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ABSTACT 

The influence of plastic deformation on hydrogen diffusion is of critical significance for hydrogen 

embrittlement (HE) studies. In this work, thermal desorption spectroscope (TDS), slow strain rate test 

(SSRT), feritscope, transmission electron microscope (TEM) and TDS model are used to establish the 

relationship between plastic deformation and hydrogen diffusion, aiming at unambiguously 

elucidating the effect of pre-existing traps on hydrogen diffusion of hot-rolled S30408. An effective 

way is developed to deduce hydrogen apparent diffusivity in this paper. Results indicate apparent 

diffusivities decrease firstly and then increase with increasing plastic strain at room temperature. 

Hydrogen diffusion changing with plastic deformation is a complicated process involving multiple 

factors. It is suggested to be divided into two processes controlled by dislocations and strain-induced 
martensite, respectively, and the transformation strain is about 20% demonstrated by experiments. 

Keywords: hot-rolled S30408; hydrogen embrittlement; hydrogen diffusion; plastic deformation; TDS; 
apparent diffusivity; microstructures 

NOMENCLATURE 

CL      concentration of hydrogen in the normal iron crystal lattice  

t         time, s 

2d      thickness of the plate specimen, m 

De      effective diffusivity, m2/s 

Ctot     total concentration of hydrogen  

C0      hydrogen equilibrium concentration in the crystal lattice under hydrogen atmosphere 

DL     diffusivity in crystal lattice, m2/s 

γ        a constant value 

CT      trap density, /m2 

Eb      binding energy between hydrogen and the specific trap, J/mol 

R       universal gas constant, J/(mol K)  

T       temperature, K 

Cx      concentration of the trapped hydrogen 

D0L    prefactor of diffusion, m2/s 

Ediff    active energy of diffusion, J/mol 

Et      activation energy for hydrogen to jump into the specific trap, J/mol 

Ea      activation energy for hydrogen desorption from the specific trap, J/mol 

1.0 INTRODUCTION 

Hydrogen diffusion affected by plastic deformation serves as an important precondition of hydrogen 

embrittlement (HE) research. Pre-existing hydrogen traps can be introduced into materials inevitably 

during processing, strain strengthening, etc [1, 2] and have a significant effect on the diffusion 
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behavior of hydrogen in the material, resulting in hydrogen-assisted fracture. Austenitic stainless steels 

are commonly employed in valve bodies, pressure vessels and pipelines in hydrogen environment for 

their corrosion resistance, low ductile-brittle transition temperature, high toughness and ductility, etc 

[3]. However,  hydrogen diffusivities lack consistency somewhat in austenitic stainless steels, 

especially when considering the effect of plastic deformation [4-10]. Therefore, it is necessary to 

measure the true hydrogen diffusivities, understand hydrogen diffusion rules, clarify the root causes of  

the effect of pre-existing traps on it in austenitic stainless steels when they are subjected to plastic 
deformation. 

Hydrogen diffusion influenced by plastic deformation has been discussed in previous studies. Louthan 

et al. [11], And et al. [12] and Oriani et al. [13] have suggested that plastic deformation affect 

dislocation densities, induce martensite transformation and influence behaviours of grain boundary. 

Hydrogen segregates at and interacts with hydrogen traps, which results in crack initiation from there. 

α’-martensite is apt to be transformed from austenite directly or through precursor of ε-martensite and 

dislocation pile-ups in metastable austenitic stainless steels during plastic deformation because of a 

lower stability [14-20]. Compared to austenite, martensite can increase the rate of work-hardening and 

is conducive to formability. However, B. Ladna and H. K. Birnbaum [21] investigated hydrogen 

diffusion in type 304 stainless steel electrochemically charged with 2H(D) in 1N D2SO4 with 0.25 g/l 

NaAsO2 during 5%-8.5% strain. And the results manifests strain-induced martensite increases the 

penetration depth of the deuterium and acts as a rapid diffusion path owing to the considerably 

difference of diffusivity and solubility between α’-martensite and γ-austenite [22, 23], which 

accelerates the initiation and development of HE [24-27]. For hydrogen transport by dislocation, John 

