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Abstract: The utilization of micro-sample testing has demonstrated its effectiveness in conduct-
ing quantitative research on mechanical properties, damage evolutions and fracture features. For
in-service equipment, millimicron sampling allows for non-destructive testing and analysis of me-
chanical performance evolution during operation. This paper presents a comparative study of the
miniature uniaxial tensile test (MUTT) and small punch test (SPT) by experimental and finite element
methods. As a comparison, the standard conventional-size tensile tests were also carried out. Detailed
analyses of the elastoplastic behaviors and damage evolutions of MUTT and SPT were presented,
followed by an application case illustrating the characterization of hydrogen embrittlement sensitivity
based on MUTT and SPT. An inverse finite element modeling method of load—displacement curve
reproduction was used to calibrate the variations of damage parameters of hydrogen-charged MUTT
and SPT specimens. Hydrogen embrittlement (HE) indexes were determined by using different
calculation methods. The results reveal that the HE sensitivity estimated by MUTT is higher than
that measured by SPT, which is related to the different deformation processes and strain rates of the
two testing methods.

Keywords: miniature tensile test; small punch test; mechanical property; finite element method;
hydrogen embrittlement

1. Introduction

Small-size components (e.g., thin plates, and thin-wall pipe fittings) have been widely
used in many fields. It is impossible to take conventional-size samples from these minia-
turized structures due to volume and size limitations. Therefore, the micro-size sample
testing was proposed, which has become an essential part of mechanical testing. Since the
1980s, the micro-sample testing method has been applied, which was first used to assess
the risk of material embrittlement of pipelines and pressure vessels subjected to long-term
neutron radiation in nuclear reactors [1-3]. For in-service equipment, the favorable advan-
tage of micro-sample testing is that its sampling is generally considered non-destructive.
Some commonly used micro-sample application scenarios include: (i) online inspection
of in-service equipment [4,5]; (ii) local-region damage analysis of heterogeneous struc-
tures [6,7]; (iii) characterization of mechanical behaviors at meso- and micro-scales [8,9];
(iv) new material development [10-12]. In addition, for some environment-assisted damage
detection, the micro-sample tests also have outstanding advantages. One of them is the
characterization of hydrogen embrittlement sensitivity [13,14]. The small sample not only
shortens the hydrogen charging time but also facilitates hydrogen charging and discharging
tests in various hydrogen environments. For conventional-size tensile samples, it usually
takes ten or even dozens of hours to reach hydrogen saturation concentration. However,
for micro-sample testing, the hydrogen charging time can be reduced, and the experimental
efficiency is improved [15,16].
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Although many reports about micro-sample testing have been published, the com-
bined experiments and analyses based on different sample shapes are few. There are still
many uncertain and inconsistent viewpoints worth further exploration. In this paper, the
performances of the miniature uniaxial tensile test (MUTT) and small punch test (SPT) are
focused on. MUTT has the same shape as the standard tensile specimen, which is generally
several times smaller than the standard specimen. When the sample size decreases from
the conventional tensile sample, they can be described by continuum mechanics. Within a
certain range, the testing results can still reflect the tensile properties of the material. Once
the sample size reaches a certain critical value, the size effect becomes prominent. The
lack of characteristic microstructure in the internal or characteristic deformation area of
the specimen can lead to deviation from the intrinsic macroscopic mechanical behavior of
the material under test. Therefore, some size restrictions should be performed to reduce or
avoid the effects of size effect. For example, the ratio of thickness to grain size of flat samples
should not be less than 5-10 [17]. The minimum sizes of thickness and gauge length were
recommended as 0.2 mm and 2 mm, respectively [18,19]. For SPT, the load—displacement
curves of the materials were obtained by small round specimens (¢10 mm x 0.5 mm) with
a constant loading rate (0.2~0.5 mm/min). SPT testing has played a positive role in the
study of mechanical properties such as material testing, structural integrity assessment
and control of damage or fracture. Many standards and studies have been published to
correlate the SPT and standard tensile results [20-22], such as yield strength and tensile
strength [23], ductile-to-brittle transition [24], fracture toughness [25,26], creep strength as
well as life prediction [27,28], etc.

