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Abstract 
Orbital TIG welding is extensively used to weld tube to tube in many industries such as food, chemical 

oil and gas. Nowadays, applications in hydrogen transportation remains an interesting challenge due to 

the material susceptibility to hydrogen assisted cracking. Hydrogen can be introduced to the material 

during welding, fabrication or in-service as tube may be exposure to harsh environment that can be 

classified as internal or external hydrogen sources. In this study, a 316L (1.4404) cold drawn 1/2"(12.7 

mm OD) and 3/8" (9.53 mm OD) tube with 0.5 mm wall thickness was investigated. Cold drawn tube 

sections were machined into hollow orbital welded specimen. Experimental assessment of burst testing 

of the welded specimens was performed and comparison of the high-pressure gaseous hydrogen 

autoclave precharged (1000 bar, 150 °C, 21 days) and non-precharged (controls). Precharged specimens 

showed modest increases in burst pressure (≈ 2 – 8 %) relative to controls. Hydrogen degradation index 
was determined to quantify the susceptibility of material in the investigation conditions. Fractography 

revealed a ductile fracture morphology with coarser dimples, larger microvoids and secondary cracks 

present in the precharged specimens. Within the limits of the present replication, the data suggests that 

under the tested extreme charging condition 316L tubing retained burst capacity and did not exhibit 

classical hydrogen assisted cracking. The findings contribute to the understanding of compatibility of 

welded austenitic stainless steels for the green hydrogen applications. 

 

Keywords: 316L, hydrogen assisted cracking, heat affected zone, burst pressure, orbital welding, 

heat input  

 

1 Introduction  

Green hydrogen infrastructure is expanding rapidly as nations pursue decarbonisation and energy 

storage goals, placing increasing demand on high-pressure components such as tubing, valves and 

dispensers used in refuelling stations and distribution manifolds. These components commonly operate 

at elevated pressures and temperatures; therefore their materials and joints must combine corrosion 

resistance, strength and robust fracture resistance in hydrogen environments to avoid catastrophic failure 

in service. 

Austenitic stainless steels (ASS), commonly used in structural component including hydrogen 

electrolyzers, storage and transport systems which may operate under excessive and harsh conditions 

while exposed to hydrogen which may lead to hydrogen assisted cracking (HAC) or well-known 

hydrogen embrittlement (HE).  Stainless steels, particularly 316L (1.4404) are use in the structural 

components used in several high and low temperature conditions such as small bores, fuel-cell vehicles, 

high pressure gas pipes, valves, fittings and springs typically in the hydrogen refueling settings. 

Components may require assembly which can be mechanical or weldment. Weldment when done 

properly offers competitive advantages over mechanical assembly as it provides a stronger, permanent 

and vibration or shock resistant joints, making it more cost and material effective and requires less 

maintenance compared to use of fasteners (mechanical assembly) as represented in Figure 1. Orbital 

tube welding is an effective joining strategy for gas handling and dispensing tubes. Orbital TIG welding 

of stainless steel is widely used in industries with welded tubes used to transport materials such as oil, 
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gas and other fluids. This tubing works under high-pressure, high temperature or otherwise harsh 

environment.  Hydrogen economy and scaling up of hydrogen production material structural strength 

and integrity are of high concern to ensure the long-term safety and reliability. Consequently, the 

materials and welds in any metallic components need to be compatible for such applications, considering 

potentially damaging hydrogen-metal interactions. Specifically, hydrogen transport systems must be 

resistant to hydrogen degradation of the mechanical properties in terms of ductility, but sometimes also 

in strength, to avoid brittle, catastrophic cracking and fracture[1, 2].   

 

The effects of gaseous hydrogen on austenitic stainless steels have been widely studied for many 

decades[3-9]. Hydrogen assisted fracture of welds has not been extensively characterized. In addition, 

different weld microstructures generally provide different hydrogen diffusion, absorption and trapping 

behaviours than the base materials. Thus, it generally needs to be ascertained that respective weld 

microstructures, especially those of the weld metal (WM) and heat affected zone (HAZ) will not become 

more sensitive compared to the base materials in pressurized hydrogen environments [10, 11]. 

Furthermore, welding is an assembling or repairing works is another challenging and interesting field 

worth of further investigations.  

