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� Isothermally heat-treated vanadium steel was shown to mitigate hydrogen attack.

� Vanadium carbides reduced carbon activity, hence resisted depletion by hydrogen.

� Undesirable martensite formation led to high carbon activity and methane formation.

� Heat treatment is a must-include parameter in standards to reduce carbon activity.
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The attack on steel by reaction with high-pressure hydrogen at elevated temperatures can

jeopardise structural integrity in oil & gas industries. Following dissociation, the hydrogen

penetrates the steel to react with the carbon present in the ferrite to formmethane bubbles

within the microstructure. This depletion of carbon in the ferrite causes the dissolution of

carbides in order to maintain the ferrite-carbide equilibrium. Therefore, thermodynami-

cally more stable carbides which cause a reduced activity of carbon improve the stability of

the steel to hydrogen attack. In this work, we investigate specifically the response of the

interphase precipitation of alloy carbides that form during the transformation from g to a,

on hydrogen attack. It is demonstrated quantitatively that the vanadium carbides thus

produced enhance the resistance to attack when compared with data from an earlier study

involving current, commercially-used steel in the petrochemical industries.
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Fig. 1 e Effect of transformation temperature on the sheet

spacing of vanadium carbides in different vanadium steels.

Adapted from Ref. [21] with permission of Taylor& Francis.
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1. Introduction

Some steel components in the petrochemical industries come

into contact with gaseous hydrogen at high pressures and

temperatures. The dissociation and entry of nascent hydrogen

into the steel can then lead to a form of “attack” that involves

its reaction with carbon to form methane bubbles within the

microstructure. The consequent damage can be debilitating or

catastrophic, as at the Tesoro Anacortes Refinery [1e14].

The methane reaction can be written as follows:

[C]a þ 4[H]a / [CH4]gas (1)

where a refers to ferrite. The concentration of carbonwithin

the ferrite is, prior to attack, related to its equilibriumwith any

carbides with which it is in contact. So if that carbon becomes

depleted by reaction with the hydrogen in the ferrite, then the

carbides dissolve to replenish the equilibrium. Hydrogen can

move rapidly in ferrite so the attack would then be focused in

the vicinity of the carbide, with methane creating cavities

where the carbides previously existed. The effective reaction is

therefore often written as

Fe3C þ 4[H]a / [CH4]gas þ 3Fe (2)

For the case where cementite is the principal carbide. More

thermodynamically stable carbides lead to a smaller carbon

activity in the steel and hence greater resistance to attack

[15,16].

The purpose of the present work is to use the concept of

interphase precipitation [17,18] to create an array of stable alloy-

carbides, during the growth of ferrite from austenite. Because

the transformation occurs at a temperature greater than nor-

mally used for tempering, the carbides that do precipitate are

more stable. The precipitation actually occurs during the

piecewiseadvanceof theg/a interfacebyastepmechanism.The

alloy system selected here leads to the fine precipitation of va-

nadium carbides, which are known to help resist creep defor-

mation [19]. The hydrogen-attack resistance is also compared

againstourpreviousworkon theclassical 2.25Cre1Mosteel [16].
Fig. 2 e Equilibrium calculations of the volume fraction of

vanadium carbide at different transformation

temperatures. The residual phase is a.
2. Experimental procedure

The design of the experiments in this work is based on

choosing a steel with a stoichiometric composition, that is

isothermally heat-treated to produce only interphase-

precipitation carbides. The steel is then exposed to an envi-

ronment that induces the attack. The characterisation of the

carbides is done before and after the exposure to assess the

resistance of the steel. A more detailed explanation of the

experimental matrix follows in this section.

2.1. Material and heat treatment

According to the famous “Nelson Curves”, the addition of

vanadium enhances the hydrogen attack resistance of

2.25Cre1Mo steel. Vanadium is also known to introduce

interphase precipitation, if the appropriate heat treatment is
followed [20,21]. Therefore, the only alloying element added to

the steel in this work is vanadium.