K. Tien et al. [28] have proposed a kinetic model for hydrogen diffusion called dislocation sweep-in 

model which considers the increasing localized hydrogen concentration results from hydrogen 

diffusion by dislocation. Conversely, Kurkela et al. [29] and Donowan et al. [30] carried out 

experiments and did not support sweep-in model mentioned above. B. LADNA et al. [21] investigated 

the effect of plastic deformation on the diffusion of D into Ni, 310 SS, 304 SS from a cathodically 

charged surface using SIMS techniques. The results manifestes that dislocation transport of D did not 

make a significant contribution to diffusion under the conditions for which transport of D atmospheres. 

From above, one can conclude hydrogen diffusion changing with plastic deformation is unsettled and 
there is no consensus on the impact of hydrogen traps. 

Currently, electrochemical permeation technique (EPT) is most commonly employed for measuring 

hydrogen permeability, including diffusivity and solubility [4, 31-33]. However, this method is 

restricted to a lower temperature. Thus, it is inappropriate to austenite stainless steels due to a lower 

hydrogen diffusivity of austenite stainless steels [33-35]. Furthermore, electrochemical charging may 

bring about some problems, such as corrosion and martensite transformation owing to the compressive 

stress on surface [36]. Sequentially, this method affects surface and inner microstructures of materials. 

Therefore, it acts as a crux to develop an effective and general method to deduce hydrogen diffusivity, 
which serves as the foundation for hydrogen diffusion studies. 

In this work, SSRT, TDS, feritscope, TEM and TDS model are performed to investigate the effect of 

plastic deformation at room temperature on hydrogen diffusion of hot-rolled S30408. The results and 

discussions are outlined with three sections to start on. First, an effective method is developed to 

deduce apparent diffusivity based on the holistic method and TDS model. Second, the quantitative 

relationship between plastic deformation and hydrogen diffusion is established. At last, both 

qualitative and quantitative analysis are used to unambiguously elucidate the root causes of the impact 
of plastic deformation on hydrogen diffusion from microstructures 

2.0 EXPERIMENTAL 

All experiments were carried out in the following order: SSRT, hydrogen charging, TDS and TEM. 
Details are as follows. 
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2.1 Material and specimens 

As-received S30408 is 5 mm-thick plate in hot-rolled condition and chemical compositions are given 

in Table 1, which conforms to the requirements of Chinese standard GB/T 24511. Materials were 

machined into SSRT specimens shown in Figure 1 by low-speed wire cutting machine. After polished 

to 2000 grit by silicon carbide abrasive paper, specimens were cleaned by ultrasonic cleaning using 
anhydrous ethanol to remove the residue of oil on surface.  

Table 1 Chemical composition of S30408 austenite stainless steel (wt. %). 

Chemical 

composition 
C Si Mn P S Cr Ni N 

Experimental 

/wt. % 
0.040 0.45 1.04 0.025 0.002 18.58 8.08 0.056 

Standard 

/wt. % 
≤0.08 ≤0.75 ≤2.00 ≤0.035 ≤0.020 

18.00-

20.00 

8.00-

10.50 
≤0.10 

 

Figure 1. Specimens geometries of SSRT specimen and the sampling position of TDS and TEM (The 
dimensions are given in millimetre) 

2.2 Slow Strain Rate Test 

SSRT was conducted at room temperature with the crosshead rate of 0.05 mm·min-1, corresponding to 

the strain rate of 1.1×10-5 /s. The applied strains were 4%, 6%, 8%, 10%, 12.5%, 17%, 18%, 19%, 

20%, 21%, 22%, 23%, 28%, 32%, 36%, respectively. Plastic strain and volume fraction of strain-
induced martensite (α’-martensite) were measured by extensometer and feritscope, respectively.  

2.3 Hydrogen charging 

Hydrogen was introduced into specimens after SSRT by means of high-temperature high-pressure 

gaseous hydrogen charging under the conditions of 453 K, 12 MPa for 80 h in GSH-2 autoclave.  