This study aims to present a comprehensive study on comparisons of mechanical
properties between MUTT and SPT. And an application case of characterizing hydrogen
embrittlement sensitivity by MUTT and SPT is performed. This research can provide
reference and data support for early damage identification as well as life evaluation of
pressure vessels, and improve the evaluation standard and theoretical prediction system of
micro-size sample testing.

2. Experimental Procedures

The 316L steel was employed as the testing material, which was received in the
form of a 4 mm thickness plate. The chemical compositions are listed in Table 1, and the
optical microstructures are shown in Figure 1. The dimensions of standard, MUTT and
SPT specimens are displayed in Figure 2. Specimens were machined from the as-received
plate with tensile axis parallel to longitudinal (rolling) direction, based on the standard
ASTM-E8/E8M [29] and SS-] (Small Specimen-Japan) [30,31].

Table 1. Chemical compositions of 316L stainless steel (wt. %).

C Si Mn P S Ni Cr Mo Fe
0.02 0.42 1.63 0.023 0.002 12.17 17.23 2.18 Bal.
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Figure 1. Optical microstructures of 316L steel: (a) 200 and (b) 500 magnifications.
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Figure 2. Dimensions of (a) standard, (b) MUTT and (c) SPT specimens (unit: mm).

The SPT specimen is a circular slice sample with a 10 mm diameter and 0.5 mm
thickness. Both MUTT and SPT specimens were machined using the wire-cutting method,
and a 0.2 mm thickness allowance was employed. Before the experiment, all specimens
were successively ground with carbide silicon paper from 80 to 2000 grit. Then, they were
polished with paste, cleaned with distilled water, and dried in air. Figure 3 shows the testing
device (SUNS-UTM6503, Shenzhen, China) diagram of MUTT and SPT. In accordance with
the standard requirements [22], the SPT lower die has a receiving hole with a diameter
of 4 mm and a chamfer of 0.2 mm x 45°. The punching ball is made of Si3sN4 ceramic
with a diameter of 2.5 mm. The loading displacement rates of MUTT and SPT are both
0.2 mm/min. Hydrogen was introduced into specimens by a commonly used cathodic
charging method. The charged solution is 0.5 mol/L of NaOH, and the current density is
100 mA /cm?. The 1 g/L of thiourea (CH4N,S) was added as a hydrogen recombination
poison. In a preliminary experiment with 1 h, 2 h and 5 h hydrogen charging tests, the
results showed that the hydrogen embrittlement sensitivities of the miniature specimens
have basically reached the maximum state after 2 h charging. Therefore, the charging time
is set to 2 h. When the charging process was completed, specimens were immediately taken
to tensile or punch testing at the same constant displacement rate of 0.2 mm/min.

| Connecting
fixture

Thimble

%—» Upper die

— Punch ball

[~ Specimen

/4 Low die

Chamfer

.

Figure 3. Diagrams of testing device: (a) MUTT and (b) SPT.
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3. Finite Element Models and Material Parameters

The established three-dimensional models of MUTT and SPT within Abaqus software
(version 6.13-4) are shown in Figure 4. Before numerical analysis, mesh size sensitivity
analyses were performed to determine the appropriate mesh framework. The stress analysis
step was defined as dynamic, explicit, and the C3D8R element type was applied. The
boundary condition was set as displacement control.

Specimen —

Lower die

Figure 4. Three-dimensional finite element models and mesh details: (a) MUTT and (b) SPT.

The Gurson-Tvergaard—-Needleman (GTN) model was used to define the specimen
damage and fracture stage. The GTN model takes the voids percentage inside material
as the damage variable to describe the fracture process with consideration of nucleation,
growth and aggregation of voids. It has been widely used in predicting the damage and
fracture of metal materials. The express function of the GTN model is [32,33]:
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where 0, is equivalent von Mises stress; 0, is hydrostatic pressure; g1, g2 and g3 are

dimensionless material parameters, for most metals, g1 = 1.0 ~ 1.5, 9o = 1.0, g2 = (q1)2 =
1.0 ~ 2.25; f* is a damage function related to void volume fraction, described as:

fo (f < £
et F =) (fe<f<fp) @

fr (f=F)
where fo, fc and f; respectively represent the initial, critical and complete failure void

volume fraction; ff is expressed as (q1 +1/9 — q3) /q3.