The main idea driving the experimental procedure is

minimizing the free carbon, i.e. carbon activity. Therefore, the

composition was chosen based on the work of Honeycombe

and Batte [21] with the intention of precipitating the highest

vanadium carbide volume fraction, which was detected in a

0.2C-1.04V steel (wt%). Thus, 0.2C-1.04V steel was manufac-

tured and examined in this work. This composition is also

stoichiometric, which ensures that all the carbon is tied up in

the stable carbides upon the completion of transformation,

leading to the minimal carbon activity in the microstructure

and prohibiting the concentration of carbon in untransformed

austenite that would transform tomartensite upon quenching

[19].

The carbide dispersion is an important parameter in inter-

phase precipitation that varies depending on the isothermal

transformation temperature. To reiterate, the carbide sheets

form with the movement of the g/a interface by a step mecha-

nism,whichdeterminesthesheetspacing. If thetransformation

temperature is decreased, the step height should decrease due

to greater driving forces at larger undercoolings, hence the

precipitation of finer spacing, as seen in Fig. 1 [18,22e26].

The heat treatments were carried out with the use of the

dilatometer where steel specimens were austenitised at
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Table 1 e ThermoCalc prediction of equilibrium chemical
compositions (wt%) for vanadium carbides at different
transformation temperatures in vanadium steel.

Element 725◦C 775◦C 825◦C

C 16.68 16.72 16.75

Fe 6.38 6.48 6.47

V 76.93 76.79 76.78
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1200◦C for 15 min to ensure that all vanadium carbides are

dissolved. The temperature then was dropped to the desired

transformation temperature and kept there for 5 min to allow

carbide precipitation, before quenching to room temperature.

The transformation temperatures were 725◦C, 775◦C and

825◦C.

2.2. Hydrogen exposure

The facility at TheWelding Institute (TWI) was used to expose

the steel specimens to hydrogen for 500 h at 525◦C and 10 MPa

of hydrogen pressure. The specimens were placed within

three large cylinders of 316L stainless steel, which then was

placed at the centre of a tube furnace. A total of six specimens

were exposed to hydrogen; two specimens at each trans-

formation temperature mentioned above. The specimens

heat-treated at the same temperature were placed next to

each other. These conditions are exactly the same as the ones
Fig. 3 e a) A representation of all heat treatments including hea

the isothermal transformation temperature then cooling to roo

treatment for all specimens. c) The strain detected during cooli

transformed at 825◦C, where the strain increase is due to marte
followed in the previous investigation on 2.25Cre1Mo [16] in

order to compare the results of interphase-precipitation steels

to commercially used steels.

2.3. Characterisation

The steel was characterised before and after hydrogen expo-

sure. Three parameters were characterized and correlated in

this work to assess the resistance of the steel to hydrogen

attack:

� the volume fraction of voids due to methane formation

after hydrogen exposure, which can be measured using

ImageJ on micrographs taken by optical microscopy. It is

important to keep inmind that inclusionsmight be present

in the steel and mistaken for voids when processing the

micrographs, therefore, volume fraction of inclusions was

measured before hydrogen exposure and subtracted from

the volume fraction of voids that were measured after the

exposure. The void volume fraction measured here pro-

vides initial evidence of whether or not the steel had un-

dergone hydrogen attack.

� The reactants for methane formation in hydrogen attack

are hydrogen and the carbon in carbides, therefore, if the

volume fraction of carbides decreases upon hydrogen

exposure, the steel is considered to have undergone

hydrogen attack. Carbide volume-fractions weremeasured
ting to austenitisation temperature followed by cooling to

m temperature. b) The strain detected throughout the heat

ng to room temperature in the specimen isothermally

nsite formation.
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using synchrotron X-ray analysis before and after the

exposure. Synchrotron X-ray provides evidence of the

extent of depletion. Experiments were conducted on The

Diamond Light Source Beamline I12 in the United

Kingdom. The X-ray wavelength was 0.2066 �A, mono-

chromated using diffraction. The sample detector distance

was determined to be 2800mm to allow the largest possible

diffraction at 2q < 15�, where the most intense peaks of
Fig. 4 e a) TEM dark field image for vanadium steel

transformed isothermally at 825◦C for 5 min showing

ferritic regions with interphase precipitates (IP) in rows as

well as martensite. b) A magnified dark field image of

interphase precipitation in the same specimen.
carbides are expected. The X-ray beam size was chosen to

be 0.5 mm�0.5 mm with a dwell time of 7 s per measure-

ment point. Hundreds of images were captured, spaced out

evenly across each specimen. Analysis was performed

using Python modules; pyFAI-calib2 and pyFAI-integrate

for detector calibration and data reduction respectively.