2.4 Thermal Desorption Spectroscope 

Temperature Programmed Desorption-workstation provided by Hiden Analytical Technology Ltd. was 

applied to attain hydrogen desorption spectroscope. Sampling position of TDS is shown in Figure 1 

and TDS test was conducted after degassing and background when the pressure in the main chamber 

dropped into 5×10-9 torr to satisfy the accuracy requirement of mass spectrometer. Temperature rose 

from RT to 1000K at the ramp rate of 1 K/min which alleviated surface impedance lying behind 
anamorphose of experimental curves at a lower temperature.  

javascript:void(0);
javascript:void(0);
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2.5 Transmission Electron Microscopy 

TEM images were obtained using FEI Tecnai G2 F20 S-TWIN instrument at room temperature with 

the acceleration voltage of 200 kV. Sampling position of TEM is shown in Figure 1 and TEM samples 

were prepared by twin-jet electropolishing technique. Electrolyte were prepared by mixing perchloric 

acid and ethanol with the volume ratio of 1:9 and the whole two jet course was conducted at -30℃ 

with 25mV and 8mA. 

3.0 RESULTS AND DISCUSSION 

3.1 Evolution of hydrogen diffusivities in deformed S30408 

The variation of hydrogen diffusivities with plastic deformation is essential for the understanding of 

HE mechanism. In this section, an effective method is developed to deduce the apparent diffusivity of 

the deformed S30408. Based on the method, the relationship between plastic deformation and 
hydrogen diffusion is established quantitatively.  

Hydrogen contents were attained from integration of hydrogen desorption rate after subtracted 

background and the results are shown in Figure 2. It can be seen that hydrogen contents vary from 

strain to strain with the same charging time. Specifically, hydrogen contents descend firstly and then 

ascend with the increment of plastic strain and appear linearly at a higher plastic strain. With the 

hydrogen charging condition mentioned above, hydrogen contents don’t reach maximum value 

calculated by Sievert’ law [31] and relevant parameters [31], so the higher hydrogen content in the 
specimens, the larger hydrogen diffusivities. 

 

Figure 2. The variation of the hydrogen contents in the specimens with plastic strain 

Based on TDS experiment results and TDS model, apparent diffusivities are calculated to establish the 

quantitative relationship between hydrogen diffusion and plastic deformation. Allow for a lower 

diffusivity of crystal lattice in S30408, TDS model adopted was built from the simplified diffusion 

equation and Oriani’s assumption [13] which is a local equilibrium between hydrogen traps and crystal 

lattice. For slab sample, Ono and Meshii [37] have suggested the desorption rate are deduced as 
follows: 
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Taking into account the complexity of the effects of various hydrogen traps on hydrogen diffusion, 

crystal lattice together along with various hydrogen traps is perceived as a whole for simplicity and the 

effect of pre-existing traps on diffusion is reflected from the active energy of diffusion and prefactor of 

diffusion in Equation (4). For simplification, there are two ways to fit TDS peak. The first applies the 

same prefactor of diffusion and changes the activation energies of diffusion. The second applies the 

same activation of diffusion energy but different prefactors of diffusion. In this paper, the second 

method is chosen. Experiment curve with 0% strain can be fitted well with DoL of 6.5×10-6 m2/s and 

Ediff of 52800 J/mol shown in Figure 3(a). The other TDS curves are fitted with the same value of Ediff 

as 0% strain and different DoL. By trial and error, the optimum parameters can be found eventually to 

fit corresponding experiment curves. The experiment and simulation results with or without strain and 
the parameters used for fitting experiment curves are given in Figure 3 and Table 2, respectively. 

