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editorial

Este año el Encuentro del Grupo Español de Fractura regresa a San Sebastián donde ya 

fueron los Encuentros de los años 2000 y 1994.  

Como novedad tendrá lugar una Mesa Redonda con agentes de la industria, potenciales 

clientes y usuarios de nuestros conocimientos. La idea que subyace es volver a acercar 

el mundo académico e  investigador al mundo más aplicado e  industrial de modo que 

ambas partes salgan beneficiadas. 

Tendrán  lugar  tres sesiones especiales sobre “Ensayos Miniatura” en el mundo de  la 

Mecánica de la Fractura, con la intención de publicar un número especial en la revista 

Theoretical and Applied Fracture Mechanics. La contribución española en el campo de 

los miniensayos es muy elevada y creemos que merece la pena que se reconozca nuestra 

experiencia en esta materia. Por supuesto, contamos con la contribución de los expertos 

internacionales más  relevantes  en  esta  temática,  que  actúan  como  conferenciantes 

invitados. 

Una mención especial merece la designación de Donostia/San Sebastián como Capital 

Europea  de  la  Cultura  2016,  de  la  que  este  Encuentro  debería  ser  un  ejemplo 

paradigmático. 

Por último,  los organizadores queremos  agradecer especialmente el esfuerzo de  los 

conferenciantes invitados, los autores y ponentes, los patrocinadores institucionales e 

industriales, a los moderadores de las sesiones, a los revisores, miembros de los jurados 

de  los premios, miembros de  la Secretaría del Encuentro… y a todos  los participantes 

por colaborar al éxito de este Encuentro, que confiamos en que sea memorable para 

todos. 

¡Muchas gracias! 

En San Sebastián, a 9 de marzo de 2016 

M. Reyes Elizalde González 

Antonio Martín Meizoso 

José Manuel Martínez Esnaola 

Ibon Ocaña Arizcorreta 
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EMBRITTLEMENT OF STRUCTURAL STEELS 

 

T.E. García1,3*, B. Arroyo2, C. Rodríguez3, F.J. Belzunce3, J.A. Álvarez2 

 
1KNOW-HOW INNOVATIVE SOLUTIONS  

C/ Pedro Puig Adam, S/N, Espacio Tecnológico Campus, Oficina 4, 33203 Gijón (Spain) 
* E-mail: garciatomas@khisgroup.com   Web: www.khisgroup.com 

 
2LADICIM, Depto. de Ing. del Terreno y los Materiales (Universidad de Cantabria) 

Avda. de los Castros, 44, 39005 Santander (Cantabria) 

 
3SIMUMECAMAT, Universidad de Oviedo. 

Edificio Departamental Oeste nº 7, Campus Universitario. 33203, Gijón, España 

 

 

ABSTRACT 

 

In the present study, a new small punch test (SPT) methodology has been used to analyse the effect of hydrogen 

embrittlement on the tensile properties of three different grades of CrMoV steel: the base metal (CrMoV-1), weld metal 

(CrMoV-2) and this same weld metal subjected to an intermediate heat treatment (CrMoV-3). SPT results were compared 

with those obtained in standard tensile tests carried out in a hydrogen environment. Moreover, a new SPT methodology 

was used to analyse the environmental effects on a CrNiMn steel under cathodic protection and cathodic charge. 

 

Results obtained shows the usefulness of the SPT to estimate the grade of deterioration induced by hydrogen 

embrittlement, especially when a lack of testing material makes impossible the test of standard specimens. 

 

KEYWORDS: Small punch test, hydrogen embrittlement, stress corrosion cracking. 

 

 

1. INTRODUCTION 

 

The effect of hydrogen is especially important in high-

strength steels exposed to aqueous environments under 

cathodic protection (such as off-shore platforms) or those 

in which H2S is present (as in gas transport pipelines). 

Both phenomena, HE and SCC, are rather similar, 

resulting in brittle failures in the presence of an 

aggressive environment under maintained stress. Both 

phenomena are dependent on the loading rate, even 

disappearing for higher ones, but at very slow strain rates 

hydrogen has a significant embrittling effect. Different 

methodologies for testing HE have been investigated 

since the publication of the "ASTOH Selected Technical 

Papers" in 1947 [2]. 