Rietveld analysis usingMAUD [27] was used to calculate the

volume-fraction of carbides.

� Confirmation of interphase precipitation was done using

transmission electron microscopy; FEI Tecnai Osiris FEG

TEM, fitted with an energy dispersive spectroscopy to

measure the chemical composition of the carbides. It is

important to measure the latter to check how close the

composition is to equilibrium compositions as calculated

by ThermoCalc, as it was shown in previous work [16] that

equilibrium conditions influence the resistance to

hydrogen attack. Scanning electron microscopy and opti-

calmicroscopywere also used formicrostructural analysis.
2.4. Equilibrium calculations

ThermoCalc (TCFE10 database) was used to estimate equilib-

rium carbide volume-fractions as well as their equilibrium

compositions at different transformation temperatures.

These estimations represent thermodynamic equilibrium

rather than kinetics but can nevertheless give useful

information.

Vanadium carbides are the only carbides expected to pre-

cipitate in this steel. In the calculations using ThermoCalc, in a

FeeCeV system,MCwas allowed to exist alongside ferrite and

austenite. As the transformation temperature increases, the

MC volume fraction is seen to slightly decrease, Fig. 2. How-

ever, the differences for the temperatures considered are not

large given the exaggerated scale on the vertical axis. In a

system constrained to two phases existing simultaneously, in

this case a þMC, variations in phase fractions are determined

entirely by changes in the chemical composition of the phases

as a function of temperature. Since the equilibrium concen-

tration of carbon in ferrite is quite small at all temperatures,

the fraction of carbide cannot changemuchwith temperature.

The composition of vanadium carbide at the transformation

temperatures is listed in Table 1. The change in composition is

also slight at the different transformation temperatures. The

small change in volume fractions and compositions between

the transformation temperatures could suggest that the trans-

formation temperature will mainly influence the interphase-

precipitation carbide size and sheet spacing.
3. Results and discussion

3.1. Characterisation after the heat treatment

3.1.1. Microstructure
Because of the isothermal transformation followed in this

work, a ferritic microstructure is expected in all of the speci-

mens. The change in strain detected by the dilatometer could

https://doi.org/10.1016/j.ijhydene.2023.09.179
https://doi.org/10.1016/j.ijhydene.2023.09.179


Fig. 5 e TEM bright field images for vanadium steel transformed isothermally at a) 775◦C for 5 min, b) 725◦C for 5 min.

Precipitates at grain boundaries are larger at higher transformation temperatures. Precipitate-free zones can be seen around

grain boundaries.

Fig. 6 e Micrographs of vanadium steel microstructure

transformed isothermally at a) 825◦C, showing two

different phases, martensite and ferrite. b) 725◦C, showing

one phase, i.e. ferrite.
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be an indication of the microstructure expected, which is

shown for all specimens in Fig. 3a. Transformation from one

phase to another is accompanied by a change in the macro-

scopic volume of the specimen, therefore, when no change in

strain is detected any longer, then the transformation is

assumed to be completed. As can be seen from Fig. 3b, the

strain detected for the specimens isothermally-transformed

at 725◦C and 775◦C reaches a plateau, suggesting that the

transformation is completed, which is not the case for the

specimen isothermally-transformed at 825◦C, which means

that the transformation to ferrite in the latter specimen is not

completed. Fig. 3c shows the change in strain detected for the

specimen isothermally transformed at 825◦C during cooling to

room temperature. This change is an indication of the

martensite formation.

Themicrostructureswere then analysed using transmission

electron microscopy. Fig. 4a shows very fine interphase pre-

cipitation in the ferritic region of the specimen that was

isothermally transformed at 825 ◦C, as well as the martensitic

microstructure. It can also be seen in Fig. 4a that prior austenite

grain boundaries contain heavy precipitation in this condition.

