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Abstract

:

It is well-documented experimentally that the influence of hydrogen on the mechanical properties of structural alloys like austenitic stainless steels, nickel superalloys, and carbon steels strongly depends on temperature. A typical curve plotting any hydrogen-affected mechanical property as a function of temperature gives a temperature THE,max, where the degradation of this mechanical property reaches a maximum. Above and below this temperature, the degradation is less. Unfortunately, the underlying physico-mechanical mechanisms are not currently understood to the level of detail required to explain such temperature effects. Though this temperature effect is important to understand in the context of engineering applications, studies to explain or even predict the effect of temperature upon the mechanical properties of structural alloys could not be identified. The available experimental data are scattered significantly, and clear trends as a function of chemistry or microstructure are difficult to see. Reported values for THE,max are in the range of about 200–340 K, which covers the typical temperature range for the design of structural components of about 230–310 K (from −40 to +40 °C). That is, the value of THE,max itself, as well as the slope of the gradient, might affect the materials selection for a dedicated application. Given the current lack of scientific understanding, a statistical approach appears to be a suitable way to account for the temperature effect in engineering applications. This study reviews the effect of temperature upon hydrogen effects in structural alloys and proposes recommendations for test temperatures for gaseous hydrogen applications.
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1. Introduction


The European Commission (and other major industrial regions) developed road maps and implementation plans to reduce greenhouse gas emissions, and hydrogen plays a predominant role in this strategic vision [1]. It has been known for over one century that hydrogen deteriorates the mechanical properties of most structural metallic alloys, especially steels [2], also known as “hydrogen embrittlement.” For a safe and affordable hydrogen economy, this phenomenon must be considered in the design process. Several national and international standards like EN 1594-2020, SAE J2579, EIGA 100/03/E, and ASME B31.12 address the important topic of a proper materials selection for hydrogen-wetted components, in particular those components which contain a high inner hydrogen gas pressure.



It is well-documented experimentally that the influence of hydrogen on the mechanical properties of various structural alloys like austenitic stainless steels (e.g., [3]), nickel superalloys (e.g., [4]), and carbon steels (e.g., [5]) strongly depends on temperature. A typical curve plotting any hydrogen-affected mechanical property as a function of temperature gives a temperature THE,max, where the degradation of this mechanical property reaches a maximum. Above and below this temperature, the degradation is less. An example is shown in Figure 1, where the tensile relative reduction of area of 316 austenitic stainless steel is plotted as a function of temperature [3]. Here, the remaining tensile ductility reached a minimum, i.e., the degradation reaches a maximum at temperatures around 220 K. A precise explanation for this phenomenon is very complex [6]. In [6], the temperature effect was reviewed and discussed in the context of the relevant hydrogen–metal interactions along the so called “hydrogen reaction chain,” i.e., (i) the transport of hydrogen to the crack tip, (ii) physical adsorption, (iii) dissociative chemical adsorption, (iv) hydrogen absorption, (v) the transport of hydrogen to regions of tensile stress, and (vi) hydrogen material interactions, all of which are temperature-dependent. It was concluded that slow hydrogen transport limits hydrogen effects at low temperatures whereas negligible hydrogen trapping especially at dislocations limits hydrogen effects at high temperatures. Intermediate temperatures allow for hydrogen-dislocation interactions with a maximum interaction at THE,max, which is alloy-dependent. Unfortunately, a sophisticated quantification of such mechanisms was not provided. However, this concept was used as a starting point in the discussion section. For various structural alloys, THE,max values in the range of about 200–340 K are frequently reported using tensile tests, e.g., [3,5,7]. It appears that THE,max is strongly material-dependent, and the gradient additionally depends on environmental parameters (e.g., hydrogen pressure [3,8]) and loading parameters [3,9]. A typical temperature range for the design of structural components is about 230–310 K (from −40 to +40 °C), which lies well within the above-mentioned range of THE,max. That is, the value of THE,max itself, as well as the slope of the gradient, might affect the material selection for a dedicated application. The goal of this study was to review the effect of temperature on the hydrogen effects of structural alloys and to propose recommendations for test temperatures for gaseous hydrogen applications.




2. Data Analysis


A typical graph plotting any Hydrogen Effects Index (HEI) on the mechanical properties of structural alloys as a function of temperature is shown in Figure 1. Such graphs are characterized by (i) the temperature THE,max, where the degradation of this mechanical property reaches a maximum, and by (ii) the gradient of the HEI. Though the gradient below and above THE,max must not be identical, it appears from Figure 1 that such trends might be reasonably well-described by a parabolic function.



In an HEI-T coordinate system, we find:


  H E I = A     T −  T  H E , m a x      2  + H E  I  m i n    



(1)




where factor A characterizes the gradient of the HEI and can easily be calculated by inserting any second experimental data point into Equation (1).



This review focuses on the analysis of THE,max of austenitic stainless steels, iron- and nickel-based superalloys, and carbon and low alloyed steels. Data from tests in hydrogen atmosphere, from tests with gaseous hydrogen-precharged specimens, and from tests with electrolytical hydrogen-precharged specimens were included in this review. All reviewed data are summarized in Table 1, Table 2 and Table 3. Typically, mechanical properties decrease under the influence of hydrogen, i.e., such HEI-T graphs show a minimum. This is true for tensile tests, fracture toughness tests, and fatigue-life tests. On the contrary, in cyclic crack growth tests, the degradation under the influence of hydrogen is characterized by an increase in crack growth rate, i.e., such HEI-T graphs show a maximum. In reviewing the experimental data, it could be seen that THE,max was defined as the temperature of the extreme value of the experimentally reported HEI (Figure 2b) and not the extreme value of any fitted curve. Since experiments were typically performed at defined temperature intervals (ΔT), a range of ±0.5ΔT was defined to characterize the error of THE,max (Figure 2b).




