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Abstract: The present work is a relevant advance in the validation of the incremental step loading
technique (ASTM F1624 standard) when applied to Small Punch tests (SPT) for the threshold load
determination of medium- and high-strength steels in aggressive environments, as a novel alternative
to conventional time-consuming tests under constant load. It completes previous works by the authors
on this topic, extending a methodology to estimate the threshold stress from SPT tests in aggressive
environments, covering the whole range of hardness marked by ASTM F1624 as the main goal. This is
achieved by calibrating a model of the material’s hardness by the use of a coefficient in function of it.
For this purpose, four medium- and high-strength steels of 33, 35, 50 and 60 HRC (Hardness Rockwell
C) are exposed to three different cathodic polarization hydrogen embrittlement environments of 1,
5 and 10 mA/cm2 in 1N H2SO4 acid electrolyte connected to a platinum anode. Threshold stresses
in these circumstances are obtained by uniaxial specimens following ASTM F1624 and compared to
their homologous threshold loads obtained by Small Punch tests according to the authors’ original
methodology proposal. Finally, the aforementioned model, consisting of a correlation based on
composing an elastic and a plastic part, is calibrated for a hardness ranging 33–60 HRC, this being
the main original contribution of this work; the elastic part is dependent just on the elastic-to-plastic
transition SPT load, while the plastic part is ruled by a material hardness-dependent coefficient.
This technique supposes an advance in engineering tools, due to its applicability in situations of
material shortage, such as in-service components, welded joints, local areas, complex geometries,
small thicknesses, etc., often present in aerospace, automotive or oil–gas, among others.

Keywords: threshold stress; small punch test; incremental step loading technique; aggressive envi-
ronment; medium and high strength steels; hydrogen embrittlement

1. Introduction

The mechanical properties of high-strength low-alloy steels have made them very
attractive and interesting materials to highly demanding industries, such as aerospace,
automotive or oil–gas, continuously increasing their range of applications. One of their few
disadvantages, though, is their susceptibility to stress corrosion cracking and hydrogen
embrittlement when exposed to harsh environments, which are relatively frequent in
such industrial applications. Some well-known examples are gas transport, where H2S is
considerably present, or offshore applications where cathodic polarization is produced,
inducing hydrogen in the steel.

A derived issue is that standardized tests used to characterize materials under aggres-
sive environments [1,2] require a certain number of samples to be tested and slow strain
rate tests in the environment, in order to obtain the threshold stress, which means a certain
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amount of material and time. Besides the intrinsic inaccuracy of these methods, 10 to 12
specimens are usually required, achieving more than 10,000 h per test [1,2].

To solve this time-consuming issue, the methodology presented in the ASTM F1624
standard [3] was derived. It consists of the application of certain sequences of constant
loads that are incremented by timed steps until the specimen fails, which is caused by the
combined action of the aggressive environment and the slow solicitation caused by load
increments. With this method, the threshold stress, σth, can be determined in a few days,
testing a minimum of three uniaxial specimens.

In respect to material shortages, there are situations where it is not possible to obtain
specimens according to conventional standards, such as in-service components, welded
joints, local areas, complex geometries, small thicknesses, etc. For these situations, the Small
Punch test (SPT) has been positioned as an alternative [4] in the last decade, being ruled so
by the EN 10371 [5] and ASTM E3205 [6] standards, but none of them consider characteri-
zation in aggressive environments. In the last decade, the authors have proved that the
Small Punch test technique can be employed in environmental-assisted cracking scenarios.

In recent works [7], a preliminary proposal to estimate the threshold load in aggressive
environments, based on an adaptation of the ASTM F1624 methodology to Small Punch tests,
was presented. However, this proposal was just based on tests with steels of 33–35 HRC
(the lowest value of ASTM F1624), so its validity needed to be extended to higher hardness
ranges. Also, the step times first employed had been chosen for convenience but needed to
be optimized, which was done in [8] by the authors.