In this study, the aim is to evaluate tubing and welds that reflect the materials used in engineering 

industrial systems particularly for service with gaseous hydrogen. HAC fracture after burst testing was 

assessed. Burst pressure testing of the two tube geometries (1/2"(12.7 mm OD) and 3/8" (9.53 mm OD)) 

and wall thickness (0.5 mm) for the autoclave precharged and non-precharged specimens were compared 

to quantify the hydrogen susceptibility of the material. Hydrogen contents were measured by thermal 

desorption spectroscopy (TDS) and fracture surfaces were investigated in a scanning electron 

microscope (SEM). 

 
Figure 1. Tube component conversion to welded burst specimen design  

2 Experimental  

2.1 Materials 
The material used in this study is grade 316L austenitic stainless steels, with chemical composition as 

shown in Table 1. Elemental analysis was determined by optical emission spectrometry (OES) using a 

SPECTROTEST (SPECTRO Analytical Instruments GmbH, Kleve, Germany) in the Fe-30-N mode.  

Measured composition are compared to data from the supplier certificate and standard nominal values.   
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Table 1. Chemical composition of the investigated materials measured using the OES and compared to the Nominal 

values according to DIN and ASME[12, 13](all values are in wt.%) 

 

In Table 2, the mechanical properties, which include measurement of tensile strength, yield strength 

elongation and hardness as obtained from the supplier certificates of the investigated materials are listed. 

It can be noted that 3/8" pipe exhibits a higher strength at a lower ductility than the 1/2" pipe. These 

properties offers a comprehensive base and understanding of the material’s behaviour when subjected 

to various loads and stress conditions.  

Table 2. Mechanical properties of the 316L as per certificate provided by the supplier  

316L 

(1.4404) 

Yield Strength 

0.2% MPa 

Tensile 

Strength 

MPa 

Elongation 

% 

Hardness 

HRC 

Nominal values 518 -758 724-965   min. 20 max. 30  

1/2" (12.7 mm)   674 744 32.5 27 

3/8" (9.53 mm)   751 803 20.4 26 

 

2.2 Specimen Preparation 
The seamless cold drawn tube components were converted into a weld burst test specimen of the two 

geometries as per design shown in Figure 2. The inner surface finishes and conditions of the specimen 

was kept in the same state as for the tubing real industrial operational case. The weld specimens were 

cleaned and taken for autoclave precharging in high-pressure gaseous hydrogen at 1000 bar, 150 ℃, for 
21 days, and are designated as Welded-P.  In accordance with DIN EN ISO 3690[14], after gaseous 

hydrogen precharging, the specimens were stored in the liquid nitrogen (-196℃) for hydrogen 
preservation for the duration not longer than three weeks before SSRT test or hydrogen content 

measurement.  To establish the material hydrogen uptake, small coupon of tubes with length of 20 mm 

were cut and taken hydrogen measurement for the precharged and none-precharged in both CD and HT 

state. Coupons or SSRT specimen after taken out of the high-pressure autoclave charging in less than 

120 s exposure time were stored in the liquid nitrogen cylinder as per the practice to prevent hydrogen 

egress.  Before SSRT testing or hydrogen content measurement, the specimens were defrosted and 

cleaned in ethanol (Ultrasonic bathed) for 120 s and subsequently blown with gaseous nitrogen for 

drying and further residues removal for about 60 s.  

For the hydrogen content measurement, the coupons are weighed and the mass transferred for further 

measurement utilising the carrier gas hot extraction (CGHE) technique with a Galileo G8 (Bruker 

corporation, Billerica, USA). The CGHE coupled with mass spectrometer (MS) ESD 1000 from 

InProcess Instruments. The coupon (sample) is heated inside the glass tube using an infrared radiation- 

emitting furnace, labelled -IR07 of the G8 system. By thermally activating from ambient temperature to 

Material / 

composition 

element 

C Si Mn P S Cr Mo Ni        

  

Fe  

1/2" (12.7 

mm)   
0.02 0.37 1.67 0.025 0.012 16.77 1.90 11.16 

  

  

 Bal. 3/8" (9.53 

mm)   
0.02 0.36 1.67 0.025 0.012 16.76 1.89 11.15 

Supplier  0.02 0.38 1.59 0.027 0.011 16.74 2.01 11.11 

Nominal ≤0.03 ≤0.75 ≤2.00 ≤0.045 ≤0.030 

16.00 

-

18.00 

2.00-

3.00 

10.00-

14.00 



4 

 

 

800℃, the diffusible hydrogen content present in coupon and employing a carrier gas stream of nitrogen 
(N2), the hydrogen is transported to the MS detection chamber, measured and recorded accordingly. 