3. Results


3.1. Austenitic Stainless Steels


The effect of temperature on the tensile ductility of 300 series stainless steels in the solution-treated condition was investigated in various studies [3,7,8,10,11,12,13,14,15,16,17,18,19,20,21]. Some studies reported the reduction of area (RA) measured under the influence of hydrogen [16,17,18,19], but most studies reported the relative reduction of area (RRA) as the ratio of RA measured under the influence of hydrogen and in a control atmosphere, e.g., air, He, or Ar (RRA = RAH2/RAControl).



The tensile strain rate strongly influences hydrogen effects in most structural materials [22], and a tensile strain rate lower than 10−4 s−1 is recommended to capture full hydrogen effects. Figure 3a,b shows THE,max values of solution-treated 304- and 316-type austenitic stainless steels measured at tensile strain rates less than 10−4 s−1 for tests in hydrogen gas and gaseous hydrogen-precharged specimens. Results were very consistent around 200–220 K and appeared to be independent on the hydrogen charging method, i.e., tests in hydrogen gas [3,8,11,12,13,14,15,19,20,21] compared to tests with hydrogen-precharged specimens [7,16,17,18,19]. Additionally, alloying up to 10 wt% Mn in 316 grades appeared to have a negligible influence on THE,max [13]. Analyzing THE,max as functions of tensile strain rate [3,7,11,16,17,18,19] (Figure 3c) demonstrated that the hydrogen gas pressure for tests performed in hydrogen gas [3,8,11,12,13,14,15,21,22] (Figure 3d) and the hydrogen content for tests performed with gaseous [7,10,16,17,18] or electrolytic [19] precharged specimens (Figure 3e) showed no significant influence of either parameter within the given parameter ranges. THE,max of CrMnN austenitic stainless steels was reported to be around 250 K (Figure 3f) [7,18], which is higher than that of 304- and 316-type austenitic stainless steels. The THE,max data of the sensitized 304 and 316 grades fell within the range of solution-annealed grades, whereas the value for a cold-worked 316 grade was reported to be about 150 K (Figure 3g) [3,13,14]. This review shows that measuring the influence of temperature upon hydrogen effects in austenitic stainless steels using tensile tests gives quite consistent results, being robust against many test variables. The analysis of 47 datasets revealed a THE,max value of 204 ± 20 K (mean and standard deviation) for 304- and 316-type austenitic stainless steels (excluding CrMnN austenitic stainless steels).



Another variable influencing THE,max might be the loading condition represented by the test method. A significantly higher THE,max value of 360 K was reported for 301 austenitic stainless steel when using sustained crack growth tests [9], which is about 150 K higher than what is consistently reported for tensile RA results (Figure 3h). A negligible influence of temperature on cyclic da/dN crack growth of a 1.4581 cast austenitic SS was reported in [23] (Figure 3h). Both were single datasets, and a verification of such results could not be found in the open literature. All results are summarized in Table 1.




3.2. Nickel, Nickel-Based, and Iron-Based Superalloys


Inconel 718 is a frequently tested alloy for hydrogen applications. Figure 4a shows THE,max values acquired by different test methods (tensile tests [4,24,25], fracture toughness tests (KH) [4], and low cycle fatigue (LCF) tests [25]). A consistent THE,max value around room temperature (300 K) was reported, independent of the test method. These results did not support the findings for austenitic stainless steels, where THE,max appears to depend on the test method (Figure 3h). Figure 4b summarizes the THE,max values of various other iron-based and nickel-based superalloys with values around room temperature (270–300 K) [4,7,18,19,26,27]. When comparing solution-treated microstructures like in AISI 310 with age-hardened microstructures like in Inconel 718, it can be speculated that the effect of precipitations on THE,max is marginal within the group of materials analyzed here. On the other hand, the THE,max values of pure nickel were reported to be as low as 220 K [28,29]. An analysis of 14 datasets revealed a THE,max value of 295 ± 36 K (mean and standard deviation) for iron-based and nickel-based superalloys (excluding pure nickel). It should be noted here that the high standard deviation of ± 36 K is mainly caused by the high THE,max value of the cobalt-containing alloy Udimet 700 (Figure 4b). Excluding Udimet 700 from the statistics would result in a mean THE,max value of 286 ± 25 K. All results are summarized in Table 2.