Hydrogen apparent diffusivities can be deduced through Equation (4) using the values of Ediff and DoL 

listed at Table 2 and the results are shown in Figure 4. It can be seen that apparent diffusivity 

decreases firstly and then increases with the increment of plastic strain, which have the same tendency 

as hydrogen contents shown in Figure 2. Specifically, the results indicate that apparent diffusivities are 

smaller than that of 0% strain when plastic strains are below 20% but more than that of 0% strain 

when plastic strains are above 20%. In addition, one can conclude from that 20% strain acts as a 

turning strain of the effect of plastic deformation on hydrogen diffusivities. Based on it, the variation 

of hydrogen diffusivities is suggested to be divided into the two stages. In the first stage, hydrogen 

diffusion is inhibited when plastic deformation is approximately lower than 20% strain. In the second 

stage, it is promoted when plastic deformation is approximately higher than 20% strain. 

Table 2 The fitting parameters used in TDS simulation with different strains. 

Strain/% 0 4 8 10 12.5 20 32 36 

D0L/10-6 m2/s 6.500 1.968 2.020 3.272 3.443 5.304 22.000 28.400 
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     Figure 3. TDS experiment and simulation results with different plastic strain (a) 0%, (b) 4%, (c) 

8%, (d) 10%, (e) 12.5%, (f) 20%, (g) 32%, (h) 36% (The blue curves are fitted with DoL and Ediff of 
0% strain) 
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Figure 4. Hydrogen apparent diffusivities at 453 K changing with the plastic strain 

3.2 Impact of microstructures on hydrogen diffusion  

In addition to crystal lattice, hydrogen can also be captured by dislocation, grain boundary, phase 

interface, etc. In this section, it is discussed to explore the root cause of the impact of plastic 
deformation on hydrogen diffusion from microstructures. 

It is well known that strain-induced martensite can be transformed from austenite in deformed S30408. 

In oder to quantify the amount of strain-induced martensite, the feritscope is used to detect volume 

fraction of strain-induced martensite which is magnetic while austenite is not. Results shown in Figure 

5 are displayed via multi-measurement average and error bar. Measurement errors mostly focus on the 

range from 2% to 10%, implying an excellent performance in concentrating at mean values. From 

Figure 5, It can been seen that the amount of strain-induced martensite appears exponentially with the 

increase of plastic strain on the whole, which means plastic deformation plays a positive role in the 

formation of strain-induced martensite. Concretely speaking, the amount of α’-martensite induced by 

plastic deformation is smaller and increases slower during the initial stage of plastic deformation, 

while it becomes much more and faster with a larger plastic deformation. The amount of α’-martensite 

induced by plastic deformation in S30408 at 1.1×10-5 /s strain rate and room temperature are available 

as Equation (5): 

' -0.10+0.27exp( /8.71)M(vol%)=                                                                                                          (5) 

As shown in Figure 5, the amount of strain-induced martensite measured before and after hydrogen 

charging are almost overlap, which indicates that strain-induced martensite existing in S30408 has a 

high stability in 453 K and 12 MPa hydrogen for a long time. In other words, strain-induced 

martensite in S30408 does not disappear or aggrandize without stress field when it is subjected to the 

condition of hydrogen charging. Therefore, scilicet stress field is the necessary condition to form α’-
martensite in S30408 while high temperature or high pressure are not.  

For austenitic stainless steel, α’-martensite serves as a rapid path for hydrogen diffusion owing to the 

considerably difference of diffusivity and solubility between α’-martensite and austenite. Therefore, 

hydrogen is apt to diffuse through α’-martensite compared to austenite. Compared with Figure 4 and 5, 

the amount of strain-induced martensite is not completely consistent with hydrogen apparent 

diffusivities when the plastic strain is low, which means strain-induced martensite is not the only 

reason that affects hydrogen diffusion. In order to elucidate the root cause of the effect of plastic 
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deformation on hydrogen diffusion, TEM is used to understand microstructures changes at each stage 
other than strain-induced martensite and results are shown as Figure 6. 