 

 

 

 

 

 

 

 
Figure 2. Geometry and Dimensions of the welded burst test specimens (all dimensions in mm) 

2.3 Orbital welding 
The specimen preparation for the weld specimen from the original machined cold drawn specimen has 

involved the following steps in the sequence: cut, squared to remove all the burrs, surface fit and 

weldment as illustrate in Figure 3.  The type of welding head equipment is closed arc welding (CHW 

38) and welding sources all supplied by Orbital Welding Tools (OWT) Gmbh, (Mülheim-Kärlich, 

Germany). The automated Gas Tungsten Arc Welding (GTAW) machine was used produce butt weld 

without filler material.  The machine offers high -quality, precise orbital tube welds with low spatter and 

great weld pool management. The welding was done in auto mode and takes a total welding time of 87 

s. The automation ensures welding consistency, repeatability with minimal human error, therefore 

making the Orbital welding the best technology for tube welding or large-scale production. 
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Figure 3.Orbital welding processes followed to prepare burst weld specimen (not to scale) 

 

    HI= 
𝜂 × ௎ × ூ ௏ೞ        (1) 

      

Where HI represent heat input (J/mm), ߟ is the weld thermal efficiency constant, which is typically 0.6 

for the GTAW (TIG) welding method, U is the arc voltage (V), I is the current (A) and finally Vs is the 

travel speed (mm/s) as shown in Table 3. besides, other welding parameters are fixed such as welding 

speed 2 mm/s, electrode diameter 1.6 mm, electrode spacing 1.2 mm and finally shielding gas Argon 

(5.0) with a flow rate 2.5 l/min. 

 

Table 3. experimental parameters and calculated HI values  

No Angle (º) I (A) U (V) HI(J/mm) 

1 0-90 37.25 8.0 89.40 

2 90-180 34.35 7.9 81.41 

3 180-270 33.9 7.6 77.29 

4 270-365 31.95 7.6 72.85 

 

Heat input plays a critical role in forming welding joints during the welding process. Therefore, suitable 

heat input parameters provide the weld complete penetration. If the HI is too high, it will cause the weld 

to overheat, burn and poor quality.  If the HI is too low, the base metal will not be melted sufficiently, 

leading to poor penetration depth of the weld joints. Singh et al [15], Baskoro et al [16] and many others 

have to optimize the HI parameters to improve the orbital welding quality specifically in the 316L. 

 

2.4 Microstructure 
The microstructures of the specimen were observed after cutting, moulding, grinding, polishing and 

etching. The specimens were inspected metallographically using the Beraha II (BII) colour etchant and 

were investigated in the longitudinal section (LS) and cross-sectional (CS) orientation of the tube. The 
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BII etchant consists of 48 g of ammonium difluoride, 800 ml of distilled water, and 400 ml of 

concentrated hydrochloric acid. Therefore, a 100 ml of stock solution for BII etchant and 1 g of 

potassium bisulphite was used for a duration between 5 to 20 seconds. The austenite grains vary in 

colour after etching with BII, depending on the grain orientation, segregation, etching time and solution 

concentration. 

Welding causes the formation of three separate metal zone with different microstructures, and unique 

properties: The heat affected zone (HAZ), the weld metal (WM) and the unaffected base metal (BM) as 

illustrated in Figure 4 and Figure 5 presenting the two size tube specimens cut in the longitudinal 

orientation. The HAZ is further divided into four sub-zones which are the coarse grain (CGHAZ), fine 

grain (FGHAZ), Intercritical (ICHAZ) and subcritical (SCHAZ) as presented in Figure 6. The HAZ 

does not melt however undergoes a high temperature cycle that may change its mechanical properties 

such as toughness, ductility and hardness. This change might improve or worsen the welded joints 

performance based on the material, welding condition and operational environment. Generally, 316L 

base metal is austenitic, during welding it solidifies as delta (δ) ferrite and then transforms back to 
austenite leaving some residual ferrite in the weld metal. The amount of ferrite expected for the welds 

on various product form and chemical compositions of the stainless steels is critical as may affect 

degradation resistance. In addition, proper inert gas purging is necessary to prevent the formation of heat 

tint during welding. The amount of heat tint (color) produced during welding is proportional to the 

amount of oxygen and or moisture in the purge gas and has a direct on the degradation resistance of the 

weldment.  

