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We have analyzed the physical processes in a vacuum chamber in the centrifugal dispersion of blanks of D16
and AMg6 aluminum blanks rotating at a rate of 10–80 m/sec with local melting under the action of a sta-
tionary electron beam of power density D109 W/ m2. A method for approximate calculations of melting under
flash heating, diffusion, and vapor and gas release into vacuum is proposed.

In the course of experiments on vacuum impact-drop compaction of specimens, it was revealed that the evacu-
ation system of an ad hoc water-cooled vacuum chamber of volume about 1300 liters provides an abnormally high
evacuation rate of hot (T = 1000 K) products of vapor and gas release of alloys exceeding many times its rated value
for the vacuum pumps used [1]. The reason for this should be sought in the so-called "getter," gas-absorbing, effect.
The mechanisms of action of various getters are complex and differ from pure physical absorption — along with ab-
sorption, chemical and electrical processes proceed in them to a different degree.

1. Features of Experiments on Impact-Drop Compaction. Figure 1 schematically represents the centrifugal
dispersion. An aluminum alloy blank in the form of a disk of height 70–100 mm and perimeter about 1 m on the nar-
row heating band of its cylindrical surface, rotating at a controlled rate, was exposed to an electron beam with an en-
ergy of about 20 keV (focal diameter of D3–4 mm). For the calculations, we took a square with a side of 3.6 mm.

Below we present the results of the calculations and experiments for the most studied "main" dispersion con-
ditions at a rotation frequency f = 20 Hz (circular rotation of 20 m/sec, centrifugal acceleration of 2500 m/sec2). After
D1 min of irradiation, a narrow beam of drops began to separate steadily from the blank with a frequency of about
ν = 6400 Hz and a mass flow Gm = 1.5 g/sec, which in the first 1.5–2 min of dispersion could be considered to be
monodisperse with a diameter in the solid state dsol = 0.55 m (dliq = 0.575 mm), and the beam proper — a train (se-
ries). In this time interval, the mass ablation band of the blank remains approximately cylindrical, and the change in
the blank radius on the heating band is about 7 µm per rotation. Subsequently, there appears a gradually growing dag-
ger-like cut space with a sharp top, with its finite size at the base exceeding the heating spot diameter and reaching
8–10 mm (Fig. 2). These features are described in more detail in [2].

The ranges of contents of standard doping components and possible impurities of D16 and AMg6 alloys are
specified by their corresponding State Standards and are as follows (in mass %): D16: 4.3 Cu, 0.6 Mn, 1.5 Mg (the
range of the Mg content is 1.2–1.8), the Zn impurity is up to 0.3; AMg6: (5.8–6.8) Mg, (0.5–0.8) Mn, (0.02–0.1) Ti,
and (0.0002–0.005) Be.

Since the values of the partial pressure of magnesium vapors over these alloys, even with allowance (accord-
ing to the Raoult law) for the small values of its molar fractions, exceed by 3–5 orders of magnitude, depending on
the temperature, the total pressure of the basis metal (aluminum) and all the other standard components, in our prob-
lem these alloys can be treated, in calculating the vapor release, as binary solutions with a practically nonvaporizable
basis. For liquid solutions, the diffusion coefficient of magnesium in aluminum, equal to D = 7.54⋅10−9 m2 /sec (in the
required range of T and C), is known [3]. The influence of the possible volatile zinc impurity is not considered here
because of the indefiniteness of its actual content in alloys, but the proposed computational procedure is suitable for it
as well.
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The situation with input data for determining the gas release is much more difficult. The experimental data of
[4, 5] and other studies point to the presence in aluminum alloys of hydrogen, oxygen, nitrogen, methane, and other
hydrocarbons, with hydrogen forming the largest volume. As for hydrogen, it is known that for aluminum with a nor-
mally oxidized surface the phenomenon of physical sorption of moisture is not a reversible process, and heating at any
temperatures leads to a release of hydrogen (along with an insignificant release of water vapors depending on condi-
tions). This holds true not only for the outer surfaces of specimens, but also for the inner intercrystalline surfaces of
the alloy structure. The decomposition rate of such forms of moisture "condensed" on the surface in contact with alu-
minum sharply increases when the temperature is increased from 550 to 650oC [5], i.e., in the "solidus–liquidus" range
of these alloys. Since the solubility of hydrogen upon crystallization falls off practically to zero, it may be considered
in estimating the gas release that in the process of impact crystallization of melt drops under the conditions of thin-
layer spreading of drops in the experiments performed hydrogen is completely released into vacuum, which leads for
drops to a certain value of the ratio of the number of Mg vapor atoms per H2 molecule. The value of this ratio is
also used in estimating the quantity of hydrogen released from a dispersed blank.