 

There are particular situations where standards such as 

[3,4] can't be followed to perform characterizations on in-

service components, mostly due to the impossibility to 

machine specimens fitting the required dimensions, [3]. 

One of those situations is usually present in welded joints 

of any type of structure. In other cases, it can be a harsh 

task to test virgin material due to the inherent operational 

difficulties and uncertainties characteristic of standard 

CBT and HE tests. 

 

To find a solution to these types of scenarios, miniature 

tests were developed, being the Small Punch Test (SPT) 

the most notable. Although a reference standard that 

includes the tensile and fracture estimations from SPT is 

currently still not available, a European Code of Practice 

was developed in 2006 [5]. SPT allows to estimate 

parameters as the yield stress, ultimate tensile strength 

and even fracture toughness of metallic materials with 

high reliability [6]. Throughout the last years some 

authors have proved the validity of the SPT to be used in 

HE and SCC characterizations [7-9], having the 

advantage of being faster, easier and safer to perform 

than the standard tests. 

 

This paper presents a review of the characterization of 

HE on a high strength steel by SPT using two approaches, 

which will be subsequently compared to conventional 

mechanic tests. 

 

 

2. MATERIALS 

 

Three CrMoV steels were used in this study: the base 

metal (CrMoV-1), with a high resistance to hydrogen 

embrittlement [9], a high strength weld metal (CrMoV-

2), which is highly susceptible to this phenomenon [9], 

and this same weld metal after being subjected to an 

intermediate heat treatment (CrMoV-3). Figure 1 shows 

the microstructure of CrMoV-1 (tempered martensite) 

and CMoV-2 (lath martensite). A quenched and 

tempered CrNiMn high-strength steel was also analyzed, 

having the tempered martensite microstructure showed in 

Figure 2. Table 1 shows the mechanical properties of this 

steel. 
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Figure 1. Microstructures of a) CrMoV-1  b)CrMoV-2 

 

 
Figure 2. Microstructure of CrNiMn high-strength steel 

 

Table 1. Mechanical properties of CrNiMn 

E  

(GPa) 

σys 

(MPa) 

σut 

(MPa) 

J0.2 

(kN/m) 

KJ0.2 

(MPa m0.5) 

205 920 1015 821 410 

 

 

3. EXPERIMENTAL METHODOLOGY 

 

3.1. Tensile properties determination 

 

The effect of hydrogen embrittlement on the tensile 

properties degradation of CrMoV steels was analyzed by 

means of a custom designed SPT device, which is 

depicted in Figure 3a and is thoroughly described in [9]. 

This device allows to test the specimens inside a 

hydrogen environment. A 1N solution of H2SO4 in 

distilled water with 10 drops of CS2 and 10 mg of As2SO3 

per litre was employed as electrolyte. A current density 

of 20 mA/cm2 was set at the beginning of the test. All the 

SPT specimens (10x10x0.5 mm) were mechanically 

polished (up to 1200 emery paper) and cleaned before 

testing. The tests were carried out at a cross-head speed 

of 0.2 mm/min. 

 

In order to have information about the tensile properties 

of standard specimens tested in a hydrogen environment, 

a sample and device sketched in Figure 3b was designed. 

Same conditions as described for the SPT were employed 

to perform these tensile tests. Plane specimens, with a 0.5 

mm thickness were employed, in order to achieve similar 

hydrogen concentrations as those achieved in the small 

punch specimens. 

 
Figure 3. Custom devices for testing in hydrogen 

environment: a) SPT device  b) Tensile device 

 

Expressions (1)-(3) were used for estimating the tensile 

properties by means of SPT, in both air and hydrogen 

environment. Py was calculated as the intersection 

between the SPT curve and a straight line running 

parallel to the initial elastic slope with an offset of t/10, 

where t is the initial specimen thickness [9,10]. Pm is the 

maximum test load and dm the displacement at maximum 

load. 

