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Introduction

The role of phase transition in hydrogen
embrittlement is still unclarified. In stable
austenitic steel only the fcc—hcp transition of the
vy austenite to the € martensite is clearly proved as
hydrogen-induced phase transformation. The ¢
phase was properly identified using X-ray
diffraction and TEM studies (see e.g. [1,2]).
Another phase (y* or yg) was also suggested to be
formed under hydrogen charging of austenitic
steels [1-3]. An attempt to clarify the nature of the
hydrogen-induced phases in austenitic steels and
their effect on hydrogen embrittlement is
presented in this work.
Results and discussion

The yy phase was characterised in [3] as
originating from a miscibility gap in the Me-H
system, which has to result in the decomposition
of the hydrogen-charged austenite into the
pseudo-hydride Me,H and the hydrogen-depleted
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Fig. 1. X-ray diffraction patterns of the alloy
FessCrasNiy after hydrogen charging (72 hours at
50 mA/cm® in IN H,SO, + 250 mg/l NaAsO,)

and subsequent heating to different temperatures.
Measurements at 100 K, Co K, radiation.

However, the X-Ray diffraction studies show
(Fig. 1) that, with decreasing hydrogen content
during hydrogen degassing, the positions of the
X-ray reflections are shifted permanently to those
of the hydrogen-free y solid solution, which is not
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consistent with the case of miscibility gap. If
some pseudo-hydride and H-depleted y phase
could be formed as a result of decomposition of
the H solid solution, hydrogen degassing can
affect only the intensity of the pseudo-hydride
reflections, not its lattice parameter. Then, after
the pseudo-hydride disappears due to decrease in
the H content, the lattice parameter of the H-
depleted solid solution starts to decrease. The data
presented in Fig. 1 show quite different behaviour
and give an unambiguous evidence that hydrogen
in the alloy FessCry;sNiyp forms just an
inhomogeneous solid solution without any trace
of the miscibility gap.

Another important result is that the alloying
with nitrogen increases the hydrogen solubility in
austenite, i.e. assists the formation of yy-phase in
terms of “pseudo-hydride” formation. At the same
time nitrogen suppresses formation of the € phase,
i.e. stabilizes the austenitic phase.

The formation of the & phase, which is
sometimes denoted as a pseudo-hydride, is
considered as a reason for the hydrogen-caused
embrittlement of austenitic steels (see e.g. [2,5]).
The main experimental fact supporting this
conclusion is that the habit plane of the & phase in
austenitic steels (111), is at the same time the
plane of the hydrogen-caused fracture [1,2,5].
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Fig. 2. X-ray diffraction pattern of alloys
FessCrysNiyy and Fes,CrysNipgSi; measured just
after hydrogen charging (48 hours at 25 mA/cm’
in IN HzSO4 +125 mg/l N3A502).



It seems promising to test a role of the & phase
in hydrogen embrittlement using the alloying of
austenitic steels with elements that affect the
intensity of the y—e transition and hydrogen
embrittlement in opposite directions. Choosing of
Si as alloying element was caused for two
reasons. First, it decreases stacking fault energy
of austenite [6] and promotes the formation of the
€ phase in the iron-based alloys [7,8]. Second, Si
is known to improve resistance to stress corrosion
cracking of austenitic steels in hydrogenating
environments, namely the steady state creep stage
where the hydrogen permeation is found to be a
controlling factor (see e.g. [9]). Therefore one can
expect a positive effect of Si on resistance to
hydrogen embrittlement (HE).

The specimens of two alloys FessCrysNiyy and
FessCrysNisgSis, 15x15x1 mm® in dimensions,
were charged by hydrogen at room temperature.
The hydrogen-to-metal atom ratio cy/cye Was
about 0.4 according to Baranovsky-Lewis
calibration curve. Siemens X-Ray diffractometer
with CoK,, radiation was utilised for studies of the
hydrogen-induced phases.

. Fig. 2 shows a fragment of the X-Ray
diffraction pattern of alloys FessCrysNiyy and
FesyCr,5NipSi; after hydrogen charging

Table 1

Steel H-free H-charged HE
Rp0.2 Rm 60 % Rp0,2 Rm 61{ %
MPa | MPa MPa | MPa | %

FessCrys | 149 |393 |6.4 |166 |277 |2.5 |65

Fes;Crys | 197 |389 |7.4 |192 |356 |4.5 |39

Niz()sig,

The change in the fraction of the &€ martensite
can be just estimated from the ratio of intensities
of the y and ¢ reflections. It is seen that the
addition of Si to the CrNi steel increases the
fraction of the hydrogen-induced € phase. Silicon
also increases stability of the & phase during
hydrogen degassing. At the same time,
mechanical tests show that Si positively affects

235

ductility of hydrogen-charged austenitic steels
(see Table 1).