2. Calculation Model of Thermal Conditions Taking into Account the Melting and the Mass Flows of
Vapor. Estimations of thermal conditions of the heating band with allowance for melting are based on the results of
the solution of the problem simplified (in the one-dimensional formulation) by neglecting the heat leaks from the melt
pool into the blank and assuming that at the initial instant of time the blank is already at a temperature Tcr close to
the "crystallization point." Such an assumption can be considered acceptable, since the temperature of the cold (20oC)
surface of the blank at the end of the focal heating spot reaches the melting temperature already 10–12 µsec after the
beam is switched on. At q0 D 109 W/ m2, by the time of the formation, at the 50–60th second from the beginning of
irradiation, of stable separation of drops from the blank, conductive and other leaks become comparatively small.

Fig. 1. Scheme of the centrifugal dispersion: 1) blank disk (πdb = 1 m); 2)
electron beam; 3) flow of drops with separation at point B (angle ϕ C 11o); 4)
impact-drop compact; 5) thermostated substrate reciprocating transversely to the
figure plane.

Fig. 2. View of the cross-section of the blank ablation cavity (M 1:1.5).
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We consider identical operation cyclograms for all points on the heating band of the blank surface (the pe-
rimeter πdb = 1 m, the heating band width is 3.6 mm) rotating with a frequency f = 20 Hz (v = 20 m/sec) under the
action of a stationary electron beam with conditional dimensions of the irradiation spot of 3.6 × 6 mm2.

Under the beam, a point of any considered section on the heating band runs first a distance of 3.6 mm in the
time τ0 = 0.18⋅10−3 sec under the action of the heat flux pulse q0 = 109 W/ m2 or, assuming then for the calculations
a single time scale τ0 = 0.18⋅10−3 sec, we consider the dimensionless time interval of the first stage to be 0 ≤ τ

_
 =

τ ⁄ τ0 ≤ 1. Then at 1 ≤ τ
_
 ≤ 10 the second, also transitory stage of melting and deepening of the melt pool due to the

heat accumulated in the liquid melt superheated to a temperature above the crystallization temperature Tcr, is realized.
By the end of a time interval of such duration, as will be shown below, the depth of the melt pool practically reaches
its maximum value xmax (in dimensionless parameters x

_
 = x ⁄ xmax ≈ 1). If the melt density ρ = 2.35⋅103 kg/ m3 and

the melting heat r = 0.36⋅106 J/kg, then

xmax = 
q0τ0

ρr
 = 0.213⋅10

−3
 m . (1)

During the remaining part of the long time interval from the total value of the rotation period τrot = πdb
 ⁄ v =

50⋅10−3 sec or τ
_

rot = 278 for estimating the value of heat release a fortiori "with a deficit," we assume that in the
interval of 10 ≤ τ

_
 ≤ 278 the band surface is at Tcr = 870 K (conditional value of the crystallization temperature, since

the "solidus–liquidus" interval is neglected here). In the calculations, we used the following dimensionless quantities of
the melt parameters:

a = 
λTcrρr

q0
2τ0

 = 0.253 ,      b = 
2r

cTcr

 = 0.9404 , (2)

where λ = 60 W/(m⋅K) and c = 880 J/(kg⋅K) are the heat conduction and heat capacity of the melt.
In the proposed refined procedure of integral calculations of the surface temperature Ts and the melting dy-

namics of bodies on the basis of thermal balances, we use the conventional [6, 7] (for such calculations) approximate
prerequisities and assumptions, the main ones of which are stationarity of the processes in a solid body and linearity
of the temperature profiles in the melt layer. The refinement, as compared to [6, 7], consists of the direct more com-
plete account of the heat capacity of the melt with the introduction into the thermal balance, besides the melting ex-

penditure 






∫ 
0

τ

qrdτ






, also of a part of the total energy input q0τ0 in the form 







∫ 
0

τ

qcdτ






 of the melt superheating in a pool

with current depth x. In view of this, the thermal balance equation can be written as

q0τ = ∫ 
0

τ

qrdτ + ∫ 
0

τ

qcdτ = ρrx + ρcx 
Ts − Tcr

2
 . (3)

This relation, which is applicable to τ
_
 ≤ 1, is written in dimensionless form as

τ
_
 = x
_
 + 

x
_
 (T
__

s − 1)
b

 , (4)

where T
__

s = Ts
 ⁄ Tcr.