The change rate of total void volume fraction (f) is due to the growth of existing voids
(f gr) and nucleation of new voids (f, ), given as

f :fgr+fnucl )

where f, is based on the law of conservation of mass, and f
relationship, expressed as:

hucl 18 @ strain-controlled

; pl
fgr:(lif)sp:I (4)
y -pl
f nucl — Asm (5)
, -pl
where &' is rate of plastic flow; I is unit tensor; Efn is evolution of equivalent plastic strain;

A is a normal distribution function, defined as:
2
1(& -
A= M exp —<8m £N> (6)

where fy is the volume fraction of the nucleated voids; eNy and sy are the mean value and
standard deviation of nucleation strain, respectively. The reported ranges of values for
commonly used metals are: eny = 0.1 ~ 0.3, sy = 0.05 ~ 0.1 and fiy = 0.04.

4. Results and Discussions
4.1. Experimental Results

Figure 5 shows the obtained load-displacement (LD) curves of standard, MUTT and
SPT tests. It is shown that the MUTT curve presents same trend as that of the standard
tensile test, showing the typical three stages of elastic deformation, plastic deformation
and final fracture. Different from the characteristics of tensile testing, the LD curve of
SPT is more complex. According to the different deformation processes of the sample,
the load-displacement curve of SPT can be divided into five regions [20-22], i.e., I-the
elastic stage, II-the elastoplastic transition stage, IlI-the plastic bending section, IV-the film
stretching stage, and V-the fracture failure stage, as shown in Figure 6a.
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Figure 5. Obtained load-displacement testing curves: (a) SUTT, (b) MUTT and (c) SPT.
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As mentioned above, the yield strength of the SPT test is unable to be directly quanti-
fied. The yield load (Fp) is generally used, which is defined according to the load value
of the transition position of the I + II stage. The method of extracting Fp by a least square
method proposed by the European Committee Standard is often adopted [22], as shown in
Figure 6b, which was determined by using the least square method between points A and

B, described as:
fa <
) =9 oy bEusia )
Up—tig +fA , upg <u<up
A%
Fm —————————————————————————————— 4
Fy |- st ~=-4(0.8 F,)
I-Elastic stage v
= II-Elastic-plastic transition stage
- IT-plastic bending stage
-g IV-Membrane stretching stag
o V-Final failure stage
- Us
E, = J F(u)du
0
1 }
Vg
I :
I :
W i
(v W2
. - ug
Displacement, mm
B
Z /s
_c..
@©
(@)
-
A
) S——
Fp=F(up)f——"" -
(b) i
ug = b = 0.5

Displacement, mm

Figure 6. (a) Schematic diagram of divided regions. (b) the European Union Standard method of
extracting yield load of SPT.

The determined mechanical properties from experimental data, including yield load,
maximum load, yield strength, ultimate strength, fracture load, fracture displacement and
fracture energy, are listed in Table 2. It should be noted that for SPT, the yield and ultimate
strength cannot be directly obtained. The recommended method in standard is to establish
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correlation formulae between SPT and tensile test based on a large number of tests. The
formula fitted according to the least square method is:

Fy
oy = 061t7 + an (8)
~, Fmax
Ous = ,81 12 + ,BZ (9)

where a1, a2, B1 and B, are material fitted constants, ¢ is the specimen thickness, Fy is the
determined yield load, Fnax is the maximum load. Based on the results of SUTT and SPT in
the table, if we assume ay and B, equal to 0, then the obtained values of a1 and 1 are 0.31
and 0.066, respectively. Currently, the material fitted constants (a1, a2, f1 and ;) have not
been unified, as they are sensitive to many influencing factors. Based on the previous study,
the reported values for different materials of a1 and &, are at the range of 0.26-0.90 and
—161.9-257, and the values of §; and B, are 0.06-0.343 and —320-319 [34], respectively.

Table 2. The obtained material properties of SUTT, MTT and SPT.

Testing Yield Load, F, Maximum Load, F, Yield Strength, o,  Ultimate Strength, o3, Fracture Load, F¢ Fracture Displacement, us Fracture Energy

Type (N) (N) (MPa) (MPa) (N) (mm) Esp (N-mm)
SUTT 4102.58 9889.90 272.05 578.02 7911.92 21.31 183,618.61
MUTT 260.19 534.12 289.11 593.46 427.30 4.06 1883.66

SPT 173.65 2179.06 / 1757.65 2.49 3179.80

Note: The data in the table are the averaged values, the fracture load is defined as 80% of the maximum load, the
fracture displacement is the displacement corresponding to the fracture load, and the fracture energy is calculated
by the integral computation, which is illustrated in Figure 6a.

