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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 /) 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 / 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 / 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 / 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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AnHomayus. B paGote npencraBieHbl pe3y/bTaTbl UCCIIENOBAHUM BIMSHUS JUIMTEIBLHOCTH BO3JCHCTBHS BOAOPOJA NPU arMOC(EPHOM JaBICHUU
U KOMHATHOH TeMIiepaType Ha 00pa3iibl IBYX aBHALOHHBIX CIIaBOB. OHUH CIUIaB (CIUIaB /) HOIy4eH METOIOM IOpSYEro H30CTaTHIECKOrO IIpec-
COBAHUsI M UCIIOJIB3YETCs Il U3TOTOBJICHHS JUCKOB POTOPA ra30BbIX TypOuH. J[pyroii crias (cruias 2) MoaydeH METOI0M HalpaBIeHHON KpucTal-
JM3alUU U UCIIONB3YeTCs I U3TOTOBJICHHUS JIOIATOK Ta30BbIX TypPOUH. YCTaHOBIEHO, YTO B XOJE BO3ACHCTBHS BOXOPOJA HA 0OpasLbl CIUIABOB
B Tedenre 1000 4 MUKPOTBEPAOCTh 0OPA3LIOB YBEINUUBACTCS, HO TIPU ATOM OTHOCHUTEILHOE YBEINUCHUE MUKPOTBEPIOCTH HEBEIIMKO, COCTABIISS
2,5 % nns obpasua crasa [ u 2 % st o6pasna u3 ciasa 2. KoppelsiuoHHsIi aHaIu3 napaMeTpoB JU(GPAKTOrpaMM MOKa3all HaIMIHe TTOT0XKHI-
TEJILHBIX U OTPULIATENILHBIX KOPPEISLMOHHBIX CTATUCTUYECKH 3HAYMMBbIX CBSA3€H MEXJy napaMeTpamu MHKOB AU(PPAKTOrpamMM, JIUTEIbHOCTIO
BO3ZICUCTBHS BOJOPOJA U MUKPOTBEPAOCTHIO 00pa3LoB. Y ciuiaBa / B Ipolecce HABOJOPOKMBAHKS HAOIIONACTCS CHIDKCHHUE IIMPUHBL U YBEIU-
YEHHE BBICOTHI IIMKOB JU(PPAKTOrPAMMBI, YTO MOXKET ObITh CBSI3aHO CO CHU)KCHHEM KOJIMUECTBA AUCIOKALMH B 3€PHAX MIIH UX JIOKAJIbHBIM HAKOII-
JICHHEM Ha IPaHMIAX 3epeH MarepHana. Hanpotus, y criaBa 2 IPOUCXOMUT PACIIMPEHHE ITHKOB, YTO MOXKET CBUACTEIBCTBOBATH 00 YBEIHYCHUH
KOJIMUECTBA IUCIIOKAIM B CTPYKType 3epeH MaTepuana. PacueTsl mokasaiiy, 4To B IPOLECCE HABOJOPOKMBAHMS Pa3Mep KPUCTAJINTA U INIOTHOCTh
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uncnoxaunﬁ Yy CIuiaBa 1 CHUXXAKTCH, HO C 3aﬂep>l<1<01?1 110 BpEMEHU OT Ha4ajia rporecca, a y crjiaBsa 2 MOHOTOHHO YBCJIIMYHUBAKOTCA, YTO COOTBETCT-
BYCT TCHACHUHMSAM U3MCHCHUSI MUKPOTBEPAOCTH 06p33HOB B IIpO1LI€CCE HABOAOPOKUBAHMS.

Kawuessle cnoea: BOAOPOX, aBUALIMOHHBIC CIUIaBbl, MUKPOTBEPAOCTD, KOppeHSII_II/IOHHLIﬁ aHalInu3, L[I/I(bpaKTOI“paMMa, HIMpUHa ITUKOB, INIOTHOCTL AUC-

JIOKALMi, pa3Mep KPUCTAJINTOB

BaazodapHocmu: Pabora BbINONHEHA B paMKaX rOCYIapCTBEHHOTO 3aaHusi MUHUCTEPCTBA HAyKK U BhIcIiero odpaszoBanusi Poccuiickoit denepannu
Ha npoBeieHre QyHAaMEHTAIbHbIX HayuHbIX uccnenoanuii (mpoekt FSNM-2023-0004).
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PHCTHK MHKPOCTPYKTYPBI 00pa3Il0B aBUAIIMOHHBIX CIUTABOB. M36ecmust 8y306. Yepnas memannypeus. 2024;67(3):332-339.

https://doi.org/10.17073/0368-0797-2024-3-332-339

- 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-
ture! [2]. For example, in body-centered cubic (BCC)
lattices of metals, the hydrogen diffusion coefficient is
usually four to five orders of magnitude higher than in
face-centered 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 hydrogen-material
interactions: HEDE, HELP, AIDE and HESIV [2 - 5].
There are also combined hydrogen embrittlement models,
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 (hydrogen-enhanced
decohesion), i.e., hydrogen causes hardening and soften-