 

 

Figure 4.Microstructure of the 316L etched in BII for the 1/2� (12.7 mm) specimen in the Longitudinal secƟon (a)Fine grain 
HAZ, (b) Coarse grain HAZ and (c) WM 

 

Figure 5.Microstructure of the 316L etched in BII for the 3/8� (9.53 mm) specimen in the longitudinal secƟon (a) HAZ and 
(b) WM 
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Figure 6.Heat affected zone schemaƟc between A-B[17]. 

Table 4 presents the grain size measurement of the investigated tubes in weld state and in the longitudinal 

orientations. It is worth noting that different welding zones have indeed different grain sizes as well as 

different hardness. The WM has a lower hardness compared to the HAZ. It is also evident that large the 

grain size the lower hardness. Similar, in reverse, the smaller the grain sizes the higher the hardness 

values. 

Table 4. Grain size measurement of the two tubes in longitudinal sections (LS) orientation. 

 

2.5 Burst Test 
Hydrostatic burst tests were performed as per the schematic illustration and setup shown in Figure 7, 

using a Dustec Hochdrucktechnik machine with maximum allowable testing pressure of 2500 bar. Test 

replication was limited to (burst tests: n=3 for non-precharged and n=2 for precharged) conditions were 

conducted for both tube sizes. All burst tests were conducted at ambient temperature and pressure rate 

of 50 bar per minute until fracture. Before testing, specimens stored in liquid nitrogen were placed in 

ethanol for cleaning and warmed in the ambient environment to room temperature. Specimens were 

continuously fluid pressurized until fracture while monitor and record pressure, time, volume etc are 

recorded.  

Materials 

316L (1.4404) 

Grain size (µm) Area 

 (µm²) 

Hardness 

(HV) ASTM Norm 

W 1/2" (12.7 mm) LS-WM 

W 1/2" (12.7 mm) LS HAZ 

W 3/8" (9.53 mm) LS-WM 

W 3/8" (9.53 mm) LS-HAZ 

6.83±0.12 

9±0.28 

7.87±0.06 

9.1±0.57 

1306.8±89.71  

284.85±85.63 

637.67±22.55 

277.3±105.92 

145.88±3.72 

230.86±30.32 

151.5±6.99 

228±30.03 
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Figure 7.Burst tesƟng layout (a) and set up (b) 

Pressure expressed by the tubes, pipeline or round vessels in operations undergoes two types of stress, 

transverse and longitudinal. The transverse (circumferential or tangential) also known as hoop stress 

acts along the circumference of the tube caused by internal fluid pressure, meanwhile longitudinal stress 

acts perpendicular to the tube`s axis. According to ASME B31.3, outlined various calculate the critical 

stresses and burst pressure common formula are derived from Barlow Equation. this study, the predicted 

burst pressure according to ASME [18], namely by the Barlow’s equation [19], was used: 

்ߪ       = ௉஽2௧        (2) 

 

Where ்ߪ is the transverse stress, P is the internal pressure, and t is wall thickness ߪ௅ = ௉஽4௧        (3) 

Where ߪ௅ is the longitudinal stress, P is the internal pressure and t is wall thickness 

 

To determine the burst pressure representing a critical factor in assessing the structural integrity of a 

tubing, it can be estimated using the Equation (4).  ܲܤ = 2∙ௌ∙௧஽೚        (4) 

with BP: Burst pressure, S: Ultimate tensile strength, t: Wall thickness and 0ܦ: Tube outer diameter of 

the tube within the burst region. 
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To quantify the effects of hydrogen on the mechanical properties an embrittlement index is introduced 

here, according to Equation (5). ܫܦܪ = ஻௉ಿು−஻௉ು஻௉ಿು ⋅ 100     (5) 

with HDI (%): Hydrogen degradation index, BPNP: Burst pressure in the non-precharged state and BPP: 

Burst pressure in the hydrogen precharged state.  

The degradation index can generally be used to quantify the sensitivity of the material against hydrogen 

absorption and respective property degradation in the burst tests. 