3.3. Steels with a Cubic Body-Centered (bcc) Lattice


Multiple results were found in the open literature while investigating the effect of temperature upon the mechanical properties of steels with a bcc microstructure (ferrite, pearlite, bainite, martensite, etc., and combinations thereof); see Table 3. To simplify the presentation, the data were grouped into four steel classes, i.e., iron [30,31], carbon steels [5,30,32,33,34,35], heat-treatable steels [13,32,36,37,38,39,40,41,42,43,44], and high alloyed bcc steels [9,13,45,46,47,48,49,50]. The THE,max data for bcc steels scattered significantly. However, for tensile tests performed in gaseous hydrogen atmosphere, THE,max appears not to be dependent on tensile strain rate (Figure 5a) or on hydrogen gas pressure (Figure 5b). Any trend within the selected steel classes could also not be identified. This confirmed the findings from austenitic stainless steels (Figure 3c,d). In addition, THE,max appears to be independent of the test method used to investigate the temperature effect, as can be seen in Figure 5a–d. In Figure 5c,d, all reported data for bcc steels are plotted as a function of the tensile strength of the tested steels. Again, no clear trend could be observed. The analysis of 46 datasets including, all four steel classes mentioned above, revealed a THE,max value of 260 ± 42 K (mean and standard deviation).





4. Discussion


About 50 references were identified in the literature that contained experimental studies on the influence of temperature upon hydrogen effects in structural alloys. Unfortunately, only a very few studies were found to offer a sophisticated interpretation. One reason might be the very complex nature of hydrogen effects in structural alloys, which makes temperature effects even harder to interpret [6]. It was found that pure metals like Fe, Ni, Ti, and V show more than one ductility minimum as a function of temperature [31]. That is, structural alloys might show more than one ductility minimum, but no experimental data could be identified in the open literature.



The first part of the discussion focuses on material science aspects in the context of the rate-limiting steps in the hydrogen reaction chain (Figure 6), which are (i) the transport of hydrogen to the crack tip, (ii) physical adsorption, (iii) dissociative chemical adsorption, (iv) hydrogen absorption, (v) the transport of hydrogen to regions of tensile stress, and (vi) hydrogen material interactions [6]. All of the above-mentioned steps are temperature-dependent [6]. A curve with an extreme value, as shown in Figure 1, is typically found in the case of at least two competing rate-limiting steps.



A model proposed in [36,37,38,39] based on the coverage of hydrogen adsorption sites was proven to contain misinterpretations [51], but this basic assumption was used as a starting point for improved models. A semi quantitative model explaining the influence of temperature on hydrogen effects based on trap coverage at the crack tip was able to qualitatively explain the ductility minimum in gaseous hydrogen experiments [52]. However, ductility minima were found in experiments performed in a gaseous hydrogen atmosphere, as well as with hydrogen-precharged specimens (Table 1, Table 2 and Table 3). That is, it appears very unlikely that steps 1–4 (the transport of hydrogen to the crack tip, physical adsorption, dissociative chemical adsorption, and hydrogen absorption) are the primary rate-controlling steps because such four steps are only relevant for tests in a gaseous hydrogen atmosphere.



Hydrogen transport over distances larger than a few grain diameters is controlled by bulk Fickian diffusion characterized by diffusivity (D). The diffusivities at room temperature are in the order of 10−15–10−16 m2/s for austenitic stainless steels [53] and nickel-based superalloys like Inconel 718 [54], and they are 10−8–10−11 m2/s for bcc steels depending on the microstructure [55,56]. The diffusivities of austenitic stainless steels and nickel-based superalloys are similar, but the THE,max values differ significantly (Figure 6). On the contrary, the diffusivities of bcc steels, austenitic steels, and nickel-based superalloys differ by several orders of magnitude, but their THE,max values greatly overlap (Figure 6). If bulk hydrogen transport was a primary rate-controlling step (at temperatures around room temperature), the THE,max values of bcc steels, on the one hand, and austenitic steels and nickel-based superalloys, on the other hand, would be clearly different, which is not the case.



If steps 1–5 of the hydrogen reaction chain are not rate-limiting, then the temperature-dependent mechanisms involved in the hydrogen–material interactions (step 6) must control THE,max. There is experimental evidence that hydrogen influences dislocation motion. In this case, the temperature-dependent interaction of hydrogen with dislocations might play a predominant role controlling THE,max [6,57]. Unfortunately, such mechanisms are not currently understood to the level of detail required to study temperature effects. However, modern simulation tools may provide the framework to study such effects since a model based on hydrogen accumulation and diffusion around a micro crack using embedded atom methods and density functional theory calculations showed promising results [42].
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Table 1. Austenitic stainless steel: designations, similar grades for other regions, and mechanical properties of the alloys reviewed in this study. All data were adapted form cited references. The initial microstructure of all grades was fully austenitic. HEE = tested in H2 gas; HE1 = precharged in H2 gas and tested in air; HE2 = electrochemically precharged and tested in air; εf = tensile elongation at fracture.
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Reference

	
Steel Designation

	
Mechanical Property Used to Assess HE Effects

	
Strain Rate

	
Hydrogen Charging Method

	
H Content

	
H2 Test Pressure

	
THE,max

	
ΔT




	
As Given in Reference

	
Used Here

	
Equivalent Grades

	
1/s

	
wppm

	
MPa

	
K

	
K






	
[11]

	
SUS304

	
SUS304(1)

	
1.4301, AISI 304

	
tensile RRA

	
4.1 × 10−5

	
HEE

	
-

	
1.1

	
220

	
10




	
[13]

	
SUS304

	
SUS304(2)

	
1.4301, AISI 304

	
tensile RRA

	
2.8 × 10−5

	
HEE

	
-

	
1

	
190

	
25




	
[14]

	
SUS304

	
SUS304(3)

	
1.4301, AISI 304

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
220

	
20




	
[11]