At time τ
_
 = 1 the energy input into the melt pool terminates and at τ

_
 ≥ 1 the heat content q0τ0 in it under

the assumed conditions of heat losses remains unaltered, i.e.,

1 = x
_
 + 

x
_
 (T
__

 − 1)
b

 . (5)
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The other balance equation needed for solving the problem stated is the same for both time intervals τ
_
 ≤ 1. It defines

the relation between the quantities of heat supplied to the melting front (bottom of the melt pool) and the rate dx/dτ
of its deepening:

λ (Ts − Tcr)
x

 = 
ρrdx

dτ

or in the dimensionless form

T
__

s − 1 = 
x
_

a
 
dx
dτ

 . (6)

Eliminating from (4) and (6) the dimensionless temperature, we obtain an ordinary first-order differential
equation for determining the dynamics of change in the melt pool depth, which belongs to Abel equations of the sec-
ond kind:

x
_ 2

ab
 
dx
_

dτ
_ = τ

_
 − x
_
 , (7)

which was solved with the aid of the odesolve function of the Mathead 2001 package for Windows. Then we deter-
mined from (4) the dimensionless quantities of superheating T

__
s − 1 = (Ts − Tcr)/Tcr of the pool surface with respect to

the melting front temperature Tcr. The curves (Ts − Tcr) = f(τ
_
) and x = f(τ

_
) are given in Fig. 3. The same figure also

gives the values of the temperature gradients dT/dx = (Ts − Tcr)/x in the melt, which in the considered range
0 ≤ τ

_
 ≤ 1 have values from 16⋅106 K/m at τ

_
 = 0 to 6.6⋅106 K/m at τ

_
 = 1. The dependence on τ

_
 of the absolute values

of melt surface temperatures needed for calculating the evaporation in the 0 ≤ τ
_
 ≤ 1 range has been interpolated ap-

proximately by the following formula:

Ts (τ
_
) = 763.11⋅τ

_
 0.54467

 + 858.72 . (8)

For τ
_
 ≥ 1, having eliminated from (5) and (6) the dimensionless temperature, we obtain the following differential equa-

tion with separated variables:

Fig. 3. Change in the heat transfer parameters in the heating pulse (0 ≤ τ
_
 ≤ 1)

and in the aftereffect interval (τ
_
 ≥ 1): 1) temperature difference between the

melt pool surface and bottom; 2) depth of the melt pool; 3) temperature gradi-

ent for the melt pool deep. Ts − Tcr, K; x, µm; 
dT
dx

 10−6, K/m.
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abdτ
_
 = x
_ 2

 
dx
_

1 − x
_ . (9)

Integrating (9) with the initial condition following from the solution of Eq. (7) x
_
τ
_
=1 = 0.525, we have

abτ
_
 = 2 (1 − x

_
) − ln (1 − x

_
) − (1 − x

_ 2) − 1.5816 . (10)

At τ
_
 ≥ 1 the relation between the dimensionless quantities of superheating of the melt pool surface (T

__
 − 1) and the

quantities of current distance to the melt front x
_
 determined by (10) is established by formula (5):

T
__

s − 1 = b 
1

x
_
 − 1

 . (11)

The change in the dimensional parameters determined for the considered conditions of constancy of the spe-
cific heat content in the melt q0τ0 with dimensionless time τ

_
 (for τ

_
 ≥ 1) is also shown in Fig. 3.

The absolute values of the melt surface temperature Ts in the 1 ≤ τ
_
 ≤ 10 range have been approximately inter-

polated by the formula

Ts (τ
_
) = 718.69τ

_
 −1.3351

 + 883.36 . (12)

3. Computational Procedure and Analysis of Results of Calculation of the Mass Vapor Release. The
computational procedure includes approximate methods of determining the dynamics of the diffusion mass flow of the
volatile component to the surface of the melt pool from its volume and its equal free-molecular convective flow of
vapor from the surface into the ambient vacuum. In the general case, for the binary mixture the expression for the dif-
fusion flow is of the form [8]

G = − ρD grad C + ρ 
Dtherm

T
 grad T . (13)