3 Results and Discussion 

3.1 Mechanical Testing 
Hydrogen measurement of the cold drawn precharged and non-precharged were recorded as means of 

5.5±0.14 and 82±10.77 ppm, respectively. Comparing all experimentally determined burst pressure data, 

it becomes obvious that for all precharged conditions an increase in burst pressure can be observed as 

compared to the non-precharged specimens. Comparing the geometry influence, the 3/8" (9.53 mm OD) 

has a higher pressure to the 1/2" (12.7 mm OD) specimen regardless of whether precharged or non-

precharged.  The precharged specimen shows an increase in burst pressure compared to non-precharged 

in both test tube size as shown in Figure 7 and Figure 8, tentatively.  The calculate degradation index 

according to equation (5), present the index values of -1.87 % and -3.31% for the 1/2" (12.7 mm OD) 

and 3/8" (9.53 mm OD), respectively. Figures 8 (a) and (b), presents the burst pressure vs time graphs 

presenting the results of the tested 1/2" (12.7 mm) and 3/8" (9.53 mm) in the precharged (red line) and 

non-precharged (black line). Comparison of all figures underpin the above-mentioned increase of burst 

pressure for all precharged specimens, regardless of the geometry although more pronounced in the 3/8" 

tube. 

The increase in burst pressure after precharging reveals the possibility of increase in strength of material. 

Moreover, similar observation is made in the burst test of precharged specimens in the cold drawn and 

heat-treated (joule heated) states[20] . Meanwhile the negative index values ascribe to the increase other 

than decrease of the mechanical properties. These provide an assumption of HAC strengthening 

mechanism. Strengthening mechanisms have reported by Robertson et al [21] [22], Sofronis et al [23]  

and many other researchers. It is assumed that strengthening is attributed to an enhanced dislocation 

movement, increased twinning and other effects caused by hydrogen in fcc microstructures. It can 

tentatively be anticipated here that hydrogen entering the fcc material in high concentrations pile up at 

grain boundaries for instance during straining the material during pressurizing and then finally results 

in a higher burst pressure, indicating some strengthening.  
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Figure 8.Experimental  average burst pressure for the different welded tube size

 
Figure 9.Pressure-Ɵme graphs for the burst test of 1/2"(12.7 mm) and 3/8" (9.53 mm) specimens. 

3.2 Fractographic analysis 

The fracture morphology of all specimens was examined utilizing a Keyence Optic VHX-5000 digital 

microscope and a table-top SEM to characterise the macroscopic and microscopic features of the fracture 

surfaces. The fracture surface all cracks path along the longitudinal orientation adhering to the 

theoretical equation (2) and (3).   

Generally, the fracture surfaces of the tested specimens exhibit typical ductile characteristics with some 

pronounced different dimple, voids, cleavage facet and secondary cracks of varying sizes or different 

pattern between the precharged and non-precharged specimens. Figure 10 (a) - (c) represent the non-

precharged, meanwhile Figure 10 (d) – (f) represent the precharged specimen, respectively. The non-

precharged is characterized with honeycomb features, shallower, small dimples and voids. whereas the 

precharged specimens are characterized by somewhat deeper and elongated dimples, wider voids and 
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more secondary cracks. In addition, some features at least tentatively indicating a tendency to cleavage 

facet can be observed for the precharged specimens.  

 
Figure 10. SEM Fracture surfaces for the welded 3/8 specimens (a) � (c) Non-precharged and (c) � (f) Precharged 

It is noteworthy to observed that the fracture deforms with the knuckle-bone feature like which is formed 

around the weld material and HAZ regions. This feature can easily be observed due the excessive 

expansion of the tube geometry beyond the original tube size. 
 

4 Conclusions 

For the present study, Orbital TIG welded tubes of 1/2"(12.7 mm OD) and 3/8" (9.53 mm OD) tube with 

thickness 0.5 mm were subjected hydrostatic burst pressure tests to evaluate how hydrogen absorbed 

from pressurized gaseous environments might affect the fracture behaviour. The results lead to the 

following conclusions:  

1. Orbital welding technology is well suited for the tube welding owing to its accuracy, reliable, 

efficient and high-quality welds which is critical for large scale industrial applications which 

include green hydrogen, oil and gas etc. 

2. All tested specimens have shown a higher burst pressure for the hydrogen precharged condition, 

as compared to the non-precharged specimens. Such increase in burst pressure is consistent with 

precharged and indicate strengthening effects, with the negligible hydrogen degradation index.  

3. The fractures surfaces observed are characterized as ductile fracture mode with morphology 

features of shallow to deep dimples to a transition of cleavage fractures distinguishing between 

precharged and non-precharged.  

4. The burst pressure data revealed in this study show that hydrogen absorption in the investigated 

Orbital welded 316L entails some increase in burst strength which is relevant for the safe usage 

of this material for the design of high hydrogen pressurized tube sections.  
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