This result is definitely in contradiction with
the suggested critical role of the & phase in
hydrogen embrittlement.

Conclusions

1. Hydrogen in fcc iron-based alloys forms
inhomogeneous solid solution without any trace
of miscibility gap.

2. By the example of the Si effect on the
hydrogen-caused phase transformation and
brittleness, it is shown that no correlation exists
between the formation of the hydrogen-induced ¢
phase and decrease in ductility of austenitic steels,
which is at variance with the pseudo-hydride
hypothesis.
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JANATHOCTHUKA «IICEBAOTUATI'NA0B» B CIINTABAX HA OCHOBE
KEJE3A 1 UX POJIX B BOAOPOJTHOM OXPYITYNBAHUN
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BBenenne

Ponb  (azoBeIXx mepexomoB B BOJAOPOTHOM
OXpYMYMBaHWW  OCTaeTcss 10 CHX  TIOp
HEBBIICHEHHOH. B CTaOWIBHBIX ayCTCHUTHBIX

CTalAX TPU HABOJOPAKUBAHUM HAOIIOMACTCS
TONIFKO TIEPEXOJ TUK—TIy W3 Y ayCTeHHWTa B €
MapTEeHCUT, HAAEKHO HIACHTU(PHUIIMPOBAHHBIA C
IIOMOIIBI0  TMPOCBEUYHMBAIOIICH  3JEKTPOHHOU
MHKPOCKOITUH W PEHTTEHOBCKON AUQPAKITUU (CM.
Hanp. [1,2]). Ilpeanonaraercs Taxke, 4To Apyras
daza (y* or vyy) Toke dopMmHpyeTCS TIpH
BOJIOPOJHOM HACBHIIICHUU ayCTEHUTHBIX CTajel
[1-3]. B nmamHOW paboTe caenaHa TOIBITKA
BBISICHUTD MIPUPOTY WHIYIHPOBAHHBIX
BOJIOPOAOM (a3 B AYCTCHUTHBIX CTAISIX M HX
BIIUSTHYS Ha BOJIOPOHOE OXPYITYUBAHHE.

Pe3ysabTaTthl u 00cy:x1eHue

B pabore [3] yu-daza xapakrepusyeTcss Kak
(aza, koropas BO3HHMKAeT BCIICJCTBHC pa3pbIBa
CMEIINBaeMOCTH B CHUCTEME METaIlI-BOJOPOJ, B
pe3yibTaTe dYero HaBOJOPOKEHHBIH ayCTEHUT
JIOJDKEH pacnajgaTeess Ha ncesporuapun Me,H u
00eHEeHHBIH BOIODOIOM TBEPABIHA PACTBOD.
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Puc.1. Pentrenosckue U paKTOrpaMMBbI CIulaBa

FessCrysNiy, mocie HaBogopaxkwuBanus (72 waca npu 50
mA/cm® B IN H,SO, + 250 wmr/l NaAsO,) u nanpHei1ero
Harpesa JI0 pa3HbIX Temrneparyp. V3mMepeHus mpoBOIMIHCH
npu 100 K u uznyyenun CoK,, .