Figure 7 shows the fractographic morphologies of MUTT and SPT investigated by
the scanning electron microscope (SEM) observation after specimen fracture. From the lower
magnifications, the obvious plastic deformation can be seen, i.e., necking and convex cap
features of MUTT and SPT, respectively. The dimples are observed at the higher magnifications.

i

. a‘é“

e 1

3.51mm 21.69mm 2.00kx 69.8pym 1378 mm
RESOLUTION 300 pA RESOLUTION

2.00 kx

Figure 7. Cont.
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Figure 7. (al,a2) necking and dimple fracture morphologies of MUTT. (b1,b2) convex cap and dimple
fracture morphologies of SPT.

4.2. Finite Element Results

As shown in Figure 8, the input true stress and strain parameters of MUTT and SPT
models were determined from the transformed load—displacement curve of standard testing
data, as follows:

Al F
€eng = F Oeng = A_O (10)
Etrue = 11‘1(1 + 8) Otrue = O'eng(l + 5) (11)

where eeng is the engineering strain, geng is the engineering stress, F is load, A is initial
cross-section area, Al is the increase in specimen gauge length, [j is the gauge length of
the original specimen, &y is the true strain, oirye is the true stress. The GTN damage
parameters are determined based on multiple optimized finite element calculations, as
listed in Table 3.

1200 —
’I
-
>~
1000 | Phd
Modeling Input
800 |
©
o
s
b 600
W \
w
p
B 400 |
- Engineering stress-strain curve
200 True stress-strain curve
0 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10

Strain, ¢

Figure 8. Diagram of engineering, true stress—strain and modeling input data.
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Table 3. Determined GTN damage parameters in finite element models.
Parameters 4, 9 3 fo eN SN N fe fr
Values 1.5 1 2.25 0.99895 0.3 0.1 0.0025 0.025 0.1

The validations of the modeling results are based on the reproduction of the load-
displacement curves. As plotted in Figure 9, it is seen that the numerical results are in
agreement with the experimental tests of both MUTT and SPT. The average errors between
experiment and modelling are less than 3%.

700

Experiment

800  —o—Modeling

2-maximum stress position

Load, N

Displacement, mm

2500
. 2-maximum stress position
Experiment
2000 - —P—Modeling
1500 +
z
=
@©
o
- 1000
500 |-
1-yield position
0 1 1 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0
(b)

Displacement, mm
Figure 9. Comparisons of experimental and numerical curves of (a) MUTT and (b) SPT.

The marked points 1 and 2 represent the yield and maximum stress stages of MUTT
and SPT, respectively. The yield stage of MUTT is determined according to 0.2% plastic
strain, and the yield position of SPT is determined based on the European Committee
Standard, as illustrated above in Figure 6. To analyze the results in detail, the values of
Mises stresses 0pfiges, €quivalent plastic strains epgpg and void volume fraction (VVF) were
extracted at points 1 and 2. A diagram of the extraction path is shown in Figure 10.
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Figure 10. Schematic diagram showing extraction path of (a) MUTT and (b) SPT.

Figure 11 shows the comparisons of distributions of ofises, £pEEQ and VVF along the
extraction path. From the results of the yield stage (point 1), it is clearly seen the plastic
deformation of SPT is more obvious than MUTT, due to the punch ball loading effect. As
shown in Figure 11(al,bl,cl), the values of 0uises, €pEEQ and VVEF of SPT are much higher
than MUTT. With the increased deformation, differences in maximum oyfises and epggg
values of MUTT and SPT gradually decrease. At point 2, the oy;x values of MUTT and
SPT are 1213.69 MPa and 1234.43 MPa, and the ‘SII?E%Q values of MUTT and SPT are 1.09 and
1.06, respectively, as shown in Figure 11(a2,b2). But the maximum VVF values of MUTT
and SPT are still different, as plotted in Figure 11(c2).

