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Fig. 15. (a) Saturation curves, (b) Minimum saturation curves of the final model.

than the limit that makes the precipitate saturated, then the mesh
around the precipitate is refined to simulate the saturation effect.

It is possible that not all precipitates are saturated, for this reason and
to lighten the computation load of the model, the saturated precipitates
will be meshed. Precipitates are of four different categories, so four
limiting concentrations are used for calculations in macros. The first
simulation (no precipitates) contains only the grain boundary and the
dislocations as traps.

Table 9 summarized the precipitates calculation for a temperature
equals to 300 K.

Knowing number of the saturated precipitates the mesh is updated to
considering the precipitate effect.

Fig. 9 (c) shows the nodal solution for the model after the imple-
mentation of the precipitates. Also in this case the main effects of the
precipitates occur in the grain boundary (higher saturation level), in
particular the elements of the precipitates have lower saturations than
those of the grain boundary.

The next step concerns the implementation of a microstructure
formed by several grains and the subsequent simulation.

The microstructure is formed by 17 truncated octagon grains sur-
rounded by grain boundaries phases. The dimension of geometry is re-
ported in Table 10.

The geometry analysed in the model is composed by 184 grains. The
volume is formed by a cube in which 9 grains are placed on each side.
Fig. 10 (a) show the geometry implemented on the model. Table 11
summarize the geometrical characteristic of the volume.

This geometry was chosen to be able to analyze the phenomenon of
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diffusion on an adequate scale in order to obtain physically acceptable
results from the model.

To manipulate the model results, the mesh must be adequate. To
make this possible it is necessary that the elements of the mesh are on
average of the same volume, moreover it is necessary to mesh first the
grain boundary and then the grain. Using this meshing method, it’s
possible to get that the ID number of the first elements and nodes be-
longs to the grain boundary, the second group of elements and nodes
belongs to the grain. Fig. 10 (b) shows the mesh implementation.
Table 12 shows the summarized results for the mesh calculation.

The first Macro that is generated is called “EXPORT NUMBER OF
NODES AND ELEMENTS”. This macro is written in APDL, and it’s able to
export all the mesh statistics from the Ansys model to texts files. After
the export it’s possible to manipulate the results to generate the pre-
cipitates and the dislocation elements.

An interface has been created to be able to enter the model inputs,
that are: working temperature and volume of the geometry. In the
interface it is also necessary to select the workbook to guarantee the
correct dialogue between macros, Ansys Workbench, and python scripts.
The code will automatically calculate the hydrogen diffusion coefficient
for all the material by using the working temperature, these results
for300 K are reported in Table 13.

Script called “DISLOCATION” is implemented by using Python. This
code is able to read all the results exported by [Appendix 1] and the
input data from the Interface to calculate the number of elements that
will simulate the dislocation effects.

Table 14 summarized the results for the dislocation calculation.
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Fig. 16.
(c), precipitate saturation variation (d).

This script generates the input for the second Python scrips. In this
file there are the total elements number for the geometry, the element
number for the boundary grain, the total node number for the geometry,
the node number for the boundary grain and the element number for the
dislocation. it is used to decrease the level of mathematical calculation
that each script has, in fact the export procedure of the number of ele-
ments and nodes from Ansys Workbench and the reading of these files
are the slowest processes of the whole model.

The second script is called “dislocation generation”. This code can
read the output of the “DISLOCATION” script and to generate a macro in
APDL who can be read by Ansys Workbench to implement the disloca-
tion. In this code the number of elements of the dislocation is read and
it’s converted to number of nodes. Knowing the number of the nodes of
the dislocation it’s possible to generate the macro who creates the dis-
locations in the grain. The ID number of the nodes in the grain are chose
randomly. The output generated by this script is a macro called
“ND_dis]”, whit this macro it’s possible to create named sections who
will represent the node of dislocation and the element of dislocation, this
macro changes the material properties of the dislocation elements.
[Appendix 2].

After the mesh updating it’s necessary to launch the first transient
thermal simulation. The behaviour of the microstructure is simulated as
a consequence of a hydrogen saturated atmosphere adjacent to one side
of the geometry. Concentration equals to 100 % is used. Fig. 10 (c) and
Table 15 shows the set-up of the thermal analysis.

The nodal results must be exported as a text file for the consistency of
the model, it’s necessary to create a text file called “SATU-
RATION_NODE_0. txt” [Appendix 3].

