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Dedicated to my Teacher, 

an outstanding scientist, Professor 

Alexander Abramovich Zhukhovitsky 

FOREWORD 

This monograph is based on the author’s thesis on ‘Hydrogen diffusion 
and development of porosity in aluminum’ towards the degree of PhD in 
technical sciences and defended in 1972, that is, more than forty years 
ago. I suppose that this fact makes it desirable or even necessary to ex-
plain why this monograph has not been published earlier and the motives 
that have impelled me to do it now. 

To begin with, let me present you with a brief retrospect illustrating the 
circumstances under which this book was written, and besides providing 
an overall view of the conditions of scientific research work in high-
security research and production organizations, serving the vital needs 
of the military industry of the USSR. 

Many Soviet scientists who carried out numerous studies in the most 
important scientific and production technology fields worked in secretive 
research and production centers of the military industry of the USSR. 
Moreover, most of their work was classified as ‘For Official Use Only’ 
(ADI), the status that was often assigned for merely formal and bureau-
cratic reasons. Therefore, numerous scientific results of specific studies 
were not available to a sufficiently broad academic community. This prac-
tice resulted in scientific reputation losses for authors and did not provide 
proper recognition of their pre-eminence in methodological, theoretical 
and practical work. 

The collapse of the USSR prompted an easing of the regime’s secrecy 
and abolished ridiculous bureaucratic restrictions on sharing scientific in-
formation and publication of research papers, and with the increase 
in ‘statute of limitations’ earlier confidentiality constraints became obso-
lete. Therefore, I hope, and even believe that my decision to publish this 
monograph based on the results of my thesis is not going to cause any 
trouble, because things that were impossible yesterday are feasible today. 

This thesis had been prepared in the All-Union Institute of Light Al-
loys (VILS), one of the major aviation research and technology centers in 
the USSR. The head of research work was Alexander Abramovich Zhuk-
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hovitsky – the outstanding physical chemist, head of the Physical Chemi-
stry Department of the Moscow Institute of Steel and Alloys, Doctor of 
Engineering Sciences, professor, and Honored Worker of science and 
technology, whom I regard as my Teacher. 

Let me give a little example for the reader to have an idea of our work-
ing environment in those days. 

This thesis took me two and a half years to complete and when it was 
reviewed by the administration of the institute, they came up with two 
significant comments. 

Firstly, ‘Your volunteer work is kind of sloppy, so you must promote 
sport activities in the division of the institute and thus show your public 
profile.’ As a result, the sport activities in the division of the VILS insti-
tute, where I worked, were certainly enhanced greatly. Secondly, ‘Our 
institute is focused on engineering tasks, therefore, along with the solution 
of theoretical and methodological issues we have to apply the research 
outcome to industrial needs. Currently, they stopped the production of 
shell plate for aircraft at two Soviet aviation metallurgy plants. Go there, 
develop and implement the technology preventing the formation of air 
cavities on shell plate, and then we will let you defend your thesis.’ 

Thus, through the requirement of ‘implementation’ of inventions, So-
viet candidates for a degree in technical sciences were used for solving 
problems of cooperation between science and industry. 

Frankly speaking, I happened to be very lucky to be imposed with the 
‘production’ component of my thesis. At the Kuibyshev Metallurgical Plant, 
now the city of Kuibyshev renamed back to Samara, I met true experts head-
ed by Leonid Mordukhovich Koganov, an outstanding specialist in rolling-
mill practice, Kandidat of technical sciences, and the winner of two state 
awards. The administration of the plant wanted me to observe the following 
advice: ‘Air cavities should be removed and you must use a process exclud-
ing the formation of the air cavities, but without changing any part of produc-
tion equipment; if you alter just one bolt or a nut, we should wait for the regu-
latory approval of these changes for years’. Therefore, basing on the results of 
my studies, I managed to develop the technique of production of aircraft shell 
plate without air cavities, only by changing the heat treatment of sheets and 
ingots, which did not require any changes in the design of production equip-
ment and thus any official regulatory approvals. 

Now just a few words about reasons of my looking back to the past 
that stimulated my work. 



7 

I believe, and this is confirmed by comparison of our data with publi-
cations in the last few years, that even today our scientific and experimen-
tal data concerning the theory of the formation of gas porosity in solid 
metals, and the behavior of hydrogen in aluminum are of pronounced im-
portance. 

The results of our studies had confirmed the efficacy of research tech-
niques that we had been developing or improving and therefore deserve 
attention. 

For example, the original methodology of determining the hydrogen 
permeability, the technique for the determination of hydrogen percentage 
in aluminum alloys, containing elements with a high vapor pressure and 
so forth. 

So far, there are no similar methods of measurement of the surface ten-
sion of solid metals. 

The technique of gas removal providing the elimination of metal po-
rosity is of great practical importance. Today it is known as HIP (hot isos-
tatic pressing). The invention certificate confirming our pre-eminence’ is 
enclosed in the appendix hereto. The proposed technique of preventing the 
formation of air cavities at the interfaces of aluminum alloys of aircraft 
skin sheets may be of practical importance too. 

One of the crucial goals in writing this monograph was the desire 
to lead the way for the research scientists who, like me, for objective rea-
sons could not present the results of their work to the scientific communi-
ty though being worthy of attention and recognition, in their opinion. 

Some flaws found in previous publications (typos, insignificant arith-
metic errors) of course having no effect on the final results were corrected. 

I would like to express my gratitude to Irina Vladimirovna Apykhtina 
for her invaluable help in editing this monograph and to Professor Mikhail 
Vasilyevich Astakhov, Head of the Department of Physical Chemistry 
of NITU ‘MISiS’, Doctor of Physics and Mathematics, as well as to Yury 
Rahmilevich Nemirovsky, Doctor of Physics and Mathematics for their 
attention to this work and useful comments. 
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INTRODUCTION 

The studies aiming to improve quality of products and semi-finished 
products, made from aluminum and its alloys, are explained by their use 
in elements of structures of aircrafts and missiles. 

The most common defects in products and semi-finished products 
of aluminum alloys are of a gaseous nature, including porosity, delamina-
tion and air cavities associated with hydrogen dissolved in the metal. 

In order to develop effective techniques to combat gas-originated de-
fects it is necessary to know the mechanism of their development. There-
fore, the study of phenomena linked to the redistribution of hydrogen 
within the metal, its saturation with a gas and gaseous release from solid 
aluminum and its alloys, along with the study of the development of po-
rosity is of great interest. 

Graham first described the phenomenon of penetration of gases 
through metals in 1866. So far, the scientists have accumulated an exten-
sive array of experimental data concerning diffusion and penetration 
of gases through iron, copper, nickel, palladium and other metals. 

The process of penetration of gases through metals in the presence 
of corresponding concentration gradients includes several stages [1]. 

The first stage is the activated adsorption of gas molecules on the sur-
face of the metal occurs. It is accompanied by dissociation of molecules 
into atoms as well as by formation of ions. Then dissolution of gas ions 
in the boundary layer of metal takes place. 

The second stage – the diffusion of the gas along metal in the direction 
of gas concentration reduction. 

The third stage – the liberation of the gas from the opposite surface 
of the specimen into inner cavities, including the association and desorp-
tion of gas molecules. 

The oxide films formed on the surface of the specimen may create ad-
ditional resistance to gas transfer. 

Each of these stages may determine the rate of the entire process. 
In most cases, the limiting element of the mass transfer is the diffusion of 
gas ions through the metal. 

According to the Gaussian distribution 

 1
H

(solid)

(gas)
K

C
 (I.1) 
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From the law of Mass Action we have 

 
2

2
H

2
H

(gas)

(gas)
K

C
 (I.2) 

According to Fick’s first law the rate of penetration can be expressed 
as follows 

 
d (solid)

d
Q D

x
 (I.3) 

Taking into consideration equations I.1 and I.2 we obtain 

 
21 2 H(solid) (gas)K K C  (I.4) 

Equation (I.4) expresses Siverts’ law, which states that in the thermo-
dynamic equilibrium the concentration of a gas dissolved in the metal is 
directly-proportional to the square root of the partial pressure of the gas 
above the metal. 

Assuming that 

 H|0 H|Hd

d

C CC

x
 (I.5) 

and plugging it into (I.5), we get (I.4) 

 
2 21 2 H |0 H | ,Q DK K C C  (I.6) 

and if 
2H

, is considerably less than 
2 0H

, then we get 

 
21 2 H SQ DK K C DK P , (I.7) 

where Ks – solubility coefficient. 

The definition of permeability or the permeability factor ( ), given 
in [1], says that permeability is the coefficient of proportionality in the 
equation, describing the dependence of gas flow through the metal Q on 
the gas pressure at the entry end of the metallic membrane. 

Hence, from (I.7) it follows that 

  = DKs 
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The exponential relationship of diffusion coefficients and gas solubility 
with temperature explains the nature of the exponential dependence of 
permeability on temperature, i.e. 

 0 exp
DiffE

D D
RT

, (I.9) 

 KS =
0SK · exp SE

RT
 

As it follows from equation (I.8), the permeability factor as well as dif-
fusion coefficients and solubility are strictly determined values for a given 
gas. This statement is correct when gas diffusion through the metal is the 
limiting element of the mass-transfer process. 

The exponential nature of the temperature dependence of the flow cor-
responds with experimental data [1–4]. At the same time, the true nature 
of the relationship between Q and pressure is still unknown. G.Borrelius 

and S.Lindblom [5] first demonstrated that the straight line Q – P  does 
not come to the central point of coordinates but cuts the straight-line seg-

ment tP  from the axis of abscissas. Herewith, equation (I7) takes on the 

form as follows 

 tQ K P P  (I.10) 

More studies, carried out by Smithells C.J. and Ransley C.E. [6], show 
that at a low gas pressure the isotherm of permeability bends and passes 
through the central point of coordinates. This fact says in favor of adsorp-
tion influence on gas permeability at low pressures. Assuming that the rate 
of gas penetration is proportional to the degree of covering the authors [6] 
obtained the expression 

 Q K P  (I.11) 

where  is the degree of covering. 

If monomolecular adsorption with dissociation is governed by the 
Langmuir equation, then 

 ,
1

P

P
 (I.12) 
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where 2 .
1

P
Q K

P
  (I.13) 

At low pressures 

 Q KP , (I.14) 

while at high pressures 

 Q K P . (I.15) 

Equation (I.11) corresponds to the experimental data and besides it has 
been found that  grows with temperature. R.Barrer in [1] indicates that 

 reduces with temperature since the process of adsorption is an isother-
mal reaction. 

The data of Stross and Tomkins in [7] say against the explanation giv-
en by Smihtells and Ransly. They determined that the coating of iron wire 
with nitrogen or oxygen does not change the rate of hydrogen desorption 
from the specimen surface. 

To explain the phenomenon of deviations of Q – P  dependence 
from the linear nature (at low pressures) the authors [8–12] assumed that 
concentration of the gas dissolved near the specimen surface is not at the 
equilibrium relatively to the gas phase. 

If diffusion processes are able to remove more gas than is transferred 
due to surface reactions, the concentration of the adsorbed gas on the sur-
face should not be less than the equilibrium concentration. Similarly, the 
concentration of the dissolved gas on the outflow surface will be in equili-
brium, if the rate of surface processes exceeds the rate of diffusion 
processes, and on the contrary, it will be higher than the equilibrium value 
at slow surface processes. 

R.Barrer in [1] gives six equations, describing the phenomenon of gas 
penetration in metals (i.e. gas permeability) for the case when the gas con-
centration near the specimen surface is not equilibrium relatively to its 
concentration in the gas phase. However, these equations are hardly to be 
used for clear presentation of the relationship between the gas flow 
through the metal and the gas pressure. Chang and Bennett [12] had sim-
plified the gas transfer model accounting only the direct solution from the 
gaseous phase. 

Two equations expressing the ratio between process rate and pressure 
have been derived: for near-equilibrium concentrations on the surface and 
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for the case when the surface reactions determine the mass-transfer rate. 
The ratio between gas permeability and pressure is difficult to establish 
for the rates of surface and diffusion processes. 

At high pressures, the rate of diffusion mainly depends upon collisions 
of gas molecules with adsorbed atoms [3]. Only collisions providing simul-
taneous adsorption of gas molecules support the diffusion. Under these con-
ditions, the dependence of gas permeability on pressure is the following [3]. 

 1 ( ) 1,Q Kf P  (I.16) 

were A and K are the terms comprising  

In a simplified form equation (I.16) can be presented in this way 

 1 1 1.Q K P  (I.17) 

At high pressures 

 ~Q P . (I.18) 

At low pressures 

 ~Q P . (I.19) 

Until present, there is no any unified theory, providing a quantitative 
presentation of the perfect relationship between rate of permeability and 
gas pressure. The influence of surface processes on gas penetration into 
metals is still not known in detail. Surface oxide layers on aluminium im-
pede hydrogen penetration through aluminium. 

Therefore, the study of the isotherm of gas penetration through alumi-
nium is of significant academic interest 
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CHAPTER 1. HYDROGEN SOLUBILITY 

IN SOLID ALUMINIUM AND ITS ALLOYS 

1.1 Research work on determination  

of hydrogen content in aluminium and its alloys 

Low concentrations of the analyte in aluminium (10–4  10–5 %) as well 
as the presence of `surface` hydrogen result in consistent analytic prob-
lems. 

Most gas analyzers show the total gas mixture pressure, but not the 
partial pressure of hydrogen, and thus having a comparatively low sen-
sitivity cannot provide a continuous measurement of gas liberation ki-
netics – all this complicates research of hydrogen diffusion in aluminium. 

There are several methods of measurement of hydrogen content in 
aluminium: 

– isotonic equation [13–15]; 
– vacuum melting [16–23] 
– vacuum degassing [16, 24–27]. 
Aggregated characteristics of the vacuum degassing method make it 

the most propagated technique for the analysis of hydrogen content in 
aluminium and its alloys. Within this method, we have developed a tech-
nique for defining hydrogen content in aluminium using a mass-
spectrometric analyzer ( -1) and a mass-spectrometric sensor con-
nected in parallel to the vacuum degassing system. 

The idea and technical details of the proposed technique are as follows. 
A standard specimen is heated up to 600 oC under a high vacuum while 
the mercury vapor diffusion pump -10 continuously removes gases 
released from the specimen. The mass-spectrometric analyzer ( -1) 
registers the partial pressure of hydrogen in the mixture of gases [28–30]. 
The area under the curve demonstrating the variation of hydrogen partial 
pressure with time shows the total volume of hydrogen extracted from the 
specimen. 

Measurements of the ion current of the ion target capturing the reson-
ance ions formed due to the interaction between constant magnetic and 
high frequency electromagnetic fields allow quantifying the partial pres-
sure of gases with the use of the mass-spectrometric analyzer ( -1) 
(Fig. 1.1). 
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Fig. 1.1 Diagram of mass-spectrometric  
analyzer sensor 

Ions of definite mass reach the surface of the ion target only at a cor-
responding electric field frequency. The electric field frequency required 
for the measurement of hydrogen partial pressure makes around 1.8 MHz. 
The ionic current value of the ion target circuit is proportional to partial 
pressures of corresponding gases in the mixture at definite values of the 
electron beam current, depending on high-frequency voltage of the ome-
gatron and its orientation in the magnetic field. The background ionic cur-
rent caused by small amounts of ions of other masses, which attain the 
surface of the collector, should be taken into consideration while working 
with the mass-spectrometric analyzer ( -1). Therefore, to determine 
the ionic current value corresponding to the partial pressure of the ana-
lyzed gas it is necessary from time to time to shift the electric field fre-
quency relatively to the resonant frequency and to measure the back-
ground ionic current. 

The diagram of the original installation is presented in Fig. 1.2. 
The installation consists of a glass extraction-analytic system, a cali-

bration system and a mass-spectrometer. 
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Fig. 1.2 Installation layout and calibration system for mass-spectrometric 
hydrogen-in-aluminium test: 

1 – the glass omegatron sensor PMO-4c of the mass-spectrometric analyzer 
( -1); 2 – permanent magnet, 3 – the mercury vapor diffusion pump 

-10 with a nitrogen trap; 4 – resistance furnace; 5, 6 – glass tube 
containers for specimens keeping; 7, 8 – pushers; 9 – glass receiver for 

analyzed specimens; 10 – qwartz-glass junctions; 11, 12 – pressure gauge 
sensors 2 and 2; 13, 20, 22, 23 – glass traps cooled with liquid 
nitrogen; 14 – standardized glass bottle; 15 – fore pump -461-M;  
16 – palladium filter; 17, 18 – glass bottles; 19, 25 – U-type mercury 
pressure gauges; 21 – valve -2 with fine adjustment of flow rate;  

24 – degassing quartz tube; K1-K6 – vacuum glass taps 

The gas extraction analytical system provides high vacuum conditions 
in the installation, extraction of gases from the specimen and determina-
tion of hydrogen partial pressure in the mixture of gases by means of the 
glass sensor PMO-4C of the mass-spectrometric analyzer. 

Fore pump BH-461-M (15), mercury vapor diffusion pump -10 
(3) and vacuum glass traps (13, 20) cooled with liquid nitrogen provide a 
rarefaction of approx 5á10–7 mm Hg (i.e. 7á10–5 Pa). 
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The elimination of gases from degassing quartz tube (24) proceeds 
within an hour at 900 oC. This operation should be required if the vacuum 
system was connected to the atmosphere. 

The glass sensor (1) of the mass-spectrometric analyzer is connected to 
the gas-evacuating pipeline through glass sealing, in so doing the connect-
ing coupling, glass piece must not have a necking and the sensor should 
be as near as possible to the pipe. 

In the case of a parallel connection of the mass-spectrometric analyzer 
sensor to the system of gas evacuating these conditions are obligatory. 
They ensure almost similar values of hydrogen pressure both in the sensor 
and in the pipeline of the gas evacuating system. 

The liquid nitrogen glass trap (22) mounted before the sensor prevents 
penetration of water, mercury and oil vapors to the surface of the ion tar-
get and electrodes of the sensor PMO-4C. 

