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Аннотация. В работе представлены результаты исследований влияния длительности воздействия водорода при атмосферном давлении 

и комнатной температуре на образцы двух авиационных сплавов. Один сплав (сплав 1) получен методом горячего изостатического прес-
сования и используется для изготовления дисков ротора газовых турбин. Другой сплав (сплав 2) получен методом направленной кристал-
лизации и используется для изготовления лопаток газовых турбин. Установлено, что в ходе воздействия водорода на образцы сплавов 
в течение 1000 ч микротвердость образцов увеличивается, но при этом относительное увеличение микротвердости невелико, составляя 
2,5 % для образца сплава 1 и 2 % для образца из сплава 2. Корреляционный анализ параметров дифрактограмм показал наличие положи-
тельных и отрицательных корреляционных статистически значимых связей между параметрами пиков дифрактограмм, длительностью 
воздействия водорода и микротвердостью образцов. У сплава 1 в процессе наводороживания наблюдается снижение ширины и увели-
чение высоты пиков дифрактограммы, что может быть связано со снижением количества дислокаций в зернах или их локальным накоп­
лением на границах зерен материала. Напротив, у сплава 2 происходит расширение пиков, что может свидетельствовать об увеличении 
количества дислокаций в структуре зерен материала. Расчеты показали, что в процессе наводороживания размер кристаллита и плотность 
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Abstract. This paper presents results of the studies of hydrogen exposure duration influence on the characteristics of two aviation alloys at atmo-

spheric pressure and room temperature. First alloy (alloy 1) was obtained by hot isostatic pressing, and was used for the manufacture of gas 
turbine rotor discs. Second alloy (alloy 2) was obtained by directional crystallization, and was used for the manufacture of gas turbine blades. It 
was determined that microhardness of the samples increased during 1000 h of hydrogen exposure duration. The relative increase of the micro-
hardness was insignificant, and for the sample of alloy 1 it was 2.5 %, and for the sample of alloy 2 – 2 %. Correlation analysis of the XRD 
diagram parameters indicated positive and negative statistically significant relationships correlation between XRD diagrams peaks parameters, 
hydrogen exposure duration and microhardness of the samples. It was revealed that XRD diagrams peaks of alloy 1 were broadened and their 
heights increased during hydrogenation, which can be associated with a decrease of dislocations in the grains and their local accumulation at 
the grains boundaries. Conterwise, XRD diagrams peaks of alloy 2 were narrowed, which can indicate an increase of dislocations in the mate-
rial grain structure. XRD diagrams processing demonstrated that the crystallite size and dislocation density for alloy 1 decreased with a delay 
from the hydrogenation start, but for alloy 2 these parameters monotonically increased, and it corresponds to microhardness changes trends 
of the samples during hydrogenation. 
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 Introduction

One of corrosion types accompanied by the destruc-
tion of metals and alloys is hydrogen corrosion. Its char-
acteristic feature is that products of interaction between 
hydrogen and alloy elements, gas phase or alloy struc-
ture defects form inside the alloy causing microcracks. 
The stronger and harder the alloy, the more pronounced 
is the issue of hydrogen embrittlement, and a hydrogen 
concentration of a few ppmw in the material is often suf-
ficient to seriously alter the material properties [1]. 

Hydrogen embrittlement is known to be a process 
leading to reduced metal viscosity and plasticity caused 
by the presence of atomic hydrogen. For hydrogen embrit-
tlement to start within the metal structure, hydrogen 
should diffuse inside it. As known, the rate of hydrogen 
diffusion in metals depends on concentration of the dif-
fusing agent, temperature, pressure, and crystal struc-
ture1 [2]. For example, in body­centered cubic (BCC) 
lattices of me tals, the hydrogen diffusion coefficient is 
usually four to five orders of magnitude higher than in 
face­centered cubic (FCC) lattices or hexagonal close­
packed (HCP) ones. However, there are exceptions, such 
as Pd (FCC) and Co (HCP) metals, which have diffusion 
coefficient values several orders of magnitude larger than 
most other metals with BCC and HCP lattices.