The present work extends and validates the proposed incremental SPT step methodol-
ogy to all ranges of steels hardness over 33 HRC (up to 60 HRC). It goes deeper into the
model that estimates the threshold stress from the SPT threshold load, presented in [7],
incorporating the optimization of step times from [8]. The ultimate advance achieved in
this paper is the calibration of this model, proving that it allows one to obtain the threshold
stress based (solely) on SPT tests, with limited experimental scatter (below 10%), and based
on both an elastic part depending on the elastic-to-plastic transition SPT load and a plastic
part ruled by a material hardness-dependent coefficient, which is calibrated.

2. Materials and Methods
2.1. Materials

Four steels have been used in this research. On the one hand, an X80 rolled steel [9],
commonly used in gas and petroleum low-temperature transportation, with a hardness of
35 HRC, and an S420 weldable thermomechanically treated steel [10] of 33 HRC, used in
pressure vessels, power plants and offshore structures. On the other hand, two commercial
Uddeholm Arne tool steels of 50 HRC and 60 HRC, hardened both by quenching and
tempering. The first two steels have a ferritic–pearlitic microstructure, with grain sizes
ranging 5–15 µm for X80 and 5–25 µm for S420, whereas the last two steels have a tempered
martensitic microstructure, with grain sizes ranging 5–10 µm in both cases, all of which are
shown in Figure 1. The chemical compositions of the four steels are presented in Table 1,
obtained by means of spark emission spectrometry, and their mechanical properties are
gathered in Table 2, which were derived from ϕ10 mm cylindrical tensile test specimens.

Table 1. Chemical composition of the four steels analyzed (weight %).

C Si S P Mn Ni Cr Mo Cu Al V Ti Nb W

X80 0.070 0.180 <0.005 <0.005 1.830 0.030 - 0.150 0.020 0.030 - - 0.030 -
S420 0.080 0.280 0.001 0.012 1.440 0.030 0.030 0.003 0.015 0.026 0.005 0.015 0.031 -

50
HRC 0.947 0.310 <0.035 <0.005 1.093 - 0.614 - - - 0.113 - - 0.598

60
HRC 0.951 0.300 <0.035 <0.005 1.013 - 0.599 - - - 0.109 - - 0.611
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Figure 1. Microstructure of: (a) X80 steel, ferritic–pearlitic; (b) S420 steel, ferritic–pearlitic; (c) 50 HRC
steel, tempered martensite; (d) 60 HRC steel, tempered martensite.

Table 2. Mechanical properties of the four steels analyzed.

E (GPa) σy (MPa) σu (MPa) eu (%)

X80 209.9 621.3 692.9 29.6
S420 206.4 447.7 547.1 21.7

50 HRC 216.6 1810.7 1935.9 3.1
60 HRC 190.8 929.8 1995.5 1.9

2.2. Aggressive Environments

In order to obtain a proper material characterization under Hydrogen-Induced Crack-
ing (HIC) [11] conditions, a simulated hydrogen environment is used in this work, also
providing a cathodic polarization of the specimens [12]. In order to achieve different
hydrogen absorption levels, and therefore to simulate different levels of environment
aggressiveness, the intensity of the electric current applied during the cathodic polariza-
tion [13] was fixed at 1, 5 and 10 mA/cm2. The electrolyte used was a 1 N H2SO4 solution in
distilled water, containing 10 mg of As2O3, prepared according to Pressouyre’s method [14]
and with 10 drops of CS2 per liter, the final acid pH being between 0.65 and 0.80. The
specimen works as an electrode, platinum as a counter electrode and a saturated calomel
electrode as the reference electrode, and the tests are performed at room temperature
(20 ± 2 ◦C), with continuous water agitation to remove hydrogen bubbles from the spec-
imen surface and, thus, avoiding local corrosion deposits [1]; this was accomplished by
blowing air through a pipe placed in the bottom of the electrolytic cell at 6 bar pressure to
make the liquid moving.
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2.3. Tensile Tests According to ASTM F1624 [3]

