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THE HYDROGENATION OF METALS UPON
INTERACTION WITH WATER

L.A., Andreev, B.G. Gel'man, A.A. Zhukovitskii,
E.E. Polisina
(Moscow Institute of Steel and Alloys)

Gas Emission during Vacuum Extraction
from Etched Metals

A significantly greater precision and convenience of

analysis of the hydrogen in metals is related to the elucidation
of the nature of the so-called "surface hydrogen."” A variety

of surface treatments of aluminum, such as turning samples on

a lathe [l], etching them, or even exposure to air at room
temperature [2], produces the emission of large amounts of

hydrogen during wvacuum heating.

It is of interest to study the special feature of hydrogen
emission during vacuum heating from samples whose surfaces have
been etched with a 10% agqueous solution of NaOH at room temper-
ature. Experiments were conducted in parallel, using two
samples of equal volume of pure aluminum ABQQO0 wire of differ-
ent surface area. The samples with the smaller (5 cm?) surface
were prepared from wire 0.8 mm in diameter, while those of the

larger (20 cm?), from 0.2 mm diameter wire.

When the wire samples were vacuum heated directly upon
delivery, they emitted large amounts (0.5-0.7 cm?®/100 g) of
hydrogen with poor consistency, so all samples were given pre-

liminary heating in a vacuum for 3 hours at 600°C.

In order to conduct the analysis, the samples were placed

in a vacuum system. The quartz tubes used for the extraction

* Numbers in the margin indicate pagination in the foreign text.



were first heated to 700-800°C, then allowed to cool to 600°C;
when the vacuum had reached 10~° - 5 x 107° mm Hg, the samples
were placed by turns into a tube. The water inevitably emitted
during the annealing of the samples was caught by a system of
liquid nitrogen traps. The instantaneous hydrogen emission was
recorded by an automatic pen, and the total amount of hydrogen

was determined by integrating the area under the curve [3].

The results of the analysis of three pairs of samples after
3 hours of preliminary heating in a vacuum and etching with a

10% NaOH solution are as follows:

Experiment number: il 2 3

Total hydrogen content, cm®/100g: 0.166 0.139 0125
0.181 055 0.188

Gas emission coefficient, K, min—?!: 0.35 0.35 0.33
1052 ibl 2

(Note: values in the numerators refer to the 5 cm?
samples, the denominator to the 20 cm? samples.)

The hydrogen content after etching exceeded by some 6 times
the solubility of hydrogen in aluminum at 1 atm pressure and
600°C. Note that there is only a small increase in the total
hydrogen content with a four-fold increase in the sample surface

area at constant volume.

There is no doubt that the source of the hydrogen is the
oxidation reaction of aluminum with water (or OH™ groups) held
on the oxide layer which was created by the etching of the
metal in local sections, probably close to the grain boundaries.
The density of the oxide layer is less in the 0.2 mm diameter
samples than the 0.8 mm diameter samples, but the observed

kinetics of hydrogen emission during vacuum heating of the
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samples (see Figure 1) do not immediately contradict the kinetics

of the reaction

9Al + (H,0) = Al,0, + 3H, 1,

Figure 1l: Curves of hydrogen emission, h, over time, t, in
minutes, during 600°C heating of etched aluminum samples of
surface area: 1) 20 cm?; 2) 5 cm?. The points indicate
calculated values.

The coefficient of hydrogen diffusion at room temperature
in aluminum is very small [4], and the accumulation of signifi-
cant amounts of hydrogen during etching is not possible. The
formation of hydrogen occurs immediately during vacuum heating
as a result of the oxidation of aluminum by water at the oxide-
metal interface. The initial oxide layer is not very permeable,
and large amounts of hydrogen can accumulate during the oxida-
tion of the sample. This, in turn, creates conditions which
change the condition of the layer, increasing its permeability

over the entire sample surface area.

The slowest stage of the emission of hydrogen from heated

samples is the passage of the hydrogen through the dense oxide



layer. Thus, the loss in hydrogen content of the sample during

the time dt is

S i
dq= —D 7 dt, (1)

where g 1is the amount of hydrogen in the volume of the
sample, in atm-cm?;

D is the diffusion coefficient for hydrogen in oxide,
in cm?/min;
o is the surface area of the sample, in cm?;

V is the volume of the metallic interior of the
sample, in cm?;

€ 1is the thickness of the oxide layer, in cm.