To minimize the negative background effect of hydrogen there are only 
few taps in the installation. The specimens are loaded through the open 
rears of glass tubes (5, 6) unsealed with a blowpipe burner. Glass tubes 
are to be sealed again after loading the specimens. There can be loaded 
forty specimens at a time. 

A cylindrical specimen loaded into the extraction pipe is heated in ex-
ternal resistance furnace (4) providing permanent temperature within the 
range of 400 – 900 oC. The chromel-alumel thermocouple and the elec-
tronic potentiometer -09 provide temperature control and registra-
tion. The operation temperature of the analysis procedure makes 600 oC. 
Degassing quartz tube (24) is connected to the system with ‘quartz-
molybdenum glass’ coupling piece (10). Pushers (7, 8) unload the speci-
mens from glass pipes (5, 6) into the degassing tube. On completion of the 
analysis, the specimens slip into receiver (9). 

The amount of hydrogen dQ, cm3 (in normal conditions), passing 
through the mass-spectrometer within dt sec. can be expressed as follows: 

 d d dQ pS t KSJ t  (1.1) 

where p – partial pressure of hydrogen; S – pump suction effect within the 
mass-spectrometer cross-section, cm3 (at normal conditions);  
K – coefficient of mass-spectrometer sensitivity to hydrogen;  
J – ionic current of the mass spectrometer, V. 

The total volume of hydrogen extracted from the specimen during the 
analysis can be obtained through integration of equation 1.1 
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0

d
t

Q K JS t  (1.2) 

It is possible to remove S from the integral if the pump suction effect in 
the sensor cross- section remains constant during whole time of the analysis. 

 
0 0

d d
t t

nQ KS J t K J t  (1.3) 

The area under the curve of time dependence of the current in the cir-
cuit of the ion target of the mass-spectrometric analyzer corresponds to 
the integral in equation (1.3). 

The mercury vapor diffusion pump -10 having the constant evacuation 
rate within a wide range of pressures 10–5 – 10–8 mm Hg (i.e. 10–3 – 10–6 Pa) 
provides the permanent suction effect within the cross-section of the mass-
spectrometric analyzer. Besides, it must be noted that the pipeline capacity is far 
less than the rate of pumping in the upper flange of the pump (that is 1 l/sec. 
against 10 l/sec. respectively). 

The speed fluctuations do not affect much the effective rate of pump-
ing, since 

 eff

1 10
1 l/sec

1 10
S  (1.4) 

Therefore, the use of pipelines having a significantly lower capacity 
than the capacity within the upper flange of the mercury vapor diffusion 
pump helps to stabilize additionally the pump evacuation effect in the 
cross-section of the mass-spectrometric analyzer. 

For quantitative measurements, it is necessary to know the values K 
and S or Kn. 

The calibration system was used to determine Kn. The strip heaters 
heated the high-vacuum part of the system up to 350 ºC during 1.5 hour to 
minimize gas emission from walls of the installation while a special fur-
nace heated the glass sensor PMO-4C of the mass spectrometric analyzer. 

The calibration system comprises (see Fig. 1.2) palladium filter for hy-
drogen cleaning (16), standardized glass bottle (14) with a fine tuning gas 
valve -2, U-type mercury gauge (19) for measuring hydrogen in the 
standardized bottle, liquid nitrogen trap (13), vacuum gages -2 and 

-2 (11, 12) and glass vacuum valves K3-K6. 
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The fore pump main pipe and the high-vacuum main pipe connect the 
calibration system with the installation via taps K3 and K4, respectively 
(see dotted lines in Fig. 1.2). U-type pressure gauge (19) measures the 
pressure of hydrogen passing through palladium filter (16) and high-
vacuum processed standardized bottle (14). Then the valve -2 (21) is 
shut and the standardized glass bottle together with the valve -2 are 
sealed off of the calibration system and connected to the installation 
where a high vacuum should be then developed. The valve -2 is 
opened and hydrogen can pass from the standardized bottle into the instal-
lation. The valve -2 is to be open in such a way as to ensure the pres-
sure in the installation not higher than 1·10–5 mm Hg (i.e. 1.3·10–3 Pa). 
The mass-spectrometer analyzer controls the hydrogen partial pressure. 

The value Kn, cm3(NTP)/(V·sec.) is determined by equation (1.3) as 

 ,n

Q
K

A
 (1.5) 

where A – the area under the characteristic curve ‘ionic current – time’ of 
the mass-spectrometer analyzer potentiometer, expressed in V·sec.; 
Q – the volume of hydrogen in the standardized bottle, cm3. 

The calibration was repeated several times with different volumes of 
hydrogen in the standardized bottle to check the correctness of equa-
tion (1.5) for quantitative estimation of the results (Fig. 3). 

This figure clearly demonstrates the linear dependence between the 
hydrogen volume and the area under the curve, what shows in turn at the 
use of equation (1.5) in estimation of the results. 

The value of Kn for this apparatus was 4.6·10–7 cm3/V·sec at normal 
conditions. 

Standard cylinder specimens, 20 mm long and 8 mm in diameter, are 
lathed to the surface roughness of 7, and charged into glass pipes (5, 6), 
see Fig. 1.2. 

The flat ends of the glass pipes are sealed with a gas burner. The fore 
pump provides preliminary degassing down to pressure of 2·10–3 mm Hg  
(i.e. 2.7·10–1 Pa), approximately. Then within 1.5 hour, the mercury vapor dif-
fusion pump and the nitrogen traps bring the pressure down to 2·10–7 mm Hg 
(i.e. 2.7·10–5 Pa). Then the mass-spectrometric analyzer is switched on. 

The high-vacuum system and the sensor of the mass-spectrometric 
analyzer must be heated up to the temperature of 900 oC for an hour, while 
the quartz tube must be degassed, if the installation was previously in con-
tact with the atmosphere. 
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Fig. 1.3 The dependence of the area under the calibration curve  
of the mass-spectrometer recorder strip on the initial volume  

of hydrogen in the standardized bottle 

Then the required temperature is set to determine the blank test correc-
tion. To this purpose, the hydrogen resonant frequency of ~1.8 MHz is set 
and the ionic current is measured, while the background ionic current is 
checked by shifting the frequency from the resonant values. 

Hereupon the analysis of hydrogen is carried out. The procedure is as 
follows. The pusher moves the specimen into the degassing quartz tube. 
During the process, the blank test correction value is measured by shifting 
the frequency from the resonant values. 

The extraction is considered complete when the ionic current of hydro-
gen exceeds the initial background level not more than by 0.3V. On com-
pletion of the analysis the specimen, pushed by the pusher, drops into the 
glass receiver, the blank test correction is measured and the next specimen 
is placed into the quartz degassing tube. The total amount of hydrogen 
eliminated from the specimen, cm3(NTP)/100g is 

 
2

100Total n
H

K A
Q

q
 (1.6) 

where q – mass of a specimen, g; A – area under the curve ‘Current–time’ 
from the mass-spectrometer recorder strip, V·sec. 

In the first place, to determine the area we have to draw the line, show-
ing the variation of the background ionic current with time, through cor-
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responding points on the mass-spectrometer recorder strip (Fig. 1.4, 
curve 1). Then above the first line it is necessary to draw the second line 
demonstrating hydrogen background ionic current variation (curve 2), 
which is spaced from the first line at a distance, equal to the value of the 
initial the ionic current, corresponding to partial pressure of hydrogen. 
Finally, using an integrating instrument, we can determine the area be-
tween curves 1 and 3, where curve 3 shows the variation of the ionic cur-
rent, corresponding to the partial pressure of hydrogen, with time. 

For calibration of the system it is necessary to provide the rarefaction 
about 2·10–7 mm Hg (2.7·10–5 Pa) both in the system and the calibration 
system. Thereafter the calibration system shall be disconnected from the 
installation and the hydrogen passing the heated palladium enters the 
standardized bottle. Then the valve -2 is closed. 

 

Fig. 1.4 Kinetics of hydrogen liberation from the specimen in vacuum: 
A – initial background of gases; B – initial background of hydrogen; 1 – variation 
of gases background during the time of the analysis; 2 – total variation of gases 
background and the initial background of hydrogen; 3 – variation of hydrogen 

partial pressure in the system with time 

We seal off the standardized bottle together with the valve from the ca-
libration system and then seal it to the analytical part of the installation. 
The gas pressure in the installation must be preliminary equalized with the 
atmospheric pressure. Thereafter we create high vacuum in the installation 
2·10–7 mm Hg (2,7·10–5 Pa) and switch on the mass-spectrometric analyz-
er to measure the value of blank inleakage and then open the valve -2. 

The calibration is considered to be completed if the value of hydrogen 
ionic current does not exceed the initial hydrogen ionic current more than 
by 0.3V when the valve -2 is full open. 
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The arresting and high voltages as well as the speed of the strip of the 
mass-spectrometric analyzer recorder and the beam voltage scale during 
calibration of the electron beam current should be similar to the respective 
parameters during the specimen analysis. 

The relative error of area determination on the recorder strip makes 
1 %, approximately. 

The error of quantitative determination of hydrogen in the standardized 
volume is 

 
( ) 0.4 0.15

0.03
20 15

PV P V

PV P V
, 

where V – standardized volume value, cm3, P – hydrogen pressure in the 
standardized volume, mm Hg (Pa). 

Hence, the total error of calibration and measurement of area is less 
than 5 %. The relative sensitivity of hydrogen determination makes 
0.02 cm3/100g by 2 -test. 

This technique providing one evaluation per hour is considerably more 
efficient as compared to the method of vacuum heating. Decreasing eval-
uation time is achieved due to the exclusion of the gas mixture passing 
through the palladium filter, the possibility of quantitative accounting for 
the blank test correction and a lower time of vacuum degassing of the in-
stallation before each analysis [31]. 

Besides, the proposed method has higher reliability than the vacuum 
heating method since it makes possible continuous recording of the kinet-
ics of hydrogen release from the specimen thus identifying any anomalous 
effects. 

One of peculiar details of the vacuum heating technique is formation of 
‘surface‘ hydrogen in addition to dissolved hydrogen. The concept of ‘sur-
face‘ hydrogen was first offered by U.A.Klyachko [32–35] who arrived at 
the decision that ‘surface‘ hydrogen was formed due to the reaction of 
aluminium with the moisture, adsorbed on the specimen surface. 

The kinetic curve given in Fig. 1.4 demonstrates several maximums the 
3d the fifth, the 8th – 12th, the 20th – 30th minutes. 

The presence of several maximums on curve is caused by liberation of 
hydrogen dissolved in the specimen and surface hydrogen formed as the 
result of reactions on the specimen surface. 

The pollution of surfaces results in growth of the ‘surface‘ hydrogen 
volume, simultaneously grow the values of corresponding maximums at 
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the third the fifth, the eights and the twelfth minute. It is possible to use 
this phenomenon for estimation of the degree of pollution. 

Too strong difference between maximums corresponding to ‘surface‘ 
hydrogen and the respective values for the standard specimens says in fa-
vor of necessity to repeat the test with specimens having well prepared 
surface. 

The mass-spectrometer analyzer allows to study in the course of vacuum 
(Fig. 1.5) degassing the liberation of various gases along with hydrogen. 

 

Fig. 1.5 Kinetics of hydrogen and moisture release during vacuum annealing  
of aluminium 

1.2 A new technique for hydrogen content 

determination in aluminium alloys,  

containing components characterized by high vapor 

pressure 

All known evaluation methods of hydrogen in alloys containing com-
ponents with a high vapor pressure do not allow a complete extraction of 
hydrogen from specimens, and besides, their efficiency is comparatively 
low. To improve the extraction of hydrogen and to enhance the perfor-
mance of the method the test specimens are coated with a thin film of pure 
aluminium before placing them into the vacuum degassing system. This 
procedure may proceed as follows, for example. 

Aluminium alloy specimens are coated with pure aluminium by hot-
dipping, i.e. by quickly immersing them into molten high purity alumi-
nium. Then the specimens are loaded into the vacuum-degassing appara-
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tus, heated under vacuum and the amount of released hydrogen is meas-
ured with the mass-spectrometric analyzer. 

The pure aluminium layer covering the surface of a specimen impedes 
the fumes of volatile components but lets out hydrogen freely. 

Thereby we propose a method to evaluate the hydrogen concentration 
in alloys, containing components with a high vapor pressure. The method 
consists of heating a specimen in vacuum and measuring the amount of 
hydrogen released from the specimen. The proposed method differs from 
others by coating test specimens with a layer of high-purity aluminium 
[36], thus increasing the efficiency of the analyses and ensuring the com-
pleteness of hydrogen extraction. 

1.3 Comparison between the present results 

and literature 

Fig. 1.6 and Table 1.1 demonstrate the results of our studies. 
We have studied possibilities of increasing the efficiency of the va-

cuum heating technique by reducing the analysis time due to a smaller 
specimen size. 

The ‘surface’ hydrogen was determined on 99.996 % Al specimens. 
The specimens were lathed from hot-pressed 12 mm rods annealed at ap-
proximately 1·10–7 mm Hg (i.e. 1.3·10–5 Pa) during 10 – 15 hours. Owing 
to this almost all the hydrogen dissolved in aluminium was eliminated. 

 

Fig. 1.6 The dependence of ‘surface’ hydrogen QSurfic.  
for aluminium on specimen size (QInt. amount of dissolved hydrogen) 
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Table 1.1 

Experimental results 

Specimen 
No 

‘Surface’ hydrogen, 
cm3/100 g 

Specimen 
No 

‘Internal’ hydrogen, 
cm3/100 g 

1 0.05 1 0.11 

2 0.06 2 0.09 

3 0.04 3 0.09 

4 0.05 4 0.09 

5 0.06 5 0.11 

6 0.07 6 0.11 

7 0.09 7 0.08 

8 0.06 8 0.09 

9 0.04 9 0.10 

10 0.06 10 0.11 

Mean 0.06 Mean 0.10 
Root mean 

square 
0.01 

Root mean 
square 

0.01 

According to equation 1.6, the fraction of ‘surface‘ hydrogen abruptly 
grows and determination of the hydrogen dissolved in aluminium becomes 
more and more difficult for specimens whose diameter is smaller as com-
pared to standard dimensions (diameter 8 mm, and length – 20 mm). At the 
same time the amounts of ‘surface’ and ‘internal‘ hydrogen are comparable 
even for 8 mm specimens within the range of the research. Hence for relia-

ble determination of the amount of hydrogen dissolved in aluminium (
2HQ ) 

one must subtract the amount of surface hydrogen (
2

Surfic.
HQ ) from (

2

Total
HQ ) 

 
2HQ  = 

2

Total
HQ –

2

Surfic.
HQ  (1.7) 

The data in Table 1.1 illustrate the range of experimental estimates of 
the amounts of ‘surface’ and ‘internal’ hydrogen received on standard size 
specimens, as well as their mean values. 

The amount of ‘surface’ hydrogen in the studied series of specimens, 
comprised 10 aluminium specimens, having a purity of 99.996 %, was 
estimated as (0.06 0.01) cm3/100 g. 

The content of hydrogen in the series of ten pure aluminium speci-
mens, lathed from 12 mm rod of not-degassed hot-pressed 99.996 % alu-
minium was (0.1 0.01) cm3/100 g (we subtracted the amount of ‘surface’ 
hydrogen 0.06 cm3/100 g). 
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The instrumental error estimated in p.1.1 is substantially lower than the 
total error of the hydrogen–in aluminium test (< 5 % or 0.005 cm3/100 g 
against 10 % or 0.01 cm3/100 g, respectively), see table 1.1. The latter 
value corresponds with the error of hydrogen amount determination in 
pure degassed aluminium. This implies that fluctuations of the ‘surface’ 
hydrogen amount limit the accuracy of our technique; nevertheless, it can 
be used for quantitative hydrogen–in aluminium testing because of its 
more than sufficient accuracy. 

The accuracy of the proposed technique is approximately two times 
higher than the accuracy of the standard vacuum heating method. Its rela-
tive sensitivity in hydrogen content evaluation by the 2  criterion makes 
0.02 cm3/100 g. 

Table 1.2 gives the results of hydrogen solubility obtained by other authors. 

Table 1.2 

Solubility of hydrogen in aluminium 

Material Temperature, K Solubility L, cm3/100 g Source 
Al 273 

573 
673 
773 
873 

933(solid) 

10–7 
0.001 
0.005 

0.0125 
0.026 
0.036 

2080 1
lg 0.788 lg ,

2
L P

T
(P, atm) 

2080 1
lg 0.652 lg ,

2
L P

T
 

( , mm mercury) 

[37] 

99.994 % Al 673 
773 
873 

933(solid) 

0.0028 
0.011 
0.030 
0.050 

3042 1
lg 0.521 lg ,

2
L P

T
 

( , mm mercury) 

[38] 

99.999 % Al 723 
773 
823 
873 
913 

0.004 
0.007 
0.012 
0.021 
0.033 

[39] 

Al–7 % Mg 773 

2H 700 mm HgP

0.05 [40] 
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Material Temperature, K Solubility L, cm3/100 g Source 
99.999 % Al 873 

2H 700 mm HgP

0.1 [40] 

Al 673  903 
H H

3300
lg % . 0.5lg 3.01C atm P

T
 

[41] 

Al- 000 
Wire  

specimens 

S1 = 5 cm2; 
d = 0,8 mm 
S2 = 20 cm2; 
d = 0,2 mm 

873  
0.143 0.06 

0.174 0.008 
 

[42] 

99.99 % Al 
Wire  

specimens 

d = 0,8 mm 
m = 0,25 g 

878 
783 
683 

0.026 
0.015 
0.007 

1700
lg 0.36L

T
 

[43] 

99.99 % Al 
Cylindric 
specimens 
d = 4 mm 
 = 20 mm 

m = 0,5  0,6 g 

823 0,026 
 

[44] 

Solid alloy 
Al+7% Mg 
Cylindric 
specimens 
d = 4 mm 

 = 20 mm 

723 L = 0.14  0.04 [44] 

Solid alloy 
Al–Mg 

0.48 % Mg 
5.25 % Mg 
5.25 % Mg 

 
773 
773 
698 

 
0.04 0.01 
0.06 0.01 
0.05 0.01 

[45] 

99.99 % Al 
Cylindric 
specimens 
d = 4 , 

20  
Preliminary 
boiling in 

distilled water 
at 373K 

823  
Mspesimen, g 0.250 0.420 0.479 0.800 1.478

L 0.062 0.061 0.063 0.062 0.057

 

[46] 

Al A99 773 923 1900 1
lg 0.78 lg

2
L P

T
 

[47] 
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It is obvious that the amount of hydrogen dissolved in aluminium dif-
fers significantly in various works. This fact makes our high precision and 
efficient technique greatly useful both for technological and academic re-
search, requiring reliable knowledge of the amount of hydrogen dissolved 
in a given alloy and/or semi-finished products of aluminium and its alloys 
with their technological prehistory. 
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CHAPTER 2. HYDROGEN DIFFUSION  

IN SOLID ALUMINIUM 

The quantitative description of the formation of gas porosity requires 
knowledge of kinetic parameters of the interaction between hydrogen and 
the metal. 