If we exclude the processes of hydride formation or 
hydrogen interaction with carbides, the hydrogen satu-
ration of alloys is usually divided into types related 
to the features and mechanisms of hydrogen interaction 
with the metal crystal lattice and its grains, which help 
to explain the features of hydrogen embrittlement pro-
cesses. These mechanisms form the basis of the best-
known micromechanical models of hydrogen­material 
interactions: HEDE, HELP, AIDE and HESIV [2 – 5]. 
There are also combined hydrogen embrittlement mo dels, 
however, most researchers opt for HEDE and HELP. 
Thus, the authors of [6 – 8] note that HELP (hydrogen­
enhanced localized plasticity) mechanism is likely to pro-
ceed simultaneously with HEDE (hydrogen­enhanced 
decohesion), i.e., hydrogen causes hardening and soften-

ing of the material at the same time. Meanwhile, quan-
titative measurement of the local distribution of hydro-
gen concentrations in alloys is a serious challenge yet 
to be solved, which hampers researchers to fully verify 
the models including hydrogen diffusion.

According to findings of the study presented in [9], 
the relationship between plasticity and hydrogen-induced 
fracture mechanism, in addition to changing plasticity 
and accelerating evolution of metal microstructure, also 
leads to local high concentrations of hydrogen and a local 
stress state. The conditions under which cracks emerge 
due to hydrogen embrittlement are determined by dislo-
cation processes enhanced and accelerated in the pres-
ence of hydrogen. 

The theory of “hydrogen traps” is also intriguing. 
Thus, the authors of [10] describe the interaction of hyd­
rogen with defects in the crystal lattice, classify hydrogen 
traps into reversible, irreversible, and mixed based on 
their energy levels and demonstrate the impact of hydro-
gen traps on the hydrogen diffusion coefficient. Regarding 
diffusive mobility of hydrogen in steel, the authors of [11] 
investigated the impact of diffusively mobile hydrogen on 
the plasticity of aircraft steel intended for power parts and 
assemblies of aviation equipment. The authors note that 
it is not the total hydrogen content in the metal that deter-
mines hydrogen embrittlement. Steel plasticity consider-
ably reduces due to diffusion­mobile hydrogen only, as it 
has low binding energy with defects in the crystal lattice 
and gradually moves to the zone of maximum stresses.

As to changes in the metal microstructure in the pres-
ence of hydrogen, the paper [12] discusses the HEDE and 
HELP mechanisms of fatigue crack formation. Moreover, 
the HELP mechanism considers that hydrogen facilitates 
movement of dislocations (defects in the crystal lattice) 
inside the metal grains. In this case, dislocations can 
accumulate both inside the metal grains and at the grain 
boundaries, resulting in changing width of XRD diagrams 
peaks. The broadening XRD diagrams peaks will indi-
cate a more uniform distribution of dislocations (defects) 
across the grains. On the contrary, when XRD diagrams 
peaks narrow, the number of dislocations (defects) in 
the grains will decrease, at the same time, the accu-
mulation of dislocations at the grain boundary may be 
observed. The Scherrer formula can be used to calculate 

1 Hydrogen Embrittlement. NASA Technical Memorandum. URL: 
https://ntrs.nasa.gov/api/citations/20160005654/downloads/20160005654.pdf

дислокаций у сплава 1 снижаются, но с задержкой по времени от начала процесса, а у сплава 2 монотонно увеличиваются, что соответст-
вует тенденциям изменения микротвердости образцов в процессе наводороживания. 
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the dependence of the crystallite size on the variation 
of the XRD diagrams peaks width [12; 13] and the Wil-
liamson­Hall method – to the value of the average rela-
tive lattice deformation and dislocation density [14 – 16].

Due to the fact that in the presence of hydrogen, 
defects in the metal structure can sooner or later lead 
to cracks and destruction of the metal, the main objective 
of the work is to determine the effect of a hydrogen atmo-
sphere on the microstructure of aircraft alloys at room 
temperature and atmospheric pressure.

 Characteristics of initial materials

The samples of aircraft alloys, which are widely used 
to manufacture gas turbines, served as initials materials:

– sample of alloy 1 containing Ni, Co, Cr, Al, Ti, Mo, 
Nb, W, similar to VV750P alloy described in the [17], 
obtained by hot isostatic pressing and used to manufacture 
gas turbine rotor disks, for example, the PD­14 engine.

