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Abstract
Safe and efficient hydrogen storage and distribution are key attributes to realizing hydrogen as an alternative energy carrier. To this end, cryogenic liquid and cryo-compressed gaseous hydrogen are considered high energy density alternatives to ambient temperature gas. However, these alternatives have significant material demands to overcome extreme temperature (20 K) and pressure (700 bar) as well as hydrogen effects. Austenitic stainless steels are widely used for cryogenic pressure vessels owing to relatively high ductility even at 4 K. However, the influence of hydrogen on mechanical properties at cryogenic temperatures has rarely been studied. In this study, the tensile properties of 304L austenitic stainless steel with internal hydrogen were evaluated at 20 K, 77 K, and 113 K. Test specimens were saturated with internal hydrogen to concentration of 140 wtppm in a high pressure environment at elevated temperature, a process called thermal precharging. While lower temperature in known to increase strength properties and reduced elongation at fracture, the presence of internal hydrogen increased both strength and elongation at fracture, but reduced ductility. Magnetic evaluation of the uniformly strained region of the test specimens suggest that hydrogen mitigates the strain-induced transformation to α’-martensite. Brittle fracture features and secondary cracking indicative of hydrogen embrittlement were observed on the fracture surfaces of hydrogen-precharged specimens, which is consistent with the loss of ductility.
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1. INTRODUCTION
	The effects of hydrogen on tensile properties of austenitic stainless steels has been widely studied and its deleterious effects at typical service temperatures (e.g. 200 K to 325 K) are well documented [1]–[11]. However, the growing demand for efficient hydrogen storage and transport methods requires more detailed studies of these effects at extreme conditions. High pressure hydrogen service environments are not unusual and have been the subject of recent research [12], [13]. However, the influence of hydrogen on tensile properties and deformation of austenitic steels at cryogenic temperatures remains unclear [14]–[18]. 
Near ambient temperature, the primary effect of hydrogen is reduced ductility, as well as reduced fracture and fatigue resistance. However, as temperature is reduced into the cryogenic range, the influence of hydrogen on ductility has generally been reported to diminish, such that at 77 K hydrogen is reported to have no apparent influence on ductility measures such as reduction of area. These results are highly dependent on test conditions and particularly influenced by the method of hydrogen introduction into the material. The ability of hydrogen to diffuse through a material is a significant factor in hydrogen embrittlement at near-ambient temperatures. However, the diffusivity of hydrogen decreases significantly with temperature, which may explain observations that external hydrogen environments show no influence on tensile properties. On the other hand, internal hydrogen (material saturated with hydrogen prior to testing in a process called precharging) may be more representative of service conditions of hydrogen infrastructure.
Austenitic steels are widely used for cryogenic service since they maintain ductility at extreme temperatures, unlike ferritic steels, which generally transition from ductile to brittle at cryogenic temperature. Many common austenitic stainless steels, however, are metastable, meaning that they can form martensitic phases. These martensitic transformations in austenitic stainless steels can occur due to low-temperature exposure, high strain or a combination of the two. Additionally, these transformations are a strong function of alloy composition and relate to the intrinsic deformation character of this class of alloys. Strain-induced martensitic transformations include the non-magnetic e-martensite and the magnetic α’-martensite. The α’-martensite, in particular, affects the stress-strain response of austenitic stainless steels, resulting in a characteristic inflection in stress-strain curves, especially at low temperature when significant volume fraction of material is transformed to α’-martensite. The volume fraction of α’-martensite increases as temperature decreases and may reach 80 vol% or more at high strains and low temperature. Recent evidence has shown that the presence of hydrogen in a material influences the formation and growth of α’-martensite at near-ambient temperatures [3], [19], although it remains unclear whether these transformations influence hydrogen embrittlement or simply reflect hydrogen-induced changes to deformation in these steels. 	Comment by San Marchi, Christopher W: To me, the remarkably thing is the sameness not the differences. There is no evidence that the cryogenic response with hydrogen is that much different than in the ambient range (as low as temperature of 200K).
In this paper, the influence of hydrogen on the cryogenic tensile properties of 304L steel were investigated. Type 304L is a widely used metastable austenitic stainless steel, which is commonly selected for cryogenic service. Tensile properties were evaluated at three temperatures relevant to the energy industry: 20 K, 77 K, and 113 K representing the liquid temperatures of hydrogen, nitrogen, and natural gas, respectively. The effect of hydrogen on tensile mechanical properties are reported and the  role of temperature and hydrogen are directly discussed.