 

𝜎𝑦𝑠 = α ∙
𝑃𝑦_𝑡/10

𝑡2
 

 

(1) 

 
𝜎𝑢𝑡 = β1 ∙

𝑃𝑚
𝑡2

 

 

(2) 

 

𝜎𝑢𝑡 = β2 ∙
𝑃𝑚

(𝑑𝑚 ∙ 𝑡)
 (3) 

 

 

3.2. Fracture mechanics 

 

For conventional fracture mechanics tests, an analysis 

was carried out obtaining the stress intensity factor, 

KEAC, employing the methodology based on the GE-

EPRI procedure [12]. 

 

For small punch tests, Lacalle's methodology [6] was 

employed in order to obtain the fracture toughness of the 

embrittled material, JIth. It consists on the determination 

of the CTOD crack initiation parameter by means of SPT 

tests, 𝛿spi, from which the value of JIC is determined and 

transformed into the crack initiation intensity factor, KJth. 

After that, as stated in [8], in order to compare this value 

with the results of KEAC obtained from conventional tests 

in 25 mm CT specimens, KJth was expressed into its 

equivalent factor obtained from 25 mm samples, KJth25, 

following expression (5) [13]. 

 

  
(4) 

 
(5) 

 

(6) 

 

In order to apply Lacalle's model [6], yield stress is 

necessary. It doesn't differ much from the value of the as 

received material [8], but accurate values can be 

estimated using expression (7): 
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(7) 

The analysis was carried out in two different 

environmental conditions: cathodic protection and 

cathodic charge. For each one, two different levels of 

aggressiveness were studied. 

For cathodic protection an aluminum anode was 

employed. The pH was controlled at the range 5.5 – 5.7 

during the whole tests, at room temperature. Two levels 

of cathodic protection (aggressiveness) were analyzed: 

950 mV and 1050 mV of fixed potential. 

For cathodic charge, environmental conditions were 

simulated by using the same electrolyte described in 

section 3.1. A platinum grid was used as anode. The pH 

was controlled at the range 0,65 - 0,80 at room 

temperature 20ºC - 25ºC. Two levels of charge 

(aggressiveness) were analyzed, 1mA/cm2 and 5mA/cm2. 

In each case, two different loading rates were employed 

in conventional fracture mechanics tests. For SPT two 

approaches were employed. Specimens were embrittled 

during 2 hours and then tested under two different 

approaches: in air under two different load rates [5], and 

inside the hydrogen environment at a low punch 

displacement rate. 

4. RESULTS AND DISCUSSION

4.1. Tensile properties 

Figure 4 shows a comparison between the true stress – 

true strain curves obtained in both air and hydrogen, 

while Table 2 shows the obtained results. All the steels 

exhibited a decrease in the mechanical properties due to 

hydrogen embrittlement. In the case of both CrMoV-1 

and CrMoV-3, no significant differences were found in 

the yield strength and ultimate tensile strength. However, 

a great decrease in ductility (elongation at failure) was 

observed when testing in hydrogen, especially in the case 

of CrMoV-3, which broke just above the yield strength. 

CrMoV-2 was highly affected by hydrogen, and all the 

specimens failed at a stress level lower than the yield 

strength (60% approx.). 

While in the case of tensile tests carried out in air, all the 

specimens exhibited ductile behavior, with a 45º crack 

path, as depicted in Figure 5a, a competition of ductile 

and brittle fracture mechanisms was observed in the tests 

carried out in hydrogen. Figure 5b shows the failure 

pattern of CrMoV-2, the most embrittled material, which 

exhibited a horizontal crack, where wide zones of 

cleavage were observed. 

Figure 4. True stress – true strain plots of the analyzed 

steels 

Table 2. Tensile test results (mean ± standard deviation) 

STEEL E (GPa) σys (MPa) σut (MPa) 

CrMoV-1 (air) 208 ± 10 592 ± 20 701 ± 14 

CrMoV-1 (hydr.) 210 ± 27 633 ± 38 714 ± 12 

CrMoV-2 (air) 212 ± 17 1011 ± 17 1099 ± 26 

CrMoV-2 (hydr.) 211 ± 2 697 ± 40 697 ± 40 

CrMoV-3 (air) 206 ± 7 761 ± 20 825 ± 21 

CrMoV-3 (hydr.) 202 ± 2 753 ± 41 757 ± 38 

Figure 5. a) Fracture of specimens tested in air 

b) Fracture of CrMoV-2 tested in hydrogen

c) Microvoids observed on specimens tested in air

d) Fracture surface of CrMoV-2 tested in hydrogen

Figure 6. SPT curves obtained in both environments 
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Figure 6 shows the SPT curves obtained in both air and 

hydrogen for the CrMoV steels. Some tests were arrested 

at displacement levels close to Py, in order to perform 

fractographic observations by SEM. Table 3 shows the 

obtained SPT parameters. 