Fig. 11 shows the elements solution for this simulation.

The second and last section of the model begins with the analysis of
the precipitates. Python is used to implement scripts that are used to
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generate macros that can simulate the effect of precipitates. The first
step is the importation of the results of the previous section, i.e., oper-
ating temperature, number, and ID of the elements of the dislocations
and the nodal results.

After that it’s possible to manipulate the input data. The 70 % of the
total precipitates are in the grain boundary, the remainder in the grain.
Knowing the maximum concentration of hydrogen that each precipitate
can contain, it is possible to know the number of saturated precipitates.

The next step includes the generation of a macro that creates com-
ponents in Ansys Workbench that contain the nodes and elements of
each type of precipitate. This macro is called “PRECIPITATES” [Ap-
pendix 4]. For this macro it’s used a Fortran format descriptors “8i10”.
Table 16 summarized the results for the precipitates calculation. In this
case not all the precipitates are saturated, only 12 % of the precipitates
are saturated.

The last step is the thermal simulation. The same settings of the last
simulation will be used. The nodal results must be exported as a text file
for successive analysis, it’s necessary to create a text file called “SAT-
URATION_NODE_1. txt” [Appendix 5].

Fig. 12 shows the nodal solutions of the grain boundary saturation
during the simulation, the diffusion process is uniform over time.

Fig. 13 shows the nodal solutions of the grain saturation during the
simulation, also in this case the diffusion path is strongly influenced by
the presence of dislocations which modify the hydrogen saturation in
the grain.

Fig. 14 shows the nodal solutions for the total geometry during the
simulation.

The simulated geometry has a volume of 28 668 [um® 1, All satura-
tion curves simulate the average evolution of hydrogen saturation for
the volume of the geometry. A saturation equal to 100 % indicates that
the entire volume has reached the maximum capacity of hydrogen
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Fig. 17. (a)Level of global saturation and (b) Saturation time, in function of the temperature.

Table 17
Saturation time in function of the temperature.

Temperature [°C] Saturation time [s]

25 20 000
75 8000
150 2000

atoms. Fig. 15(a) shows the trend of the average saturations for grain
boundary, grain and dislocations for a time interval ranging from 0 s to
25 000 s. The average saturation of the grain boundary at the end of the
simulation reaches a value of 84.9 %. This value is based on the grain
boundary volume which is 6967 [um®]. Again, the mean saturation
curve of the grain boundary tends fastest to the horizontal asymptote
representing the full saturation value (100 %). The second fastest satu-
ration curve is that of the dislocations. At the end of the simulation (25
000 s) the dislocations reach an average saturation level of 83.5 %
(based on a volume of 2170 [um?®]). The saturation curve of the lattice is
the least rapid, at the end of the simulation (25 000 s) a maximum
saturation level of 81.1 % is reached on a volume of 21 701 [um?®]. The
global saturation curve is strongly dependent on that of the grain due to
its volume, in fact the volume of the grain is equal to 75 % of the total
volume. At the end of the simulation the global saturation is 81.8 %.
Subsequently, the minimum saturation change in the microstructure
is analysed. With this analysis it is possible to obtain the saturation trend
of the microstructure portions which are last reached by the hydrogen
diffusion path. The minimum saturation curves are shown in Fig. 15 (b).
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The grain boundary is the portion of the volume that first diffuses the
hydrogen, by analyzing the minimum saturation curves it is possible to
notice that the minimum saturation value in the grain boundary in-
creases rapidly with time, in fact after 5000 s the minimum saturation
value of all the volume of the grain boundary is 20 %. After 5000 s of
simulation the minimum saturation value in the grain and in the dislo-
cations does not exceed 5 %. To obtain a minimum saturation value of
20 %, it takes 14 000 s for the dislocations and 17 000 s for the grain,
respectively. The minimum saturation trend of the entire microstructure
is superimposed on that of the lattice, this effect occurs because the
lattice is the largest volumetric portion within the microstructure. The
final performed simulations concern the analysis of the effectiveness of
the model for simulations carried out at various working temperatures.
Fig. 16 shows the variation of the main outputs as the temperature
varies. All results refer to a total microstructure of 3560 [um?®].