Fig. 4. Change in the mass transfer parameters in the heating pulse (0 ≤ τ
_
 ≤ 1)

and in the aftereffect interval (τ
_
 ≥ 1): 1) surface temperature of the melt pool; 2)

total rate of flow of the Mg mass; 3) diffusion layer thickness; 4) instantaneous
flow rate of Mg vapor; 5) ratio between Mg concentrations on the melt pool

surface and bottom. Ts⋅10−1, K; GΣ⋅106, kg/ m2; xd, µm; G⋅102, kg/(m2⋅sec);

Cs

C0
⋅103, rel. units.
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Here the first term stands for the volatile component mass transfer by the concentration diffusion according to Fick,s
law in the direction counter to the concentration gradient, and the second one — the transfer of a lighter volatile com-
ponent in the direction of the gradient T, i.e., also to the melt surface. Because of the lack of data on Dtherm the ther-
mal diffusion is neglected below despite the presence (see Fig. 3) of very high temperature gradients in the melt.

The aim of the calculations performed in this section is to determine the numerical value (quantity) of the
mass flow of magnesium vapors in order to find subsequently, by estimating of the mass release of hydrogen, the total
volume vapor and gas release into the vacuum chamber.

With the above prerequisities and restrictions, we have developed an integral method of approximate calcula-
tion of evaporation of melts under dynamically changing conditions with the use of a precalculated temperature curve
of the melt pool surface by relations (8) and (12) and under other conditions. The important feature — the possibility
of performing an independent precalculation of thermal regimes — is a consequence of the small thickness xd (Fig. 4)
compared to the values of x (see Fig. 3), as well as of comparatively small heat losses due to the evaporation and
thermal emission from the melt pool surface, whose influence can be neglected.

The salient points of the method are as follows:
1) the profiles of change in concentrations from the initial value C0 to Cs(τ) on the surface in a layer of hith-

erto unknown thickness xd(τ) are linear;

2) at any instant of time τ the mass deficit of the volatile component in a diffusion layer of thickness xd is

strictly equal to the value of the total expenditure of vapors GΣ(τ) = ∫ 
0

τ

G(τ)dτ that has been attained by this instant at

the considered point.
Then the value of the mass deficit can be calculated as

GΣ (τ) = 
ρ
2

 (C0 − Cs) xd , (14)

and the instantaneous specific rate of flow — by the formula

G (τ) = 
d
dτ

 GΣ (τ) . (15)

The value of G(τ) can be written in two ways. In the first one — in terms of the diffusion flow in the melt with a
diffusion coefficient in the liquid D = 7.54⋅10−9 m2 /sec) [3]:

G (τ) = ρD 
(C0 − Cs)

xd
 . (16)

Using (14) and (16), the unknown time variable G in Eq. (15) can be expressed in terms of GΣ by transforming (15)
to the form

xd
2

2D
 
dGΣ

dτ
 = GΣ . (17)

In the second way, the instantaneous rate of the diffusion flow G(τ) can be given in terms of its equal free-
molecular specific rate of flow of vapor from the body surface into the ambient vacuum at a pressure of saturated va-

pors for magnesium psat(τ) = 9.6817⋅109⋅exp 




− 15,825
Ts(τ)




. In the SI system, the equation of the above rate of flow has

the form
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G (τ) = 









0.0438 √Av.c

Ts (τ)
 Psat (τ) 

Av.c

Anons









 Cs (τ) . (18)

Depending on (18), we denote the complex between brackets as β(τ) and call it the coefficient of convective mass
transfer between the surface and the ambient vacuum at a concentration of the volatile component in it at infinite dis-
tance from the body C∞ = 0. Then (18) acquires the form of a "Newton" relation similarly to the expression for the
convective thermal flow q = α(Ts − 0):

G = β (Cs − 0) = βCs . (19)

Here the quantity β is equal numerically to the flow G of the vapor mass of pure (Gs = 1) magnesium from the melt
surface into vacuum. From the equality of the flow rates (16) and (19) follows

C0 − Cs = 
CsBxd

1 + Bxd
   or   

Cs

C0
 = 

1

1 + Bxd
 ,   B = 

β
ρD

 . (20)

Note that the product written in the form Bxd = 
xd

ρD
 : 

1

β
 is an analog of the Biot criterion Bi = 

x
λ

 : 
1
α

 for

heat transfer processes. Both parameters have the physical meaning of the ratios between the resistance to the mass or
heat transfer from the bulk of the body onto its surface and the resistance to their convective transfer from the surface
into the environment.