Table 3. SPT results (mean ± standard deviation) 

STEEL 
Py/t

2 

(MPa) 

Pm/t2

(MPa) 

Pm/(t dm) 

(MPa) 

dm 

(mm) 

CrMoV-1 

(air) 
1586±189 7873±607 2264±158 1.62±0.03 

CrMoV-1 

(hydr.) 
1682±56 3960±143 2462±71 0.74±0.02 

CrMoV-2 
(air) 

2375±174 11354±826 3553±230 1.53±0.05 

CrMoV-2 

(hydr.) 
2209±98 3517±113 2168±167 0.78±0.05 

CrMoV-3 
(air) 

1604±157 7846±388 2286±152 1.61±0.03 

CrMoV-3 

(hydr.) 
1690±77 3060±358 2014±439 0.73±0.09 

The same trend observed in conventional tensile tests 

was observed in the SPT ones: all steels exhibited 

hydrogen embrittlement, in terms of loss of ductility. In 

the case of CrMoV-1, the obtained SPT curve was the 

characteristic of a ductile steel. Thus, its analysis should 

be in terms of Py/t2 and Pm/(t dm) [10]. On this sense, 

results were in total agreement with those obtained in the 

standard tests, since no significant differences were 

found between the SPT parameters related with σys and 

σut, and only the parameter related with ductility, dm, 

experimented a clear decrease. 

It should be noted that the behavior of CrMoV-2 and 

CrMoV-3, tested in hydrogen, was not conventional. In 

this two cases, the specimen was observed to be totally 

cracked at a displacement level beyond Py, and very close 

to it. In fact, the flat shape of the curve from this point on 

is indicating no bearing resistance of the specimen, but 

only friction between the testing components and a fully 

cracked specimen [14]. Figure 7 shows a SEM image of 

a CrMoV-3 specimen after a test interrupted at 500 N, 

corroborating this observation. Thus analysis of these 

steels should be performed only in terms of Py, as the 

material broke under elastic behavior. This fact is in 

agreement with the results obtained in the standard 

tensile tests with CrMoV-2 and CrMoV-3. Nevertheless, 

a disagreement was observed in the case of CrMoV-2: 

while the yield strength decreases approximately a 40% 

when tensile tests were performed in hydrogen, no 

significant differences were found between Py/t2 in air 

and hydrogen. This fact could be justified in the different 

test conditions. In the tensile test, the specimen contour 

is totally submerged in hydrogen, and more aggressive 

conditions are developed. Moreover, it was observed in a 

previous work [9] that CrMoV-2 is very sensitive to 

hydrogen embrittlement, due to its microstructure (virgin 

lath martensite), and a less aggressive environment 

should be used for the analysis of this steel (i.e. reducing 

current density). 

Figure 7. CrMoV-3 specimen fully cracked just after Py 

(test stopped at 500N) 

Figure 8. CrMoV-1 broken specimens: 

a) b) Tested in air 

c) d) Tested in hydrogen 

Figure 8a shows the fractography of a CrMoV-1 SPT 

specimen tested in air. This fracture appearance, with a 

unique circumferential crack, was observed in all steels 

tested in air, and it is characteristic of ductile steels. 

Figure 8b shows the microvoids observed on the broken 

surface. When testing in hydrogen, the behavior changed 

totally in all steels, and brittle fracture was always 

observed, indicated by the presence of radial cracks. In 

the case of CrMoV-1, certain ductility was observed, and 

a circumferential crack was accompanied by several 

radial cracks, as shown in Figure 8c. Cleavage surfaces 

were observed on these cracks (Figure 8d). Similar 

observations were made in CrMoV-3. In the case of 

CrMoV-2, the most hydrogen-affected steel, only radial 

cracks were developed, as shown in Figure 9a. As can be 

seen in Figures 8d and 9b, transgranular fractures were 

always observed in the specimens tested in hydrogen. 