If we ignore the resistance of the extraction tube and the

ion source box of the omegatron to gas conduction, then, accord-

ing to [3], the change of pressure dP in the latter can be

expressed as ; op

(2)
where I 1is the rate of gas emission from the metal,
atm~cm?®/min;
V is the pumped volume, in cm?;
S is the pump speed, in cm?®/min.
After integrating equation (1), a simple transformation
and use of the notation K = Do/V§{ produces
dg —Kt
12'- e k c
dt qo g (3)

where go is the initial hydrogen content of the sample.

After taking into account the linear relation between the
omegatron index h and the partial pressure of hydrogen, P = mh

(where m is the coefficient of proportionality), we solve

l\
)
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equation (2) by substituting equation (3) in it, obtaining

B —Kt__p—Al).
he= =gy e (4)
where
——_}_\37_0_. _._':q_
B = ak A= 7

The ratio of coefficients of gas emission for models of dif-

ferent diameter in this case should be =4.

hpni

The coefficients of K and
A were selected in such a manner
that the curves of gas emission
corresponding to the time t do
100 not deviate from the experimen-
tal values of h by more than

5 mm. See Figure 2. A prelim-

inary value for A can be obtained

by solving the transcendental

equation relating the time, t,,
Y | and the height, h,, of the signal

of maximum gas emission. At

Figure 2: Curves of hydro- that point

gen emission, h, at 600°C,

for models of surface area:

1), 3) 20 cm?; 2), 4) 5 cm?. After the completion of

gas emission during heating, we
observe a small elevation of the level of the null line (see
Figure 1). This is obviously related to the heterogeneous
process which occurs during heating of the samples in the pres-
ence of water vapor adsorbed on quartz walls, leading to the
formation of molecular hydrogen. Therefore, the null line at
large times of heating was extrapolated back to the beginning /21

of gas emission and considered as the true null line.

The results of processing the curves of gas emission from

etched samples are presented in Figure 2. In all cases,
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Figure 3: Temperature
dependence of the coef-
ficient, K, of gas
emission.

coefficient A remains within the
limits 0.60 to 0.65. Figures 1

and 2 show that equation (4) fol-
lows the kinetics of hydrogen
emission sufficiently well. The
values of K which have been obtained
agree excellently with the mechanism
considered for the diffusion of
hydrogen across the oxide layer.

The activation energy, which is
calculated from the temperature
dependence of K (see Figure 3),

is 13,000 *2,000 cal/g-atom,

satisfactorily close to the value obtained earlier [4].
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HABOJOPO)XMBAHUE METAJIJIOB NMPU B3AMMOJLEVCTBUU
C BOJOW

2 A A;lakeee, 5. I'. Feasmarn, A. A. Kyxosuyrui, E. E. Hoaocuna

Laszossidenetive npu BAKYYMHOL IKCMPAKYUL MEMAANG NOCAE MPABACHUR.
TloBblleHHe TOYHOCTH M IKCIPECCHOCTH aHa/M3a BOJOPOJAa B METaJle B 3Hayli-
TEJBLHOH CTENeHH CBA34HO C BHISICHEHHeM NPHPOJbI TaK Ha3biBAEMOTO IOBEpX-
HOCTHOTO BOOpOja». Pas/uynbie THIB!I NOBEPXHOCTHOH OGPAGOTKH AJIFOMHHHS,
nanpymep ofTouka o6pasuos Ha TokapHoMm cranke [1], TpaBaenne u pae
3KCMO3HUIUA Ha BO3AyXe NpH KOMHATHON Temneparype [2], npuroasT K Boiiene-
HHIO GOJBbIIMX KOJHYECTB BOJAOPOJAA IPH BaKyYMHOM OTJKHTeE.