The target of these tests is to determine the threshold load (Pth) and the corresponding
threshold stress (σth), following the standard ASTM F1624 [3]. With this purpose, tensile
cylindrical specimens were machined [15] with a central diameter of 6 mm, while the area
to be tested was completely immersed in the solution. Special care must be taken to locate
the specimen in the electrolytic cell, assuring an electrical isolation of the specimen while
keeping the cell’s tightness. Before starting the mechanical step loading, the specimens
were previously exposed to the same embrittling environment over 24 h to assure a proper
hydrogen distribution [14]. Based on the steel hardness, the load step protocol to be applied
is defined in Table 3, with the experimental setup being shown in Figure 2.

Table 3. Step load profiles according to ASTM F1624 [3].

Hardness Step Step Load Step Time (h) Profile Code [3]

33 ≤ HRC < 45
1–10

5% of PFFL
2

(10/5/2,4)11–20 4

45 ≤ HRC < 55
1–10

5% of PFFL
1

(10/5/1,2)11–20 2

≥55 1–20 5% of PFFL 1 (10/5/1)
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Figure 2. General view just after specimen failure (up) and schematic (bottom) of the experimental
setup for ASTM F1624 step load profiles.

ASTM F1624 [3] indicates the following procedure to be followed to determine the
threshold, as shown in Figure 3: as a first step, a tensile test is performed in air according
to [15] to obtain the Fast Fracture Load (PFFL). Next, the step protocol is defined with
20 step sequences of PFFL/20 load value each step, until the sample failure is reached,
which gives the Pth-1 load value (see Table 3 for step durations in function of the steel
hardness according ASTM F1624). The following step sequences, designed with a load for
the 20th step obtained by increasing the threshold load of the previous sequence by 10%,
provides the values for Pth-2, Pth-3, . . . Pth-n, respectively. With a minimum of 3 sequences,
the final threshold load is obtained as soon as the difference between two consecutive
sequence threshold loads is below 5% (the load corresponding to one step). This is to
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allow the environment to produce its embrittling effect close to the threshold in the areas
of the specimen under plasticization, due to the lower solicitation rates at the last steps
when compared to those at the initial steps (where the process is governed by elasticity
instead). Note that in the highest hardness range from Table 3, HRC ≥ 55, all 20 steps
last the same, this usually being the case with very high-strength steels, which are more
affected by aggressive environments [16].
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Figure 3. Schematic of the ASTM-F1624 methodology for a 33 ≤ HRC < 45 steel.

2.4. Small Punch Test (SPT) Main Concepts

The SPT is a quasi-non-destructive test, since the extraction of the small amount of
material required does not compromise the component’s integrity, allowing one to test
in-service materials (repairing the sampling hollows). It was firstly developed in the 1980s,
and nowadays it has become a worldwide alternative for the estimation of mechanical
properties when it is not possible to obtain specimens that fit regular standards; both
European [5] and American [6] standards have been published, covering tensile, creep and
fracture properties estimations.

The SPT consists of punching a plane specimen (0.5 mm nominal thickness and less
than 1 cm2 cross-section), deforming it until it breaks. Figure 4 shows the device used for
the performance of the tests in this work, according to the European standard [5].
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Figure 4. Small Punch test experimental device used in this work (left), including the recommenda-
tions of the European standard [5]; dimensions in mm.