800

1-yield —s— MUTT 1400 2-maximum —e—=MUTT
e dﬁh& —e—SPT 12004 ——SPT
4 Py
o 490 df! P @ 1000 Aff X! \j’ X
a a
= a00 \h’x S a0 JJ \ \
w %ﬂq-gpé-u-n.u.n-n—n-u-u-n-u- 00, -
E 200 E‘Y ET é 600 _a-o-cdn--a-x, P oaateg
= = o o
100 4004 YRY;
o 200
(al) 5 -2 gloo Loz @), T T,
012 Isplacement, mm Displacement, mm
: ; 1.2 .
010 1-yield A — —MUTT 2-maximum —a—MUTT
101 J1 —e—sPT 1.0 A A’“"x—a—SPT
0.08 j \ o) j
0.06
g 1 i g s 1‘[
E 0.04 j \5 E AL _,\:
0.44 -n-0-01-0-0 “0-0-cka-0.0,
0.02 j x- fﬂ
0.2
0.00
bl ol "‘m
B2 -t 0 12 3 (b2 2 1 0 12 3
Displacement, mm Displacement, mm
0.004 - 0.05 -
1-yield —o—MUTT 2*II13XLLHI.1[£1 —a—MUTT
0.003 —a—8PT 0.04 P’ f& —a—SPT
0.03 } | 1 X
0.002
L § 0.02 k
0001 e 0.01
e M.J ... .HE\,.”.
.4:
0.000 0.00
) S 57 T 7 S @s 2 o .
Displacement, mm Displacement, mm

Figure 11. Distributions of Mises stresses (Mises), equivalent plastic strains (PEEQ) and void volume
fraction (VVF) along extraction path of MUTT and SPT at the yield stage (a1,b1,c1) and maximum
stress position (a2,b2,c2).
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For MUTT, VVFax is 0.02, while VVF.x of SPT is 0.04, which is twice as much
as MUTT. The contour plots of oises, €PEEQ and VVF at this stage are also displayed in
Figures 12 and 13. The increased VVF values of SPT explain the significant differences in
fracture energies between MUTT and SPT, as listed above in Table 2. Due to the different
deformation characteristics, the maximum stress, strain and VVF points of MUTT are
distributed in the center of gauge length, while the maximum stress—strain points of SPT
are concentrated on the circular contact surface with the punch ball.

S, Mises PEEQ

(Avg: 75%) (Avg: 75%)
1213.69
1112.55
1011.41
910.27
809.13
707.99
606.85
505.71
404.56
303.42
202.28
101.14

0.00

[t at al il b
oo=MwWRLng

[=RV=R- RN N NV RV

(a)

S, Mises PEEQ

(Avg: 73%) (Avg: 75%)
1234.43
1142.18
1049.93
957.68
865.42
773.17
680.92
588.67
496.42
404.16
311.91
219.66
127.41

(b

Figure 12. Contour plots of Mises stresses (S) and equivalent plastic strains (PEEQ): (a) MUTT and
(b) SPT.

VVF VVF
(Avg: 75%) (Avg: 75%)
0.04

0.01
0.01
0.00
0.00

(a)

Figure 13. Contour plots of void volume fraction (VVF): (a) MUTT and (b) SPT.

4.3. Application in Hydrogen Embrittlement Sensitivity Analysis

In the latest research, the multi-scale and multiple analysis methods have been focused
on, which requires the experimental testing of various specimens with limited shapes and
sizes. The micro-specimen testing method is useful for investigation and illustration of
hydrogen embrittlement in small-size equipment. An application of MUTT and SPT in the
analysis of hydrogen embrittlement sensitivity is presented in this section. As shown in
Figure 14, the load—displacement curves of hydrogen-charged MUTT and SPT specimens
are obtained in the same hydrogen environment.
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Figure 14. Load-displacement curves of uncharged and H-charged specimens: (a) MUTT and (b) SPT.

In order to quantitatively analyze the hydrogen embrittlement (HE) sensitivity, the
HE index (HEI) parameter is commonly used, which represents the loss of plasticity
in a material when exposed to a hydrogen environment. For uniaxial tensile testing,
the elongation and reduction of area in the hydrogen-containing environment and non-
hydrogen environment are used to calculate the HEL. However, SPT testing curves do not
have clear quantitative characteristics of elongation and area reduction. According to the
standard recommendations, the elongation and area reduction of the SPT specimen are
associated with the maximum displacement at the sample center point and the maximum
thickness reduction after fracture, respectively. Therefore, many reported studies have
taken the reduction of thickness (ROT) and relative reduction of thickness (RRT) as the two
main parameters to determine HEI, described as [15,35]:

ROT = 10—
to

L

ROTHydrogen

, RRT=—— (12)

ROTAir /N

where t is initial specimen thickness, t; is final specimen thickness at failure.