[lpeacrapasiio nHTEpEC H3yuHTh OCOOEHHOCTH BBIAGJEHHSI BOJOPOAA NPH
BaKyyMHOM OT)KHre o06pasioB, NOBEPXHOCTb KOTOPBIX 0OOpabaTbiBajH TpasJe-
uueMm B 10%-nom Boanom pactBope NaOH npu KomHaTHO#H Temneparype. Onpitol
NPOBOJAMJIH NApaJVIeIbHO Ha JABYX 06pa3uax paBHOTO 0bbeMa H3 aJIOMHHHEEBON
npososiokun ABOOO ¢ pasimunbiMu nJomaisMy nosepxsoctd. Ofpasen ¢ meHsb-
welt N10manslo (5 cM?) U3roTOB/AAJIH H3 NPOBONOKH auam. 0,8 mam, a ¢ Géabmei
(20 cm?) — u3 npoposoku auam. 0,2 mam. Tipu BakyymHoO# 3KcTpaxku#y olpas-
OB B COCTOSIHMH IIOCTaBKM HAO/IOAAJIOCh BBIJEJECHHE OYeHb GOJBIUHX KOJH-
YeCTB BOJOpPOJA@ C TIJIOXOH BOCHPOM3BOAUMOCTbIO  pesynbTatoB  (0,5—
0,7 ¢#°/100 &), mostomy npeaBapHTEJbHO 00paslbl OTXHMIajdH B BakKyyMe InpH
600° C B Tewenne 3 4. Jlas npoBenenns ananusa o6pasibl BBOAMIK B BaKyyM-
Hylo cuctemy. KeapueByio TpyOKy, npeinasHayeHHyIo /it IPOBECHHS SKCTPaK-
IUH, TpejBapHTesibHO mporpesanu npu 700—800° C; satem Temneparypy no-
auxkaiu 1o 600°C u no poctikennn Bakyyma 1076—5-1077 um pm. cm.
00pa3ibl MOCUePesHo BBOAMIK B TPYOKY. Bojiy, KoTopast Hen3be:kHO Bhigenser-
cs MpH TNPOKa/JHBaHHH 0Opasua, YJaBjiHBalH CHCTEMOH JIOBYHIEK C JKHIKHM
azoToM. KuHETHKY Bbie/eHHs ‘BOJOPOAA PerHCTPHPOBAJH Ha JIEHTe CaMOIHCIa;
ofliee KOJHYECTBO BOJOPOAA ONpeensiii 1o MJOWaAn noj Kpusoi [3]. Pe-
3ysibTaThl aHaju3a Tpex o6pas3uos nociae TpasienHss B 10%-moMm pacrpope
NaOH u npeiBapHTENibHOTO 3-4 OTKHIA B BaKyyMe CJACAYIOUIHE:

HoMepOnHTA o - 5 « o 2 w ol v 5 & o 1 2 3 13
% 0,166 0,139 0,125
- O6iiee conepixanne Boaopozna, caud/100e 0,181 0,155 0188
0,35 0,35 -8
Koapuuuent razoswigenenus K, sun-t 5 5 —01—53.

IMpumeuanune. B uucantene—pans o6pasioB ¢ nJoOUabLI0 NOBEPXHOCTH 5 cm?,
B 3Hamenatene —20 cm2.

- Conepxxanue Boopoja mocjie TpaBJenHs NpUMEPHO B 6 pas npeeccexojnT
3HayeHue pacTBopumocTH Jyuist Temneparypet 600° C u naBnenns rogopona 1 amiar.
Ormeueno b csaoe nosbillenie oCIIero COJepIKaHHs ECACPOAa NPH LETh-
PEXKPAaTHOM yBeJHYEHHH IJIOI2/IH TICEePXHOCTH 06Pa3LOB NOCTOSSHHOTO 06BeMa .
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He BbI3biBaeT COMHEHHMH, YTO HCTOYHHKOM BOJOPOJA SIBJSISTCSI peaKiius
OKHCJIEHUs a/ioMHHUS Bojo#t (mam rpynnamu OH™), yzxeprkannoii B IJIeHKe
OKHCJIa, BOSHH}(a}OLU,eﬁ Ha METaJlJIe nocJie TpaBJIeHUs Ha JIOKAJbHBIX yuacrkKax,
BEPOSITHO, BOJIH3H TPaHHIL 3€peH. [lnorHocTs mociefnux st o6pasioB
quam. 0,2 sm 6yzer menblue, uem s o6pasuos guam. 0,8 mau. Onnako KHHETHKA
BbIJ€JIeHHSA BOjOpoja, Hab/Iojalomasicsi NMpH BaKYYMHOM OT:KHMre o0pasioB
(puc. 1), He oTpaxaeT HENOCPEeJCTBEHHO KHHETHKY peaKIHH