 

Figure 5. The transformation of strain-induced martnesite with plastic strain at room temperature and 

1.1×10-5 /s strain rate 

Figure 6 (a) shows dislocation of hydrogen-charged S30408 strained to 8%. A number of dislocations 

as well as bits of grain boundaries are present. Figure 6 (a) also indicates that almost no strain-induced 

martensite forms at 8% strain, which is consistent with the results shown as Figure 5. Therefore, in the 

first stage, plastic strain serves as a driving force of dislocation nucleation and proliferation and 

dislocation density increases with plastic deformation. Dislocation is quite counterproductive to 

hydrogen diffusion because of the difference between Ea and Ediff. Ea is given as the sum of Eb and Et 

[38]. In practice, Et is approximately equal to Ediff [39]. Therefore, Ea of dislocation is more than Ediff. 

Simultaneously, a smaller amount of strain-induced martensite is not by enough to promote hydrogen 

diffusion compared with the inhibitory effect of dislocation. Consequently, the inhibitory effect of 

dislocation surpasses the auxo-action of strain-induced martensite and becomes dominant for 

hydrogen diffusion. 

Figure 6 (b) and magnified portions in Figure 6 (c) and (d) show an area fairly advanced in straining 

and it can be seen a rapid path for hydrogen diffusion is formed in S30408 strained to 36%. Figure 6 

(c) and (d) are magnified views around the rapid path and indicate high-density dislocations are 

intertwined with strain-induced martensite, along with some grain boundaries in S30408 strained to 

36%. Therefore, as the plastic deformation increases, dislocation pile-ups form and strain-induced 

martensite is inoculated from γ-austenite, ε-martensite and dislocation pile-ups. In addition to the 

increase in the amount of strain-induced martensite, distribution and morphology of it also play an 

important role in hydrogen diffusion. When the amount of strain-induced martensite reaches a certain 

value strain-induced martensite connects with each other and experiences the variation of morphology 

from point to sheet seen from Figure 6 (b). It implies an effective diffusion path in austenite is created 

and hydrogen diffusivities are improved apparently as a result. From Figure 4, apparent diffusivities 

have the same trend as the amount of strain-induced martnesite shown as Figure 5 when plastic strain 

exceeds 20%. Therefore, the auxo-action of strain-induced martensite becomes dominant for hydrogen 

diffusion insteading of dislocation at the second stage. 

From above, we can seen that the influence of microstructure evolution on hydrogen diffusion of 

S30408 is a complicated process which involves multiple factors. Hydrogen diffusion cannot be 

predicted by single factor entirely or explained by one theory of HE perfectly for S30408. Overall, the 
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effect of plastic deformation at room temperature on hydrogen diffusion can be divided into two 

processes by about 20% strain. The first is dislocation controlling process and the second is controlled 
by strain-induced martensite. 

         

 

Figure 6. TEM micrographs of hydrogen-charged S30408 strained to 8% and 36% (a) dislocations in 

S30408 strained to 8%; (b) a rapid path for hydrogen diffusion in S30408 strained to 36%; (c) 

dislocations intertwined with strain-induced martensite in S30408 strained to 36%; (d) high-density 

dislocations in S30408 strained to 36% 

4.0 CONCLUSION 

In this paper, the quantitative relationship between apparent diffusivity and plastic strain has been built 

for further study of hydrogen diffusion and the mechanism of HE for S30408. Apart from it, this paper 

also focuses on the effect of pre-existing traps on hydrogen diffusion from microstructures. Main 

conclusions are as follows: 

(1) There is a non-monotonic relation between hydrogen diffusivity and plastic strain. Apparent 

diffusivity of hot-rolled S30408 decreases firstly, and then increases with increasing plastic strain at 
room temperature. The transformation strain is about 20% demonstrated by experiments. 

(2) Plastic deformation  promotes the formation of α’-martensite. The effect of plastic deformation at 

room temperature on the transformation of the strain-induced martensite appears exponentially in hot-
rolled S30408. 
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(3) The influence of microstructures on hydrogen diffusion of S30408 is a complicated process 

involving multiple factors. Hydrogen diffusion affected by plastic deformation is suggested to be 

divided into two processes by about 20% strain controlled by dislocations and strain-induced 

martensite, respectively. 
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