– sample of alloy 2 containing Ni, Al, Co, Cr, W, Ta, 
Re, similar to alloy ZhS32 described in [18], obtained 
by the method of directional crystallization and used 
to manufacture gas turbine blades.

Hydrogen used for hydrogenation of the samples was 
obtained using a TsvetChrome­50AV hydrogen generator.

 Methods of the experiment and analysis,
 

study parameters

The effect of hydrogen on alloy samples was studied 
at room temperature and atmospheric pressure. The alloy 
samples were placed in a sealed glass container filled 
with pure hydrogen obtained in the hydrogen generator 
and held at room temperature for a given time, their char-
acteristics (microhardness and phase composition) were 
periodically monitored. The samples were held in hydro-
gen medium for more than 1000 h.

The Vickers hardness of the samples was mea-
sured using a Q60N, Qness hardness tester with a load 
of 9.807 N (1 kgf). As microhardness of the samples’ 
surface is not heterogeneous, all periodic measurements 
of microhardness in the course of hydrogenation were 
performed in the zones of previous measurements, and 
there were minimum 12 such zones. The measurement 
results were then processed, anomalous values were 
discarded and the average value of the sample surface 
microhardness was determined.

The crystal structure of the alloys was investigated 
using XRD7000 X­ray diffractometer, Shimadzu (CuKα 
radiation, λ = 1.5406 Å). The XRD diagrams were 
recorded when the samples were rotating, at tube volt-
age of 30 kV, current of 30 mA, scanning speed of 1°/min 
with a step of 0.02°. The XRD diagrams were processed 
using XRD 6000/7000 Ver. 5.21 software.

 Results and discussion

Fig. 1 shows the changing microhardness of the samp les 
during hydrogenation at room temperature. We can see that 
the average microhardness of the sample of alloy 1 is higher 
than that of the sample of alloy 2. In this case, during hydro-
genation microhardness in the samples of both alloys 1 
and 2 slightly increases and it changes the most du ring 
the first 400 – 500 h. During 1000 h of hydrogen expo-
sure at room temperature, the microhardness in the sample 
of alloy 1 changed by about 2.5 %, and that in the sample 
of alloy 2 – by 2 %. It should be noted that the dispersion 
of microhardness values in both cases is very large. 

We conducted correlation analysis to test the hypo­
thesis that microhardness of alloy samples depends on 
the duration of the hydrogenation process. The coef-
ficients of correlation between the samples microhard-
ness and duration of hydrogenation were calculated in 
MS Excel. The calculation showed a positive correlation 
between the process duration and the samples micro-
hardness. It was found that the correlation coefficient is 
0.775 at Rcr = 0.482 for alloy 1 and 0.556 at Rcr = 0.553 
for alloy 2, that is correlation coefficients are statistically 
significant.

According to the XRD diagrams, the sample of alloy 1 
has a cubic structure Pm-3m and contains four main 
(by decreasing intensity) peaks: 43.60 (hkl = 111), 50.50 
(hkl = 200), 74.60 (hkl = 220) and 90.40 (hkl = 311), 
while the sample of alloy 2 has a close­packed cubic 
face-centered structure Fm-3m (cubooctahedron) and 
contains five main (by decreasing intensity) peaks: 43.60 
(hkl = 111), 50.60 (hkl = 200), 40.60 (hkl = 110), 90.40 
(hkl = 311) and 74.60 (hkl = 220).

Fig. 1. Change in microhardness of the samples 
during hydrogenation at room temperature: 

 – alloy 1;  – alloy 2

Рис. 1. Изменение микротвердости образцов 
в процессе наводороживания при комнатной температуре: 

 – сплав 1;  – сплав 2
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To determine the influence of hydrogenation on 
the structure of alloys, we conducted a correlation anal-
ysis of the XRD diagram parameters recorded for alloy 
samples at different durations of hydrogen exposure. As 
XRD diagrams feature different number of peaks, for 
the correlation analysis, we selected three of them with 
the same hkl index: 111, 200 and 311.