	
SUS304L

	
SUS304L(1)

	
1.4306, AISI304L

	
tensile RRA

	
4.1 × 10−5

	
HEE

	
-

	
1.1

	
220

	
10




	
[27]

	
SUS304

	
SUS304(4)

	
1.4301, AISI 304

	
tensile RRA

	
4.2 × 10−5

	
HE1

	
37

	
-

	
200

	
25




	
[16]

	
12Kh18N10T

	
316(1)

	
1.4401, AISI 316

	
tensile RA

	
1.1 × 10−3

	
HE1

	
25

	
-

	
230

	
15




	
[7,59]

	
AISI316

	
AISI316(2)

	
1.4401, SUS 316

	
tensile RRA

	
3 × 10−4

	
HE1

	
28

	
-

	
200

	
15




	
[7,59]

	
18Cr-10Ni

	
18Cr-10Ni

	
exp. heat

	
tensile RRA

	
3 × 10−4

	
HE1

	
13

	
-

	
220

	
25




	
[7,59]

	
18Cr-14Ni

	
18Cr-14Ni

	
exp. heat

	
tensile RRA

	
3 × 10−4

	
HE1

	
29

	
-

	
220

	
25




	
[7,59]

	
304L

	
AISI304L(3)

	
1.4306, SUS 304L

	
tensile RRA

	
3 × 10−4

	
HE1

	
25.5

	
-

	
220

	
15




	
[7,59]

	
304N

	
AISI304N

	
1.4301, AISI 304N1

	
tensile RRA

	
1.7 × 10−4

	
HE1

	
-

	
-

	
220

	
10




	
[17]

	
SUS304

	
SUS304(5)

	
1.4301, AISI 304

	
tensile rel. εf

	
1.1 × 10−4

	
HE1

	
49.7

	
-

	
220

	
40




	
[18]

	
304L

	
AISI304L(4)

	
1.4306, SUS 304L

	
tensile RRA

	
3.4 × 10−4

	
HE1

	
25.5

	
-

	
170

	
50




	
[19]

	
18Cr11Ni

	
18Cr-11Ni

	
exp. heat

	
tensile RA

	
1.7 × 10−1

	
HE2

	
15

	
-

	
220

	
30




	
[14]

	
SUS316

	
SUS316(1)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
220

	
20




	
[3]

	
SUS316

	
SUS316(2)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
10




	
[20]

	
SUS316+Ni1

	
SUS316_10Ni

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[20]

	
SUS316+Ni2

	
SUS316_11Ni

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[21]

	
SUS316+Mn1

	
SUS316_1Mn

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[21]

	
SUS316+Mn2

	
SUS316_3Mn

	
exp. heat

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[21]

	
SUS316+Mn3

	
SUS316_5Mn

	
exp. heat

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[21]

	
SUS316+Mn4

	
SUS316_7Mn

	
exp. heat

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[21]

	
SUS316+Mn5

	
SUS316_10Mn

	
exp. heat

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[3]

	
SUS316L

	
SUS316L(3)

	
1.4435, AISI 316L

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
10




	
[13]

	
SUS316L

	
SUS316L(1)

	
1.4435, AISI 316L

	
tensile RRA

	
2.8 × 10−5

	
HEE

	
-

	
1

	
190

	
25




	
[20]

	
SUS316+Ni3

	
SUS316_12Ni

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
200

	
25




	
[3]

	
SUS316LN

	
SUS316LN

	
1.4429, AISI 317LN

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
10




	
[10]

	
SUS316L

	
SUS316L(4)

	
1.4435, AISI 316L

	
tensile RRA

	
4.2 × 10−5

	
HE1

	
37

	
-

	
200

	
25




	
[10]

	
SUS316

	
SUS316(4)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HE1

	
37

	
-

	
200

	
25




	
[10]

	
SUS316LN

	
SUS316LN

	
1.4429, AISI 317LN

	
tensile RRA

	
4.2 × 10−5

	
HE1

	
37

	
-

	
200

	
25




	
[14]

	
SUS304(S)

	
304-3(S)

	
1.4301, AISI 304

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
220

	
20




	
[3]

	
SUS316(S)

	
316-2(S)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
180

	
10




	
[14]

	
SUS316(S)

	
316-2(S)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1

	
220

	
20




	
[21]

	
AISI316CW

	
316CW

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
70

	
150

	
25




	
[13]

	
SUS304L

	
SUS304L(2)

	
1.4306, AISI304L

	
tensile RRA

	
2.8 × 10−5

	
HEE

	
-

	
13

	
220

	
10




	
[13]

	
SUS316L

	
SUS316L(5)

	
1.4435, AISI 316L

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
45

	
250

	
20




	
[21]

	
AISI316SA

	
SUS316(5)

	
1.4401, AISI 316

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
70

	
150

	
25




	
[8]

	
SUS316

	
SUS316(3)

	
1.4401, AISI 316

	
tensile RRA

	
5.0 × 10−5

	
HEE

	
-

	
105

	
190

	
20




	
[21]

	
SUS316L

	
SUS316L(2)

	
1.4435, AISI 316L

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
70

	
200

	
25




	
[18]

	
21-6-9

	
21-6-9(1)

	
1.3965

	
tensile RA

	
3.4 × 10−4

	
HE1

	
110

	
-

	
170

	
50




	
[7,59]