2Al + (H,0) = Al,0; + 3H, 4 "

Koadduuuent audepy3uu BoIOpoAa B aJIOMHHHH NPH KOMHATHON TeMiie-
parype BecbMa MaJa [4], v naxomJenue 3aMeTHBIX KOJHYECTB BOJOPOAA B Mpo-
lecce TpaBleHHs HEBO3MOXKHO. OGpasoBaHHe BOJOPOAA IIPOUCXOIUT HEMOCPE-

h MM
150

100

90

.

30 ¢ mun

Puc. 1. Kpusnie snijenesna 5030poAa nocJie Tpasaenns npk 600° C 13 asio-
MHHHEBHIX 00Pa2U0B C TIOLAALI0 NOBEPXHOCTH, CM*:
1—20;,"2—5, TouKH — BBYHCJAEHHbIE 3HAYCHUSA

CTBEHHO MpPH BAaKYVYMHOM OT/KHIe B pe3yJ/ibTare OKHCJEHHS aJIOMUHHSI BOJOMH
Ha TpaHilEe pasjena MeTam1 — okucesa. Mcexonmas oxucHasi mieHka IJiOXo
NPOHHLAEMA, M [ipH OKHCJIEHHHM B o0pasue MOTYT HakanjiuBatbca OGoJbluHe
KOJIH4eCTBa BOAOPOAd. 3TO B CBOIO OYEpelb CO3/aeT YCJIOBHS JJIS H3MEHEeHHs
COCTOSIHHA IJIEHKH, NPHBOAMAUINE K yBEJHUYCHHIO npommaemocm no Beeil ro-
BePXHOCTH o00pasua.

Ilpu seiiesiensu BOAOpOJa M3 ofpasua Mpu OTxHTe HauGosee MEAJEHHO
CTajMel npoiecca MOKET OKa3aTbCsl NPOHHKHOBEHHE BOJAOPOJA uepes NJIOTHIH
OKHCHEiHl crojt. Torma yObuib conepikaHHsi Bojgopona B oOpaaue 3a Bpems di
COCTaBHT

dg = —D—:;—ig’-dt, (1)

rjie g — KOJHYecTBO BOAOpOAa B obbeme obpasua, cm®-ama;

D — xos(pduument anddysnn BoAOPOAa uepes MJEHKY, CM2/MuH;

0 — BeJMYHHA IJIOIAAH NOBEPXHOCTH oOpasua, cm?

V — ofveM MeTasauyeckol cepAuUeBHHBI obpa3ua, cm?;

£ — ToAuHHA OKHCHOH MNJIEHKH, CAL.

Ecan npenebpedb CONPOTHBJEHHEM Ta3onpoBOJd MEXKLY 3KCTPAKUHOHHON
TpyOKOH H KOpOOOYKOH HOHHOTO HMCTOYHHKA oMmeraTpoHa, To, corJacHo [31],
H3MeHeHHe JAaBienusi dP B nocieiHeil MOXKHO NPeACTaBHTh Kak
dp=-]-dt— 37 a; ©
2° 19
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31ecb /| — CKOpOCTh TasOBLIJICJIEHHs] U3 MeraJjuia, cm®-amm/mur;
V — orkaumBaembiii obneM, om;
S — oTKauuBailee JeHCTBHE HACOCOB, CMP/MUH.
INocaie muterpupoBanus Boipakenus: (1), mpocrbiX .JpeoGpazoBanuii i Be-

Do
JAEHHS obo3HayeHH s K = -T;g— TNOJIY4YHM
dg —K¢
1= dt == que 3 (3)

Te o, — HAYANBHOE COJEpIKAHHE BOXOPOJA B obpasiie.