We used the following values as XRD diagram para­
meters for the correlation analysis:

– lattice spacing (d), Å;
– peak intensity (I), imp.;
– peak full width at half maximum (FWHW), deg;
– integral intensity or peak area (S), impulses per 

degree;
– duration of sample exposure to hydrogen (τ), h;
– values of current average Vickers microhardness 

of the sample, HV.
Table 1 presents the results of the correlation analysis 

for the sample of alloy 1. The correlation coefficients in 
absolute value exceeding the critical correlation coeffi-
cient (Rcr = 0.621), i.e., statistically significant ones, are 
highlighted in bold and underlined.

The analysis of the calculation results shows that 
for all peaks there is a negative correlation between 
the hydrogenation duration and the peaks width, i.e., in 
the course of hydrogenation, all peaks narrow. We should 
also note the negative correlation between intensity 
of the peak with hkl: 200 and its width and positive corre-
lation between the peak intensity and the process duration 
or hardness.

Thus, the correlation analysis shows that as the hydro-
genation duration increases, so does the microhardness 
in the sample of alloy 1, while the peaks narrow, which 
can be interpreted as a decrease in the number of defects 
in the material grain structure or the local arrangement 
of dislocations, for example, at the grain boundary, which 
can subsequently lead to the structure fracture along 
the grain boundaries [19; 20].

Table 2 presents the results of the correlation analysis 
for the sample of alloy 2. The correlation coefficients in 
absolute value exceeding the critical correlation coeffi-
cient (Rcr = 0.669), i.e., statistically significant ones, are 
highlighted in bold and underlined.

The calculation results show that alloy 2, unlike 
alloy 1, features a positive correlation between the dura-

Table 1. Correlation coefficients of XRD diagram parameters for alloy 1

Таблица 1. Коэффициенты корреляции параметров дифрактограмм образца cплава 1

Parameters τ, h d, Å I, imp. FWHW, deg S, imp.ꞏdeg HV
Peak with hkl: 111

τ, ч 1 –0.206 0.230 –0.880 –0.209 –
d, Å 1 –0.108 0.388 0.395 0.325

I, imp. 1 –0.318 0.549 0.263
FWHW, deg 1 0.446 –0.576
S, imp.deg 1 0.147

HV 1
Peak with hkl: 200

τ, ч 1 –0.202 0.644 –0.696 0.239 –
d, Å 1 0.419 0.362 0.370 0.356

I, imp. 1 –0.649 0.331 0.817
FWHW, deg 1 –0.096 –0.516
S, imp.deg 1 0.622

HV 1
Peak with hkl: 311

τ, ч 1 –0.237 0.210 –0.721 –0.892 –
d, Å 1 –0,606 0.595 0.010 0.260

I, imp. 1 –0.531 –0.134 0.132
FWHW, deg 1 0.626 –0.357
S, imp.deg 1 –0.694

HV 1
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tion of hydrogen exposure and the width of the peak with 
hkl: 111, but negative correlation between the exposure 
duration and peak intensity, i.e., with increasing duration 
of hydrogen exposure, the peak widens and its intensity 
drops. The peaks with hkl: 200 and 311 also demonstrate 
a negative correlation between the peaks’ width and their 
intensity. There is a statistically significant correlation 
between microhardness and XRD diagram parameters only 
for the peak with hkl: 311. With increasing microhardness, 
the intensity of this peak drops and the peak area expands. 
In addition, the peak with hkl: 200 of alloy 2 shows a 
negative correlation between the lattice spacing value and 
the peak width, which was not the case for alloy 1.

Thus, with increasing duration of hydrogen exposure, 
the microhardness of the sample enhances, but the inten-
sity of some peaks drops (hkl: 111 and 311) when these 
peaks show a significant negative correlation between 
the peak width and its intensity. The peak with hkl: 111, in 
contrast to the peak with the same hkl of alloy 1, features 
a positive correlation between the process duration and 
the peak width, which can be interpreted as an increase in 
the number of dislocations (defects) in the material grain 
structure.