OnHako, pEHTreHOBCKHE AU(PaKIHOHHBIC
uccnenoBanusi mnokaspBaroT (Puc. 1), yro c
YMEHBIIIEHUEM COZIepKaHHs BOJOPO/Ia B poriecce
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BBIXO/Ia BOAOpoAa W3 oOpasna  TO3WIHN
PEHTTEHOBCKUX peduekcos MOCTOSIHHO
CMEINAIOTCS K TaKOBBIM JUIi CBOOOJHOTO OT
BOJOpOJa Y TBEPAOTO pacTBOpa, 4YTO HeE
coryacyercs cO CiIy4aeM, KOrja HMeeT MECTO
pa3phIB cMemmBaeMocTh. Ecii Ob1 HEKHit TICeBH0-
TUAPUI U OOCTHEHHASs BOAOPOIOM Y (haza MOTIIH
BO3HHKAaTh B pe3ylbTaTe pacraja HaBOJOpO-
JKEHHOTO TBEPJOTO PacTBOPa, BBIXOJ BOJIOPOJA
MOT OBl TOBIHATH TOJBKO Ha HWHTEHCUBHOCTH
peduekcoB OT TCEeBOOTHAPUAOB, HO HE Ha
napaMeTp KpUCTAIUIMYECKOW pemeTku. Toybko
mmociie TOrO0 Kak HWCYe3aeT  IICEBIOTHAPHI,
mapaMeTp pemeTKd OOeTHEHHOTO BOAOPOIOM
TBEPJOTO PACTBOpPAa HAYMHAET YMEHBIIATHCS II0
MIPUYMHE NaTbHEUIIEr0 YMEHBIIEHUS KOJINYeCTBa
Bojioposa. [laHHble, TpejicTaBiieHHble Ha Puc.l,
OJHO3HAYHO CBHJIETEILCTBYIOT O TOM, 4TO
Bomopon B cmiaBe FessCrpsNiy dopmupyer
HEOJTHOPOJHBIA TBEPABIA pacTBOp 0e3 KaKoro-
6o crefa pa3pbiBa CMEITMBAEMOCTH.

JpyruM BaXHBIM PE3YJbTATOM SIBJIIETCS TO,
49T0 JIETUPOBaHUE a30TOM MTOBBIIIAET
PacTBOPUMOCTH BOJOPO/Aa B ayCTEHHUTE, TO €CTh
croco0CcTByeT (DOPMUPOBAHUIO TaK Ha3bIBAGMOM
yu-pa3el. B TO ke Bpems a30T MOIABISAET
dhopmupoBanue e-as3bl, TO €CTh, CTAOUIU3UPYET
ayCTEHUTHYIO (a3y.

®opmupoBanne e-(pa3pl, KOTOpas WHOTIA
KBATU(UITUPYETCS KaK TICEBIOTUIPUI,
paccMmarpuBaeTcs Kak MpHYHHA BOJOPOHOTO
OXPYITYMBAHUS ayCUTEHUTHBIX CTajei (CM. Hamp.
[2,5]). OCHOBHBIM SKCIIEPUMEHTAILHBIM (HaKTOM
B TOAJEPXKKY 3TOM THUNOTE3bl €CTh TO, YTO
IUIOCKOCTBIO Ta0uTyca €-(a3bl B ayCTCHHTHBIX

crajsax  sABngerca Iuockocts (111), koropas
OJTHOBPEMEHHO SIBIISIETCS TJIOCKOCTBIO
pa3pyuieHus, 00yCIIOBIIEHHOTO  BOZOPOIOM
[1,2,5].

BriOpanHbplii HAMH METOH TPOBEPKH POJH &-
(ha3bl B BOJIOPOTHOM OXPYITYUBAHUY 3aKITFOYASTCS
B TOM, 4YTO MarTepwal, B JaHHOM Cly4Yae
ayCTEHUTHAs CTajb, JIETHPYETCS JJIEMEHTOM,



KOTOpBIIl BIMSIET HAa HWHTCHCHUBHOCTh Y—>€
mepexosia W Ha BOJOPOJHOE OXPYMYUBAHHE B
pasHbIX HampaBleHHAX. BbIOOp KpeMHHS Kak
JETHPYIOIIEro 3JEMEHTa B JaHHOM Ciydae
HeclyyaeH 1o JByM mnpuuuHam. IlepBas —
KPEMHUH  TMOHMXAeT  DJHEprur  Je(eKToB
YHOaKkoBKM aycTeHura [6], TakuM oOpa3oMm
crocoOCTBys (popMHUpOBaHUIO €-(Pa3bl B CILUIABaX
Ha ocHoBe ene3a [7,8]. Bropas mnpuunmHa —
KPEMHHH UW3BECTEH KaK 3JEMEHT, KOTOPBIA
yIJIydIIaeT CONMPOTHBICHUE ayCTEHUTHBIX CTaien
KOPPO-3HOHHOMY pacTpecKuBaHHIO ()
HaTpsHKEHHEM B BOJOPOOCOCPIKAIIUX Cpefax,
0cOOEHHO  Ha  CTaguM  yCTaHOBUBILEHCS
MON3y4YecTH, B  KOTOPOM  NPOHUKHOBECHHE
BOJIOpOJA SIBISIETCS KOHTPOJIUPYIOUIMM (HaKTOPOM
(cm. Hamp. [9]). Takum 06pa3oM, MOKHO OXKHIIATh
MO3UTHBHOTO BJIMSHHS KPEMHHs Ha COMPOTHUBIIS-