The method described in Ch.1 was used to determine hydrogen diffusion 
coefficients in the “aluminium-aluminium oxide” system, as well as to 
study the kinetics of hydrogen release from aluminium during annealing. 

2.1 A new technique for determination of hydrogen 

diffusion coefficient and activation energy 

Numerous literature sources contain contradictory data concerning the 
values of activation energy and pre-exponential factor of hydrogen diffu-
sion in aluminium. 

In our opinion, the insufficient sensitivity of analytical methods is the 
main reason of these contradictions, besides these methods measure only 
the total pressure of gas mixtures but do not provide a continuous mea-
surement of hydrogen release kinetics and a direct measurement of hydro-
gen partial pressure. 

The mass-spectrometric analyzer allows eliminating these disadvan-
tages to a considerable extent. We determined the coefficients of hydro-
gen diffusion in aluminium from kinetic curves of hydrogen release in the 
course of vacuum heating. 

There are several methods to determine hydrogen diffusion coefficients 
in metals such as processing hydrogen distribution curves along the sam-
ple cross-section [48], measuring the resistance of the metal wire saturated 
with hydrogen [49], evaluating the displacement of the blackened zone of 
the photographic plate placed on the wire surface [50]. 

However, the determination of hydrogen diffusion coefficients from 
kinetic curves of hydrogen release from specimens seems to be the most 
propagated method [40, 51 53, 55]. 

According to this method, a test specimen is subjected to vacuum heat-
ing with further continuous recording of pressure variations in the system 
with time. Thereby, it is possible to determine the fraction of the gas re-
mained in the specimen at any time. 

The phenomenological diffusion theory, using Fick’s laws presents the 
dependence of the gas amount remained in the specimen as a time function. 
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Fick’s second law for cylindrical bodies says 

 
1

.
2

D C C C
r r

t r r r z z
 (2.1) 

Corresponding initial and boundary conditions for vacuum degassing 
of specimens having radius  and height l with initial concentration of 
hydrogen C0 are the following 

| |
2 2

0
z z

C | 0r RC | 0 0 .tC C  

On the assumption that 
– the gas is uniformly distributed in the solution 
– the extraction rate is limited by the diffusion within the specimen 

rather than by the surface reactions; 
– the diffusion coefficient does not depend on concentration. 
Equation (2.1) takes the following form 

22

2 2 2 2 2
1 10

2 11 8 1
1 4 exp exp ,

2 1

t n

n

D n tQ D t

Q r n
(2.2) 

where – Qt is the amount of the gas released from the specimen within time t, 
cm3 (NTP)/cm3; Q0  the initial content of gas, cm3 (NTP)/cm3;  
 and r – length and radius of the specimen, respectively, cm;  

D – diffusion coefficient, cm2/sec; n is the n-th root of the Bessel 
function of the first kind order zero. 

For low values of time t and for all time values when the ratio /r is not 
too small the series in the right part of equation (2.2) can be replaced with 
its first summand 

 
22
1

2 2 2 2
0 1

32
1 exp ,tQ

Dt
Q r

 (2.3) 

where 1 = 2.405. 

Giving experimental data as the dependence of 
0

lg 1 tQ

Q
 on time the 

coefficient of hydrogen diffusion may be defined by slope ratio (tg ) of 
the linear part of the curve, 



30 

 
22
1

2 2
0

1
2,3tg .D

r

 (2.4) 

In particular, authors [40, 52] used this method to determine hydrogen 
diffusion coefficients in aluminium 

For precise determination of diffusion coefficients the gas must be in 
solid solution, i.e. the specimen must not contain pores and hydrides. 
Aluminium hydride –AlH forms only under special conditions (in sparks 
or an electric arc) [56, 57]. 

Therefore it is necessary to prevent any evolution of metal porosity 
during the extraction. To this effect, pore-free aluminium specimens with 
a low gas content were prepared. 

First, 90-mm cylindrical bars 250 mm long were lathed from from a 
100 mm round ingot of 99.996 % Al, continuously cast at the speed of 
20 cm/min, and then pressed at 600 ºC to obtain 12 mm rods. The metal-
lographic analysis as well as the X-ray microradiography did not show 
any discontinuity flaws in the metal. The content of gases in the rod was 
0.10 cm3/100 g. Then 8 mm round specimens, 20 mm high, were lathed 
from these rods as described in [58]. 

2.2 Comparison between the present results  

and literature 

Table 2.1 and Fig. 2.1 give the results of the determination of hydrogen 
diffusion coefficients in aluminium within the temperature range  
of 500–640 oC. Later, using the same technique we determined the value 
of the diffusion coefficient at 400 oC that made around 8.3·10–6 cm2/sec. 

Table 2.1 

Coefficients of hydrogen diffusion in aluminium in the range of 500  600 
o
C 

Temperature, C Coefficient of diffusion, D·105 cm2/sec 

500 3.15 

550 6.30 

600 10.50 

640 14.80 
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The temperature dependence of the hydrogen diffusion coefficient in 
aluminium D4, cm2/sec, obtained by four points (see table 2.1) is as follows: 

4

64780 2675
0.776 expD

RT
 (2.5a) 

where R  8,314 (J/mol·K) 

 

Fig. 2.1 The temperature dependence  
of hydrogen diffusion coefficient in aluminum 

For the straight line y = ax + b (Fig. 2.1), calculated by the least square 
method, the correlation coefficient k4 = 0.9983, variances da = 0.13970 
and db = 0.16620. 

The calculation carried out trough five points, i.e. accounting for the 
point corresponded to the hydrogen diffusion coefficient at 400 oC  
(D, cm2/sec) gave  

5

62002 1393
0.525 expD

RT
 (2.5b) 

In this case for the calculated straight line ks = 0.9992 and variances 
da = 0.07277 and db = 0.09129. 

Expressions (2.5a) and (2.5b) are very much alike, but parameters k 

and d make expression (2.5b) preferable. 
The comparison of theoretical [59] and experimental [60] results for 

the hydrogen diffusion coefficient at 300 K (D = 1.4·10–11 cm2/sec and 
D = 1.1·10–11 cm2/sec, respectively) leads to the same conclusion. The 
extrapolation of equations 2.5a and 2.5b to this temperature gives 
D = 0.41·10–11 cm2/sec and D = 0.84·10–11 cm2/sec, respectively.  
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At the same time, the facts above prove the truthfulness of the tem-
perature dependence of the coefficient of hydrogen diffusion in alumi-
nium (2.5b) within a wide range of temperatures (300  913 K). 

We studied hydrogen release from 5 mm aluminium specimens, 
15 mm high, to estimate the possibility of the influence of surface reac-
tions as well as the influence of the oxide film itself. 

The values of the hydrogen diffusion coefficient in aluminium in the 
temperature range of 500  640 oC happened to be identical both for the 
5 mm specimens, 15 mm high, and the 8 mm specimens, 20 mm high. 
In our method this fact speaks in favor of the limiting role of hydrogen 
diffusion in aluminium in the process of hydrogen release from the metal 
rather than that of surface reactions or the oxide film effect. 

Table 2.2 and Fig. 2.2 give other authors’ data. Our data are close to 
the results from [61 63] but they differ significantly from those by the 
others. It is possible to explain some of these discrepancies. 

Table 2.2 

Data of hydrogen diffusion in aluminium 

Material Method D0, cm2/sec E, kJ/mol Source 

99.999 % Al Desorption 
633 – 875  

0.11 41 [38] 

99.999 % Al Desorption 
673 – 773  

Cylindrical specimens 
d = 100 mm; 

 = 40 mm 

1.5·105 140 [51] 

1-7 % Mg Calculation by vacuum-
degassing curves 

613 – 772  

340 102.8 [40] 

Al Calculation  
by degassing curves 

Cylindrical specimens 
d = 16 – 20 mm; 

 = 150 mm 

0.21 45.6 [52] 

Al Desorption 
843 – 903  

2·10–2 50.28 [64] 

99.8 % Al Desorption 
723 – 863  

2.5·10–2 90 6 [65] 

99.999 % Al Desorption 
723 – 863  

1.9·10–1 40 4 [66] 
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Material Method D0, cm2/sec E, kJ/mol Source

99.999 % Al 
water treated 

Desorption 
723 – 863  

1.27·10–3 71 9 [66] 

99.995 % Al Desorption 
723 – 898  

1.01·10–1 47.7 [67] 

Al 573 – 923  4.6·10–3 37.03 [68] 
99.9999 % 1 Quadruple mass analyzer 

573 – 673  
2.6·10–1 58.6 [61] 

l Electrolytic 
283 – 681  

9.2·10–4 55.25 [62] 

99.999 % Al Penetrating glow-discharge
446 – 681  

(6.1±0.5) ·10–5 54.8 [69] 

99.99 % Al Gross specimen averaged 
data from various methods

673 – 933  

2.1·10–1 45.4 [70] 

99.99 % Al Desorption 
293 – 893  

6.0·10–3 83.6 [71] 

99.99 % 1 
Cylindrical specimens:

d = 4 mm; 
 = 20 mm; 

m = 0.5 – 0.6 g 

Mass-spectrometry 
673 – 878  

10–2 40.96±2 [44] 

99.5 % Al Membrane 
Thickness – 0.5 10–3 m; 

d = 3.5 10–2 

Hydrogen concentration 
impulse 

573 – 698  

4±2 50±4 [72] 

99.999 % Al Desorption 
303 – 873  

(1.75 0.15) ·10–4 16.2±0.15 [73] 

Al A99 
Cylindrical specimens:
d = 1.2 cm;  = 0.29 cm

Mass-spectrometry 
773 – 873  

0.12 60.6 [63] 

E.g., the initial content of hydrogen in the aluminium specimens studied 
was around 0.1 cm3/100 g while in work [51] it was approximately 
0.2 cm3/100 g. Therefore, this may evidence in favor of a considerably low-
er metal unsoundness developed in our aluminium specimens than in the 
specimens used in [51]. 

Hence, it is possible to suppose that the formation of a greater porosity, 
in absolute value, in specimens during the analysis in [51] led to changes 
of the nature of hydrogen diffusion in aluminium. The process of hydro-
gen transfer from pores into the metal could contribute significantly into 
the gas release kinetics. Herewith the kinetics of the whole process of hy-
drogen liberation from aluminium changed too. Therefore, we might sup-
pose that the authors of [51] had studied not the diffusion of hydrogen in 
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aluminium, but the overall process of hydrogen transfer from pores into 
the metal as well as hydrogen diffusion in the metal. 

The discrepancies in the hydrogen diffusion coefficients and the acti-
vation energy values might be caused by differences of the materials used, 
as well as by not accounting for ‘surface’ and captured-by-traps hydrogen. 

 

Fig. 2.2 Comparison of author’s data with data from other sources: 
1 – Results of this work; 2 – [38]; 3 – [51]; 4 – [52]; 5 – [64]; 6 – [66];  
7 – [67]; 8 – [68]; 9 – [61]; 10 – [62]; 11 – [69]; 12 – [70]; 13 – [44];  

14 – [72]; 15 – [73]; 16 – [63] 
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CHAPTER 3. HYDROGEN DIFFUSION  

IN THE ALUMINIUM-ALUMINIUM OXIDE 

SYSTEM 

3.1 Hydrogen diffusion through  

an oxide film on aluminium surface 

The information concerning the dependence of hydrogen permeability 
on annealing time suggests that the reconstruction of the metal-oxide 
boundary resulting in the formation of crystallhine Al2O3 particles [74] 
changes the limiting stage of the process. 

The effective cross-section for hydrogen diffusion through the metal 
dwindles with a growing fraction of Al2O3 particles at the metal-oxide 
boundary. This explains the reduction of the hydrogen flow through alu-
minium during high-temperature annealing. 

The mechanism of the process of hydrogen transfer through aluminium 
changes when the most part of the ‘aluminium–aluminium oxide’ inter-
face gets covered with crystalline Al2O3 particles. Hereafter, the rate of 
hydrogen adsorption on the metal-oxide interface starts to determine the 
rate of hydrogen penetration through the metal. 

This explains the zero order of the reaction at high pressures, as well as 
the growth of the activation energy of aluminium permeability to hydro-
gen after a long-term high-temperature annealing. These changes might 
not affect the mode of the dependence of aluminium permeability to hy-
drogen on hydrogen pressure, if the changes would occur in the oxide film 
but not at the metal-oxide interface. 

3.2 Hydrogen diffusion in aluminium specimens  

in the presence of aluminium oxide particles 

Many authors [32 35, 43, 75 80] say about the prominent role of alu-
minium oxide particles, contained in aluminium, in the development of 
gas flaws in the metal. 

They suppose that the presence of oxide particles causes gas defects in 
the metal. The main role in these hypotheses is allotted to the surface of 
oxide particles where these defects develop easier. 

At the same time, the kinetics of gas porosity depends on the rate of 
hydrogen redistribution within the metal structure in the course of heat 
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treatment. Therefore, the influence of aluminium oxide on hydrogen dif-
fusion in aluminium also requires a thorough study. Unfortunately, there 
is no literature data concerning the influence of aluminium oxide on hy-
drogen diffusion in aluminium. The problem is complicated by difficulties 
both in getting aluminium with a given amount of aluminium oxide and in 
accurate evaluation of hydrogen diffusion coefficients. 

Within our framework, aluminium specimens with various contents of 
aluminium oxide were prepared by adding powdered aluminium oxide 
(up to 0.7 %) into a 99.996 % aluminium melt with simultaneous ultrason-
ic stirring [81]. The melt was treated in a crucible of a 1 kg capacity. 

Metallographic examinations showed that the aluminium oxide was 
uniformly dispersed in the metal structure (Fig. 3.1 3.3). The size of alu-
minium oxide particles was around 5 m. The content of aluminium oxide 
in the alloy was determined using the bromine-methanol technique [43]. 

Upon adding aluminium oxide the aluminium alloy was crystalized in 
the crucible. 

8 mm-round bars, 20 mm high, were lathed from the ingot obtained. 
For vacuum degassing of the specimens, the installation described in 
Chapter1 was used. 

The efficient diffusion coefficient of hydrogen was calculated from the 
kinetic curves of hydrogen release. 

 

Fig. 3.1 Microstructure of aluminium-aluminium oxide  
composition at 0.05 % of aluminium 

(The photograph was made in polarized light) 
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Fig. 3.2 Microstructure of aluminium-aluminium oxide  
composition at 0.44 % of aluminium oxide 

 

Fig. 3.3 Microstructure of aluminium-aluminium oxide  
composition at 0.076 % of aluminium oxide 

Fig. 3.4 presents the results for hydrogen diffusion in the aluminium-
aluminium oxide system in the temperature range of 500 – 600 oC. 

The values of the hydrogen diffusion coefficient in pure aluminium 
had been obtained earlier as described in Chapter 2. To enhance the relia-
bility of the method we determined the coefficients of hydrogen diffusion 
in pure aluminium pre-treated with ultrasound. 

The efficient coefficient of hydrogen in the aluminium alloy pronoun-
cedly decreases with the addition of about 0.05 % of aluminium oxide 
within the total temperature rage under study (Fig. 3.4). The further addi-
tion of aluminium oxide leads to slower decreasing of efficient coeffi-
cients of hydrogen diffusion in aluminium alloys. 
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For example, the addition of 0.05 % of aluminium oxide into the alu-
minium melt at 540 oC results in reduction of the efficient coefficient of 
hydrogen diffusion in the alloy from 5.9·10–5 down to 4·10–5 cm2/sec. 

Increasing temperature makes the drop of the curve of the efficient coef-
ficient of hydrogen diffusion variation with introduction of the aluminium 
oxide (Fig. 3.5) less expressed. 

It is possible that either the Al oxide is impenetrable for hydrogen or 
the coefficient of hydrogen diffusion in aluminium oxide is significantly 
lower than in aluminium. 

The authors [82, 83] present the data concerning a drastic fall of the ef-
ficient diffusion coefficient with moderate additions of the ‘slow’ phase, 
i.e. the phase having the coefficient of the third component diffusion lower 
than in the matrix. 

 
  

Fig. 3.4 The dependence  
of the efficient coefficient  

of hydrogen diffusion in aluminium –
aluminium oxide system on oxide 

aluminium percentage  
and temperature 

Fig. 3.5 The dependence  
of the ratio of the coefficients  

of hydrogen diffusion in the ‘aluminium –
aluminium oxide’ system  

and in pure aluminium on oxide 
 aluminium percentage and temperature 

However, the phenomenological theory of diffusion is not able to ex-
plain our experimental results. If we assume that aluminium oxide par-
ticles are impenetrable for hydrogen and hence reduce the effective cross-
section for diffusion, the efficient coefficient of hydrogen diffusion in the 
alloy should dwindle almost linearly with growing oxide content. 
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Our additions of Al2O3 should have reduced the efficient diffusion 
coefficient by only few percent, but not by 20 – 60 % as observed in the 
experiment (Fig. 3.5). Moreover, it is impossible to explain the drastic 
drop of the effective hydrogen diffusion coefficient at adding very small 
amounts of the “slow phase” (below 0.1 % Al2O3, Fig. 3.4). 