Pemenne ypasuenus (2) nocse NoiCTaHOBKY B HETO BhipakeHHst (3) ¢ yue-
TOM JIHHEHHOCTH CBSI3H MEXKJY NMOKa3aHHAMH OMEraTpOHHOTO AaTuHKa A M JaB-
JieHHeM Bojioposia B cucreme P=mh (m — Ko3(pPUIHEHT TPOHOPIHOHATBHOCTH)
6yJIeT MMETb BMA:
B

h=—a—ry €N —e); (4)
31ech
O A |
o

OtHowenne KoshhHUUEHTOB TasoBbIeseHNS /i 06pasloB pasHbIX JHa-
MeTPOB IJIsI JIAaHHOTO CJyyash JOJIKHO COCTABHTb ~4.

Kosdduuventst K u A B

bmm ypaBHenun (4) onpeneasiyii Ioj-

6opom TakuMm o00pasoM, 4YTOOH OT-
150 KJIOHEHHE SKCIepHMEeHTAbHBIX 3Ha-
yeHuit %, COOTBETCTBYIOMIMX ~OIpe-
JeJEeHHBIM MOMEHTaM BpeMeHH [ Ha
KDHBBIX Ta3oBbiienienus (puc. 2),
100 i
O
(o)
0 B
-1 | It 1
' 12 13t
0 af 0,26'“—2' £ 11 .2 LIl

Puc. 2. Kpuaye pugeneHys BoJo- -
poza npa gm, C __\_1; 06pa3nos ¢ Pgc, 3. Temnepatyprasi SaBHCH-
nACIm AT HOZEpXHOCTH, CMP: MOCTb KoshdHIEEeHTa razonnijiese-

1,3—20; 2,4—5 sun K, sunt

He mnpeBbiuano 5 smum. [lpensapuresbhyio ouenky A npoBOAWIM pelieHHeM

TPAHCLEHJIEHTHOTO YPaBHeHHS, CB3bIBAIONIET0 MAaKCHMAaJbHbIH CHIHAJI HAa KpH-

BOH TasoBblIeJIEHHA A, CO BpeMeHeM JOCTHXKEHHsi MakcuMmyma fo, T. €.
Ke~Hen= Ap—Als,

Ilpn oTxure mocJsie 3aBeplLIeHHsi TasoBbllesienHs Habuiofaloch HebosbLioe
TIOBBILIEHNE YPOBHSI HYJeBoif JuHHH (puc. 1), 4TO, OYEBH/IHO, CBSI3aHO C reTe-
POTEHHBIM IPOLECCOM, KOTOPEIH NPOTEKAeT IPH OTXKHI'E HA IOBEPXHOCTH 06-
pasua C ydacTHeM BOJbl, aiCOpPOMPOBAHHOH HA CT€HKaxX CTeKJia, H HPHBOJHT
K 00pa30BaHHIO MOJIEKYJSIPHOrO Bojopoja. IToatomy myJieByro JIHHHIO, COOT-

20
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BETCTBYIOLLYIO 6OJIBILEM BpeMEHaM OTzKHId, 3KCTPAnoJHPOBaJN K HA4aJly raso-
BBIIEJICHHST B pacCMaTpHBaJ/Jid KaK HCTHHHYIO.

Peayapratsl 06paGoTKH KPHBBIX Ta30BbIIEJIEHHS JJis TPABJEHBIX 06pasoB.
C PasIHYHBIMH MJIOMAAAMU IOBEPXHOCTH npuBeiensl Ha pyc. 2. Koahpumment A
BO Bcex cayuyasix Haxoquucsa B npegenax 0,60—0,65. Ms pue. 1, 2 caenyer,
YTO COOTHOILEHME (4) MOCTAaTOYHO XOPOWIO MNepefaeT KHHETHKY BbleJeHHst
Bogopoaa. IlonyuyeHurle dHaueHHss K JOCTATOYHO XOPOLIO COTJIAaCYIOTCsi C pac-
CMOTPEHEBIM MeXaHH3MoM JH(}Y3uH BOAOPOAA Yepe3 CJIOH OKMCJia. DHeprug
aKTHBAIUH ITpoIecca, BLHMHCJIEHHAS IO TeMneparypHoit 3asucuMocti X (pHe. 3),
coctasira 13 000-£2000 kas/e-amom, uTo poctatoyHo OAH3KO K 3HAUEHHIO,
nonysesHomy panee [4]. L
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