2. MATERIALS AND METHODS

2.1 Materials
Type 304L vacuum-arc remelted bar was used in this study with the composition provided in TABLE 1. The material represents a premium quality type 304L steel in the solution-annealed condition with relatively high alloy content for improved corrosion resistance. The mill certifications list the room temperature yield and tensile strength of this bar as 310 and 570 MPa, respectively, along with elongation of 64.5%.
[bookmark: _Ref59036335]Tensile specimens were extracted from the ~63 mm diameter bar at the radial position of 25 mm in the longitudinal orientation (i.e., extracted near the outside of the bar diameter with the axis of the test specimen parallel to axis of the bar). Specimens were machined to the dimensions shown in FIGURE 1. 
[image: ]
[bookmark: _Ref59036360]FIGURE 1: GEOMETRY OF TENSILE SPECIMEN. DIMENSIONS ARE IN MM.
2.2 Hydrogen environment
Specimens were tested in both the non-charged and H-precharged conditions. The non-charged condition is simply the as-machined state. The H-precharged condition is super-saturated with hydrogen prior to testing, resulting in a constant known internal hydrogen concentration. Hydrogen precharging was achieved by exposing the test specimens to gaseous hydrogen at pressure of 138 MPa while at elevated temperature of 573 K. Specimens were exposed for a minimum of 10 days, which is sufficient time to achieve a nominally uniform hydrogen concentration of 140 wt ppm hydrogen across the diameter of the specimen for these precharging conditions [6], [20].  Test specimens were stored at temperature of approximately 220-230 K prior to testing to minimize hydrogen diffusion out of the specimen. Specimens can be stored in this temperature range for several years without significant loss of hydrogen.  

2.3 Tensile tests
Tensile tests were performed on specimens using a modified ASTM E8 geometry with a gauge diameter of 1.78 mm. Strain was measured using an extensometer with a gauge length of 12.7 mm. A constant displacement rate of 0.0165 mm/s was used for all tests which resulted in a measured strain rate of around 1.3 x 10-3 s-1 in the extensometer gauge length during plastic deformation. Tests were conducted using a servo-electric test frame in a continuous flow cryostat (STVP-200, Janis Research Co., Woburn, MA) at temperature of liquid hydrogen (LH2: 20 K), liquid nitrogen (LN: 77 K), and liquid natural gas (LNG: 113 K). Sample temperature was controlled to within 0.5 K using a temperature controller paired with a resistive heater in the sample space and cryogenic nitrogen for the 77 K and 113 K tests or cryogenic helium for the 20 K test. Stress-strain plots are shown in FIGURE 2. The 0.2% offset yield strength, tensile strength, elongation to fracture and reduction of area are reported in TABLE 2. All reported values are comprised of the average of at least two tests for each condition. The quoted uncertainty represents the calculated standard deviation.  
Reduction of area was measured optically using a confocal light microscope to record images of both halves of the broken test specimens. The diameter of a circle that best captured the outline of the fracture surface was used to determine the cross-sectional area at fracture. Due to the three-dimensional nature of the fracture, the projection of the fractured area was not perfectly circular, and the two halves varied slightly from one another as a consequence. Nevertheless, the measured diameter of the two corresponding broken halves were within 0.04 mm of one another, but generally within 0.02 mm. The reported values represent the average of at least four measurements (two measurements for each test specimen, and at least two tests for each condition). 

2.4 a’-Martensite inspection method
The concentration of magnetic phases in the tensile specimens was measured using a commercial ferrite measurement device (Feritscope® from Fischer). This device measures the magnetic signature of the test piece by magnetic induction, which we attribute entirely to strain-induced α’-martensite. Measurements on undeformed specimens produce no magnetic signature in the materials, suggesting magnetic phases are below the detectable threshold by this method (less than 0.1 vol% ferrite). Similar measurements on the undeformed ends of the specimens after fracture also produced no magnetic signature, implying no permanent transformation due to thermal exposure during testing. The -martensite phase cannot be detected by this technique. 
The ferrite content was evaluated in the uniformly deformed gauge section at four equally-spaced locations around the circumference of the cylindrical test specimen on both halves of the fractured test piece, accounting for eight measurements. Care was taken to avoid measurement in the necked region due to the strain gradient in this region. These ferrite (equivalent) measurements were converted to mass percent of α’-martensite by multiplying by a factor of 1.7 as recommended in Ref. [21]. The reported values represent the average of these 8 values, along with the standard deviation. The values for replicate specimens are not averaged together because the amount of martensite depends on the (uniform) strain, which is different for each test specimen, thus two values (and standard deviation) is reported for each condition. 
This martensite/ferrite measurement device is calibrated for an unconstrained magnetic measurement, meaning the test piece is large compared to the probe volume. The small dimensions of the tensile specimen and the curved surface of the cylindrical specimens may have an influence on these measurements. No effort was made to verify these measurements with a direct observation of the α’-martensite content. However, all of the test specimens were nominally the same size and geometry, thus these measurements represent – at least – relative measures of transformation (and may not reflect absolute measures of martensitic transformation, for example when compared to data in Ref. [3].