Grain boundaries are regions of high internal energy, which

makethempreferredsites forprecipitation,whichexplainswhy

grain boundaries are associatedwith exaggerated precipitation.

The same behaviour is observed at lower transformation tem-

peratures, Fig. 5, though to a lesser extent presumably because

of the slower precipitation kinetics. The scale of the
Table 2 e Micro-hardness measurements of isothermally
transformed vanadium steel at different temperatures.

Specimen Hardness (HV0.1) Phase

A (725 �C) 354 ± 3 Ferrite

B (775 �C) 271 ± 3 Ferrite

C (825 �C) 161 ± 3 Ferrite

325 ± 4 Martensite

https://doi.org/10.1016/j.ijhydene.2023.09.179
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Table 3 e Void/inclusion volume-fractions before and
after hydrogen exposure for vanadium steel. The
quantities for the exposed specimens include the voids
fraction from the unexposed state. IT refers to isothermal
transformation, which was for 5 min for vanadium steel.
The error bars were calculated by dividing the standard
deviation by the square root of the number of
measurements.

Specimen VV

Unexposed 11 � 10�6 ± 2 � 10�6

ITa (725◦C) 19 � 10�6 ± 3 � 10�6

ITb (775◦C) 16 � 10�6 ± 5 � 10�6

ITc (825◦C) 32 � 10�6 ± 8 � 10�6

Underlined volume fraction is used to diffrentiate between unex-

posed and exposed specimens.

Fig. 7 e A representation of how measurements are taken

with synchrotron X-ray for hydrogen-exposed specimens.

The positions shown correspond to those listed in Table 4

with n being the last position.
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microstructure decreases with decreasing transformation

temperature as the accompanying diffusion distances are

reduced. Grainboundaryprecipitationdepletes the solute in the

adjacent vicinity introducing precipitate-free zones around

them, as can be seen clearly in Fig. 5a in the vicinity of the grain

boundaries.

Using opticalmicroscopy, two clearly distinguished phases

were seen in the specimen transformed isothermally at 825◦C;

martensite and ferrite as can be seen in Fig. 6a, while only

ferrite can be identified in Fig. 6b, corresponding to the steel

transformed isothermally at 725◦C.

The incomplete transformation from austenite to ferrite is

undesirable in this application because it means that not all

available carbon has been tied up in carbides, therefore, car-

bon activity is not at minimum, hence methane formation is

more likely to occur. The effect of the incomplete trans-

formation will be discussed later.

A substructure can be in seen in ferritic phase in Fig. 6b.

There is significant work to show crystallographic orientation

gradients, using electron back-scattered diffraction on
FeeCeVeMneSi and other steels that are transformed to

generate ferrite containing interphase precipitation.

Such orientation gradients arise because the ferrite nu-

cleates at grain junctions and can grow into all of the adjacent

austenite grains, albeit the different rates. The ferrite pos-

sesses a coherent orientation with only one such grain and

grows more rapidly into austenite grains with which it has

relatively incoherent boundaries. This is responsible for the

substructure visible in optical micrographs and a similar

example is in the work ofWang et al. [28]. It is likely therefore,

that the contrast seen in our figure arises for the same reason,

thoughwe have not done thework to show that since that was

not the main objective.
3.1.2. Hardness
Martensite formation can be further supported by analysing

the hardness of the different phases. Micro-hardness testing

was carried out on all specimens and the results are shown in

Table 2. The highest hardness of ferrite is measured at the

lowest transformation temperature, as expected, due to the

finer dispersion of carbides as witnessed in different studies

[19,23,26]. The micro-hardness measurements were uniform

across the specimens transformed at 725◦C and 775◦C, on the

other hand, a large difference was detected between the two

distinguished phases in the specimen transformed at 825◦C.

The relative fractions of the phases can be estimated using the

following equation [29]:

Va
Vz

HVal �HV
HVal �HVa

(3)

where HVa
l is the hardness of freshly quenched martensite,

HVa is the hardness of a fully ferritic specimen. HVa
l was

calculated by quenching a specimen to be 386 HV0.1, HVa was

taken to be the ferrite hardness in specimen C, while HV is the

average hardness in specimen C, equaling 243 HV0.1. This es-

timates the ferrite volume fraction of 0.63, leaving 0.37 as

martensite in specimen C.