During the test, the force and the punch displacement are registered continuously,
obtaining a curve such as the one presented in Figure 5; the fracture has a semicircular
shape (smile-type or cupping type) in ductile scenarios or multi-radial (star-type) shape
in brittle ones [5]. The curve can be divided into four main regions: I (plate bending
quasi-totally elastic), II (plate bending partially plasticized in the most stressed face of the
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specimen), III (membrane stretching) and IV (instability). Two main parameters can be
pointed out:

• Py: elastic-to-plastic load, which marks the beginning of plastics effects on the spec-
imen; this means the end of pure elastic behavior, so the beginning of the plasticity
hydrogen-assisted effect; it is identified with the first convexity change in the curve;

• Pmax: maximum load reached during the test, after which the sample’s collapse is
imminent. The energy below the test curve, ESP, is defined up to this load.
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2.5. Application of ASTM F1624 [3] Step Methodology to SPT

The aim of the research carried out in this work, as well as in the previously published
works [7,8], has been to apply the incremental step loading technique to SPT as strictly as
possible, assuming the necessary adaptions.

SPT specimens are 10 × 10 mm2 square plates with a thickness of 0.5 ± 0.01 mm,
according to [5] and as validated in [17]. Therefore, some modifications had to be performed
based on the Small Punch’s particularities:

• Firstly, PFFL-SPT is obtained in this case from an SPT test in air according to [5]; this test
is also used to derive the elastic-to-plastic load, Py, as the first inflexion point of the
obtained load–displacement curve, as described in [7];

• Then, given that the diffusion time is proportional to the square of the thickness [18],
the SPT specimens must be previously immersed in the environment during less time
than that taken by conventional specimens. Two hours was derived to be the most
suitable time according the literature [7,8];

• Also, for a similar reason, according to [8], the optimal step times, combining a
complete environmental affection with the shortest possible time, were phenomeno-
logically proved to be equal to one-sixth of the durations indicated in the ASTM F1624
standard [8] for each hardness range (Table 3), as presented in Table 4.

Table 4. Step load profiles employed in the SPT proposal.

Hardness Step Step Load Step Time (min)

33 ≤ HRC < 45
1–10

5% of PFFL-SPT
20

11–20 40

45 ≤ HRC < 55
1–10

5% of PFFL-SPT
10

11–20 20

≥55 1–20 5% of PFFL-SPT 10
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The device employed is an electrolytic cell in which the SPT sample is embedded into
two jigs and punched by the action of the load applied on it, while completely immersed in
the solution during the whole test (see Figure 6).
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2.6. Estimation of the Threshold Stress (σth) Based on the SPT Threshold Load (Pth-SPT)

Based on the proportionality in the threshold stress reduction (uniaxial specimens) and
the SPT threshold load reduction, together with the findings shown in the literature, a model
to estimate σth based on Pth-SPT was presented by the authors in [7]. The threshold stress,
σth, derived from the SPT is calculated as the sum of two terms: one elastic (σel−SPT), not
affected by the environment, and one plastic (σpl−SPT), assisted by environment phenomena,
which tends to provide the biggest contribution to the final value.

σth−SPT = σel−SPT + σpl−SPT (1)

The elastic component can be obtained from the elastic-to-plastic load, Py, which
defines the start of plastic phenomena; it is derived from the SPT test in air, which according
to [5] is employed to determine PFFL (as mentioned in Section 2.3). Then, the elastic part
is calculated, based on [19], as the maximum stress in the most stressed face of a circular
plate of thickness “h0“embedded around the entire perimeter and subjected to a centered
vertical load “Py”, as shown in Equation (2):

σel−SPT =
3

2·π·h2
0
·Py (2)

The plastic component follows the usual approach in SPT correlations to determine
tensile parameters such as yield stress or tensile strength [5,19], consisting of normalizing
the load by “h0

2”and employing a correlation coefficient. However, in this case, as proved in
previous works [7], just the plastic part of the SPT threshold load (Pth-SPT−Py) contributes to
its calculation (as Py has already been included in the elastic one), resulting in the following
expression:

σpl−SPT =
α

h2
0
·(Pth−SPT − Py) (3)
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where “α” is a dimensionless correlation coefficient, loads are introduced in newtons and
“h0” in millimeters. This leads to

σth−SPT = σel−SPT + σpl−SPT =
3

2·π·h2
0
·Py +

α

h2
0
·
(

Pth−SPT − Py
)

(4)

3. Results

In this section, all the results obtained from the specimens tested by both ASTM
F1624 [3] tests with cylindrical specimens and SPT tests according the proposal presented
are collected in Table 5. In it, all the different material and environment combinations and
the threshold load values obtained with the proposed SPT method and their corresponding
threshold stress counterparts according to ASTM F1624 [3] are presented. Also, the values
of Py obtained in the SPT in air are included, being necessary for further calculations.