Eliminating C0 − Cs from (14) by means of (20), we obtain the relation between xd and GΣ in the form of the
algebraic equation (Bxd)2 − 2yBxd − 2y = 0 with solutions

Bxd = y + √(y + 1)2 − 1    or   
B

2
xd

2

2
 = y y + 1 + √(y + 1)2 − 1  , (21)

where y = 
GΣB

ρC0
. Substituting xd

2 ⁄ 2 from (21) into (17), we obtain the basic differential equation for determining the

dependence GΣ(τ
_
):

y + 1 + √(y + 1)2 − 1 
B
ρC0

 dGΣ = Ldτ
_
 , (22)

where L = B2Dτ = (Bxd)2 
Dτ
xd

2
 is a dimensionless mass transfer analog of the x-independent criterion Lh(τ) = Bi2 Fo in

heat transfer theory [6].
In the general case, at a time-variable temperature of the body or B = B(τ) (see (20)) relation (22) cannot be

integrated analytically. In the case where Ts = const and, accordingly, B = const, the solution of (22) is of the form


(y + 1)2 + (y + 1) √(y + 1)2 − 1  − ln y + 1 + √(y + 1)2 − 1   




y1

y
 = 2B

2
Dτ0 (τ

_
 − τ
_

1) (23)

or, if the function on the left-hand side of (23) is denoted as F(y), then

F (y) = 2B
2
Dτ0 (τ

_
 − τ
_

1) + F (y1) = 2 [L (τ
_
) − L (τ

_
1)] + F (y1) . (24)

Errors of the proposed approximate method of calculations can be estimated by comparing their results at Ts
= const to the results of exact calculations. Because of lack of necessary data on direct calculations of the mass trans-
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fer, comparison to the calculations on convective heat transfer [6] can be made since these processes are analogous.
Numerical equality of the sought variables (here dimensionless transfer potentials θh = Ts

 ⁄ T0 and θ = Cs
 ⁄ C0) in these

processes will take place when all the three similarity conditions are fulfilled: for the same geometry of the bodies
(here semi-infinite bodies) and one and the same kind of boundary conditions (BC) (here BC of the third kind), the
same forms of writing the initial and infinity conditions (at τ

_
 = 0, the initial temperature T0 in one problem and the

initial concentration C0 in the other and at zero values of these parameters at infinity), and at numerical equality in
the general case of two corresponding determining criteria for heat transfer and mass transfer — Fourier or Biot num-
bers or only one of them, L = Lh, in determining the parameters on the surface of the body.

Here, for comparison, the results of the solution of problem 4 in [6] on convective cooling of a semi-infinite
body in a medium with a zero temperature are acceptable. In calculating the dynamics of change in the dimensionless
surface temperature θh = Ts

 ⁄ T0 (i.e., at x = 0) the solution of problem 4 depends not on two criteria, but on one, the
x-independent combined criterion Lh = Bi2 Fo:

θh = Ts
 ⁄ T0 = 1 − erfc (√Lh ) exp (Lh) , (25)

where erfc(u) = 
2
π

 ∫ exp (−u2)du is an additional probability integral. The corresponding determining complex for the

mass transfer L = Bix,d
2  Fox,d upon reduction by xd takes on the form L = B2Dτ0τ

_
 (see the right-hand side of formulas

(22)–(24)).
To lower errors of comparison at Ts = const to the exact solution, it is expedient to obtain the dependence

for direct determination of the mass transfer potential θ = Cs(T)/ C0 without additional recalculations. To this end, let
us write expression (15) in view of (20) in the form

βCs = 
ρ

2Bτ0
 
d [(C0 − Cs) Bxd]

dτ
_

or

2B
2
Dτ0dτ

_
 = 

1

Cs
 d 




(C0 − Cs)
2

Cs




 = 

1

θ
 d 




(1 − θ)2

θ




 ,

so that upon integration we have





1

2θ2
 + ln θ





θ1

θ
 = 2 (B2

Dτ0τ
_
)τ
_

1

τ
_

 = 2 (L − L1) . (26)