As can be seen from Table 2, the microhardness in the

ferritic specimen A is higher than that of themartensite phase

in specimen C, which can be the consequence of the dense

precipitation of vanadium carbides in specimen A. A study by

Miyatomo et al. measured the hardness of vanadium steel

with varying vanadium compositions when the steel was

isothermally transformed at different temperatures for

different durations. They found that hardness increases as the

transformation temperature decreases especially when the

vanadium content is higher than 0.1 wt% [20], which agrees

with the findings in this work. The steel composition along

with the conditions of isothermal transformation in Miya-

moto's work are different from the conditions in this work,

therefore the hardness values could not be compared directly.

However, for a 0.44C-0.1V (wt%) steel, which is less than the

vanadium used in this work, a minimum of 250 HV and a

maximum of 280 HV was achieved. The hardness increases

significantly when the vanadium content was increased to

0.3 wt% to reach a maximum of around 400 HV [20].

https://doi.org/10.1016/j.ijhydene.2023.09.179
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Table 4 e Synchrotron-measured carbide volume-
fractions of MC carbide in vanadium steel specimens
before and after hydrogen-exposure.

725◦C 775◦C 825◦C

Unexposed 0.0098 ± 0.0012 0.0095 ± 0.0003 0.0062 ± 0.0007

AE (1) 0.0086 ± 0.0015 0.0108 ± 0.0017 0.0036 ± 0.0009

AE (2) 0.0082 ± 0.001 0.0109 ± 0.0018 0.0036 ± 0.0012

AE (3) 0.0084 ± 0.0014 0.0101 ± 0.0015 0.004 ± 0.0014

AE (4) 0.0096 ± 0.0018 0.0108 ± 0.0009 0.0036 ± 0.0015

AE (5) 0.0106 ± 0.0017 0.0099 ± 0.0014 0.0059 ± 0.0018

AE (6) 0.0107 ± 0.0025 0.0104 ± 0.0018 0.0063 ± 0.0018

AE (7) 0.0093 ± 0.0017 0.0094 ± 0.0017 0.0079 ± 0.0019

AE (8) 0.0106 ± 0.0015 0.0092 ± 0.0013 0.0077 ± 0.002

AE (9) 0.0091 ± 0.0019 0.0104 ± 0.0012 0.0055 ± 0.002

Underlined are the positions where carbide depletion has occurred.
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3.2. Characterisation after hydrogen exposure

3.2.1. Void volume-fractions
Now that interphase precipitation has occurred in the tested

specimens, investigations on their hydrogen attack resistance

can be carried out. According to previous work [16], and under

the same hydrogen exposure conditions, void volume-fractions

(VV) in 2.25Cre1Mo specimenshave increased after exposure by

a minimum of 25 � 10�5 and a maximum of 112 � 10�5

depending on the heat treatment. It should be highlighted that

2.25Cre1Mo is the commercially-used steel when designing
Fig. 8 e a, b and c) Volume fraction of MC carbide in vanadium s

5 min. The average carbide fractions prior to exposure are repre

lines, which were measured across the full specimen before hy

colour in this figure legend, the reader is referred to the Web ve
against hydrogen attack. VV was measured for interphase-

precipitated vanadium steel using the same methodology fol-

lowed for 2.25Cre1Mo steel. As can be seen from Table 3, the

void volume-fraction has increased across vanadium steel

specimens by 5 � 10�5 to 21 � 10�5. These results clearly show

the superior hydrogen attack resistance in interphase-

precipitation vanadium steel to the commercially-used steel

for hydrogen attack application, 2.25Cre1Mo.

The above results show that specimens transformed

isothermally at 725◦C and 775◦C exhibited better resistance

than the specimen transformed at 825◦C, which is not sur-

prising considering the higher carbon activity expected in the

undesirable formation of martensite in the latter specimen.