Table 5. Results of SPT tests according to the proposal, and tests results on uniaxial specimens
according to ASTM F1624 [3].

Py (SPT) Fast Fracture Load 1 mA/cm2 5 mA/cm2 10 mA/cm2

Proposal
Py
(N)

Proposal
PFFL-SPT

(N)

ASTM
FFL

(MPa)

Proposal
Pth-SPT

(N)

ASTM
σth (MPa)

Proposal
Pth-SPT

(N)

ASTM
σth (MPa)

Proposal
Pth-SPT

(N)

ASTM
σth (MPa)

X80 (35
HRC) 121 1490 693 943 556 638 446 620 436

S420 (33
HRC) 69 1465 548 812 379 625 265 594 257

50 HRC 22 1428 1917 321 337 291 295 257 247
60 HRC 10 677 1975 182 293 142 185 114 152

As an example of this, Figure 7 presents the results for 60 HRC steel in the three
environments studied (all the test records end up in graphs that lead to the same numerical
values of Table 5 but with less quality). On the left, the threshold stresses’ step protocols
according to ASTM F1624 are presented, while on the right their corresponding threshold
load values obtained with the proposed SPT method can be found. The results are organized
in rows, an environment of 1 mA/cm2 on the top, 5 mA/cm2 in the middle and 10 mA/cm2

on the bottom row.
Figure 8 presents graphically the values gathered in Table 5. On the vertical axis, the

threshold stress derived for each one of the 12 scenarios studied (4 materials × 3 envi-
ronments) applying ASTM F1624 is represented in a X-Y dispersion graph, related to its
homologous threshold SPT load obtained by the proponed methodology, displayed in the
X axis. This is to say, σth is plotted against its corresponding Pth-SPT from Table 5, where a
certain correlation is found between the two threshold parameters (SPT load and F1624
stress), indicating some dependency between them. The correlation proposed is just valid
for the SPT specimen, punch and tools geometries employed in this work, which are the
ones recommended by the European standard. Although small SPT specimen thickness
variations are admitted because the proposed expression corrects it, it must be noted that
a thickness as close as possible to 0.50 mm must be used, and in this work a specimen
thickness was contained in the range 0.50 ± 0.01 mm in all the cases.

From the aforementioned previous works by the authors [7], in which the following
model is explained in detail, given that the threshold stress obtained by both methods must
be equal

σth−ASTM = σth−SPT = σel−SPT + σpl−SPT → σpl−SPT = σth−ASTM − σel−SPT (5)
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And equating the plastic components from Equations (3) and (5)

σth−ASTM − σel−SPT =
α

h2
0
· (Pth−SPT − Py) → σpl−SPT = α·

(Pth−SPT−Py)

h2
0

(6)

In this plastic component, there is an α coefficient that needs to be calibrated. This
is performed for each one of the materials, as there is no reason to think that α will be a
constant value, having most probably a material and/or environmental dependence. As a
result of this, it can be observed that a linear relationship that passes through the origin
with a proper correlation coefficient (R2) can be stablished in all the cases, which means that
there is a quasi-independence of the environment; α can be calculated directly as the slope
of the resulting line for each material, as can be observed in Figure 9. Analyzing the values
obtained, different for each material, the material dependence of α can be established.
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Table 6 summarizes the values of α obtained for each material, whereas Figure 10 plots
the dependence of the parameter α with the material hardness (HRC), which shows good
trends. It must be pointed out that, as the ASTM F1624 methodology is just valid for steels
of a hardness over 33 HRC, the SPT proposal has been validated in the same range, so it is
just valid for those situations. The reason is that it is medium- and high-strength steels that
mainly suffer environmental problems, so the step methodology has just been studied in
those cases for a practical reason.