3. RESULTS AND DISCUSSION
3.1 Effect of Temperature
The measured tensile properties of 304L steel at cryogenic temperature are provided in TABLE 2. For non-charged condition, decreasing temperature caused an increase in tensile strength and decreases of elongation at fracture and reduction of area. The temperature effect on yield strength was more complicated: strength decreased between 113 K and 77 K followed by an increase to the observed maximum yield strength for the non-charged condition at 20 K. 
At 20 K, discontinuous plastic flow was observed at strains greater than about 5% for both the non-charged and H-precharged conditions, producing serrated stress-strain curves shown in FIGURE 2 and FIGURE 3. It has previously been hypothesized that discontinuous plastic flow occurs at temperatures where the motion of edge dislocations occurs at lower stress than screw dislocations, which characterize continuous plastic flow at higher temperatures. Discontinuous plastic flow has been widely documented for many pure metals and alloys below some characteristic temperature that is dependent on the alloy composition. A serrated stress-strain curve results from the discontinuous character of edge dislocation pileup and avalanching glide of many dislocations simultaneously [22]. More recent work has suggested the importance of cross slip in the process of discontinuous plastic flow [23]. Whereas some of the details differ, these hypotheses share the notion that discontinuous plastic flow is related to suppression of dislocation activity and not related to a thermal process despite observation of thermal spikes associated with the plastic flow instabilities [18], [22]. 	Comment by San Marchi, Christopher W: I like the term ‘discontinuous plastic flow’ because discontinuous yielding can easily be confused with yield strength. 	Comment by Ronevich, Joseph Allen: Whatever term we decide to go with, we should just keep it consistent to make it clear we are talking about the same thing every time. So far we have used:
Discontinuous yielding
Discontinuous plastic flow
Serrated yielding