To understand this phenomenon we can suppose the following. 
The time of propagation of the ‘cloud’ of atoms diffusing beyond the 

volume of the metal, selected so that each volume contains one particle of 
aluminium oxide, determines the effective rate of hydrogen travel within 
the metal. If the coefficient of hydrogen diffusion in the oxide phase is 
significantly lower than that in the aluminium matrix then the residence 
time for diffusing atoms within the matrix and in an oxide particle could 
be comparable even at a rather low ratio of oxide- to- metal volumes. 

Therefore, the addition of small amounts of the ‘slow’ phase should 
noticeably affect the efficient coefficient of diffusion of the alloy. 

The plain reduction of the efficient coefficient of hydrogen diffusion in 
the alloy and the subsequent growth of the ‘slow’ phase right after the 
dramatic drop, could be explained by the diffusion of hydrogen in the 
slower phase, starting from a definite concentration of aluminium oxide. 

It seems likely that the activation energy of hydrogen diffusion being 
higher in the aluminium oxide as compared to the activation energy of 
hydrogen diffusion in aluminium causes a less expressed reduction of the 
efficient diffusion coefficient with temperature [84]. 

The possibility of the effect of the specific structural features of the 
specimens obtained by the melt crystallization in the ultrasonic field calls 
for special attention. 

It is known that over than the threshold values of the power of ultra-
sonic vibrations lead to a smaller grain size in the alloy. It has been shown 
also that even very small additions of insoluble fine inclusions can cause a 
manifold increase of the ultrasonic effect. The impact of grain refinement 
rises with growing ultrasonic power and/or increasing volume fraction of 
inclusions. 

Both the Al refined grain structure formed through ultrasonic 
processing and the Al2O3 particles located on its elements (e.g. grains, 
subgrains) create a system of ‘traps’ and, therefore, must affect the effec-
tive hydrogen diffusion coefficient by reducing it. 

Following this reasoning the concentration dependence of the effective 
hydrogen diffusion coefficient on the Al2O3 content (Fig. 3.4) is caused by 
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the effective refinement already by small additions of Al2O3 (up to ~0.05 
mass %) whereas an additional grain refinement with the further increase 
in the specific density of Al2O3 particles will have a much lower influence 
on the diffusion of the hydrogen present in the alloy. 

It can be expected that increasing Al2O3 content in the alloy from 
0.1 % to 0.76 % must produce the observed lower decrease of the diffu-
sion coefficient also due to the impact of such factors as the already men-
tioned ‘classical’ reduction of the effective diffusion cross-section with 
growing amounts of Al2O3 both on the grain boundaries and inside grains 
(e.g. as suggested in [84]) owing to the influence of intragranular particles 
on the substructure formed during cooling of the crystallized ingot part 
under ultrasonic processing and the like. 

Irrespective of the treatment of the experimental results we may con-
clude that the aluminium oxide present in aluminium ambiguously affects 
the process of gas porosity in aluminum alloys. The surface of oxide par-
ticles may serve as a gas flaw nucleus and, hence, favour the formation of 
gas cavities. On the other hand, the introduction of oxide particles into mol-
ten aluminium decreases the rate of hydrogen transfer in the metal, thus 
slowing down the growth of metal flaws caused by gases in the metal. 

Further studies would be required to provide qualitative estimation of 
the contribution of each of the indicated factors to the formation of metal 
flaws induced by gases. 
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CHAPTER 4. HYDROGEN PERMEABILITY  

OF ALUMINIUM 

Hydrogen permeability is one of the most important characteristics of 
hydrogen and metal. 

The relationship between hydrogen permeability, solubility and diffu-
sion of hydrogen is as follows: 

  = DKs (4.1) 

where  – permeability constant (the coefficient of proportionality between 
gas flow Q and external pressure of this gas P), D and Ks – coeffi-
cients of diffusion and gas solubility in the metal, respectively (see In-
troduction). 

This expression often serves as a basis for calculation of hydrogen dif-
fusion coefficients at definite values of hydrogen solubility in the metal. 

Exact values of hydrogen permeability may be useful for qualitative 
description of processes of hydrogen penetration through the metal, hy-
drogen release from pores, hydrogen penetration through oxide films, 
what may be consistently valuable for practical purposes. 

Smithels and Ransley [85] first carried out the systematic study of the 
hydrogen permeability of aluminium in 1935. They studied hydrogen 
permeability in the temperature range of 500 – 600 oC under pressure  
32 – 290 mm Hg (i.e. 4.3·103 – 3.9 104 Pa). 

Nevertheless up today the determination of reliable values of the hy-
drogen permeability of aluminium as well as the estimation of factors af-
fecting the results of corresponding studies remained quite a difficult 
problem. 

The matter is that during experiments at high temperatures there may 
occur transformations of the metal structure (e.g.the recrystallization of 
metal), as well as formation, growth and structural transformation of oxide 
films on the surface of specimens, resulting in the reduction of hydrogen 
flow through the specimen, thus invalidating the test. 

To minimize the role of these factors we have to determine hydrogen 
permeability at lower temperatures. 

However, the values of hydrogen permeability rapidly drop with de-
creasing temperature, making its measurement rather difficult according 
to procedures given in [85 87]. 
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Therefore, for studies of the hydrogen permeability of aluminium and 
reliable data acquisition we had to develop a new technique using high-
sensitive instrumentation providing the measurements at 200 – 350 oC. 

4.1 The technique of hydrogen permeability 

investigation at temperatures below 350 
o
C 

We have developed a method which helps to study hydrogen permea-
bility of aluminium at temperatures below 350 oC. 

The proposed method differs from the methods described in [85 – 87] by 
the use of a mass-spectrometric analyzer as well as by the use of a specially 
prepared specimen and a method of its connection to the vacuum system. 

Fig. 4.1 gives the layout of the installation. 

 

Fig. 4.1 Installation layout: 
1  sensor PMO-4  of mass-spectrometric analyzer -1; 2  mercury 

vapor diffusion pump -10; 3  resistance furnace; 4 – aluminium 
specimen; 5 – permanent magnet; 6 – fore pump -461-v; 7  palladium 

filter; 8 and 9 – glass bottles; 10  U-type mercury pressure gauge;  
11 and 12  pressure gauge sensors 2 and 2; 13 – standard glass 

bottle; 14  17  glass traps with liquid nitrogen; 18  21  vacuume valves 
-8; 22 – valve -2 for fine flow adjustment; K1  K3 – vacuum glass 

valves 

The idea of the proposed method is as follows. Tubular aluminium 
specimen (4), closed from one end, is sealed to the system hermetically. 



43 

The system provides a high vacuum at both sides of the specimen. Then 
the specimen is heated up to a specified temperature while hydrogen sup-
plied from the outside and then diffusing through the walls of the tube is 
continuously pumped. Mass-spectrometric analyzer sensor -1 (1) 
measures the partial pressure of hydrogen at the high-vacuum side. 

The hydrogen flow passing through the specimen (at the constant rate of 
pumping) is proportional to the partial pressure of hydrogen. The hydrogen 
permeability is calculated from the stabilized value of the hydrogen flow. Mer-
cury vapor diffusion pump -10 (2) characterized by a steady rate of pump-
ing within a wide range of pressures provides rarefaction about 1·10–7 mm Hg 
(i.e. 1.3·10–5 Pa). The palladium filter (7) cleans hydrogen passing through.  
U-type pressure gage (10) measures pressure at the inlet side. Glass trap (16) 
entraps mercury vapor. The background pressure of hydrogen in the system 
determines the accuracy of the method as well as its sensitivity. The back-
ground concentration of hydrogen particularly depends on the degree of sealing 
between the specimen to the vacuum system. 

The authors of [85 87] say that during the heating of the specimen the 
joint of the specimen with the system was prone to overheating which re-
sulted in vacuum deterioration. 

In our experiments, we used intricately-shaped cylindrical specimens 
closed from one end (Fig. 4.2). The thin walled cylindrical part of the spe-
cimen, 100 mm long, having outer diameter of 10 mm and wall thickness 
of 0.5 mm, serves to determine hydrogen permeability of aluminium. The 
flow of hydrogen passing through the operational part of the cylinder with 
walls 0.5 mm thick, is much higher than that through the bottom of the 
10 mm cylinder, 10 mm high, and the base of the cylinder having diame-
ter 60 mm and height 140 mm. 

The resistance furnace is mounted on the surface A A at some distance 
from the seal joint between the specimen and the system (surface B B and 
C C), see Fig. 4.2. 

The flanged ring seal provides airtight connection of this specimen to 
the system (Fig. 4.3). 

Two flanges with stainless steel ring teeth (6), see Fig. 4.2, connected with 
bolts, were drawn together so that the teeth got indented into the surface B B 
and C C of the specimen, thus providing a good gas tightness of the joint. 

However, flanges with wedged ring teeth did not allow the required 
gas tightness of the joint to be reached. The wedged teeth cut aluminium 
but do not provide the specified gas tightness. 
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In our work we used flanges with 
teeth having an internal groove de-
signed by A.V.Balitzky, N.B.Bublik, 
L.A.Filatovsky, A.S.Shuvalov (see 
Fig. 4.3). In so doing, additional 
stress concentration was artificially 
formed in the aluminium, which 
gave the required tightness of the 
coupling. 

To ensure a regular temperature 
redistribution in the specimen and 
reduce the temperature near the 
coupling of the specimen with the 
system we placed the resistance fur-
nace inside the vacuum system at the 
hydrogen input side. 

The resistance furnace with a va-
riable number of coils kept the tem-
perature drop along the specimen 

length within 5 oC. 

Fig. 4.3 Layout of specimen 
mounting in the apparatus  
for determination of hydrogen 
permeability: 
1  Aluminium specimen;  
2 – resistance furnace;  
3 – metal-ceramic inlets;  
4 – electric cable entries;  
5  quartz shell;  
6 and 7 – metallic flanges 

Fig. 4.2 The specimen for the installation 
for determination of the hydrogen  

permeability of aluminium 
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Two chromel-alumel thermocouples ensured the temperature control. 
The input leads for electric supply of the resistance furnace and thermo-
couple wires entered the vacuum system through gas sealed metal-ceramic 
inlets (3). Besides, the thermocouples entered the vacuum system through 
rods weld into the metal – ceramic inlets. The calibration procedure was 
as follows. 

Hydrogen was supplied into standardized bottle (13) soldered to the 
system from the hydrogen inlet side (see Fig. 4.1) Then the standard bottle 
and fine adjustment valve -2 (22) were soldered off from the system 
and soldered to the system from the high-vacuum side. 

On obtaining the high vacuum, the valve -2 got opened so that the 
pressure in the system did not exceed 1·10–5 mm Hg (1.3·10–3 Pa) and 
passed the hydrogen from the standardized bottle into the system. 

Kn was calculated similarly to the case of determination of hydrogen 
percentage in aluminium (see chapter 1). The sensor of mass-
spectrometric analyzer BGLJ-1 was connected to the system in parallel. 

The flow of hydrogen through the specimen dQ, cm3 (NTP) t each 
moment of time makes 

 dQ = K1SJdt, (4.2) 

where K1  sensitivity to hydrogen of the mass-spectrometric analyzer, 
1/V, S – rate of hydrogen pumping in the cross-section of the sensor 
of the mass-spectrometric analyzer, cm3/sec.; J – signal value, V 

At the steady values of the flow of hydrogen passing through the spe-
cimen the flow rate (i.e. the hydrogen permeability of the total specimen) 
will be as follows 

 1 st st st

d

d
n

Q
K SJ K J Q

t
 (4.3a) 

Then excluding the direct influence of specimen geometry on quantita-
tive results for case specific parameters (temperature and hydrogen pres-

sure), we obtain the specific hydrogen permeability 
3

2

cm (NTP) cm
,

cm sec
 

 st
st

nK J
Q

A A
 (4.3b) 

where   specimen wall thickness, cm; A – specimen surface area, cm2. 
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4.2 Comparison between the present results  

and literature 

We studied the hydrogen permeability of aluminium within the tem-
perature range of 200 – 300 oC at hydrogen pressure 1 – 200 mm Hg 
(133.2 – 2.7·104 Pa). 

The control experiments showed that the steady flow of hydrogen 
through aluminium specimens did not change during the ten-hour ex-
periment within the specified range of hydrogen pressures and temper-
atures; it means that one of the main goals of our method was 
achieved. 

Fig. 4.4 presents the dependence of the hydrogen permeability of alu-
minium specimens on the pressure of hydrogen at 290 oC, approximately. 
There is a linear relationship between hydrogen permeability and square 
root of hydrogen pressure. This fact perfectly corresponds with literature 

data concerning the hydrogen permeability of metals [1 4]. 

 

Fig. 4.4 The dependence of the hydrogen permeability  
of aluminium on hydrogen pressure at temperature of ~290 oC 
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We determined the reproducibility of the proposed technique in the se-
ries of hydrogen permeability tests, carried out on eight specimens of 
99.996 % aluminium at about 230 oC and hydrogen pressure 57 mm Hg 
(7.6·103 Pa). 

The value of hydrogen permeability 
3

2 1/2

cm (NTP) cm
,
cm sec (mm Hg)

 

 
P

 (4.4) 

where P  the partial pressure of hydrogen from the side of hydrogen inlet. 

The obtained value of  = 1.3·10–10  8.0·10–12 

3

2 1/2

cm (NTP) cm

cm sec (mm Hg) at 

maximum deviations from the average value  0.1·10–10 says in favor of 
high reproducibility of the obtained results. 

In this way our technique of decreasing the test temperature from ap-
proximately 500 oC down to 200 – 350 oC makes it possible to remove 
surface defects and obtain the information concerning the hydrogen per-
meability of aluminium. 

Fig. 4.5 presents the temperature dependence of hydrogen permeability 
of aluminium at hydrogen pressure about 30 mm Hg (4·103 Pa). 

We had found out that it is possible to express the dependence of hy-
drogen permeability of aluminium on temperature like follows. 

 
91100

0.35exp
RT

, (4.5) 

i.e. the activation energy of the hydrogen permeability process is about 
91.1 kJ/mol. This value perfectly corresponds with the data of Eichenauer 
[38, 52] but does not correspond with the data presented by Ranslay in 
[51] related to separate determination of hydrogen diffusion coefficients 
in aluminium. 

A few words about more recent data presented in [88], where the ome-
gatron sensor PMO-4c was used as the analyzer. The experiments were 
carried out in the temperature range of 723 – 863K at hydrogen pressure 
of 16 – 650 mm Hg (2·103 – 8.7·104 Pa). 

The experimental data (isotherms for 450, 500, 550 and 590 K) given 
in Fig. 4.6 [88] correspond to the activation energy of the hydrogen per-
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meability process, i.e. ~110 kJ/mol for the diapason of hydrogen pressure 
~100 – 650 mm Hg (~1.3·104 – 8.7·104 Pa), where a near-linear depen-

dence of  on P was observed. 

 

Fig. 4.5 Temperature dependence of the hydrogen permeability  
of aluminium 

The authors gave the equation of temperature dependence of hydrogen 
permeability corresponding to a bit lower activation energy, 
~104.6 kJ/mol (we use here the units of measurement accepted in this 
book) 

104600
3,58exp

RT
(4.7) 

The activation energy value obtained is considerably higher than that 
resulted from our experiments. 

Fig. 4.6 gives the comparison of data obtained by several authors. 
As for the given temperature range, hydrogen impermeability is con-

nected to the square root of hydrogen pressure, while the hydrogen flow is 
constant during the experimental process, it can be stated that we have got 
reliable values of hydrogen impermeability in aluminium [89]. 
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Fig. 4.6 The comparison of data concerning hydrogen permeability  
of aluminium (1) with other authors’ data (2, 3 and 4) ((2) – [38];  

(3) – [51], [37]; (4) – [88])) 

The values of activation energy of hydrogen solubility in aluminium 
given in literature are very close. 

It seems likely that the value of the activation energy of hydrogen so-
lubility in aluminium ~32.6 kJ/mol given in [90] is the most accurate since 
the mass-spectrometric analyzer was used there. 

Assuming that the activation energy of hydrogen permeability of alu-
minium makes 91.1 kJ/mol, and the activation energy of hydrogen solubil-
ity in aluminium 32.6 kJ/mol [90] we calculated the activation energy of 
hydrogen diffusion in aluminium that happened to be equal to 
58.5 kJ/mol. 

This value perfectly corresponds with the experimentally determined 
value of the activation energy of hydrogen diffusion in aluminium 
(62 kJ/mol) given in Chapter 2. Therefore we can state that the value of 
the activation energy of hydrogen in aluminium given by Ransley et al. 
in [51], i.e. from ~140 to ~180 kJ/mol is too high. 
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4.3 The effect of preliminary annealing  

on experimental results of hydrogen permeability  

of aluminium 

To clarify the reasons of the hydrogen flow decrease observed in a 
number of studies of hydrogen permeability of aluminium at enhanced 
temperatures we pre-annealed aluminium specimens in vacuum at 500 oC 
and then reduced the temperature below 350 oC and measured its hydro-
gen permeability. 

The data presented in Fig. 4.7 demonstrate the hydrogen permeability 
of pre-annealed aluminium specimens at temperatures 200 – 350 oC. The 
specimens were pre-annealed at 500 oC. 

 

Fig. 4.7 The influence of pre-annealing of aluminium specimens at 500oC 
on results of determination of hydrogen permeability dependence 

on temperature (hydrogen pressure ~30 mm Hg (~4·104 Pa)).  
The annealing time: 1 – 0 hours; 2 – 12 hours; 3 – 24 hours; 4 – 30 hours 

The data given in Fig. 4.7 say that pre-annealing during 12 hours, in 
fact, does not influence the straight line slopes lg  – 103/T, i.e. the ob-
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tained value of the activation energy (~91 kJ/mol). On the other hand, this 
annealing obviously complicates the process of hydrogen passing through 
the specimen, because of reducing of lg  by practically similar value at 

each of the temperatures within the specified range (see the comparison of 
straight lines 1 and 2). Increasing annealing time up to 24 – 30 hours leads 
to a significant growth of the slope of straight lines (3 and 4, respectively), 
i.e. to an obvious growth of the activation energy calculated from these 
straight lines. Therefore, the obtained results obviously do not correspond 
to the hydrogen permeability of aluminium itself. 