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

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 diffusion-mobile 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
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the dependence of the crystallite size on the variation
of the XRD diagrams peaks width [12; 13] and the Wil-
liamson-Hall 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 / 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 PD-14 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 TsvetChrome-50AV 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 X-ray diffractometer, Shimadzu (Cuk,
radiation, A =1.5406 A). 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.
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[ RESULTS AND DISCUSSION

Fig. 1 shows the changing microhardness of the samples
during hydrogenation at room temperature. We can see that
the average microhardness of the sample of alloy / is higher
than that of the sample of alloy 2. In this case, during hydro-
genation microhardness in the samples of both alloys /
and 2 slightly increases and it changes the most during
the first 400 — 500 h. During 1000 h of hydrogen expo-
sure at room temperature, the microhardness in the sample
of alloy / 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 R_ = 0.482 for alloy / and 0.556 at R = 0.553
for alloy 2, that is correlation coefficients are statistically
significant.

According to the XRD diagrams, the sample of alloy /
has a cubic structure Pm-3m and contains four main
(by decreasing intensity) peaks: 43.60 (hk/=111), 50.50
(hki=200), 74.60 (hkli=220) and 90.40 (hkl=311),
while the sample of alloy 2 has a close-packed cubic
face-centered structure Fm-3m (cubooctahedron) and
contains five main (by decreasing intensity) peaks: 43.60
(hki=111), 50.60 (hkl=200), 40.60 (hkl=110), 90.40
(hkl=311) and 74.60 (hkl = 220).
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Fig. 1. Change in microhardness of the samples
during hydrogenation at room temperature:
@ —alloy /; l— alloy 2

Puc. 1. VI3mMeHeHre MUKPOTBEPIOCTH 00pa3IoB
B IIPOLIECCE HABOJOPOKUBAHMSI TP KOMHATHOM TeMIIepaType:
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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 4kl index: 111, 200 and 311.

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

— lattice spacing (d), A;
— peak intensity (/), imp.;
— peak full width at half maximum (FWHW), deg;

— integral intensity or peak area (S), impulses per
degree;

— duration of sample exposure to hydrogen (1), 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 /. The correlation coefficients in
absolute value exceeding the critical correlation coeffi-
cient (R = 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 4kl: 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 /, 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 (R = 0.669), i.e., statistically significant ones, are
highlighted in bold and underlined.

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

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

Tabauya 1. KodppuuueHTHI KOppeasiiuu napaMeTpoB qudpaxkrorpamMmm odopasua ciuiapa |

Parameters ‘ T, h ‘ d A ‘ 1, imp. ‘ FWHW, deg ‘ S, imp.-deg HV
Peak with #kl: 111
T,4 1 | -0.206 | 0.230 —0.880 -0.209 -
d A 1 —0.108 0.388 0.395 0.325
1, 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
T,4 1 |-0.202 | 0.644 -0.696 0.239 -
d, A 1 0.419 0.362 0.370 0.356
1, 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
T,9 1 | -0.237 | 0.210 =0.721 =0.892 -
d A 1 —0,606 0.595 0.010 0.260
1, 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 Akl: 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 Akl: 311. With increasing microhardness,
the intensity of this peak drops and the peak area expands.
In addition, the peak with Akl: 200 of alloy 2 shows a
negative correlation between the lattice spacing value and
the peak width, which was not the case for alloy /.

Thus, with increasing duration of hydrogen exposure,
the microhardness of the sample enhances, but the inten-
sity of some peaks drops (4kl: 111 and 311) when these
peaks show a significant negative correlation between
the peak width and its intensity. The peak with A4k/: 111, in
contrast to the peak with the same /k/ 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 Williamson-Hall 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 / 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 / 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 /
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 / 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 / to hydrogen for 400 — 500 h
at room temperature and atmospheric pressure leads
to hydrogen accumulation in the sample of alloy /, 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

Tabauya 2. KoadduuneHTs! KOppeJsiiuy NapaMeTpoB JudpakrorpamMm odpasua cniiasa 2

Parameters ‘ 7, h ‘ d A ‘ I, imp. ‘ FWHW, deg ‘ S, imp.-deg HV
Peak with hkl: 111
T, 9 1 0.079 | =0.860 0.873 —0.455 -
d A 1 -0.035 0.448 -0.359 -0.080
1, 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 Zkl: 200
T, 9 1 0.653 | =0.812 0.169 -0.301 -
d A 1 -0.302 —0.681 -0.259 0.098
L, 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 Akl: 311
T, 1 | -0.077 | -0.269 0.119 0.771 -
d, A 1 0.102 —-0.068 -0.039 -0.150
1, imp. 1 =0.839 -0.221 =0.677
FWHW, deg 1 0.383 0.588
S, imp.deg 1 0.681
HV 1
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Fig. 2. Effect of hydrogen exposure duration on crystallite size:
@ —alloy /; - alloy 2

Puc. 2. Bnusinue JUIMTENbHOCTH BO3JEHCTBHS BOJOPOAA
Ha N3MEHEHHE Pa3MepOB KPHCTAJUIUTOB!
@ —cmiaB /; [l — cruiaB 2

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 /
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 /, 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 /.
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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