Or we just start this section off by saying that the literature calls it serrated yielding but we are not certain that the same mechanisms are in place and are calling it broadly as discontinuous plastic flow. Or something like that.	Comment by Merkel, Daniel R: Look for others (already mentioned within paper) relating discontinuous plastic flow to thermal processes (spikes.
[image: ]
[bookmark: _Ref61773629]FIGURE 2: ENGINEERING STRESS-STRAIN CURVES OF NON-CHARGED 304L.
[image: ]
[bookmark: _Ref61773673]FIGURE 3: ENGINEERING STRESS-STRAIN CURVES OF HYDROGEN-PRECHARGED 304L.
Previous studies on FCC metals have generally shown a continuous increase in yield strength with decreasing temperature [refs[, which conflicts with the present observations summarized in FIGURE 4. However, others have observed a decrease of yield strength for a comparatively small decrease of temperature near ambient [3]. While it is perhaps tempting to attribute changes in yield strength to martensitic transformation, there is no evidence of thermal transformation of martensite (i.e. due to temperature alone) and the strain at the 0.2% offset is not sufficient for significant strain-induced transformation. Moreover, the temperature at which thermal transformation can be expected, the Ms temperature [24], for the tested alloy is less than 0 K implying no thermal transformation. In short, an explanation for the minimum in yield strength at an intermediate temperature (near 77 K) is unclear and appears to be atypical of austenitic stainless steels [22]. Still, the yield strength at the measured cryogenic temperatures remains significantly greater than the room temperature yield strength.
[image: ]
[bookmark: _Ref61774199]FIGURE 4: YIELD STRENGTH AS A FUNCTION OF TEMPERATURE.	Comment by Merkel, Daniel R: Yield misspelled in figure.
[image: ]
FIGURE 5: TENSILE STRENGTH AS A FUNCTION OF TEMPERATURE.	Comment by Merkel, Daniel R: Change Ultimate strength to Tensile strength in figure.
Decreasing temperature also caused work hardening rate in the plastic strain range to increase. This has previously been shown to result from the strain-induced formation of α’-martensite and its inhibition of plastic flow [ref[. Briefly, strain-induced α’-martensite nucleates at shear band intersections (usually e-martensite phase forms first, followed by transformation to α’-martensite) and grows with further applied strain. For most 300-series alloys, these strain-induced transformations occur at room temperature, but are insufficient to significantly affect the shape of the stress-strain curve (i.e., continuously decreasing strain hardening rate is observed). At subambient and cryogenic temperature, the strain-induced transformations are sufficient to evolve the characteristic inflection observed in the stress-strain curve. The amount of transformation is a strong function of strain and composition as characterized by the Md30 temperature [24], which is the temperature at which 50% of the material is transformed to α’-martensite at 30% true strain. For this alloy, Md30 is expected to be around 270 K. At sufficiently low temperature and high strain, the strain-induced α’-martensite transformation can become saturated, typically around 80 vol% [25]. Saturation is consistent with the mass fraction of α’-martensite observed in fractured specimens, shown in TABLE 3, which was 54 mass% for all non-charged specimens, regardless of test temperature. The lower value of 54% (mass and volume are approximately the same) here may be a reflection of the size and geometry of the specimen and the method of measurement. 	Comment by Ronevich, Joseph Allen: This is where if uniform elongation is added to the table, perhaps some discussion on the comparison of Uniform El to martensite could be included, if the 54% is a true saturation.
The elongation at fracture is slightly lower at temperature of 20 K compared to relatively similar elongation values at 77 K and 113 K. This trend, shown in FIGURE 6, can be expected from the general trend of higher stress nucleating damage and the lower mobility of dislocations at lower temperature. At temperature of 77 K and 113 K, high ductility, evaluated by reduction of area (FIGURE 7) is maintained: RA >70% is typical of austenitic stainless steels at room temperature. At temperature of 20 K, the elongation and ductility are reduced, perhaps related to higher strength inducing tensile instability at lower strain combined with the discontinuity of plastic deformation (serrations) preventing the formation of a neck (and limiting RA). Overall, the materials remain quite ductile to temperature of 20 K, even with significant transformation to the harder martensitic phase.
[image: ]
[bookmark: _Ref61774289]FIGURE 6: ELONGATION AT FRACTURE AS A FUNCTION OF TEMPERATURE.
[image: ]	Comment by Merkel, Daniel R: New plot with consistent formatting.
[bookmark: _Ref61774476]FIGURE 7: REDUCTION OF AREA AS A FUNCTION OF TEMPERATURE.
3.2 Effect of Hydrogen
The presence of 140 wt ppm internal hydrogen generally causes an increase of strength properties in austenitic stainless steels [6], [7], as observed here. Internal hydrogen most often reduces elongation and ductility in this class of steels. Here we observe an increase of elongation (or little change at 113 K) due to hydrogen (FIGURE 6), which may seem counter intuitive, but has been observed for some high-strength materials [6] and high nickel alloys [11] at room temperature. 	Comment by Merkel, Daniel R: More references as necessary
Strain hardening rate of hydrogen precharged specimens decreased at each temperature compared to the non-charged condition. For these testing conditions, the strain-hardening rate is dominated by the strain-induced martensitic transformation. Therefore, these observations are consistent with the theory recently proposed by San Marchi et al. in which hydrogen promoted α’-martensite nucleation but suppressed nuclei growth [3]. Magnetic inspection of tested specimens showed approximately 10 mass% lower α’-martensite readings in hydrogen-precharged material compared to the non-charged, further indicating that hydrogen suppressed α’-martensite growth. Alternatively, hydrogen may also reduce the saturation limit of α’-martensite volume fraction which is partially dependent on the chemical driving force, i.e. alloy composition [25].
The observed increase in elongation is related to the effect of internal hydrogen on strain-hardening and the onset of tensile instability [11]. However, these effects will generally be absent when testing in gaseous environments at room temperature, since hydrogen is limited to the surface region and strain-hardening is governed by bulk deformation. Moreover, modest increase of elongation due to internal hydrogen does not translate to ductility measurements (such as RA), as RA measurements are unequivocally degraded by internal hydrogen at room temperature, at subambient temperature (225-270 K) and as shown here at cryogenic temperature (<200 K).
Park et al, in contrast, observed no significant change in elongation due to hydrogen in similar steels at 77 K and 20 K [18]. Ogata showed no influence of hydrogen on tensile properties of similar steels at temperatures below 220 K for hollow specimens pressurized with high pressure hydrogen [16]. In both studies, hydrogen had significant influence on tensile behavior at higher subambient temperatures (i.e. from 200 K to 300 K), whereas the relative reduction of area was close to 1 at temperature of 77 K and 20 K in both studies. Hydrogen-assisted fracture is strongly influenced by kinetic factors, such as the ability of hydrogen to quickly migrate and accumulate at defects, such as microstructural discontinuities and crack tips. However, hydrogen transport is sufficiently reduced at cryogenic temperatures and therefore may not accumulate in significant quantities to aid crack propagation on the time scale of laboratory testing [17]. At very low temperature, dissociation barriers on the surface may also influence hydrogen uptake and hydrogen transport on the time scale of testing. Hydrogen precharging has the advantage that these kinetic barriers are mitigated, as hydrogen is already present throughout the material, thus simulating long-term hydrogen exposure (on the scale of years).
Reduction of area decreased in hydrogen precharged materials at each temperature compared to the non-charged condition, shown in FIGURE 7. This appears to contradict the elongation findings; however, recent work has pointed out the independence between these two measures of ductility, especially in the context of hydrogen embrittlement [3]. Specifically, reduction of area is directly influenced by hydrogen-assisted fracture and the effect of hydrogen on local deformation and damage characteristics. This study shows clearly that hydrogen-assisted fracture mechanisms are operative in austenitic stainless steel at cryogenic temperature if kinetic barriers are mitigated (e.g., by hydrogen precharging). This is emphasized by the fracture features of the H-precharged specimens, which show secondary cracking FIGURE 8 and boundary fracture FIGURE 9, which are absent in the non-charged condition. 	Comment by San Marchi, Christopher W: This can be expanded perhaps. Comparing to results in ref 6 for example. -50C shows greater reduction of RA than at 20K, which is about the same relative reduction as at RT. etc
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[bookmark: _Ref61622247]FIGURE 8: FRACTURE SURFACES SHOWING SECONDARY CRACKING.
[image: ]
[bookmark: _Ref61622266]FIGURE 9: EVIDENCE OF HYDROGEN-ASSISTED BOUNDARY FRACTURE AT TEMPERATURE OF 113 K. 	Comment by Merkel, Daniel R: Highlight boundary fracture in image?
4. CONCLUSION
Hydrogen-assisted fracture at cryogenic temperature was evaluated by tensile testing of hydrogen-precharged specimens of a premium-grade (high nickel) type 304L austenitic stainless steel at temperature of LNG, LN and LH2. The following conclusions can be drawn from this work:
· Ductility of 304L as measured by RA is reduced by 30-50% at cryogenic temperature 
· Internal hydrogen appears to suppress strain-induced martensitic transformations at cryogenic temperature 
· Fractography is consistent with hydrogen-assisted fracture showing evidence of secondary cracking and boundary fracture, which are not present in the absence of internal hydrogen
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TABLE 1: COMPOSITION OF STEELS TESTED IN THIS STUDY.
	Designation
	Fe
	Cr
	Ni
	Mn
	Si
	C
	N
	S
	P