Fig. 16(a) shows how the saturation of the grain boundary in func-
tion of the time and temperatures. Since the diffusive coefficient of the
grain boundary increases with the increase of the absolute temperature,
the saturation trend is consistent with this physical concept. In partic-
ular, the average saturation of the grain boundary has a percentage in-
crease of 8.7 % for a temperature of 75 °C and an average percentage
increase of 11.4 % for a temperature of 150 °C (respect to 25 °C). These
temperatures have been chosen based on the thermal range to which an
austenitic stainless steel is subjected.

Fig. 16(b) shows the change in grain saturation for three tempera-
tures. Also in this case the diffusive coefficient of the grain increases
with the increase of the absolute temperature, the saturation trend is
consistent with this physical concept. In particular, the average
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Fig. 18. (a) Hydrogen velocity in grain boundary-grain interface, (b) Hydrogen velocity in dislocation-grain interface, (c) Hydrogen flow rate in grain boundary-
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Fig. 19. error in function after the precipitates implementation in function of the temperature.

saturation of the grain has a percentage increase of 4.1 % for a tem- in temperature than boundary grain.

perature of 75 °C and an average percentage increase of 6.4 % for a Fig. 16(c) shows how the effect of dislocations varies with the tem-

temperature of 150 °C. perature. The number of dislocations depends on the temperature, as the
The results show that grain saturation is less affected by the increase temperature increases there is a decrease in the number of dislocations.
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However, the decrease of the elements of the dislocations is accompa-
nied by an increase in the diffusion coefficient of the dislocations
themselves. Thus, even though the number of dislocations is decreasing,
their saturation level increases with temperature.

Fig. 16(d) shows the level of saturation of the precipitates as the
working temperature varies. In this thesis the number of precipitates is
considered fixed as the temperature varies, however as the temperature
increases there is an increase in the diffusion properties of the entire
microstructure, this increase favours the saturation of the precipitates
which as the temperature increases tend to be all saturated with
hydrogen.

Fig. 17 shows the trend of the global saturation variation. Table 17
shows the times necessary for the maximum saturation of the simulated
geometry as a function of time. Using these values, it is possible to trace
a trend of the total saturation times of the simulated geometry as a
function of time and temperature.

Fig. 18 shows the average velocity of hydrogen particles passing
through the grain boundary interface in function of the time. The
calculation is made with the following assumptions:

J
Cpy = 14304 { k—g{(}
kg
Py =0.0899 {%}

5 [m
Vi = 11.42 % 1073 {@}

Apug, =2425.5 [umﬂ

where ¢, is the hydrogen specific heat, p_H is the hydrogen density, v,
is the hydrogen molar volume and Ay, is the area of the interface be-
tween grain and boundary grain. Fig. 18 shows the results for three
temperatures (25 °C, 75 °C and 150 °C). The velocity profile of the flow
of hydrogen atoms in surface A passing from the grain boundary to the
grain decreases with increasing time. This phenomenon is due to the
increase in saturation of the microstructure with the time which requires
less flow of hydrogen with increasing time (to saturate the model). The
mean speed of the flow increases with the increase of the temperature
and with it also the modulus of the asymptotic value to which it tends.

Fig. 18 (b) shows the average velocity of hydrogen particles passing
through the dislocation-grain interface. In this case the value of the
mean velocity is greater than the value of the boundary grain-grain
interface. Fig. 18 (c) shows the hydrogen flow rate in grain boundary-
grain interface in function of the time and temperature. The hydrogen
flow rate has the same trend of the hydrogen velocities. Also, in this case
the explanation for this phenomenon is the global increase in saturation
over time. this increase leads to a reduction in the speed and flow rate of
hydrogen in the microstructure. The flow rate of hydrogen tends to
decrease until it stops for the time of complete saturation.

An error analysis was performed to verify that the generated model is
mathematically correct. To do this, it is necessary to compare the values
of the nodal temperatures around the precipitates before and after the
implementation of the latter. An error of less than 7 % is considered
acceptable for this type of analysis.

The error analysis was carried out for three temperatures in order to
have a trend of the robustness of the model as a function of the tem-
perature. The percentage errors generated by the model as the temper-
ature varies are shown in Fig. 19. From the error analysis it emerges that
the model has an error of less than 3 % in all the simulated temperatures.
This result demonstrates the reliability of the model as the temperature
varies.