Fig. 4.8 demonstrates the dependence of hydrogen permeability on hy-
drogen pressure at approximately 290 oC for specimens pre-annealed at 
high temperatures. We can see that the nature of hydrogen permeability 
isotherms changes after annealing at 500 oC. In particular, the linear rela-
tion between hydrogen permeability and the square root of hydrogen pres-
sure is broken here. Hereby the transition from unannealed specimens (1) 
to specimens passed a 12-h annealing at 500 oC (2) results in a change of 
straight lines slope from approximately 0.5 (i.e. from the proportionality 
of hydrogen permeability to the square root of hydrogen pressure) to ap-
proximately 0.3. It is possible that right after the 12-h annealing, the hy-
drogene mass-transfer is controlled not only by hydrogen diffusion 
through aluminium but by surface oxide films as well. 

Further increasing of the pre-annealing duration makes the dependence 
of hydrogen permeability on hydrogen pressure less and less expressed for 
the specimens under study. Finally after a longtime annealing, the depen-
dence of their hydrogen permeability on hydrogen pressure stops in the 
high-pressure zone completely. 

On the strength of the data in Fig. 4.7 and 4.8 it is possible to expect 
that the transformation of the metal-oxide interface at high-temperature 
annealing, bringing to the formation of the crystalline phase -Al2O3 [23] 
changes the limiting step of the hydrogen permeability process. 

Increasing amounts of -Al2O3 crystalline particles at the interface met-
al-oxide result in the reduction of the effective cross-section for hydrogen 
diffusion through a specimen. After high-temperature, pre-annealing this 
can result in decreasing hydrogen flow through aluminium at preserved 
values of the activation energy, being specific for hydrogen diffusion in 
aluminium. 

Therefore we can expect a successive reduction of the hydrogen flow 
through the specimen in course of studies of hydrogen permeability of 
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aluminium at higher temperatures (e.g. at temperature  500 oC). Some of 
the authors indeed indicated this fact. It is possible to suppose that the val-
ues of the activation energy of the hydrogen permeability presented in [88] 
for the temperature range of 450 – 590 oC, overrated as compared to our 
results, are also caused by oxidation processes on specimen surfaces. 

 

Fig. 4.8 The influence of the pre-annealing of aluminium specimens at 500 oC  
on dependence of hydrogen permeability of specimens on hydrogen pressure 

The duration of annealing: 1 – 0 hours, 2 – 12 hours, 3 – 24 hours, 4 – 30 hours 

The process mechanism of hydrogen transfer through aluminium changes 
when the crystalline -Al2O3 blocks the largest part of the aluminium-
aluminium oxide interface. The rate of hydrogen adsorption on the metal 
oxide (crystals of -Al2O3) starts to control the rate of hydrogen penetration 
through the metal. This explains the zero order of the reaction at high pres-
sures of hydrogen, as well as the growth of the activation energy of hydro-
gen permeability after a long-term, high-temperature annealing. If the oxide 
film had been directly subjected to changes, but not the metal-oxide inter-
face, then these changes would not have affected the nature of the depen-
dence of hydrogen permeability on hydrogen pressure. 

Therefore, the surface oxide films that can form even under vacuum 
conditions on aluminium specimens affect considerably the results of de-
termination of the dependence of hydrogen permeability on both tempera-
ture and hydrogen pressure. 
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Using our reliable data of hydrogen permeability as the basis it is poss-
ible to estimate the possibility of hydrogen removal from pores during 
vacuum degassing of solid aluminium. 

We can express the time t sec., required for the elimination of 99 % of 
hydrogen from a pore in aluminium as 

 

1
2

022.4 0.9

3

P
t

RT
, (4.6) 

where   thickness of the metal above the pore, cm; r  radius of the pore; 
P0  initial pressure of hydrogen in the pore, atm.;   hydrogen 

permeability, 
3

2

cm (NTP) cm
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; T – temperature, K; R  characteris-

tic gas constant (
l atm

0.083
mol K

R ). 

Indeed, the reduction of pressure in the pore by dP results in decrease 
of hydrogen inside it (Q) by dQ, cm3(NTP), 
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This reduction of pressure caused by hydrogen emission through the 
layer of the metal coating the pore to the atmosphere can be expressed as 
follows: 

 
22 4

d d
r P

Q t  (4.8) 

By making equal the right parts of equations (4.7) and (4.8), then sepa-
rating the variables and integrating we obtain 
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Equation (4.10) transforms into (4.6) when 99 % of the gas is removed 
from the pore. Assuming  = 4 mm, r = 10 mkm, P0 = 100 atm., T = 540 oC 
we obtain t  0.25 hour. 
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CHAPTER 5. THE STUDY OF THE MECHANISM 

OF ALUMINIUM DEGASSING DURING AIR 

AND VACUUM ANNEALING 

The evolution of gas porosity largely depends on the content of hydro-
gen in the metal. The degassing of metal can occur during metal heat 
treatment in air, in an inert atmosphere or under vacuum. This process 
directly influences metal porosity, and, therefore, its study is of utmost 
importance. 

5.1 Hydrogen emission from metal during vacuum 

annealing 

A continuously cast ø100-mm ingot of 99.996 % aluminium was made 
at the casting speed of 20 cm/min. From this ingot ø90 mm cylindrical 
rods, 250 mm high, were lathed and then pressed at temperature 
T = 600 oC into 12 mm bars. 

The metallographic and X-ray microanalyses did not detect any dis-
continuity flaws in the metal. The content of gas in the metal bars was 
0.10 cm3/100 g. Eight mm test specimens, twenty mm high, lathed from 
aluminium bars according to the procedure presented in work [58], were 
placed into the installation, where a high vacuum was provided (see Chap-
ter 1). Then the specimen was pushed into the quartz vacuum degassing 
tube, where the gas released from the specimen was pumped out at a 
steady rate. Changes in the hydrogen partial pressure in the system were 
recorded by the sensor of the mass-spectrometric analyzer. 

The dependence of the ionic current on the time of the analyses was 
outlined on the chart of the potentiometer recorder. Having in mind that 
ionic current is proportional to hydrogen partial pressure, we obtain the 
area under the ‘signal-time’ curve (on the chart of the potentiometer) pro-
portional to the total amount of hydrogen in the specimen. Similarly the 
area under the ‘signal-time’ curve (from the time t until the end of the ex-
traction St) is proportional to the amount of hydrogen remained in the spe-
cimen by the moment of time t. 

We found that some time after the start of the analysis the dependence 

0

lg lg t
t

Q
S K

Q
 on time became linear (Fig. 5.1). 
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This proves the correctness of the assumptions for equation (2.1) and 
allows using equation (2.4) for the determination of hydrogen diffusion 
coefficients in aluminium (see Chapter 2). 

 
Fig. 5.1 The time dependence of the amount  

of hydrogen remained in the specimen 

5.2 The results of hydrogen extraction during air 

and inert atmosphere annealing 

The interaction of aluminium with air can lead to the formation of ni-
trides and oxides. 

 2 Al+3 H2O  Al2O3+3 H2; (1) 

 2 Al+N2  2 AlN; (2) 

 2 Al+3/2O2  Al2O3. (3) 

Reactions (1) and (3) are highly exothermic. According to reaction (3), the 
heat of aluminium oxide formation at 298 oC amounts to 1672 kJ/mol [91]. 
The heat of aluminium nitride formation makes 240 kJ/mol [92]. 

The equilibrium constant of reaction (1) for temperature 500 oC, ac-
cording to [93], is 

 2
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H 44
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In other words, this means that the reaction is strongly shifted to the right. 
In the common air atmosphere, the partial pressure of hydrogen makes 

around 10–5 mm Hg (~1.3·10–3 Pa). The equilibrium solubility at tempera-
ture T = 500 oC corresponding to this pressure is as follows: 

 KS = 5·10–9 cm3/100 g 

The moisture partial pressure in the standard air atmosphere is about 
5 mm Hg (666 Pa). 

In literature there is no data concerning the equilibrium solubility of 
hydrogen in solid aluminium from the atmosphere of water steam. Assum-
ing that the solubility of water steam hydrogen in solid aluminium is ap-
proximately the same as that of hydrogen from the pure hydrogen atmos-
phere we have that the equilibrium solubility of hydrogen at T = 500 oC 
and the partial pressure of water steam equal to 5 mm Hg comes up to 

 Ks = 2.7·10–3 cm3/100 g 

In this way, the standard air atmosphere enables aluminium degassing 
during annealing when the hydrogen content in aluminium is around 0.1 –
0.3 cm3/100g. 

According to Fick’s law, the rate of degassing is directly proportional 
to the difference of hydrogen concentrations in the metal and in the sub-
surface layer. If we assume that the subsurface layer of the metal is in 
equilibrium with air atmosphere, then the concentration of hydrogen in the 
subsurface layer makes around 2.7·10–3 cm3/100 g, and therefore we can 
ignore this seemingly small value as compared to the concentration of hy-
drogen in the metal, making up to 0.1 – 0.3 cm3/100 g. 

Thus, the rate of degassing will be proportional to hydrogen concentra-
tion in metal C, that is 

 KC
t

 (5.1) 

The formation of nitrides proceeds at temperatures above 800 oC [94], 
therefore this reaction can be neglected in the process of aluminium an-
nealing in air. The formation of the oxide layer begins right after alumi-
nium contacting air due to its high affinity to oxygen. 

The oxide layer on the metal forms even at room temperature and the 
thickness comes to 20 Å [95, 96]. The thickness of the aluminium oxide 
layer grows under heating and its structure changes. 
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A number of authors [95 – 103] focused their studies on the mechanism 
of aluminium oxidation. The oxidation of aluminium at room temperature 
and up to 300 – 350 oC follows the inverse logarithmic law [95, 96]. 

 1
2 lg ,

K
K t  (5.2) 

where K1 and K2 – constants,   aluminium film thickness; t  time of 
oxidation. 

The oxidation of aluminium follows to the parabolic law within the 
temperature range of 350 – 450 oC [97, 98] 

 2 = K3t. (5.3) 

The kinetics of aluminium oxidation is more complicated at tempera-
tures above 450 oC [96, 101]. 

A thin homogeneous and amorphous oxide film up to 200 Å thick cov-
ers aluminium at temperatures up to 450 oC. The diffusion of metal ca-
tions to the oxide-gas interface limits the growth of the oxide film [103]. 

The long-term exposure of aluminium to an oxidizing atmosphere 
at 450 oC causes the formation of -Al2O3 nuclei [102] on the metal-
oxide interface. The -Al2O3 crystals grow parallel to the surface of 
the metal up to the moment when the total metal-oxide interface is 
covered by a layer of crystalline -Al2O3. The transfer of oxygen from 
the gas phase to the metal-oxide interface limits the formation of 
crystalline aluminium oxide. 

The oxidation of aluminium was studied in detail elsewhere [103] in 
the temperature range of 450 – 575 C. It was shown that two independent 
processes determine the kinetics of aluminium oxidation. 

The amorphous film of aluminium oxide grows due to the diffusion of 
metal cations to the oxide-gas interface. The kinetics of amorphous oxide 
film growth follows the parabolic law. 

-Al2O3 crystals grow on the metal-oxide interface due to the diffusion 
of oxygen ions from the gas phase to this surface. The kinetics of this 
process also follows the parabolic law. 

First, the amorphous oxide film covering the surface of aluminium 
grows. The intensive formation of crystalline -Al2O3 occurs significantly 
later than the oxidation starts, i.e. at 450 oC  after 140 hours, at 475 oC  
after an hour, while at 500 oC it occurs after 12 hours. 
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Therefore, if the duration of annealing does not exceed the indicated 
time then the amorphous oxide film develops on the surface of aluminium 
and its kinetics follows the parabolic law 

  = 0 + 0K t  (5.4) 

According to [103] K0, g
2/(cm4

ásec), 

 K0 = 1.25·10–9 exp
225700

RT
 (5.5) 

The coefficient of hydrogen diffusion in Al oxide is significantly lower 
than in aluminium as it is shown in Chapter 3. Thus, it is quite natural to 
assume that the transfer of hydrogen through the oxide film limits the de-
gassing of metal during the annealing of aluminium in air and the degass-

ing rate is in inverse proportion to the oxide film thickness , so taking 
into account equation (5.1) we get 

 Dd

d

K CC

t
 (5.6) 

or taking into account (5.4) 

 D

0 0

d

d

K CC

t K t
 (5.7) 

where C  the concentration of hydrogen in the specimen at moment t;  
  the initial thickness of the oxide film; K0  the constant of the 

parabolic law of oxidation; KD  the coefficient of hydrogen mass-
transfer through the oxide film. 

On integrating equation (5.7), we shall have the following expression 

 00D D

00 00 0 00

0

2 2
ln ln 1

t K tK KC dt
t

C K K Kt
K

. (5.8) 

Equation (5.8) describes the variation of the hydrogen content in the 
specimen during the annealing of aluminium in air. 
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It makes sense that at long-time annealing there should be a linear rela-

tionship between ln
0

 and the square root of time. 

In fact dividing both parts of equation (5.7) by t  we shall have 

 

0

00 D

0 0

0

ln 1ln
2

1

K tC

C K

t K K t
 (5.9) 

When t   

 

0

0

0

0

ln 1

lim 0
t

K t

K t
 (5.10) 

and, respectively, at t   

 D

0 0

2
ln

KC
t K t

C K
 (5.11) 

where 

 
0

2 DK
K

K
 (5.12) 

It is possible to determine the activation energy of hydrogen in the 
oxide film if the activation energy values of the total process of alumi-
nium degassing and the activation energy of oxide film growth are known. 

Taking the logarithm of (5.12), we shall have 

 0

1
ln 2ln ln

2
DK K K   (5.13) 

Differentiating (5.13) on 
1

T
 we shall have 
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 0D d lnd ln d ln

1 1 1
d d 2d
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T T T

 (5.14) 

The time-dependence of d 0, ,K K K  is given by 
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 (5.15) 

where E   the activation energy of the aluminium degassing process; 

DE   the activation energy of  hydrogen diffusion through the oxide 

film; 0E   the activation energy of the process of aluminium oxi-

dation. 

Substituting (5.14) in (5.11) and differentiating we shall have 

 0
D

2

E
E E  

 0
D

2

E
E E  (5.16) 

We studied the emission of hydrogen from aluminium during anneal-
ing in air at 400  550 oC to check up the assumptions mentioned above. 

10 mm thick and 100 mm high aluminium specimens were turned from 
a hot-pressed 12 mm thick aluminium rod. The annealing of specimens 
was carried out in the resistance furnace. The maximum duration of the 
annealing was 48 hours. The determination of hydrogen content in the 
annealed specimens was provided according to the procedure described in 
Chapter 1. 

The results of our research are summarized in Fig. 5.2. 
It can be seen that the annealing of aluminium in the common air at-

mosphere leads to the degassing of the metal. The intensity of degassing 
grows with temperature. 
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Fig. 5.2 The time and temperature dependences  
of hydrogen content in the aluminium specimen  

during annealing in air 

The dependence of 
0

lg
C

C
 on the root square of the annealing time is 

given in Fig. 5.3. 

 

Fig. 5.3 The dependence of the hydrogen content ratio  
in aluminium at the moment t to the initial hydrogen content  

on the time of annealing 
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It appears that this dependence takes up a linear character for some 
time after the start of the annealing in conformity with the previous as-
sumptions. 

Therefore, it is possible to make a conclusion concerning the truthful-
ness of the fundamental assumptions for the mathematical equation of the 
kinetics of aluminium degassing during annealing in air. That is the as-
sumption supposing that the rate of degassing is limited by the transfer of 
hydrogen through the aluminium oxide film and the reduction of the de-
gassing rate is a function of the oxide film growth during annealing. 

From the slope ratio of the linear part of the dependence of 
0

lg tC

C
on 

time, we found K . 

Fig. 5.4 demonstrates the temperature dependence of K .The activa-

tion energy of the overall process of aluminium degassing during anneal-
ing in air is 158.8 kJ/mol. 

The temperature dependence of K ,sec.–1 can be expressed in the fol-

lowing way 

 2 79400
6.6 10 expK

RT
 (5.17) 

 

Fig. 5.4 The temperature dependence of the kinetic coefficient 
characterizing the rate of aluminium degassing during annealing in air 
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Taking into account equations (5.5) and (5.16) the activation energy of 
hydrogen diffusion in aluminium oxide would make 271.7 kJ/mol. This 
value seems to be no relevant to the diffusion by the interstitial diffusion 
mechanism. 

Besides the emission of hydrogen during aluminium annealing in air 
we studied hydrogen release during the annealing of aluminium in nitro-
gen under high pressure too. We placed 10 mm thick and 100 mm high Al 
specimens, turned of hot-pressed aluminium rod into an airtight high-
temperature bulb, and then heated them up to 500 oC under the gage pres-
sure of 400 atm (4·107 Pa) for 10 hours, not more. 

It was shown that the rate of degassing in nitrogen under a high pres-
sure is higher than during the annealing of aluminium in the standard air 
atmosphere. 
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CHAPTER 6. WORKING OUT A METHOD 

OF METAL AND ALLOY PROCESSING 

TO REMOVE GASES AND POROSITY  

(HOT ISOSTATI  PRESSING TECHNIQUE) 

There is a well-known method of treating of metals and alloys through 
vacuum annealing to remove both gas and porosity. 

A too long duration of the process resulting in the formation of gas po-
rosity during the processing of massive work-pieces negatively affects the 
method efficiency. The pores herewith can get so large that no further an-
nealing after the complete degassing of the metal can remove them. 

The goal of this new method was to accelerate degassing treatment and 
porosity removal in aluminium alloys. This is achieved by annealing in 
pressurized media during the period of time sufficient for providing a re-
quired rate of degassing and eliminating porosity. The pressurized media 
absorb the gases escaping from the metal, to which purpose as substances 
for pressure transfer to the specimen there are used neutral gases or oils of 
silicon liquids (e.g. silanes) with suspensions capable of absorbing the gases 
released while not oxidizing the metal (e.g. a mixture of metal oxides). 