	304L
	bal
	19.8
	10.7
	1.6
	0.57
	0.030
	0.02
	0.001
	0.005



[bookmark: _Ref58477697]TABLE 2: CRYOGENIC MECHANICAL PROPERTIES OF 304L STEEL. 
	Temperature
(K)
	Condition
	Yield strength (MPa)
	Tensile Strength (MPa)
	Elongation at fracture (%)
	Reduction of area (%)

	113
	Non-charged
	455 ±7
	1236 ±15
	34.2 ±0.6
	77 ±1

	
	H-precharged
	474 ±6
	1465 ±11
	33.3 ±1.9
	41 ±11

	77
	Non-charged
	414 ±3
	1365 ±9
	33.0 ±0.1
	75 ±2

	
	H-precharged
	485 ±21
	1471 ±2
	35.2 ±0.1
	54 ±3

	20
	Non-charged
	513 ±6
	1686 ±42
	28.7 ±1.9
	38 ±4

	
	H-precharged
	548 ±15
	1699 ±17
	32.7 ±1.6
	17 ±4



[bookmark: _Ref58906194]TABLE 3: UNIFORM ELONGATION AND AMOUNT OF α’-MARTENSITE AS A FUNCTION OF TEMPERATURE. MEASURED VALUES ARE LISTED FOR EACH TEST SPECIMEN.
	Temperature
(K)
	Non-charged
	H-precharged

	
	Uniform elongation 
(%)
	Amount of 
’-martensite 
(mass %)
	Uniform elongation 
(%)
	Amount of 
’-martensite 
(mass %)

	113
	27.0
	53.1 ±1.7
	28.6
	42.6 ±0.8

	
	27.8
	54.7 ±0.8
	30.7
	43.8 ±1.6

	77
	26.1
	54.1 ±1.0
	30.0
	45.3 ±1.2

	
	26.2
	54.4 ±1.2
	29.9
	45.5 ±0.7

	20
	25.6
	51.2 ±1.1
	29.4
	45.2 ±1.1

	
	28.4
	53.9 ±2.0
	32.4
	45.5 ±2.4
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