	
Nitronic-40

	
21-6-9(2)

	
1.3965

	
tensile RA

	
3 × 10−4

	
HE1

	
50

	
-

	
250

	
25




	
[7,59]

	
Nitronic-50

	
21-16-5

	
1.3964

	
tensile RA

	
3 × 10−4

	
HE1

	
73

	
-

	
250

	
25




	
[7,59]

	
Tenelon

	
18-0-15

	
-

	
tensile RA

	
3 × 10−4

	
HE1

	
57

	
-

	
270

	
25




	
[9,50]

	
AISI301

	
AISI301

	
1.4310, SUS 301

	
(da/dt)II

	
-

	
HEE

	
-

	
0.108

	
350

	
25




	
[23]

	
1.4581

	
1.4581

	
-

	
da/dN

	
-

	
HEE

	
-

	
10

	
-

	
-
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Table 2. Iron and nickel-based superalloys: designations, similar grades for other regions, and mechanical properties of the alloys reviewed in this study. All data were adapted form cited references. (*) refers to data that were estimated from graphs or heat treatment conditions given in the respective references. A = austenite; Pr = precipitates; SA = solution-annealed; AH = age-hardened; HEE = tested in H2 gas; HE1 = precharged in H2 gas and tested in air; HE2 = electrochemically precharged and tested in air; K = fracture toughness; Nf = number of cycles to failure in Wöhler-type fatigue life tests; εf = tensile elongation at fracture.
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Alloy Class

	
Reference

	
Alloy Designation

	
Microstructure

	
Heat Treatment

	
UTS in Ambient Air

	
Mechanical Property Used to Assess HE Effects

	
Strain Rate

	
Hydrogen Charging Method

	
H Content

	
H2 Test Pressure

	
THE,max

	
ΔT




	
As Given in Reference

	
Equivalent Grades *

	
MPa

	
1/s

	
wppm

	
MPa

	
K

	
K






	
Iron-Based Super alloys

	
[7,59]

	
AISI310

	
1.4841, SUS310

	
A

	
SA

	
500

	
tensile RA

	
3 × 10−4

	
HE1

	
37

	
-

	
270

	
10




	
[7,59]

	
Incoloy 800H

	
1.4876

	
A + Pr

	
AH

	
820

	
tensile RA

	
3 × 10−4

	
HE1

	
25

	
-

	
270

	
10




	
[26]

	
SUH660

	
1.4980, A286

	
A + Pr

	
AH

	
1100 *

	
tensile RA

	
4.2 × 10−5

	
HE1

	
37

	
-

	
>290

	
25




	
[18]

	
JBK75

	
1.4980, A286

	
A + Pr

	
AH

	
1790 *

	
tensile RA

	
3.4 × 10−4

	
HE1

	
55

	
-

	
290

	
50




	
[19]

	
16Cr75Ni

	
exp. heat

	
A

	
SA

	
na

	
tensile RA

	
1.7 × 10−1

	
HE2

	
18–29

	
-

	
220

	
30




	
[19]

	
20Cr25Ni

	
exp. heat

	
A

	
SA

	
na

	
tensile RA

	
3 × 10−4

	
HE2

	
-

	
-

	
>290

	
40




	
[19]

	
20Cr35Ni

	
exp. heat

	
A

	
SA

	
na

	
tensile RA

	
3 × 10−4

	
HE2

	
-

	
-

	
>290

	
40




	
Nickel-Based Superalloys

	
[4]

	
Inc718(2)

	
2.4668

	
A + Pr

	
AH

	
1420

	
tensile RA

	
1.1 × 10−3

	
HEE

	
-

	
52

	
294

	
20




	
[60]

	
Inc718(3)

	
2.4668

	
A + Pr

	
AH

	
na

	
tensile RA

	
na

	
HEE

	
-

	
51.7

	
320

	
25




	
[60]

	
Inc718(3)

	
2.4668

	
A + Pr

	
AH

	
na

	
Nf at 2% strain

	

	
HEE

	
-

	
34.5

	
298

	
80




	
[4]

	
Inc718(2)

	
2.4668

	
A + Pr

	
AH

	
1420

	
KH

	

	
HEE

	
-

	
34.5

	
298

	
20




	
[25]

	
Inc718(1)

	
2.4668

	
A + Pr

	
AH

	
1466

	
tensile εf

	
5.0 × 10−4

	
HE2

	
-

	
-

	
295

	
30




	
[4]

	
Udimet 700

	
-

	
A + Pr

	
AH

	
1262

	
notched UTS

	
1.1 × 10−3

	
HEE

	
-

	
27.5

	
390

	
50




	
Nickel

	
[28,61]

	
Ni(1)

	
-

	
A

	
SA

	
na

	
tensile RA

	
3.3 × 10−5

	
HEE

	
-

	
8.3

	
290

	
50




	
[29]

	
Ni(2)

	
-

	
A

	
SA

	
390 *

	
tensile εf

	
1.7 × 10−3

	
HE2

	
-

	
-

	
220

	
20




	
[29]

	
Ni(2)

