and ultimate tensile strength in pure copper con-

sidering size effect. Mater Sci Eng A Struct 849:143443. h

ttps://doi.org/10.1016/j.msea.2022.143443

[50] Wharry JP, Yano KH, Patki PV (2019) Intrinsic-extrinsic

size effect relationship for micromechanical tests. Scr Mater

162:63–67. https://doi.org/10.1016/j.scriptamat.2018.10.

045

[51] Chen F, Chen S, Dong XH, Li CY, Hong XT, Zhang XP

(2015) Size effects on tensile strength of aluminum–bronze

alloy at room temperature. Mater Des 85:778–784. https://d

oi.org/10.1016/j.matdes.2015.06.169
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