The method was tested using 
10 mm thick pure aluminium 
rods. The rods were annealed at 
500 oC in dry air compressed un-
der 400 atm. As compared to the 
annealing of rods in a dry atmos-
phere the time of complete hy-
drogen evacuation at the same 
temperature is reduced by 
20 times. 

As the gas pressure in the 
metal and the gas pressure in the 
pores get equal, the removal of 
gas from the metal leads to gas 
elimination from the pores and 
their closing. 

The testing of this method 
was carried out at the State Insti-

Fig. 6.1 The efficiency of the proposed method: 
1  annealing in dry air; 2  annealing in dry air 

compressed up to 400 atm 
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tute of Nitrogen Products at the laboratory of Professor I. R. Krichevsky 
in 1969 1970. 

The certificate of authorship protects the results of this work [104] (see 
Appendix). 

The effectiveness of the technique for decreasing porosity in alumi-
nium alloys have been illustrated in later research (e.g. I. F. Vorobieva, 
B. A. Kopeliovich et al. “Porosity and Hydrogen Content in Aluminium 
Castings Subjected to Hot Isostatic Pressure” in Technology of Light Al-
loys, 1987, No. 9, pp. 14 – 16). 

A. G. Padalko in his book “Practice of Hot Isostatic Pressing for Non-
Organic Materials” (2007) states that the technique ensures porosity eli-
mination and higher mechanical properties in titanium alloy castings. By 
the end of 1990s and at the beginning of 2000s there were published many 
books on hot isostatic pressing, such as those by H. V. Atkinson, 
B. A. Rickinson //Hot Isostatic Processing// Springer (1999) or A. Bose, 
W. B. Eisen //Hot Consolidation of Powders and Particulates// MPIF 
(2003). 
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CHAPTER 7. OF THE THEORY  

OF GAS POROSITY EVOLUTION IN METALS 

Today, as it was noted in Chapter 1, there is no unified theory of gas 
porosity evolution in metals. There are several hypotheses [105 114, 
115 117] concerning probable mechanisms of gas porosity evolution. 

In fact, the evolution of gas porosity is a complex process which de-
pends on many factors such as the nature of metal-gas interaction, the 
technology of metal production, the initial gas content, the presence of 
non-metallic inclusions and structural imperfections, the conditions of 
metal deformation and heat treatment, the nature of metal interaction with 
the ambient atmosphere in the course of products and semi-products mak-
ing, as well as the mechanical properties of metals, the external dimen-
sions of semi-products or finished products etc. Therefore, in each specific 
case the formation of gas flaws in the metal has its own peculiar features. 

At the same time, there are some common patterns of gas porosity evo-
lution in metals. The theory of gas porosity evolution based on the me-
thods of thermodynamic and kinetic description of some aspects of gas-
metal interaction will be presented later. 

Previous studies of hydrogen diffusion in aluminium (Chapter 2) facili-
tated significantly the development of this theory. The values of the hy-
drogen diffusion coefficients in aluminium found in Chapter 2 permit eva-
luating approximately the role of hydrogen diffusion to pores as a possible 
controlling mechanism of the formation of the pores. 

Let us calculate the time needed for the formation of a 1 m pore in 
aluminium at 400 oC, assuming that hydrogen diffusion to pores limits the 
rate of their growth. The pressure of hydrogen in pores exceeding the 
yield point of aluminium should result in increasing pore size. 

According to Fick’s law the gas flow into the pore Q, cm3/sec (NTP) is 
equal to 

2 04D r C CC
Q DS

x
(7.1) 

where D – the diffusion coefficient of hydrogen in aluminium. cm2/sec.;  
r  a pore radius, cm; C  the concentration of hydrogen in the metal; 
C0 – hydrogen concentration near the surface of the pore, equal to hy-
drogen solubility at temperature of T, K and hydrogen pressure in the 
pore of P, atm;   half a distance between pores, cm. 
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The gas volume in a pore V, cm3(NTP) is equal to 

 34 22.4

3

P
V r

RT
 (7.2) 

The time required to create hydrogen pressure P inside the pore of ra-
dius r can be calculated as follows 

 
V

t
Q

 (7.3) 

or, taking in consideration equations (7.1), (7.2) and (7.3) as 

3

2 0 0

4 22.4 7.47

3 4

r P P r
t

RTD r C C RTD C C
(7.4) 

Let us specify the values of the parameters included into equa-
tion (7.4), assuming the hydrogen content in the metal C equal to 
0.12 cm3/100 g or 3.2 10–3 cm3 (NTP)/cm3. 

According to our data obtained during the study of hydrogen porosity 
in aluminium (Chapter 5) and the data elsewhere [118] we can assume to 
a first approximation the mean distance between pores as ~1.8 10–2. 
We determined the yield point of aluminium in the temperature range of 
400 – 550 o . The results of this study are given in Table 7.1. 

Table 7.1 

Yield point of 99.96% aluminium 

t, oC Yield point, kg/cm2 

400 110 

450 80 

500 48 

550 35 

Let us assume the value of hydrogen pressure in a pore at the annealing 
temperature of 400 oC as equal to the yield point value at the same tem-
perature (see table 7.1). The C0 values are determined from Siverts`s law 

0 4 31.89 10 110 1.98 10SC K P 3 3cm (NTP)/cm . 

At 400 oC, D = 8.3 10–6 cm2/sec (Chapter 2), thus time t of a 1 µm pore 
formation is 
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2 4
3

6 3 3

7.47 110 0.9 10 10
1.32 10 sec 0.37 h.

0.083 673 8.3 10 (3.2 10 1.98 10 )
t  

This value is near the real one observed in experiments, in other words 
it means that our conjecture concerning the limiting role of diffusion is 
valid. 

Our concept supposes that at sufficiently high temperatures the tenden-
cy to adjusting the thermodynamic equilibrium between the gas dissolved 
in the lattice of the metal and the gas in the pores causes evolution of gas 
porosity in solid metals, while the gas diffusion to the surface of pores 
restricts their growth. 

At each annealing temperature there is some critical gas pressure in 
pores caused by the resistance of the metal to deformation in a microvo-
lume surrounding the pore. The excessive resistance of the metal to the 
deformation results in the growth of the pore volume. This growth can 
proceed according to any mechanism, which is not considered by this 
theory or not related to it. 

Thus, the theory does not comprise the very mechanism of the process 
of metal deformation in the course of pores growth. 

According to the present concept, the growth of porosity occurs only 
when the concentration of a gas dissolved in the metal surpasses the value 
of solubility corresponding to a given temperature and the critical gas 
pressure in pores. The growth of pore volume results in reduction of the 
gas pressure below the critical pressure, and the growth of pores stops. 
The gas pressure increases with the diffusion of its new portions into a 
pore and on reaching the critical pressure, the growth of the pores revives. 
The growth of the pores stops on reaching the thermodynamical equili-
brium between the gases dissolved in the lattice of the metal and the gas in 
the pores. 

Within the framework of these assumptions, we shall derive later equa-
tions describing the kinetics of gas porosity evolution in metals. 

In Chapter 8 we shall compare the solution of these equations with the 
experimental data concerning the formation of gas porosity in aluminium. 

If the size of pores is not too small (
2

P
r

) then we can ignore the 

value of metal surface tension and assume the pressure of the gas in pores 
as constant at a given temperature. 
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Now we shall discuss the situation when the total content of gas in 
metal does not change with annealing time and hence the growth of pore 
volume fully determines the decrease of the gas dissolved in the lattice of 
the metal, i.e. 

 
d 22.4 d

d d

C N P V

t RT t
, (7.5) 

where C  the concentration of gas dissolved in the metal lattice, %;  
N – number of pores;. 1/cm3; V  pore volume, cm3; P  gas pres-
sure in the pore equal to the critical one, atm; t  annealing time;  
T  annealing temperature, K. 

This statement is valid for substantially massive specimens coated with 
the surface oxide film impenetrable for hydrogen. As for thin-wall speci-
mens (see Chapter 5) their vacuum degassing occurs during annealing. 
Since the diffusion of gas limits the growth of pores, the rate of pores 
growth will be proportional to the area of their surface as well as to the dif-
ference between the concentration of the gas dissolved in the metal and the 
concentration of the gas on the surface of pores. At the same time, the gas 
concentration on the pore surface corresponds to the solubility of the gas in 
the metal at a given pressure and temperature of this gas in pores, i.e. 

 

2
30

1( )d

d 22.4

K C C VV RT

t
 (7.6) 

where C0 – gas solubility in metal at temperature T and gas pressure P, %; 

1K   the constant proportional to the coefficient of gas diffusion in 

metal, cm2/sec.;   the parameter of diffusion, cm. 

It is possible to show that the diffusion parameter is proportional to the 
pore radius [119]. The diffusion equation in spherical coordinates is as 
follows, 

2
2

D C C
r

r r tr
 (7.7) 

Under steady conditions 

0
C

t
(7.8) 
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and 

2
2const

C
r K

r
. (7.9) 

Integrating (7.9) we shall have 

2
3

K
K

r
, (7.10) 

where K3  constant 

In the case of diffusion to a sphere 

| 0r C  and 
0| 0r rC , 

where r0 is the sphere radius. 

Therefore 

0
0 1

r

r
 (7.11) 

and 

0

0

0r r

CC

r r
 (7.12) 

The flow 

0

2
0 0 04 4

r r

C
Q D r r DC

r
 (7.13) 

Thus in the case of diffusion to a sphere the diffusion parameter is pro-
portional to the full-sphere radius. 

With accounting for this, equation (7.6) takes the form 

1
0 3

1

d

d 22.4

V RT
K C C V

t P
 (7.14) 

As the result, we can describe the growth of gas porosity using the sys-
tem of two differential equations 
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 (7.15) 

with initial conditions 

 
| 0 0

| 0 0

t

t

C

V V
 (7.16) 

where C0  initial gas concentration in the metal lattice; V0 – initial porosity. 

Integrating the first equation of the system (7.15) we have 

 0 0

22.4N P
V V

RT
 (7.17) 

 
0 0

0 0

22.4NP
V V

RT
 (7.18) 

Putting (7.18) into the second equation of system (7.15) we have 

 
1

0 3
1 0 0

d 22.4

d 22.4

V NP RT
K C C V V V

t RT P
 (7.19) 

The total gas concentration in the metal 

 0
1 0

22.4N P V

RT
 (7.20) 

 0
0 1

22.4N P V

RT
 (7.21) 

By putting (7.21) into (7.19) we have 

 

1
0 3

1 1

0
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 (7.22) 
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Let us designate 

 

0
1 3

22.4

RT
A

N P
; (7.23) 

and  V = Z3,  dV = 3Z2dZ, (7.24) 

then 

 3 3
1

d
.

d

V
K N A Z Z

t
 (7.25) 

Integrating equation (7.25) gives 

 

0

2

13 3
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Z
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It is known that 

 
2 2

23 3
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ln arctg

6 3 3
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 (7.27) 

or 
2

23 3

d 1 1 2 1
ln 2 3 arctg

6 31

Z Z W W W

AA Z W
, (7.28) 

where 
Z

W
A

.  (7.29) 

With provision for (7.26) and (7.28) we have 
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 (7.30) 
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where 
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 (7.31) 

Equation (7.30) describes the kinetics of gas porosity growth in metals 
with regard for initial gas content in the metal, initial porosity, gas solubil-
ity in the metal, the coefficient of gas diffusion in the metal, rupture resis-
tance in the microvolume around the pore, as well as conditions of heat 
treatment – its duration and temperature. 

Equations (7.15) show, in particular, that the curve of porosity evolu-
tion should be S-shaped. 

At the initial stage of annealing, the surface of pores is small, and the 
growth rate of pores is low too. The surface of the pores grows with their 
size and their growth rate increases. 

Finally, the growth rate of pores will go down when a considerable 
portion of the gas will go from the metal into the pores, and the gradient 
of concentrations in the gas phase and close to the surface of pores in the 
metal will become lower. The growth of pores will stop when the concen-
tration of the gas in the metal would be equal to the concentration on the 
surface of the pores. 

The experimental dependence of pore volume on annealing time 

 
1

3 ( )V f t  (7.32) 

and the theoretical dimensionless curve 

 ( )W t  (7.33) 

in double logarithmic coordinates should differ only in scale. 
In fact 

 
1

ln ln ;
3

W V A  (7.34) 
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 ln ln ,t B  (7.35) 

where A and B are constants. 

Hence, the experimental and the theoretical dependences of pore vo-
lume on annealing time must coincide in double logarithmic coordinates 
under the parallel shifting of coordinate axes of the theoretical curve rela-
tively to the experimental one. 

It is possible to determine values W0 and hence the critical pressure of 
gas in pores as well as coefficient K1 specifying the rate of the gas deli-
very via the metal to the surface of pores using the value of the shift of 
coordinate axes. 

To this purpose, we can specify arbitrary values for W0 and K  and cal-
culate the theoretical dependence of pore volume on annealing time for 
each pair of these parameters 

 theoretical ( )V f t  (7.36) 

The coincidence of theoretical and experimental dependences of pore 
volume on annealing time provides the values of W0 and K . 

It is possible to accelerate the procedure of fitting by means of exclu-
sion of one parameter. Allowing for the fact that from equation (7.31) it 
follows that 
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we can present the equations for two values of ( )V f t  
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Let us divide (4.34) by (4.35) and we shall have 
2 1 1
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(7.40) 

Thus, we have the equation with one unknown W0. This equation is 
easy to be solved for each pair of points on the experimental curve 

 experiment ( )V f t  (7.41) 

When values W0 are determined for each pair of points 

experiment ( )V f t  we have to determine the value of K  substituting the de-

termined value W0 into any of equations (7.38) or (7.39). 
Thus, we have the values of W0 and K  for each pair of points from the 

experimental curve. Then we determine the root mean square values of W0 
and K  for the whole curve and calculate the theoretical dependence of the 
volume of pores on the time of annealing. 

 theoretical ( )V f t  (7.42) 

If at that the theoretical and the experimental curves coincide it means 
that we have calculated the values of W0 and K  correctly. 
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Having defined the value of W0 and respectively the value of gas pres-
sure in pores, it is possible to calculate the highest possible volume of 
pores for a given annealing temperature. 

The volume of porosity reaches its possible maximum at thermody-
namical equilibrium between the gas dissolved in the metal lattice and the 
gas in the pores and remains unchangeable later on. 

With this the concentration of the gas dissolved in the metal will be 
equal to the value of gas solubility in the metal corresponding to the criti-
cal value of gas pressure in the pores at a given pressure, that is 

 C0 = Ks P  (7.43) 

where Ks  the constant of gas solubility in the metal at temperature T and 
pressure P. 

With accounting for (7.43) and (7.15) we shall obtain for the limiting 
volume of porosity 

 0
lim 0 0( )

22.4

RT
V V C C

N P
 (7.44) 

Taking into account (7.20) we have 

 lim 1( )
22.4

S

RT
V C K P

N P
 (7.45) 

That is, at a given temperature and total gas content C1 in metal, the 
maximum possible volume of porosity does not depend on the initial vo-
lume of porosity. 

The initial volume of porosity affects the porosity growth kinetics 
(7.30) and (7.31). One can see from equation (7.45) that the highest possi-
ble volume of porosity is linearly dependent on the initial gas content in 
the metal. The maximum possible volume of porosity decreases with in-
creasing gas solubility. When the quantity of pores as well as the breaking 
strength of the metal within a microvolume grow the highest possible vo-
lume of porosity decreases also. The influence of temperature on Vlim is 
ambiguous. With rising temperature the metal rupture strength gets re-
duced together with the pressure of the gas in pores while the value of Vlim 
grows. On the other hand, with increasing temperature the gas solubility 
in the metal grows, resulting in the reduction of Vlim according to the equa-
tion below 
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The minimum critical gas content in the metal corresponds to the gas 
pressure value in pores causing the formation of porosity i.e. 

 Ccritical = C0 = KS P . (7.47) 

Indeed, if the gas concentration in the metal is lower than the gas solu-
bility at a pressure P then the growth of pores is impossible. 

Hence knowing the value of the gas pressure in pores it is possible to 
determine the critical concentration of the gas in the metal below which 
no porosity will form. 

Equation (7.47) shows a linear relationship between the critical gas 
concentration in the metal and the gas solubility in the metal. The critical 
gas concentration in the metal is proportional to the root square of the 
yield point of the metal in the microvolume surrounding a pore, equal to 
the gas pressure in the pore. 

Thus, the developed theory allows us to determine a priori the values 
of porosity volume for any heat treatment conditions, and besides to pre-
dict the highest possible volume of porosity for specified initial gas con-
tents and annealing temperatures. At that we have to know the characteris-
tics of the metal gas interaction (i.e. the gas solubility in the metal and the 
gas diffusion coefficient in the metal) as well as the yield point of the 
metal in the microvolume and the value of initial porosity. 

If the value of the rupture strength of the metal in the microvolume is 
not known then the theory makes it possible to determine this value expe-
rimentally from the porosity formation kinetics data or from the specified 
gas content, and then to predict the gas porosity kinetics in the metal at 
any gas content. 

Besides, the theory allows predicting the gas content value for a given 
temperature when no gas porosity will form [120, 121] using the defined 
values of the gas pressure in pores. 
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CHAPTER 8. THE EXPERIMENTAL TESTING 

OF THE THEORY OF GAS POROSITY 

FORMATION IN METALS 

We carried out the comparison of the theory of gas porosity formation 
in metals with the experimental data obtained on the `aluminium gas` 
system. We used 12 mm cylindrical specimens of 99.96 % aluminium, 
100 mm high, lathed from a hot-pressed rod. The initial content of hydro-
gen in the specimens was 0.12 cm3/100 g. 

The results of the research of gas porosity evolution during the anneal-
ing of aluminium at 400 – 500 oC will be presented below. 

A special electroplating technique was used for coating the specimens 
with oxide. The specimens were placed into the electrolyte composed of 
5 % CrO3, 0.5 % H2C2O4 and 0.4 % H3BO4, which was then heated up to 
40 oC. The current intensity of the circuit was kept within the range of 
0.3 – 0.4 A, and the voltage at 60 V. The voltage was increased gradually 
to 60 V in 30 minutes. 