	
-

	
A

	
SA

	
390 *

	
tensile εf

	
3.3 × 10−5

	
HE2

	
-

	
-

	
220

	
20
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Table 3. Iron, carbon steels, heat-treatable steels, and high alloyed bcc steels: designations, similar grades for other regions, and mechanical properties of the alloys reviewed in this study. All data were adapted form cited references. (*) refers to data that were estimated from graphs or heat Table 2. gas; HE1 = precharged in H2 gas and tested in air; HE2 = electrochemically precharged and tested in air; HE3 = tested under electrochemical charging. K = fracture toughness; Nf = number of cycles to failure in Wöhler-type fatigue life tests; εf = tensile elongation at fracture; φf = tensile true fracture strain; σf = tensile true fracture stress.
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Steel Class

	
Reference

	
Steel Designation

	
Microstructure

	
UTS in Ambient Air

	
Mechanical Property Used to Assess HE Effects

	
Strain Rate

	
Hydrogen Charging Method

	
H Content

	
H2 Test Pressure

	
THE,max

	
ΔT




	
As Given in Reference

	
Equivalent Grades

	
MPa

	
1/s

	
wppm

	
MPa

	
K

	
K






	
Iron

	
[30]

	
SUY

	
1.08xx

	
F

	
310

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
25




	
[31]

	
Fe

	
1.08xx, SUY

	
F

	
252

	
tensile RA

	
1.1 × 10−3

	
HE2

	
na

	
-

	
300

	
-




	
Carbon Steels

	
[32]

	
SM490B

	
1.0570, ASTM A678 Gr. B

	
F + P *

	
537

	
tensile RRA

	
6.7 × 10−5

	
HEE

	
-

	
115

	
<230

	
40




	
[30]

	
S15C

	
1.1141, AISI1015

	
F + P

	
490

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
25




	
[30]

	
S35C

	
1.1181, AISI1035

	
F + P

	
560

	
tensile RRA

	
4.2 × 10−5

	
HEE

	
-

	
1.1

	
200

	
25




	
[5]

	
Ck22 cold formed

	
1.1151, AISI1022, S22C

	
F + P

	
630

	
tensile RA

	
8.3 × 10−4

	
HEE

	
-

	
15

	
270

	
20




	
[5]

	
Ck22 normalized

	
1.1151, AISI1022, S22C

	
F + P

	
531

	
tensile RA

	
8.3 × 10−4

	
HEE

	
-

	
15

	
220

	
20




	
[33]

	
St3

	
1.0038, AISI1008, SS400

	
F + P *

	
280

	
tensile σf

	
na

	
HE1

	
6.3

	
-

	
370

	
-




	
[34]

	
SAE 1020

	
1.1151, S20C

	
F + Fe3C *

	
432

	
tensile φf

	
8.3 × 10−4

	
HE2

	
-

	
-

	
260

	
20




	
[34]

	
SAE 1020

	
1.1151, S20C

	
F + Fe3C *

	
432

	
tensile φf

	
1.6 × 10−1

	
HE2

	
-

	
-

	
270

	
20




	
[35]

	
SAE 1020

	
1.1151, S20C

	
F + Fe3C *

	
432

	
tensile φf

	
8.3 × 10−4

	
HE2

	
-

	
-

	
210

	
10




	
[35]

	
SAE 1020

	
1.1151, S20C

	
F + Fe3C *

	
432

	
tensile φf

	
8.3 × 10−3

	
HE2

	
-

	
-

	
220

	
10




	
Heat-Treatable Steels

	
[36,39]

	
AISI4130

	
1.7220, SCM435

	
TM *

	
1517

	
(da/dt)II

	
-

	
HEE

	
-

	
0.09

	
280

	
10




	
[37]

	
AISI4130

	
1.7220, SCM435

	
TM *

	
1500

	
(da/dt)II

	
-

	
HEE

	
-

	
0.08

	
320

	
20




	
[37]

	
AISI4130

	
1.7220, SCM435

	
TM *

	
1300

	
(da/dt)II

	
-

	
HEE

	
-

	
0.08

	
280

	
20




	
[62]

	
HP-9-4-20

	
-

	
TM *

	
1480

	
da/dN

	
-

	
HEE

	
-

	
0.013

	
270

	
30




	
[38]

	
30CrMnSi-Ni2A

	
-

	
TM *

	
1813

	
KH

	
-

	
HEE

	
-

	
0.101

	
320

	
15




	
[39]

	
AISI4130

	
1.7220, SCM435

	
TM *

	
1517

	
KH

	
-

	
HEE

	
-

	
0.09

	
290

	
20




	
[40]

	
AISI4340

	
1.6511, SNCM439

	
TM *

	
1338

	
KH

	
-

	
HEE

	
-

	
0.55

	
270

	
20




	
[27]

	
UNI40NiCrMo7

	
1.6562, AISI4340

	
M

	
2050

	
time to failure

	
-

	
HE2

	
-

	
-

	
295

	
30




	
[63,64]

	
2.25Cr-1Mo steel

	
1.7380, ~SA542-3

	
F + B *

	
580–650

	
KH

	
-

	
HE1

	
5

	
-

	
<220

	
25




	
[32]

	
SCM435

	
1.7220, AISI4130

	
TM *

	
824

	
tensile RRA

	
6.7 × 10−5

	
HEE

	
-

	
115

	
<230

	
40




	
[13]

	
SCM435

	
1.7220, AISI4130

	
TM *

	
820

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
13

	
220

	
40




	
[13]

	
SCM435

	
1.7220, AISI4130

	
TM *

	
820

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
70

	
>290

	
50




	
[41]