Nonetheless, this isothermally-transformed specimen has

shown a lower increase in void volume-fraction than the best

performing specimen in 2.25Cre1Mo in previous work [16],

which could indicate the better resistance of vanadium car-

bides to carbides present in 2.25Cre1Mo. Synchrotron X-rays

analysis was done to examine the volume fraction of carbides

before and after hydrogen-exposure in the following section.

3.2.2. Volume fraction of carbides
Synchrotron X-rays were used to compare the carbide volume

fractions before and after hydrogen-exposure. The specimens

were analysed horizontally from surface to surface with a

distance of 0.5 mm between every measurement point in the

same row, following the representation in Fig. 7. All values in
teel transformed isothermally at different temperatures for

sented with the standard deviation calculation by the blue

drogen exposure. (For interpretation of the references to

rsion of this article.)

https://doi.org/10.1016/j.ijhydene.2023.09.179
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Fig. 9 e SEM micrographs of polished vanadium steel

specimens showing the microstructure transformed

isothermally at 825◦C, showing two different phases,

martensite and ferrite. Cracks are observed at the interface,

while bubbles are seen across the martensitic phase. a) A

micrograph showing both phases with cracks developing

at the interface. b) A magnified micrograph.

Fig. 10 e A micrograph of vanadium steel microstructure

transformed isothermally at 825◦C, showing two different

phases, with cracks developing around and in the

martensitic phase.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 5 0 ( 2 0 2 4 ) 1 8 9e1 9 8196
the same position are averaged to one value for that position,

which is then analysed by Rietveld analysis to calculate the

fraction of carbides at that position.

Table 4 lists the analysis of the MC carbide volume frac-

tions in all specimens before and after hydrogen exposure,

while Fig. 8 is a representation of those fractions. MC carbide

did not undergo any depletion after being exposed to high

hydrogen pressures when the transformation was completed,

at 725◦C and 775◦C, which agrees with the void volume-

fraction measurements in Table 3. However, a noticeable

reduction inMC carbide fractionwas detected in the specimen

transformed isothermally at 825◦C,

Fig. 8c. The depletion seen in is expected to have occurred

in the martensitic region of the specimen or at the ferrite/

martensite interface, which can be seen in Figs. 9 and 10.
3.2.3. Chemical composition of carbides
Energy dispersive X-ray analysis in transmission electron

microscopy was used to measure the chemical composition

of vanadium carbides, then compared with the equilibrium

compositions and volume fractions estimated by ThermoCalc.

As can been from Tables 5 and 6, neither the volume fraction

of MC carbide nor its composition is close to equilibrium, yet

no depletion can be detected for MC carbide upon exposure

to hydrogen, where isothermal transformation to ferrite was

completed. The vanadium composition of the carbides is

expected here to be qualitative as the precipitates are smaller

than the probed depth. The vanadium content in the MC

carbide in specimen C is much less than that found in the

other two specimens, which suggests that it is further from

equilibrium. Nonetheless, the depletion seen here is less

than seen in the recent investigation in 2.25Cre1Mo [16],

where carbides have depleted more noticeably than spec-

imen Cwhen they were not at equilibrium. This indicates the

superior resistance of vanadium carbides to that of chro-

mium carbides when it comes to their resistance to be

dissociated by hydrogen, which could correlate with the fact

that vanadium enhances tensile strength and creep-rupture

strength at high temperatures [30], thus limiting the power-

law creep mechanism of hydrogen attack.

As mentioned before, precipitation is expected to be finer

in spacing and size as the transformation temperature de-

creases, but that does not seem to influence the hydrogen

attack resistance. The peaks in the synchrotron X-ray

diffraction patterns were analysed (see Fig. 11) and it was

observed that peaks were broader as the transformation

temperature was reduced. This is due to the larger coherency

strain field associated with the smaller particle size [31,32].

Therefore, it can be safe to say that the particles in the spec-

imen transformed isothermally at 725◦C were finer than the
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Fig. 11 e Synchrotron X-ray diffractograms of vanadium steel specimens transformed isothermally at a) 725◦C, b) 775◦C and

c) 825◦C. The broad peaks for the V6C5 carbides indicate finer precipitation.