We used the Scherrer formula to calculate the crys-
tallite size and the Williamson­Hall method to determine 

the lattice characteristics and dislocation density from 
the XRD diagram parameters. Figs. 2 and 3 demonstrate 
the results of calculating the change in the average crys-
tallite size and dislocation density during hydrogenation.

The graphs show that the average crystallite size 
of alloy 1 shrinks (by more than 30 %) during the process, 
while that of alloy 2 increases (by less than 25 %). Mean-
while, the crystallite size of alloy 1 remains almost con-
stant during 400 h of hydrogen exposure and then begins 
to reduce, while the crystallite size of alloy 2 increases. 
Similar dependencies are observed for the change in dislo-
cation density (Fig. 3). The dislocation density of alloy 1 
drops to almost zero values with a delay of 400 h, while 
for alloy 2, this value increases.

According to the graphs in Fig. 3, microhardness in 
the sample of alloy 1 obtained by hot isostatic pressing 
mostly changes during the first 400 – 500 h, while subse-
quent changes are very slight. Thus, it can be concluded 
that exposure of alloy 1 to hydrogen for 400 – 500 h 
at room temperature and atmospheric pressure leads 
to hydrogen accumulation in the sample of alloy 1, its 
microhardness enhancing, while its the microstructure 
remaining the same. At further saturation of the sample 
with hydrogen, the alloy microstructure alters practically 
without any changes in its hardness. For alloy 2 obtained 

Table 2. Correlation coefficients of XRD diagram parameters for alloy 2

Таблица 2. Коэффициенты корреляции параметров дифрактограмм образца сплава 2

Parameters τ, h d, Å I, imp. FWHW, deg S, imp.ꞏdeg HV
Peak with hkl: 111

τ, ч 1 0.079 –0.860 0.873 –0.455 –
d, Å 1 –0.035 0.448 –0.359 –0.080

I, imp. 1 –0.743 0.617 –0.630
FWHW, deg 1 –0.380 0.384
S, imp.deg 1 –0.105

HV 1
Peak with hkl: 200

τ, ч 1 0.653 –0.812 0.169 –0.301 –
d, Å 1 –0.302 –0.681 –0.259 0.098

I, imp. 1 –0.467 0.537 –0.586
FWHW, deg 1 –0.176 0.337
S, imp.deg 1 –0.435

HV 1
Peak with hkl: 311

τ, ч 1 –0.077 –0.269 0.119 0.771 –
d, Å 1 0.102 –0.068 –0.039 –0.150

I, imp. 1 –0.839 –0.221 –0.677
FWHW, deg 1 0.383 0.588
S, imp.deg 1 0.681

HV 1



Izvestiya. Ferrous Metallurgy. 2024;67(3):322–339.
Saulin D.V., Kuzminykh K.G., Poilov V.Z. Determination of hydrogen influence on microhardness and microstructure characteristics of aviation alloys

337

by directional crystallization, the metal hardness and 
microstructure change continuously when exposed 
to hydrogen.

 Conclusions

The investigation revealed that as alloy samples are 
exposed to hydrogen for 1000 h, the samples microhard-
ness increases, its relative growth in the sample of alloy 1 
reaching 2.5 %, and in the sample of alloy 2 amounting 
to 2 %. The correlation analysis of the change in XRD 
diagram parameters during hydrogenation of alloy samp-
les indicated positive and negative statistically signifi-
cant relationships correlation between XRD diagram 
peak parameters, hydrogen exposure duration and micro-
hardness of the samples. It was found that alloy 1, being 
exposed to hydrogen, features narrowing and lengthening 
of XRD diagram peaks, which may indicate a decrease in 
the number of dislocations (defects) in the grains or their 
local accumulation at the grain boundaries of the mate-
rial. On the contrary, alloy 2, being exposed to hydrogen, 
features some widening of XRD diagram peaks, which 
can be indicative of increased dislocations in the material 
grain structure. The calculations of the effective crystal-
lite size and average dislocation density indicated that 
during hydrogenation.There was a delayed decrease in 
both crystallite size and dislocation density for alloy 1. 
In contrast, these parameters increased monotonically for 
alloy 2. These findings align with the observed trends in 
microhardness changes during hydrogenation for both 
alloys.
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