Metals 2024, 14, 1104

14 of 19

However, the measurement of thickness reduction is dependent on the material sen-
sitivity of hydrogen. For materials with low hydrogen embrittlement sensitivity, the loss
of thickness reduction caused by hydrogen is difficult to obtain accurately, especially for
micro-scale samples. Based on the macro enlarged figures, as shown in Figure 14, the
ductility loss before and after hydrogen charging of MUTT and SPT is not obvious and
hard to determine based on manual measurements.

Except for the ROT and RRT, G.”Alvarez et al. [14] also proposed some other parame-
ters to characterize HEI, including equivalent biaxial deformation at failure (¢qf), the rate
of change of fitted circle to failure shape () and fracture energy (Wspr). Among them,
the fracture energy is calculated from the load—displacement curves, which can reduce
the errors by imprecise measurement or manual fitting methods. HEI based on Wspr is
as follows:

Air /2 Hydrogen , 2
Wspr/t5 — Wspr /t
Air /12
Wepr /1

UFmax
HEIwspr = , Wspr :/o Fudu (13)

According to Equation (13), the calculated HEI of SPT is 11.99%. For MUTT, the
fracture energy is also calculated by integral computation, while the data of #3 are replaced
with the thickness multiplied by width. The obtained HEI for MUTT is 19.52%, as plotted
in Figure 15.

25
0
= 0 19.52%
.
L]
e
=
s 151
E 11.99%
35
pad
‘210
e
g
53]
% st
e
=
o=

0

MUTT SPT

Figure 15. Hydrogen embrittlement index of MUTT and SPT based on the fracture energy variations
after hydrogen charging.

The investigations into the fracture surface morphologies of MUTT and SPT after
hydrogen charging are shown in Figures 16 and 17, respectively. Although the charging
time is 2 h, the brittle fracture features with the quasi-cleavage fracture mode have already
been observed near the edge of the fracture surface, where the material was exposed to
hydrogen charging solution.
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Figure 16. Fracture surface of the hydrogen-charged MUTT specimen: (a) full-scale view and
(b,c) local magnified fragments showing quasi-cleavage features.

Figure 17. Fracture surface of the hydrogen-charged SPT specimen: (a) full-scale view and (b,c) local
magnified fragments showing quasi-cleavage features.

According to the experimental results of uncharged and hydrogen-charged MUTT
and SPT, hydrogen mainly affects the later stage of specimen deformations. Inverse finite
element calculations were performed to determine the GTN damage parameters after
hydrogen was charged. Based on many published results, it is known that the parameters
of eN, sN, fN, fe and fr are the main factors affecting the later deformation segment. The
optimized process is firstly applied based on the orthogonal method of 2-level multi-factor
to determine the most sensitive factors. Then, we minimized the changes to the parameters
to ensure that the simulation results matched the experimental results with an error of
less than 3%. Based on this, the inverse computations of MUTT are 12 times, and SPT is
calculated only 6 times. The final results are listed and shown in Table 4 and Figure 18.

Table 4. GTN damage parameters of uncharged and hydrogen-charged MUTT and SPT based on
inverse finite element calculations.

Parameters q1 q, q3 fo N SN N fe fr
Uncharged 15 1 225 099895 03 01 00025 0025 0.1
H-charged

pigatch 15 1 225 099895 0.15) 0.1 00041 00055 0.1
H'C;‘fj;ged 15 1 225 099895 0.2) 01 00025 002 0.1

Note: the | and 1 respectively indicate a decrease and increase in the values compared to uncharged values.
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Figure 18. Obtained load—displacement curves of uncharged and hydrogen-charged specimens based
on experiment and inverse modeling: (a) MUTT and (b) SPT.