€MOCTb BOAOPOAHOMY oxpynunuBauuio (BO).
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@
o
o

25Cra2oNisia (200)

=

=]

o
T

Intensity, reative units
8
[ =]

T - f“ - T
54 56 58 80 5

2 Theta

Puc. 2. PentreHoBckue au¢pakTorpaMmbl CILUIABOB
FessCrysNiyy u FespCrasNiygSi;, cHATBIE cpa3y mocie
HaBojOpakuBaHus (48 waca mpu 25 MA/cm® B IN
H,SO,4 + 125 Mg/l NaAsO,).

O6pas3mer  1ByX cmiaBoB  FessCrosNiyy and
FessCrysNippSis, pazmepamu 15x15x1 MM OBUTH
JNEKTPOITUTHYECKN 3apsHKEHBI BOIOPOJOM TIpH
KOMHATHOH TeMmeparype. OtHomieHHe
KOJIMYECTBA AaTOMOB BOJOpPOJia K KOJIHYECTBY
aTOMOB MeTajla Cp/Cve ObIIO okono 0.4,
COTJIaCHO KaJIMOpOBOYHON KpuBOM bapaHoBckoro-
JIprouca. Hns HCCIIEIOBaHUI ¢as,
00yCIIOBIIEHHBIX BOAOPOAOM, OBIT HCIOJIB30BaH
PEHTTEHOBCKHUM  ITHU(PAKTOMETP MPOU3BOJCTBA
dbupmer Siemens ¢ CoK,, m3mydeHnem.

Ha Puc. 2 mokasaH ¢parMeHT peHTT€HOBCKOM
mudpakrorpamMmbl  CcrutaBoB  FessCrpsNipgy
Fes,CrasNiygSi; mociie HaBoopaKUBaHUS.

W3MmeHeHne n0nm €-MapTEHCUTAa MOXET OBITh
OTpEeNeJIeH0 W3 OTHOIICHWS HWHTEHCHUBHOCTEH
pednekcoB y- u e-da3. BuaHo, uro mobaBneHme
kpemauss B CrNi cTaqd MOBBINIACT  JOJIIO
BBI3BaHHOW BOJOPOIIOM g-Gaspl. KpeMHmit Takxke
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MOBBIIIAET CTA0MIILHOCTH &-(ha3bl B TIpoIiecce
BBIX0JIa BOJIOPOJia. B TO e BpeMsi, MeXaHHYeCKHUE

HCIBITAHUS TOKa3bIBAIOT, YTO Si IMO3UTHBHO
BIMSAET Ha IUIACTUYHOCTH HAaBOJOPOKCHHBIX
ayCTEeHUTHBIX cTaneit (cM. Taoum.1).
Tadauua 1
Cranp bes Bonopoia C BoJ0pOJIOM B
Go2 | OB 8 % | Go2 | OB | On 0
MPa | MPa MPa | MPa | %
%
FessCros | 149 |393 |64 |[166 [277 |2.5 |65
Nig
Fes;Cros | 197 |389 |74 [192 [356 |4.5 |39
Nizosig,

OTOT pe3ynbTaT OMpPEIeNeHHO HaXOTUTCS B

MPOTUBOPEYUH c MPEOI0KEHUEM 0
KpUTHUYECKOM ponu &-(ha3bl B BOJOPOTHOM
OXpYITYUBAHUHU.

BrIiBoabI

1. Bogopon B Tuk criaBax Ha OCHOBE jKeje3a
o0Opa3yeT HEOTHOPOMHBIH TBEPHBIN pacTBOp 0Oe3
pa3pbIBa CMEIINBAEMOCTH.

2. Ha npumepe BIUSHUA KpPEMHHS  Ha
WHAYLIHPOBAHHOE BOZOPOIOM (hazoBoe
MIpeBpalleHne M XPYHKOCTh IIOKAa3aHO 4YTO He
CYLIECTBYET IMpsSIMOM  3aBUCHMOCTH  MEXKIY
dopmupoBanueM e-pa3bl W YMEHBIICHUEM
IUIACTUYHOCTH AyCTEHUTHBIX CTaliel, dYTo He
MTOATBEPIKIAeT MCeBAOTUAPUIHYIO runoTe3y BO.
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