The specimens after the electrolytic oxidation were subjected to heat 
treatment at 500 oC for 48 hours to check the protective properties of the 
anodic oxide film, coating the specimens. The content of hydrogen in the 
specimens after the annealing was (0.13  0.01) cm3/100 g. It is obvious 
that the hydrogen content in the anodized aluminium specimens after the 
annealing at 500 oC during 48 hours corresponds to the initial content of 
hydrogen, in other words there was no degassing of the specimens during 
the annealing. 

We determined the porosity evolution in the aluminium in the course 
of the annealing by measuring the aluminium density using the method of 
hydrostatic weighing. This method involves the determination of density 
by weighing specimens in two media of different density. For a more pre-
cise determination of density, specimens should have a simple shape and a 
perfectly processed surface. The lathed 40 mm high aluminium specimens 
had 40 mm in diameter. The technique of their surface finishing is of 
much importance. 

It is recommended to rinse at first the specimens with hot water and 
then to clean them with alcohol. The layout of the installation for deter-
mining the porosity of aluminium is given in Fig. 8.1. 

To increase the accuracy of the experiment we used the analytical balance 
-20  providing the accuracy of 1 10–5 g for specimens of up to 20 g. 
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Fig. 8.1 The layout of the installation for determining the porosity  
of aluminium by its density: 

1  analytical balance -20 ; 2  specimens’ separator; 3 – glass  
caps for diethyl phthalate; 4  thermometer; 5  glass reservoir;  

6  thermostat; 7  pump; 8 – pump driver; 9 – organic glass guard;  
10 – process slots in the guard 

The specimens were weighed in air or in the process liquid. The ether 
of diethyl phthalic acid was used as a process liquid. The accuracy of the 
process liquid temperature stabilization was 0.1 oC, which was realized 
by submerging the process liquid reservoir into a water vessel, where the 
water temperature was controlled with a thermostat. 

To increase the accuracy and the sensitivity of porosity determina-
tion by density we made few alterations to the method [51]. It was 
shown that the weight of porous and solid specimens had changed in 
a different way. 

The weight of a porous specimen submerged in liquid grows with time, 
and 1.5 hour after submerging, it reaches the constant value (Fig. 8.2, 
curve 1). The weight of a solid specimen in liquid practically does not 
change with time (Fig. 8.2, curve 2). 

This difference can be explained in the following way. 
The pores on the surface of porous specimens get open during their 

lathing. During weighing in liquid, a long-time exposure of porous speci-
mens is required for a complete air from these pits. 

Therefore, before weighing the specimens in liquid we exposed them 
to the process liquid at least within 1.5 h. However, such a long exposure 
strongly reduced the efficiency of the method. 
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Fig. 8.2 The variation of a specimen weight increment depending  
on the time of exposure to diethyl phthalate for porous (1)  

and solid (2) specimens 

To increase its efficiency we placed the perspex separator with 
18 specimens at a time into the process liquid. At first, we successively 
weighed all specimens in air and then placed them into the separator. Then, 
after the exposure for an hour and a half in the process liquid the specimens 
were weighed successively in liquid with the time interval of 5 – 7 minutes. 
This allowed increasing the efficiency. When the weight of the specimen in 
liquid and in air is known it is possible to calculate the volume of the liquid 
displaced by the specimen, i.e. the volume of this specimen. 

The equation for calculating the specimen density , g/cm3 is as follows 

 ,
d

d

W d W

W W
 (8.1) 

where W   the weight of the specimen in air, g; W d  the weight of the 
specimen in liquid, g; d  the density of process liquid, g/cm3 
(at 20 oC density of diethyl phthalate makes 1.11700 g/cm3);  

  the density of air at the temperature of the experiment. 

To find the density d of the process liquid the following technique was 
used. A specimen of aluminium was weighed many times in air and in 
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distilled water of a known density, thus determining the density of the 
specimen. Then the specimen was weighed in air and in diethyl phthalate 
to determine the density of diethyl phthalate. 

The estimation of the accuracy and sensitivity of the method was pro-
vided by measuring the density of a series of specimens lathed from hot-
pressed 12mm rods of 99.996% aluminium. Metallographic and radio-
graphic studies showed no porosity in the specimens. The density of these 
specimens was assumed as the standard one. The density of hot-pressed 
aluminium specimens was (2.70090  2.5 10–5) g/cm3. 

The porosity of specimens V, % abs. was determined from the equation 

 standard

standard

100,V  (8.2) 

where   the density of the standard specimen of hot-pressed aluminium 
having no porosity ( standard = 2.70090 g/cm3);   the density of 
the specimen under study. 

We used this technique for studying the formation of porosity in alu-
minium, The obtained results are presented in Fig. 8.3. 

 

Fig. 8.3 Dependence of pore volume in aluminium on the temperature 
and the time of annealing: (  – T = 500 oC;  – T = 450 oC;  

 – T = 400 oC)  the experimental data; solid lines – the calculated data,  
the concentration of hydrogen C = 0.12 cm3/100 g 
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One can notice that the porosity of aluminium starts forming during 
annealing. The porosity of aluminium increases with increasing annealing 
temperature. After about 36 hours from the start of the annealing, the 
growth of porosity slows down. 

We compared the theoretical data with the experimental results, ob-
tained according to the procedure given in Chapter 7. Fig. 8.4. shows this 
comparison. One can see a good coincidence of theoretical and experi-
mental results some time after the start of the annealing 

Besides, we compared the theory of pore volume dependence on the 
time of annealing with experimental data obtained by D. Talbot and 
D.A. Granger [118] for aluminium with a hydrogen content of 
0.4 cm3/100 g (see Fig. 8.4). 

 

Fig. 8.4 The time and temperature dependence of pore volume  
in aluminium during annealing: from of literature data [118] (dashed lines) 

and theoretically calculated data (solid graphs). The concentration  
of hydrogen C = 0.4 cm3/100 g 

Here we have also got quite a satisfactory coincidence of theoretical 
and experimental data. 

To describe the initial section of the experimental curve we have to bear in 
mind the contribution of the surface tension of the metal to the kinetics of 
pore growth, besides, we have to account for the possibility of widening of 



83 

the pores compressed during the pressing of cast aluminium. We determined 
the values of W0 and K  by the coincidence of experimental and theoretical 
curves of time dependencies of pore growth during annealing. 

Fig. 8.5 gives the dependence of K  on temperature. The activation 
energy of the pore growth rate calculated from these date makes 
52.25 kJ/mol. This figure is in satisfactory agreement with the data of the 
activation energy of hydrogen diffusion in aluminium (~62 kJ/mol).1 

 
Fig. 8.5 Temperature dependence  

of the kinetic coefficient of aluminium vaporization 
 – literature data [118];  – the author’s data 

This confirms the correctness of our theoretical concept of pore growth 
suggesting the limiting role of gas diffusion in the metal to the surface of 
pores. 

We were able to determine the value of hydrogen pressure in pores P, 
atm1/2 since we knew the values of W0. According to (7.31) 

––––––––– 
1 To coefficient K  comprises N too (see equation 7.5). Within the limits of experimen-

tal error there was no any substantial disagreements observed at various temperatures for 
values of N from one specimen to another 
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Fig. 8.6 shows the dependence of hydrogen pressure in pores and yield 
point on the temperature of annealing. 

 

Fig. 8.6 Temperature dependence of hydrogen pressure  
in pores and yield point: 

  our direct measurement of yield point of aluminium;
  the data obtained from the time dependence of pore volume;  

  the same from literature source [118];  
  own data obtained from the limit value of porosity;  

  the same from literature source [118] 

We can see that hydrogen pressure in pores is noticeably lower than 
the yield point of aluminium. This could be explained by the difference 
between the yield point and the rupture strength of the metal in a microvo-
lume and, besides, by porosity nucleation in the most defective zones of 
the metal. 

While the temperature rises from 400 oC up to 450 oC, the pressure in 
pores drops from ~23 down to ~10 atm approximately and at 500 oC it 
reaches ~6.5 atm and remains stable up to the temperature of 550 o . 
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Another method to define gas pressure in pores is based on measuring 
the highest volume of porosity achieved at the equilibrium between the 
gas dissolved in the metal and the gas in the pores. 

According to (7.45) 

2

1

lim lim lim22.4 22.4 22.4
S SK RT K RT C RT

P
NV NV NV

(8.4)  

Figures 8.3 and 8.4 show that the growth rate of pores slows down 
drastically after an annealing for 36 – 40 hours, whereas after a 48 hour 
annealing the value of porosity can be assumed to be in equilibrium for 
aluminium. 

The results of measuring the hydrogen pressure in pores at the near-
equilibrium porosity of aluminium are presented in Fig. 8.6. The results of 
the two different methods of measuring the hydrogen pressure in pores are 
in good agreement. The lowest hydrogen content in the metal, at which 
the porosity starts forming (i.e. is Ccritical = C0), corresponds to the gas 
pressure value in the pores. The dependence of the critical hydrogen con-
centration in aluminium, found from equation (7.47), on annealing tem-
perature is given in Fig. 8.7. The Ks coefficient values were taken from 
work [90]. 

 

Fig. 8.7 Temperature dependence of critical concentration  
of hydrogen in aluminium:   based on our experimental data;  

  based on data elsewhere [118] 
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The porosity will develop in aluminium specimens related to the area 
above the curve. In specimens below the curve no porosity will occur. The 
distribution of hydrogen between the solid solution and pores is presented 
in Fig. 8.8. 

 

Fig. 8.8 The dependence of hydrogen fraction  
in pores of aluminium on the temperature and the time  

of annealing 

It is worth noting that the curve of the critical concentration of hydro-
gen in aluminium reaches its minimum near 450 oC. This can be explained 
by the fact that while hydrogen solubility grows smoothly within the tem-
perature range of 400  450 oC, the pressure in pores drops rapidly thus 
determining the overall decrease of the critical concentration of hydrogen 
with increasing temperature. The hydrogen pressure in pores remains al-
most constant with the further growth of temperature while hydrogen so-
lubility in aluminium increases thus determining the overall growth of the 
critical concentration of hydrogen in the metal.  

The critical concentration passes through the minimum 
(0.03 cm/100 g) and then at the temperature of 550 oC it increases up to 
0.06 cm3/100 g approximately. 
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With current manufacture technologies for aluminium products and 
semi-products it is not possible to obtain the metal with the hydrogen con-
tent lower than the critical one (see Fig. 8.7). Nevertheless, the kinetics of 
porosity growth as well as the highest possible value of porosity depends 
on the initial gas content in aluminium. The lower the initial gas content in 
aluminium is, the lower the highest possible volume of porosity is and the 
longer time to achieve this volume is needed. 

We had carried also metallographic studies of porosity evolution in 
aluminum. 

Metallographic specimens were prepared using a polishing paste. Then 
the samples were etched in hydrofluoric, nitric or hydrochloric acid to 
study the connection between porosity and grain boundaries. The results 
of the study are given in Fig. 8.9 – 8.11. 

The pores were of similar size both in the body of grain and at the 
grain boundary for the same duration of annealing. At the same time, there 
occurred a redistribution of pores between the grain boundary and its 
body. 

 

Fig. 8.9 The microstructure of aluminium after annealing at T = 400 oC 
during 1 hour (a); 2 hours (b); 10 hours (c); 42 hours (d)  

(magnification: 200) 
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Fig. 8.10 The microstructure of aluminium after annealing at T = 450 oC 

during 1 hour (a); 2 hours (b); 10 hours (c); 42 hours (d) ( 200) 

 
Fig. 8.11 The microstructure of aluminium after annealing at T = 550 oC 

during 1 hour (a); 2 hours (b); 10 hours (c); 42 hours (d) ( 200) 
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The longer the time of annealing the more pores appear at the grain 
boundary while the number of pores in the grain body decreases, i.e. a 
preferential accumulation of pores at grain boundaries of aluminium takes 
place there. This probably occurs because of a higher energy state of the 
grain boundaries as compared to the grain body. Increasing annealing 
temperature results in pore size growth. In the course of annealing, the 
number of pores does not change both at the same temperature and at dif-
ferent temperatures. 

The experimental trial of the proposed theory of gas porosity evolution 
in metals allows us to make a conclusion about the validity of the con-
cepts laid in the basis of the theory. 

Indeed, the tendency of the system to move towards the thermodynam-
ical equilibrium between the gas dissolved in the lattice of the metal and 
the gas in the pores causes the evolution of gas porosity in solid metals. 
The gas diffusion through the metal to the pore surface is the liming factor 
of porosity growth. 

For each annealing temperature there is a critical gas pressure in pores 
related to the rupture strength of the metal in the microvolume around a 
pore. The surpassing of this critical gas pressure in pores results in porosi-
ty growth. Further growth of porosity stops immediately as soon as the 
thermodynamical equilibrium between the gas dissolved in the metal lat-
tice and the gas in the pores is achieved. The surpassing of the critical 
concentration of the gas related to the gas solubility at a given temperature 
and the gas pressure in pores results in the evolution of porosity. 
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CHAPTER 9. THE APPLICATION OF THE RESULTS 
OBTAINED TO THE DEVELOPMENT OF THE PROCESS 

TECHNIQUE, PROVIDING THE MINIMIZATION  
OF ALUMINIUM ALLOY SHEETS REJECTS CAUSED  

BY HYDROGEN BLISTERS 

The clarification of the mechanism of gas porosity formation in metals 
and the study of hydrogen diffusion processes in aluminium make it poss-
ible to propose a few recommendations concerning the removing of struc-
tural imperfections caused by the presence of gases in specific aluminium 
or aluminium alloy semi-products. 

The problems of the reduction of the rejects of sheathing plates of alu-
minium and its alloys caused by near-surface cavities as well as the results 
of the commercial scale trials of offered recommendations are discussed 
in this chapter. 

One of the main flaws of aluminium and aluminium alloy sheet is the 
formation of gas cavities. Until now there is no technique capable of de-
termining the reason of the occurrence of this negative phenomenon. 
There is also no reliable method for the differentiation of cavities, caused 
by hydrogen contained in the metal, and blisters-rolling defects, formed 
due to poor penetration, improper reduction conditions etc. 

As it was shown in Chapters 7 and 8, the defects caused by the gas con-
tained in the metal develop during the heat treatment of the metal. Therefore, 
the identification of the process stage when cavities or blisters appear could 
be one of the methods for revealing the reasons of these phenomena. 

If cavities are formed after rolling and further heat treatment then their 
formation is caused by the hydrogen contained in the metal. If blisters are 
formed straightforwardly during rolling then their formation is caused 
probably by the rolling defects. The development of blisters in thin plates 
seems to be a particular case of the formation of structural defects caused 
by the presence of a gas in the metal. Therefore, the formation of blisters 
in thin plates follows the laws given in Chapter 7. 

Gas cavities in thin plates develop because of the system tendency to 
move towards thermodynamical equilibrium between the hydrogen dissolved 
in the lattice of the metal and the hydrogen in the gas phase (in a blister). 

Therefore, according to the theory of the development of defects 
caused by the gas presenting in the metal, there exists a critical concentra-
tion of hydrogen below which gas cavities in the metal will not occur (see 
Chapter 8, Fig. 8.7). The decrease of hydrogen concentration in the metal 
below this limit could prevent the formation of gas cavities in the metal. 
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The up-to-date methods of liquid melt processing (refining and va-
cuum degassing) are not capable of lowering the concentration of hydro-
gen in aluminium below the critical level. It would seem that that there is 
no way of avoiding the formation of gas pores in Al thin plates. However, 
the results of aluminium degassing in the course of annealing in air shown 
in Chapters 5 and 7 look very promising. Particularly the one and a half 
hour annealing of 12 mm aluminium rods at the temperature of 550 oC 
decreases the content of hydrogen in aluminium down to 0.01 cm3/100 g. 

Thus, we can prevent the formation of defects in aluminium caused by 
the presence of a gas in the metal, through a preliminary degassing of the 
metal in the course of annealing in air. 

This method cold be effective for sufficiently thin-walled products and 
semi-products since the rate of degassing is inversely related to the square 
root of the metal thickness, such as thin-walled pipes, shaped rolled prod-
ucts, stamped parts and thin plate material. The accounting for gas defects 
formation during the degassing of metal is obligatory since the content of 
hydrogen in the metal at the initial stage of degassing surpasses the critical 
concentration of hydrogen below which structural defects do not form. 
During the further stages of degassing, the hydrogen will go out both from 
the metal and the gas defects as well. Therefore, an additional deformation 
of the metal would be required right after the degassing in air to remove 
the defects formed. This operation seems to be quite efficient as there will 
be no hydrogen remained in structural defects and cavities will be welded 
during the deformation. 

As a result, it is possible to suggest the following process to remove 
gas cavities from thin plate materials. 

At first, the billet is to be rolled down to a thickness surpassing the fi-
nal thickness by several millimeters. Then the billet is to be annealed in 
air to remove hydrogen from the metal. Heat treatment conditions must be 
selected according to the data given in Chapters 5, 7 and 8. Then the billet 
is rolled down to a specified final thickness. 

This production process was industrially tested for the removal of gas 
cavities from large size sheathing sheet metal of Al-plated alloy 16. 

The commercial process of sheathing sheet production comes down to 
the following. 8 mm thick hot rolled aluminium sheet is placed on the in-
got of 16 alloy. Then the alloy 16 ingots together with the aluminium 
sheet are hot rolled down to the thickness of 6 – 8 mm. Then the hot rolled 
sheets are heat-treated – quenched at the temperature of 500 oC. The main 
type of defects in these semi-products is surface blisters occurring after 
the heat treatment. 
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From the above said, it may be deduced that the formation of blisters is 
caused by the hydrogen contained in the metal [122]. 

For this particular case, the following process technique may be quite 
efficient. 

It is necessary to decrease the hydrogen content in the metal down to 
0.04 cm3/100 g approximately. The initial content of hydrogen in the alumi-
nium sheet determined according to the procedure described in Chapter 1, 
made around 0.2 cm3/ 100 g. The time required for decreasing the hydrogen 
percentage in aluminium sheet from 0.2 down to 0.04 cm3/100 g during an-
nealing in air can be calculated from the data given in Chapters 5 and 7. 