	
X90

	
-

	
B *

	
654

	
tensile RA

	
1 × 10−6

	
HE3

	
-

	
-

	
310

	
10




	
[42,43]

	
3Cr-0,5Mo steel

	
~1.7361

	
F + P *

	
565

	
tensile RA

	
4.4 × 10−2

	
HE2

	
3.8

	
-

	
290

	
40




	
[42,43]

	
3Cr-0,5Mo steel

	
~1.7361

	
F + P *

	
724

	
tensile RA

	
4.4 × 10−2

	
HE2

	
4

	
-

	
190

	
40




	
[44]

	
C-Mn steel

	
-

	
TM *

	
1850

	
tensile RA

	
8.3 × 10−4

	
HE2

	
1

	
-

	
250

	
25




	
[44]

	
C-Mn steel

	
-

	
TM *

	
1850

	
tensile RA

	
8.3 × 10−4

	
HE2

	
1.3

	
-

	
250

	
25




	
[44]

	
C-Mn steel

	
-

	
TM *

	
1850

	
tensile RA

	
8.3 × 10−4

	
HE2

	
1.5

	
-

	
300

	
25




	
High Alloyed bcc Steels

	
[45]

	
SUS630

	
1.4542, 17-4PH

	
TM + Pr

	
1300

	
tensile RRA

	
2.8 × 10−5

	
HEE

	
-

	
10

	
230

	
25




	
[45]

	
SUS630

	
1.4542, 17-4PH

	
TM + Pr

	
1300

	
tensile RRA

	
2.8 × 10−5

	
HEE

	
-

	
70

	
230

	
25




	
[13]

	
SUS630

	
1.4542, 17-4PH

	
TM + Pr

	
1140

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
13

	
230

	
20




	
[13]

	
SUS630

	
1.4542, 17-4PH

	
TM + Pr

	
1140

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
70

	
230

	
20




	
[13]

	
SUS430

	
1.4016, AISI430

	
F *

	
480

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
13

	
230

	
20




	
[13]

	
SUS430

	
1.4016, AISI430

	
F *

	
480

	
tensile RRA

	
4 × 10−4

	
HEE

	
-

	
70

	
190

	
20




	
[65]

	
H-11

	
1.2343, SKD6

	
TM + Pr

	
1900

	
tensile RA

	
1.1 × 10−3

	
HEE

	
-

	
0.02

	
200

	
30




	
[46]

	
Kh16N6

	
exp. heat

	
A + M

	
3217

	
Nf at 1.6% strain

	
-

	
HEE

	
-

	
0.103

	
<290

	
80




	
[47,51]

	
H-11

	
1.2343, SKD6

	
TM + Pr

	
1880

	
(da/dt)II

	
-

	
HEE

	
-

	
0.1

	
300

	
40




	
[48]

	
18Ni(200)

	
~1.2709

	
TM + Pr

	
1330

	
(da/dt)II

	
-

	
HEE

	
-

	
0.133

	
250

	
20




	
[48]

	
18Ni(200)

	
~1.2709

	
TM + Pr

	
1330

	
(da/dt)II

	
-

	
HEE

	
-

	
0.266

	
260

	
20




	
[48]

	
18Ni(250)

	
~1.2709

	
TM + Pr

	
1720

	
(da/dt)II

	
-

	
HEE

	
-

	
0.012

	
250

	
20




	
[48]

	
18Ni(250)

	
~1.2709

	
TM + Pr

	
1720

	
(da/dt)II

	
-

	
HEE

	
-

	
0.028

	
270

	
20




	
[48]

	
18Ni(250)

	
~1.2709

	
TM + Pr

	
1720

	
(da/dt)II

	
-

	
HEE

	
-

	
0.057

	
280

	
20




	
[48]

	
18Ni(250)

	
~1.2709

	
TM + Pr

	
1720

	
(da/dt)II

	
-

	
HEE

	
-

	
0.133

	
300

	
20




	
[49]

	
18Ni(300)

	
~1.2709

	
TM + Pr

	
1977

	
(da/dt)II

	
-

	
HEE

	
-

	
0.133

	
320

	
30




	
[9,50]

	
AL29-4-2

	
-

	
F *

	
550

	
(da/dt)II

	
-

	
HEE

	
-

	
0.108

	
320

	
25









The second part of the discussion focuses on the statistical evaluation of the results for engineering applications. The histograms of the reviewed datasets for austenitic stainless steels (excluding CrMnN steels and cold-worked austenitic steels), iron-based and nickel-based superalloys (excluding pure nickel and Udimet 700), and bcc steels are shown in Figure 7a. The data for austenitic stainless steels and superalloys seemed to be represented by a normal distribution, whereas the data for bcc steels seemed not to be normally distributed. However, to compare the three material classes, a normal distribution was assumed for all three datasets. The corresponding Gaussian curves are given in Figure 7b.



For austenitic stainless steels, it can be deducted from Figure 7b that about 95% (mean value ± two times the standard deviation) of the experimental data lay between 165 and 244 K. Considering a mean error of 20 K of the individual experimental data (Figure 3), setting THE,max = 205 K for austenitic steels appears to be feasible to capture the worst-case hydrogen effects in austenitic stainless steel designs.