Table 5 e Volume fractions of MC carbide as expected
under equilibrium using ThermoCalc (T.C.) and as
determined using synchrotron X-ray diffraction for
isothermally transformed vanadium steel.

Temperature MC

T.C. Rietveld

725 �C 0.0199 0.0098 ± 0.0012

775 �C 0.0197 0.0095 ± 0.0003

825 �C 0.0193 0.0062 ± 0.0007

Table 6 e Equilibrium and measured chemical
compositions (wt%) of MC carbide in vanadium steel at
different isothermal transformation (IT) temperatures.
ThermoCalc is used to calculate the equilibrium
composition. EDX in TEMwas used tomeasure the actual
chemical composition. As carbon content cannot be
accurately measured using EDX, all the carbon content
values are calculated by ThermoCalc and EDX
measurements for other elements were corrected
accordingly.

Specimen B
IT @ 775 ◦C for 5 min

Specimen C
IT @ 825 ◦C for 5 min

T.C. EDX T.C. EDX

C 16.72 e 16.75 e

Fe 6.48 64.44 ± 2.01 6.47 78.81 ± 0.18

V 76.79 18.83 ± 0.92 76.78 4.34 ± 0.04
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ones precipitated at 825◦C, nonetheless, that did not prove to

influence the hydrogen attack resistance.
4. Conclusions

Minimizing carbon activity in the steel is a critical step to-

wards mitigating high temperature hydrogen attack. This

work has shown, for the first time, that isothermal trans-

formation of the steel is a better alternative to conventional

heat treatments when it comes to hydrogen attack resistance.

The principal conclusions are as follows:
� Vanadium has been used previously as an addition to

commercially-used steels to increase the resistance to

hydrogen attack. Vanadium in this work was used as the

only alloying-element, and it exhibited excellent resistance

to hydrogen attack. The resistancewas also excellentwhen

the carbides were far from their equilibrium state, unlike

the commercially-used steel, 2.25Cre1Mo steel, where

equilibrium conditions had to be ensured to avoid any

noticeable depletion in carbides [16]. This is a significant

result as it challenges the current paradigm that classifies

chromium as a necessary element in the steel to resist

hydrogen attack.

� A major outcome from this work was the confirmation of

the importance of heat treatment towards mitigating

hydrogen attack. Interphase precipitation has produced

steels that resist hydrogen attack better than steels that are

heat-treated via conventional methods, keeping in mind

that both steels were exposed to the same temperature and

hydrogen pressure for the same duration. Only undesirable

conditions in the interphase precipitation deteriorated the

resistance of vanadium steel, when the austenite to ferrite

transformation was incomplete, leading to the formation

of untemperedmartensite with high carbon activity, which

is the main catalyst for the formation of methane bubbles.

It should be mentioned that interphase precipitation also

required shorter tempering durations, i.e. less energy.

� Interphase precipitation of vanadium steel mitigated

hydrogen attack mainly due to the minimisation of carbon

activity by tying up all carbon with stable carbides directly

at the g/a moving interface. It is speculated that direct

precipitation at the g/a interface leaves the ferrite imme-

diately depleted of carbon. On the other hand, conven-

tional quench/temper heat-treated microstructures

contain lattice defects, which may retain excess carbon

that is available to react with hydrogen for methane for-

mation. Vanadium is also known for its improvement on

tensile strength and creep-rupture at high temperatures,

which may be a factor in limiting the linkage of voids

formed due to the methane formation.

Further research is needed to establish that the suggested

vanadium steel as a viable alternative in hydrogen-attack
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applications as a whole basket of other properties need to be

satisfied:

� the mechanical properties of vanadium steel need to be

characterised and compared with steel requirements to be

deployed as components operating in high-temperature

high-pressure hydrogen environments. This is a major

step requiring industrial involvement in the definition of

the work as this alloy was chosen because it was shown

that it undergoes interphase precipitation, but it is not

necessarily optimum for creep and oxidation-resistant ap-

plications, therefore experimental work is needed tomodify

the alloy while maintaining interphase-precipitation.

� Creep testing of vanadium steel should be carried out to

provide concrete evidence that vanadium carbides limit

the power-law creep mechanism of hydrogen attack.
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