Let us assume the temperature of annealing equal to 540 ºC. The 
process of degassing proceeds rather intensively at this temperature, but, 
at the same time, this temperature is not too high for aluminium. 

The time of degassing can be calculated by equation (5.11) 
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The value of K  makes 5.47 10–3sec–1 for temperature of 540 oC. 

Since the ratio 
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i.e. the annealing of aluminium billet in air at the temperature of 540 oC 
for about 24 hours would bring a decrease of hydrogen content from 
0.2 cm3/100 g down to 0.04 cm3/100 g, the critical value of hydrogen con-
centration, that is the limit below which no porosity occurs. Therefore, 
porosity will not form with further heat treatment. 

Finally, to remove gas cavities from the Al-plated 16 alloy the fol-
lowing process was proposed: 
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– rolling of aluminium thin plate down to 12 mm; 
– annealing in air at the temperature of 540 oC for about 24 hours; 
– further rolling down to the final thickness of 8 mm. 
Further operations of simultaneous rolling of 16 ingots and the alu-

minium sheet as well as their heat treatment are carried out according to 
the standard practice. Fig. 9.1 presents the results of the process technique 
developed at one of the plants of the industrial sector. The comparative 
results were obtained for the total weight of processed aluminium ingots 
of around 300 t. It appears that advanced technologies of rolling and argon 
blowing of liquid metal do not help much in decreasing the rejects caused 
by blisters. Nevertheless, these measures make it possible to increase the 
yield thanks to the elimination of other defects. 

Table 9.1 

The effect of technology factors on the yield and the reject  

of Al-plated 16 sheathing production 

Period Reject caused by blisters 
and cavities, 

% from total weight  
of ingots processed  

by rolling 

Yield, 
% from total 

weight of ingots 
processed  
by rolling 

Production process  
technique 

I VIII 
1970 

21.1 12 Standard production technique 

VIIII X 
1970 

18.2 23.8 Advanced 
1. The elimination of mechan-
ical defects from the surface 
of thin plate 
2. Rinsing in water 
3. The change of the direction 
of rolling 
4. Continuous refining  
of aluminium with argon 

I IX 
1971 

10.8 34.3 Advanced +: 
1. The annealing of 12 mm 
thick aluminium rolled 
stock a T = 540 oC, t = 24 h. 
2. The rolling of billets down 
to a final thickness 

The implementation of this technology has reduced the blister rejects 
by about two times and thus increased the prime output by 1.5 times. 

The proposed process has been commercially tested and protected by 
the author's certificate [123]. 
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CHAPTER 10. A NEW METHOD  

OF MEASURING THE SURFACE TENSION  

OF SOLID METALS 

V.I.Rolugin in his book [124] highlights several well-known methods 
for measuring the surface tension of solid bodies. 

1. The method of `zero-creep `. The specimen having the shape of a 
long string or foil is heated up to a sufficiently high temperature so that it 
gets shorter under the effect of surface tension. An external force is ap-
plied to this specimen in order to preserve the specimen shape. The sur-
face tension is determined by this force value. 

2. The method of crystal fracture (cleavage). The cleavage of a layer 
from the crystal is carried out. The surface tension corresponds to the 
work spent for cleaving the crystal. 

3. The method of powder dissolution. The temperature of dissolution of 
a massive crystal and a powder of the same weight, serves as the basis of 
this method. The area Ap of the powder is determined independently. The 
surface tension can be determined by the equation 

 s

p

Q

A
 (10.1) 

where Q  the difference of the heats of dissolution. 

4. The method of neutral drop. The value of surface tension can be de-
termined by the shape of an equilibrium drop of another substance placed 
on the surface of the tested solid body. 

5. The method of `scratch healing`. The surface tension is determined by 
the time required for half-healing of a scratch of a given width on the sur-
face of the crystal. It is necessary to know the value of the surface diffusion 
coefficient too. This coefficient also determines the rate of `healing`. 

The experimental results concerning the surface tension of solid bodies 
including solid aluminium are also presented in [124]. The surface tension 
at 180 oC makes (1.14 0.2) J/m2. 

The authors in [125] presented the method allowing to determine the 
surface tension of a solid body, applicable to metals, silicate and polymer 
materials in the whole temperature range for the solid state of materials. 
The method comprises annealing of a string-type sample subjected to 
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stretching strain within the limits of elastic deformation. After the anneal-
ing the temperature of the specimen is to be decreased down to the tem-
perature of measurement, the stretching load shall be removed and the 
maximum deflection measured. The surface tension shall be determined 
by the equation 
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where E  the modulus of elasticity of the specimen, N/m2;  
Jmin – minimum value of the main moment of inertia of the cross-
section, m2; b  the perimeter of cross-section, m;   the coeffi-
cient accounting the method of specimen ends fixation;   the 
specimen length, m; Fmax – the maximum transversal sag of the 
specimen, m. 

The method of surface tension determination proposed in [126] is 
based on the equilibration of a mechanical lever by means of displacing 
the compensation load along the right arm of the lever. There is a small 
mirror fixed at the end of the lever being part of the optical system togeth-
er with the scale and the lamp. The specimen in the form of an inverted  
is heated to a specified temperature by passing electric current through it. 

The surface tension shall be determined by the equation 

 
1

,P P
d L

 (10.3) 

where d – the diameter of a specimen at working temperature; L  the arm 
of the lever from the pivot to the specimen; P – the compensation 
load weight;  – the displacement of the compensation load. 

One more known method for surface tension determination, the me-
thod of pore coalescence is based on the tendency of the system to minim-
ize the surface energy of a porous body. This tendency results in coales-
cence of fine pores and formation of bigger ones. The rate of self-
diffusion defines the rate of the process. 

The disadvantage of the standard method is that we have to know the 
value of the diffusion coefficient to determine the surface tension, and the 
diffusion coefficient is structure-sensitive to high extent. A considerable 
error of experimental determination of the diffusion coefficient is one of 
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its demerits. Moreover, this method can be used at temperatures close to 
the melting point of the metal where the rate of self-diffusion is very high. 
The rate of self-diffusion dwindles exponentially with decreasing tem-
perature, whereas the time of asymptotic distribution of pores by their siz-
es increases to such an extent that the determination of surface tension 
becomes almost impossible. 

We have proposed a new method for the measurement of surface ten-
sion of solid metals to enhance the accuracy and the efficiency of analyses 
and to widen the temperature range of measurements. 

The value of surface tension , H m–1 is obtained from the equation 
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where R   mean pore radius, cm; T  temperature, K; K  gas solubility 

in the metal, %; V – porosity volume, % abs.; R = 0.082
l atm

mol K
; 

C0 – total gas content in the specimen, 
3

3

cm (NTP)

cm Me
 

The proposed method increases considerably the efficiency of the mea-
surement because the time required to obtain the maximum porosity in the 
specimen is limited by the rate of the dissolved gas diffusion through the 
metal. This rate can be several orders higher than the rate of self-diffusion. 
This method is protected by the author’s certificate [127]. 
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Fig. A-1 Author's certificate No 423599: 
`The method of lad aluminium alloy thin plate production` 
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OF AUTHOR'S 

CERTIFICATE 

(11) 423599 

(61) Dependent on the author’s 
certificates – 
(22) The date of inventorship 
declaration 
02. 15.72 (21) 1746693/25-27 
with the application of the 
declaration No ------ 
(32) The priority --- 
Published 04.15.71 The bulle-
tin No 14 
The date of specification of 
author's certificate publishing 
10.14.74 

(51) M. Cl. B 23p 3/06 
(53) UDC (Universal decimal 
classification) 
621.771.8(088.8) 

THE STATE COMMITTEE 

FOR INVENTIONS  

AND DISCOVERIES 

(72) The authors of invention: I.B.Ulanovskiy, V.A. Danilkin, A.A. Zhukhovitsky, 

V.I.Yakovlev, G.A. Balahontzev, L.M.Koganov, T.D.Geyhman 
(71) The claimer ---- 

 
(54) The Method Of lad Aluminium Alloy Thin Plate Production 
This invention relates to the area of production of clad alloys. 
There is known the method of production of clad aluminum alloys plates comprising 

the rolling of aluminium thin plates-flatbeds and the homogenizing of the aluminium alloy 
ingot at a temperature of 400 – 500 oC within 6 – 24 hour duration, and its further peeling 
with the milling machine up to the depth of 8 – 12 mm from every side. 

Then conditioned aluminium alloy ingot is covered from both sides with the flatbeds 
and the obtained sandwich is rolled down to a specified thickness. 

The formation of gas defects (blisters and cavities) on the surface of plates after their 
heat treatment is considered to be as a disadvantage of this well-known method. These 
defects appear under the effect of redistributing hydrogen, which spreads along the struc-
ture of metal during heating. 

The proposed method provides the additional annealing of the billet at 500  550 oC 
during 24 – 40 hours before the final homogenizing annealing to remove gas defects and to 
enhance the degree of degassing of clad thin plates during the rolling of an ingot of pure 
aluminium for flatbeds manufacturing. 

The way of the proposed method implementation is as follows. 
The ingot of aluminium is subjected to piercing up depth by 5 – 10 mm exceeding the 

thickness of the flatbed. Then the obtained billet is additionally annealed at 500 – 550 oC 
during 24 – 40 hours what provides the removing of up to 90 % of hydrogen, and then the 
purified billed is rolled down to a specified thickness. 

The aluminium alloy ingot is heated up to 300  350 oC during 2  4 hours and then 
milled up to depth of 8  12 mm from every side. What makes it possible to remove the 
segregation beadings and roughness of surfaces. After milling, the ingot is subjected to 
homogenizing annealing. 

Meanwhile the removal of hydrogen from near to surface layers occurred up to depth 
of 8 – 12 mm. The homogenized ingot is subjected to milling again up to depth of 1 –
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3 mm to remove the oxide film formed in the course of homogenization on the surface of 
ingot. The most of degassed layer remain unchanged during the secondary milling. 

To obtain the clad thin plate the aluminium flatbeds are placed on the ingot of alloy 
from both its sides and then the simultaneous rolling of the ingot together with the flatbeds 
placed there is carried out. 

 

The nature of the invention 

The method of clad aluminium alloys’ thin plate comprising the rolling of aluminium 
ingot destined for production of flatbeds, the homogenizing annealing and the milling of 
aluminium alloy ingot with further simultaneous rolling of the aluminium alloy ingot and 
aluminium flatbeds superimposed on both its opposite sides. The proposed method differs 
from the other ones by the additional annealing of the billet at 500 – 550 oC during 24 –
40 hours right before the its final deformation to increase a degree of degassing and to 
remove structural defects caused by gases contained in clad thin plates in the course of 
rolling of aluminium billets for destined for production of aluminium flatbeds. 
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Fig. A-2 Author's certificate No 462114 
`The method of surface tension determination` 
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(61) Dependent on the author’s 
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(22) The date of inventorship 
declaration 
07. 16.73 (21) 1945904/26-25 
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declaration No ------ 
(32) The priority --- 
Published 02.28.75 The bulle-
tin No 8 
The date of specification of 
author's certificate publishing 
09.03.75 

(51) M. Cl. G 01n 13/02 
(53) UDC (Universal decimal 
classification) 
621.386.08(088.8) 

THE STATE COMMITTEE 

FOR INVENTIONS  

AND DISCOVERIES 

(72) The authors of invention: I.B.Ulanovskiy and F.S. Shubik 
(71) The claimer ---- 

 
(54) The Method Of Determination Of Surface Tension Of Metals 
The invention relates to the sphere of physicochemical study of metals and alloys. 
The standard method of surface tension determination, known as the method of pore 

coalescence bases on the tendency of reduction of the surface energy what brings to coa-
lescence of small pores and formation of the bigger ones in porous bodies. The self-
diffusion rate determines the process rate. 

The disadvantage of the standard method is that we have to know the value of the dif-
fusion coefficient to determine the surface tension, and the diffusion coefficient is struc-
ture-sensitive to high extent. A considerable error of experimental determination of the 
diffusion coefficient is one of its demerits. Moreover, this method can be used at tempera-
tures nearby the melting point of metal where the rate of self-diffusion is consistently high. 
The rate of self-diffusion exponentially decreases with the lowering of temperature, and in 
parallel, the time of asymptotic distribution of pores by their sizes increases to such an 
extent that the determination of surface tension becomes almost impossible. 

We proposed the new method for the measurement of surface tension of solid metals to 
enhance the accuracy and the efficiency of analyses and to widen the temperature rage of 
measurements. 

The value of surface tension . H m–1 is obtained from the equation 
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The proposed method enhances considerably the efficiency of the measurement be-
cause the time required to obtain the maximum porosity in the specimen is limited by the 
rate of the dissolved gas diffusion through the metal. This rate can be several orders higher 
than the rate of self-diffusion. 

 

The nature of the invention 

The method of definition of the surface tension of metals, comprising the degassing of 
metal, is distinctive in that to enhance the accuracy and the efficiency of the measurements 
of the total gas content in the specimen; the measurements of porosity volume and mean 
pore size at the moment of maximum porosity are carried out there, and the sought quanti-
ty is determined by the equation 
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Fig. A-3 Author's certificate No 453623: 
`The method of hydrogen content determination in alloys containing  

the components characterized by high vapour pressure` 
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The Union Of Soviet Socialist 

Republics 

THE SPECIFICATION 

OF AUTHOR'S 

CERTIFICATE 

(11) 453623 

(61) Dependent on the author’s 
certificates – 
(22) The date of inventorship 
declaration 
04. 16.73 (21) 1916501;  

26 – 25 with the application  
of the declaration No ------ 
(32) The priority --- 
Published 12.15.74 The bulle-
tin No 46 
The date of specification of 
author's certificate publishing 
22. 01.75

(51) M. Cl. G 01n 25.38 
(53) UDC (Universal 
decimal classification) 
543.27 (088.8) 

THE STATE COMMITTEE 

FOR INVENTIONS  

AND DISCOVERIES 

(72) The authors of invention: I.B.Ulanovskiy and G.I. Yegorova 
(71) The claimer ---- 

 
(54) The Method Of Hydrogen Content Determination In Alloys Containing 

The Components Characterized By High Vapour Pressure 
This invention relates to the field of metallurgy, to the analyzing the gas metals, in par-

ticular. 
The standard methods of determination of hydrogen content in metals characterized by 

high vapour pressure of components are low productive and do not provide the complete 
extraction of hydrogen from specimens. 

The method considers placing thin film pure aluminium on the specimen’s surface 
right before it is pacing into the vacuum apparatus to increase the efficiency of extraction 
and the efficiency of the process as well. 

The realization of the proposed method might be as follows. 
The specimens of pure aluminum are coated with a film of pure aluminium by means 

of short time dipping into pure molten aluminium. 
Then the specimens are placed into the vacuum apparatus, subjected vacuum heating 

and thereby the volume of hydrogen eliminated from a specimen is measured by the mass-
spectrometer. 

The advantage of the proposed method is that the layer of pure aluminium covering the 
surface of a specimen sheds the fumes of easily volatile components but conducts the hy-
drogen. 

 

The nature of the invention 

The method of determination of hydrogen content in alloys, characterized by high va-
pour pressure of components, comprising the vacuum heating of a specimen and measur-
ing the volume of eliminating hydrogen, is distinctive in that the surface of a sample right 
before its placing into the vacuum apparatus is covered with the layer of pure aluminium to 
enhance the completeness of extraction and the process efficiency, as well. 
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Fig. A-4 The method of metals and alloys processing for elimination  
of gases 
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The Union Of Soviet Socialist 

Republics 

THE SPECIFICATION 

OF AUTHOR'S 

CERTIFICATE 

(11) 428008 

(61) Dependent on the 
author’s certificates – 
(22) The date of inventor-
ship declaration 
06. 08.70 (21) 
1456937/22-1 with the 
application of the declara-
tion No ------ 
(32) The priority --- 
Published 15.05.74 The 
bulletin No 18 
The date of specification of 
author's certificate publish-
ing 30. 01.75 

(51) M. Cl. C 21d 1/74 
C 21d 3/00 
(53) UDC (Universal 
decimal classification) 
621.78.062.26 (088.8) 

THE STATE COMMITTEE 

FOR INVENTIONS  

AND DISCOVERIES 

(72) The authors of invention: I.B.Ulanovskiy, A.A. Zhukhovitsky and V.A. Danilkin 
(71) The claimer ---- 

 
(54) The method of metals and alloys processing for elimination of gases 
This invention relates to heat treatment of metals, to metal degassing through anneal-

ing in particular. 
Vacuum annealing is the most frequently used method for elimination of porosity and 

gases from metals. 
Too long duration of the standard vacuum degassing process is its most obvious disad-

vantage resulting in gas porosity developing in the course of massive work pieces 
processing. The pores therewith can reach the sizes not allowing them to be eliminated 
even by further annealing after full degassing. 

The aim of invention is the acceleration of degassing and pore removing process. This 
effect is achieved by means of annealing of specimens in the medium under pressure with-
in a time sufficient for obtaining a specified degree of degassing and porosity removing. 

The said medium venting the pressing should absorb gasses liberating from the metal. 
With this purpose, chemically inactive gases or oils of silicon-organic liquids (silicon hy-
drides, etc) together with a suspension (e.g. a mixture of metal oxides) capable to absorb 
the metal without its oxidation are used. 

The method was tested with 10 mm thick rods of pure aluminium. The rods are an-
nealed in dry air compressed under the pressure of 400 ate at the temperature of 500 oC. 
As compared to annealing in dry air at the same temperature and atmospheric pressure the 
time of complete hydrogen elimination reduces by 20 times. 

Equilibrium between the gas dissolved in the metal and the gas in pores results in gas 
removing from pores and their closure. 

 

The nature of the invention 

The method of metals and alloys processing aimed at accelerating the degassing process and 
porosity removing by means of annealing is being different from others by conducting the an-
nealing under the pressure in the medium absorbing gases liberating from the metal. 
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