For iron-based and nickel-based superalloys, 95% of the experimental data lay between 239 and 335 K (Figure 7b). Given the very limited number of experimental results, a recommendation of characteristic THE,max value for this alloy class does not appears to be feasible. However, since the mean value of 286 K is close to room temperature, room temperature appears to be a suitable start temperature to study temperature effects.



For bcc steels, 95% of the experimental data lay between 175 and 345 K (Figure 7b). Due to this very large range, a recommendation of a characteristic THE,max value for this alloy class is not possible with the available data. This large standard deviation may partly be caused by a superposition of two mechanisms, i.e., hydrogen effects and low temperature embrittlement, since the ductile-to-brittle transition temperature was found to vary significantly among the bcc steels reviewed here. In addition, the bcc steels generally include a wide variety of microstructures, e.g., ferrite, pearlite, bainite, and martensite, as well as variations (e.g., lower/upper bainite) and combinations (e.g., ferrite–pearlite) thereof. Generally, bcc steels are alloyed with special alloying elements to allow for the production of the individual microstructures when using adapted heat treatments. It is very likely that the kinetics of the temperature-dependent hydrogen effects are different among the individual microstructures, which is likely to be another reason for the large scattering of the THE,max values.




5. Conclusions


This review and analysis of the temperature of maximum hydrogen effects (THE,max) in structural alloys can be summarized as follows:



Austenitic stainless steels: quite consistent results of THE,max values around 205 K have been reported. A result from a single study suggests a variation of THE,max depending on the test method (sustained crack growth, and cyclic crack growth). This needs to be further investigated.



Iron- and nickel-based superalloys: the limited number of results suggest THE,max values around room temperature. No significant difference between solution-annealed single phase austenitic microstructures and age-hardened austenitic plus precipitation microstructures could be identified. Inconel 718 showed no variation of THE,max depending on the test method. The difference of about 100 K in THE,max values compared to austenitic stainless steels despite comparable microstructures needs to be further investigated.



Bcc steels: bcc steels showed large scatter in THE,max values, possibly due to the large variation of microstructures and a superposition of low-temperature embrittlement effects.



Some single study results, like those of pure nickel and CrMnN austenitic steels, are also difficult to interpret. It can be concluded that the kinetics of hydrogen effects in structural alloys need to be investigated and understood in much more detail to properly interpret the experimental results.
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Figure 1. Relative reduction of area (H2/He) in tensile tests as a function of test temperature for 316 stainless steel with a hydrogen test pressure of 1 MPa, adapted from [3]. RRA = RAH2/RAref in %. RA: tensile reduction of area; RRA: relative reduction of area. 
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Figure 2. (a) General parabolic function and its characteristic parameters and (b) sketch illustrating the data acquisition of THE,max. 
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Figure 3. THE,max of austenitic stainless steels, (a) solution-treated 304-type steels with tensile strain rate of <10−4 s−1; (b) solution-treated 316-type steels with a tensile strain rate of <10-4 s−1; (c) solution-treated 304- and 316-type steels as a function of tensile strain rate; (d) solution-treated 304- and 316-type steels, tested in hydrogen gas, as a function of hydrogen gas pressure; (e) solution-treated and hydrogen-precharged 304- and 316-type steels as a function of H content; (f) solution-treated CrMnN steels—the numbers indicate the nominal alloying contents of Cr-Ni-Mn; (g) sensitized (S) and cold-worked (CW) 304- and 316-type austenitic stainless steels; and (h) reduction of area (RA) in tensile tests [19], stage II crack growth rate ((da/dt)II) [9], and cyclic crack growth rate (da/dN at ΔK = 30 MPa m0.5) [23] as a function of temperature. The references for all data points are given in Table 1. 
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Figure 4. THE,max of nickel, nickel-based, and iron-based superalloys: (a) Inconel 718 tested using various test methods, (b) various iron- and nickel-based superalloys (an arrow indicates the temperature where maximum hydrogen effects were reported; THE,max can be higher than indicated), and (c) pure nickel. The references for all data points are given in Table 2. 
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Figure 5. THE,max of bcc steels (a) as a function of tensile strain rate for tests performed in gaseous hydrogen atmosphere, (b) as a function of hydrogen gas pressure for tests performed in gaseous hydrogen atmosphere, and (c,d) as a function of tensile strength. The references for all data points are given in Table 3. 






Figure 5. THE,max of bcc steels (a) as a function of tensile strain rate for tests performed in gaseous hydrogen atmosphere, (b) as a function of hydrogen gas pressure for tests performed in gaseous hydrogen atmosphere, and (c,d) as a function of tensile strength. The references for all data points are given in Table 3.



[image: Metals 11 00423 g005]







[image: Metals 11 00423 g006 550] 





Figure 6. Rate-limiting steps for the transport of hydrogen to the fracture propagation zone, adapted from [58]. Here, 1 = transport of hydrogen to the crack tip; 2 = physical adsorption; 3 = dissociative chemical adsorption; 4 = hydrogen absorption; 5 = transport of hydrogen to regions of tensile stress; and 6 = hydrogen material interactions. 
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Figure 7. (a) Histograms of the reviewed datasets for austenitic stainless steels (excluding CrMnN steels and cold-worked austenitic steels), iron-based and nickel-based superalloys (excluding pure nickel and Udimet 700), and bcc steels; (b) corresponding probability density functions (Gaussian plots). 
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