Table 6. α coefficient value obtained with the model adjustment in the materials and environ-
ments studied.

Material (HRC) Hardness (HRC) α

S420 33 0.0753
X80 35 0.0933

50 HRC 50 0.2331
60 HRC 60 0.3585



Metals 2024, 14, 1234 11 of 13Metals 2024, 14, x FOR PEER REVIEW 11 of 14

Figure 10. Correlation between α coefficient and HRC hardness.

4. Discussion
From the analysis of the presented results, the α coefficient does not seem to depend 

on the environment. However, α maintains a clear dependency on the material hardness 
in the range of materials and environments covered in this research, as has been shown in 
Table 6 and Figure 10.

By implementing the above-exposed dependency of the α coefficient in equation (4), 
the threshold stress values may be easily estimated from the SPT threshold loads obtained 
in the Small Punch tests (Table 5). Figure 11 shows the comparison between the threshold 
values obtained from conventional tensile specimens and those derived from the SPT. It 
can be appreciated that the values are always contained within a ± 10% deviation, as is 
usual in SPT estimations.

Figure 11. Proposed estimation of threshold stress based on SPT tests.

Similar correlations could be obtained with other hardness scales such as HV (Vick-
ers) and HB (Brinell). However, ASTM F1624 works with HRC (Rockwell) and a conver-
sion of units would be less operational without providing any additional advantage.

Figure 10. Correlation between α coefficient and HRC hardness.

4. Discussion

From the analysis of the presented results, the α coefficient does not seem to depend
on the environment. However, α maintains a clear dependency on the material hardness in
the range of materials and environments covered in this research, as has been shown in
Table 6 and Figure 10.

By implementing the above-exposed dependency of the α coefficient in equation (4),
the threshold stress values may be easily estimated from the SPT threshold loads obtained
in the Small Punch tests (Table 5). Figure 11 shows the comparison between the threshold
values obtained from conventional tensile specimens and those derived from the SPT. It
can be appreciated that the values are always contained within a ±10% deviation, as is
usual in SPT estimations.
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Figure 11. Proposed estimation of threshold stress based on SPT tests.

Similar correlations could be obtained with other hardness scales such as HV (Vickers)
and HB (Brinell). However, ASTM F1624 works with HRC (Rockwell) and a conversion of
units would be less operational without providing any additional advantage.
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5. Conclusions

This paper provides a comprehensive validation of the model proposed by the authors,
which allows the threshold stress defined by ASTM F1624 to be estimated from Small
Punch tests results. The model consists of a correlation composed by an elastic and a plastic
part, and it significantly reduces the time and material requirements of conventional tests.
The validation provides a sound methodology to estimate the threshold stress in medium-
and high-strength steels with a hardness above 33 HRC, up to at least 60 HRC.

Four materials and three levels of aggressiveness have been employed, incorporat-
ing the optimal step times defined in the literature, in order to calibrate the model for
33 ≤ HRC < 45, 45 ≤ HRC < 55 and HRC ≥ 55 ranges. However, these ranges, initially
proposed in ASTM F1624 for conventional tests, could be unified for SPT tests if 20 and
40 minutes are used for the 1 to 10 and 11 to 20 steps in the whole range of hardness over
33 HRC (less time-efficient).

It has been proved that the elastic part only depends on the elastic-to-plastic transition
SPT load (Py), while the plastic part is ruled by a material hardness-dependent coefficient.
This coefficient has been found to be, in practice, independent of the environment, so the
real dependences of the methodology come just from the material in terms of its hardness
(by the calibrated coefficient α).

Future works should extend the proposed methodology to other environments and/or
materials, in order to make the approach more robust if possible.
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