Figure 9. a) CrMoV-2 broken specimen  b) detail of the 

fracture surface 
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4.2. Fracture mechanics 

Figures 10,11,12 and Table 4 show the results of the tests 

performed on the CrNiMn steel. In Figure 13 a graphical 

comparison between SPT and fracture mechanics results 

is shown, and in Figure 14 a trend between them is 

displayed. 

Figure 10. Curves obtained in CT fracture mechanics 

tests 

Figure 11. SPT curves of pre-embrittled samples in air 

Figure 12. SPT curves of tests in hydrogen environment 

Hydrogen determination tests were also performed. The 

obtained results are presented in Figure 15. Hydrogen 

concentrations were measured just after the 

embrittlement, after 5 minutes exposition and after 10 

minutes exposition (times necessary to perform tests 

under punch displacement rates of 0,01mm/s and 

0,002mm/s). As a comparison tool, the intrinsic 

hydrogen content of R5 steel is also represented by a 

horizontal line in the same graph. 

Table 4. Results of fracture tests 

Environment Rate (mm/s) Result (MPa*m0.5) 

CC 

Fra 

Mec 

5mA/Cm2 
6E-8m/s 32,80 

6E-9m/s 30,92 

1mA/Cm2 
6E-8m/s 46,04 

6E-9m/s 36,69 

CP 

Fra 

Mec 

1050mV 
6E-8m/s 138,26 

6E-9m/s 117,28 

950mV 
6E-8m/s # 

6E-9m/s # 

CC 

SPT 

5mA/Cm2 

0,010mm/s 84,25 

0,002mm/s 75,77 

5E-5mm/s 61,72 

1mA/Cm2 

0,010mm/s 111,84 

0,002mm/s 110,41 

5E-5mm/s 68,41 

CP 

SPT 

1050mV 

0,010mm/s 162,33 

0,002mm/s 131,57 

5E-5mm/s 116,65 

950mV 

0,010mm/s 161,43 

0,002mm/s 134,00 

5E-5mm/s 118,47 

Figure 13. CT fracture vs SPT results 

Figure 14. Trend between Fracture Mechanics and SPT 
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Figure 15. Hydrogen content results. 

 

 

5. SUMMARY AND CONCLUSIONS 

 

In this paper, the small punch test has been validated as a 

method for characterizing materials under stress 

corrosion cracking and hydrogen embrittlement 

scenarios, and some basic guidelines have also been 

established to perform this characterization. 

 

First, it was demonstrated that SPT can be a very useful 

tool to estimate the deterioration of structural steels due 

to hydrogen embrittlement, in terms of tensile properties. 

Nevertheless, the aggressiveness of the test environment 

has to be properly selected, and a deepest study of this 

issue is still necessary in order to obtain universal 

relationships between results obtained in SPT and in 

standard tensile tests. 

 

Moreover, regarding fracture mechanics, by comparing 

the SPT in different environments and different loading 

rates, it was proved that the test is able to show the effect 

of the environment on the material, as well as the effect 

of punch displacement rate variations. By comparing the 

SPT with standard crack propagation tests, it was proved 

that the SPT gives qualitatively correct results in 

aggressive environment characterizations, although tests 

performed in air after being hydrogen pre-charged are not 

able to give accurate results. This fact could be explained 

by differences at the crack tip in terms of strain rate and 

hydrogen diffusion and accumulation. 

 

The issue to be solved in a future work concerns the 

displacement rate that should be employed in SPT tests 

in order to accurately reproduce the environmental 

conditions taking place during a conventional standard 

test. It seems that the whole test must be performed in 

similar conditions to those present in conventional crack 

propagation tests in order to obtain the good results. A 

quasi-static displacement rate should be used, while the 

specimen remains submerged into the hydrogen 

environment. Another type of approximation, such an 

energetic one, could also be studied in order to find more 

accurate estimations. 
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