The simulations movies describing the diffusion behaviour are
shown in Supplementary material.
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4. Conclusions

The model simulates the diffusion of hydrogen in an austenitic
stainless-steel microstructure. It is possible to modify the material
properties to simulate the diffusion of hydrogen for various types of
microstructures. Three different grain sizes have been implemented in
the model, by modifying the geometry it is possible to simulate the
diffusion of hydrogen for grains of different sizes and shapes in such a
way as to adapt the model to the desired microstructure. It is possible to
implement microstructures with asymmetric grains and of various
crystalline structures.

The future developments that can be included in this model mainly
concern three points: implement the phenomenon of hydrogen diffusion
for a material subjected to a non-zero stress and to couple the depen-
dence on temperature to that on mechanical stress. Optimize the model
in order to increase the calculation speed. This could extend the use of
the model to geometries of orders of magnitude greater than a milli-
metre. Adapt the macros in such a way as to be able to obtain valid trap
calculations for each type of microstructure.
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[Appendix 1] EXPORT NUMBER OF NODES AND ELEMENTS

NSLE,S.

*VGET, Totali_nd,NODE,ALL,NSEL,2.
*CREATE, ansuitmp.

*CFOPEN, Totali_nodi’, txt’,” .
*VWRITE, Totali_nd (1,1), ,,,
(F100.0).

*CFCLOS.

*END.

/INPUT, ansuitmp.

ALLSEL,all.

CMSEL,S,NS_el_Grani.

*VGET, Totali_el, ELEM,ALL,ESEL,2.
*CFOPEN, Totali_elem’,’txt’,” °.
*VWRITE, Totali el (1,1),, ,,
(F100.0).
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CMSEL,S,NS_nd_Grani.

*VGET, NS_nd_Granil , NODE,ALL,NLIST,2.
*CFOPEN,’NS_nd_Grani’, txt’,” °.
*VWRITE, NS_nd_Granil (1,1),,,,
(F100.0).

*VGET, NS_el_Granil,ELEM,ALL,ELIST,2.
*CFOPEN,’NS_el_Grani’,’txt’,” °.
*VWRITE, NS_el_Granil (1,1),,,,
(F100.0).

CMSEL,S,NS_nd_Skin.

*VGET, NS_nd_skin1,NODE,ALL,NLIST,2.
*CFOPEN,’NS_nd_Skin’, txt’,” °.
*VWRITE, NS_nd_Skin1 (1,1),,,,
(F100.0).

CMSEL,S,NS_el_Skin.

*VGET, NS_el_Skinl,ELEM,ALL,ELIST,2.
*CFOPEN, NS_el_Skin’,’txt’,” °.
*VWRITE, NS_el_Skinl (1,1),,,,
(F100.0).

[Appendix 2] ND_disl

/sys,python DISLOCATION. py.
/sys,python dislocation_generation.py.
FLST,5,330,2,0RDE,330.
FITEM,,5,20 148.

NSEL,S,P51X
CM,DISL_N,NODE.
CMSEL,S,DISL_N.

ESLN,S.

CM,DISL_E,ELEM.
MPCHG,3,ALL,

ALLSEL,ALL.

[Appendix 3] SATURATION_NODE_0

Node ID Saturation []
167.

2 67.1.

3 59.

[Appendix 4] PRECIPITATES

CMBLOCK, PRECG1,NODE,45.

(8i10)

7622 10 347 7094 336 10 528 11 651 12 699 1914.
CMBLOCK, PRECG2A,NODE,115.

(8i10)

11 815 13 305 2225 9289 1977 12 883 4317 9005.
CMBLOCK, PRECG2B,NODE,58.

(8i10)

1005 1293 27 286 19 470 25 427 22 395 15 408 22 044.
CMBLOCK, PRECG3,NODE,15.

(8i10)

13 399 18 198 23 148 22 036 27 606 26 820 25 093 16 520.

CMSEL,S,PRECG1.
CM,PRECG1_E,ELEM.
CMSEL,S,PRECG1 E.
MPCHG,2,ALL,
ALLSEL,ALL.
CMSEL,S,PRECG2A.
CM,PRECG2A_E,ELEM.
CMSEL,S,PRECG2A E.
CMSEL,S,PRECG2B.
CM,PRECG2B_E,ELEM.
CMSEL,S,PRECG2B E.
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CMSEL,S,PRECG3.
CM,PRECG3_E,ELEM.
CMSEL,S,PRECG3_E.

[Appendix 5] SATURATION_NODE_0
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