It is determined that for MUTT, the nucleation strain ey decreased from 0.3 to 0.15, the
volume fraction of the nucleated voids fy increased from 0.0025 to 0.004, and the critical
void volume fraction f, decreased from 0.025 to 0.0055. For SPT, the nucleation strain ey
decreased from 0.3 to 0.2 and the critical void volume fraction f. decreased from 0.025
to 0.002. From the determined GTN damage parameters based on inverse finite element
modeling, it is also shown that the HE sensitivity characterized by MUTT is higher than
that of SPT. After hydrogen charging, the value of the critical void volume fraction f; of
MUTT is only about a quarter of that of SPT. Based on the inverse finite element analysis,
the hydrogen embrittlement index can also be determined by the modeling results, and the
calculated values are listed in Tables 5 and 6.

Table 5. Hydrogen embrittlement index of MUTT based on the obtained elongation and area reduction
from inverse modeling results.

Uncharged Hydrogen-Charged HEI (%)

Elongation, A (%) 52.63 38.97 25.95
Area reduction, Z (%) 62.98 27.54 56.27
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Table 6. Hydrogen embrittlement index of SPT based on the obtained maximum displacement and
thickness reduction from inverse modeling results.

Uncharged Hydrogen-Charged HEI (%)
Maximum
displacement, um, 2.48 2.33 6.04
(mm)
Thickness reduction,
ROT (%) 63.75 59.82 6.16

Note: the HEI of thickness reduction is calculated by HEI = 1 — RRT, where RRT is determined as 93.84%.

It should be noted that the distribution of hydrogen concentration in the hydrogen-
charged specimens is uniform. Although the GTN parameters determined by optimization
are related to the average values, they can also reflect the differences between MUTT and
SPT after hydrogen charging. Based on the HEI results and fracture surface observations,
it is concluded that the hydrogen embrittlement sensitivity characterized by MUTT is
higher than that of SPT. This is because, for MUTT, both the upper and lower surfaces
charged with hydrogen will increase the damage degree of the specimen. However, for
SPT, the hydrogen-increased damage is mainly caused by the lower surface. During plastic
deformation, the severe damage regions of MUTT are concentrated in the limited areas of
gauge length. And the serve damage areas of SPT are the regions contacted with punch
ball, which are larger than that of MUTT. Thus, the hydrogen-influenced areas in MUTT
are higher than in SPT. Another influence factor is related to the different strain rates. The
employed 0.2 mm/min displacement rate corresponds to a strain rate of about 10~ for
MUTT, while the SPT strain rate is about 1073 [35].

5. Conclusions

The stress—strain performances of miniature uniaxial tensile and small punch tests
were investigated through experimental testing and inverse finite element modeling in this
paper. And an application case of hydrogen embrittlement sensitivity characterization was
also presented. The main conclusions can be summarized as follows:

(1) The stress—strain distributions of the miniature tensile test and small punch test are
different due to their distinct deformation processes. The maximum stress—strain
points of the miniature tensile test specimen are located at the gauge length center,
whereas those of the small punch specimen are concentrated on the circular contact
surface with the punch ball. Before the failure stage, the achieved maximum Mises
stress and equivalent plastic strain values of the miniature tensile test and small punch
test were very close, but the areas reaching the maximum damage of the small punch
specimen are relatively large. During damage evolution, the maximum void volume
fraction values of the small punch test (VVFSLT = 0.04) are twice that of the miniature
uniaxial tensile test (VVEMUIT — 0.02).

(2) The hydrogen embrittlement sensitivity of 316L stainless steel was characterized
through miniature tensile test and small punch test. The GTN damage parameters
of hydrogen-charged miniature tensile specimen and small punch specimen were
determined based on the inverse finite element analysis. The hydrogen-induced
ductility loss is mainly related to the parameters of nucleation strain ey, volume
fraction of the nucleated voids fy and critical void volume fraction f.. Among them,
the difference in critical void volume fraction is the most obvious. The value of
the hydrogen-charged miniature tensile specimen fMUYTT was reduced from 0.025 to
0.0055, which is about a quarter smaller than that of the hydrogen-charged small
punch specimen (foFT = 0.02).

(3) Under the same hydrogen charging environment and displacement rate, the deter-
mined hydrogen embrittlement index based on the loss of fracture energy of minia-
ture tensile test (HELNUTT = 19.52%) is higher than that of the small punch test
HEI g\l,)T = 11.99%, which is consistent with the determined embrittlement indexes
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based on the elongation, area reduction and thickness reduction. The calculations and
correlations of hydrogen embrittlement sensitivity under different sizes of specimens
need to be focused on. This research can provide a reference for the comparison of
multi-scale combined testing and its application performance.
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