We will make comparison of the computational procedures for the conditions of flight of a melt drop in vac-

uum at Ts = const = 1000 K and θ1τ
_

1=0 = 
Ts

T0
 = 1.0 of duration τ

_
 = 

0.01

0.18⋅10−3
 = 55. In so doing, B(1000) =

0.55532⋅106 1/m, L = 23.019, L1 = 0. To such conditions by (26) there corresponds the approximate value of θ =

Cs(55)
C0

 = 0.10119, and the exact value by (24) at Lh = 2.3019 will be equal to θh = 0.11513, which gives an accept-

able ("with a deficit") value of the relative error of the approximate method of calculations δ = 
0.11513 − 0.10119

0.11513
⋅

⋅100% = 12%.
4. Vapor and Gas Release of AMg6 (Mg — vapor, H2 — gas) Melt Drops. With the help of the above

value of the mass transfer potential θ = Cs
 ⁄ C0 = 0.1012 we can calculate the absolute value of the mass flow of va-

pors m
.

v at ν = 6400 drops/sec for drops of diameter 0.575 mm (the surface area S1 = 1.042⋅10−6 m2) at a constant
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temperature T = 1000 K (B = 0.5553⋅106 1/m). By (20) and (14) at the end of the flight (τ
_
 = 55) the diffusion layer

thickness xd = 16.0⋅10−6 m, GΣ(55) = 1.149⋅10−3 kg/ m2, m
.

1 = m
.

v = GΣS1ν = 7.66⋅10−6 kg/sec or

n
.
v = 


m
.

A


v

 = 0.315⋅10
−6

 kmole/sec . (27)

For hydrogen, let us assume the maximum content: 1 cm3 under normal conditions (p = 105 Pa, T = 273 K) per 1
cm3 of the melt in the solid state [4]. Then, at a flow rate of drops Gm = 1.5⋅10−3 kg/sec or 0.56 cm3 /sec under nor-
mal conditions Qgas = 0.56 cm3 /sec. Proceeding from the value of the molar volume of ideal gas 22.41 m3 /kmole,
the flow rate of 0.56 cm3 /sec corresponds to

n
.
gas,1 = 

0.56⋅10
−6

22.41
 = 0.025⋅10

−6
 kmole ⁄ sec

or

m
.

gas,1 = (n
.
M)gas = 0.05⋅10

−6
 kg ⁄ sec . (28)

The ratio between the masses and the number of magnesium atoms per hydrogen atom is

m
.

v

m
.

gas
 = 

7.66⋅10
−6

0.05⋅10
−6

 = 153 ,   
n
.
v

2n
.
gas

 = 
0.315⋅10

−6

2⋅0.025⋅10
−6

 = 6.3 . (29)

The molar mass M and the gaseous mixture density under the conditions of the experimental chamber (T = 1000 K
and p = 0.2 Pa) are as follows:

M = 




m
.

v

m
.

v + m
.

gas
 

1

Av
 + 

m
.

gas

m
.

v + m
.

gas
 

1

Mgas





−1

 = 22.66 ,   ρmix = 0.545⋅10
−6

 kg ⁄ m
3
 .

5. Vapor and Gas Release of the Dispersing Body (AMg6 Alloy). The results of the calculations by Eq.
(22) of the vapor release from a permanently existing melt pool of length 36 mm (τ

_
 = 10) at a value of the diffusion

coefficient of magnesium D = 7.54⋅10−9 m2 /sec in a liquid alloy with the use of the above Mathcad program product
for the range of τ

_
 = 0–2.5 are presented in Fig. 4. At τ

_
 = 10 the quantity GΣ reaches the value

GΣ = ∫ 
0

10

Gτ0dτ
_
 = 0.4377⋅10

−3
 kg ⁄ m

2
 .

The value of the mean intensity of vapor release in the time τ = τ0τ
_
 = 1.8⋅10−3 sec Gmean(0–10) = GΣ ⁄ t = 0.243

kg/(sec⋅m2). The absolute vapor release from a pool area S2 = 36⋅3.6⋅10−6 m2 is m
.

2 = GmeanS2 = 31.61⋅10−6 kg/sec.
Taking into account the high value of the diffusion coefficient in the melt and the large quantity of fresh melt

entering the pool as its depth x increases in the course of melting (see Fig. 3), as well as the high mass flow from it
Gm = 1.5⋅10−3 kg/sec in the form of separating drops, it may be presumed that the value of m

.
2 = 31.61⋅10−6 kg/sec

remains unchanged for 240 sec — the time of the dispersion session, assuming thereby that a relative quantity of H2
mass equal to that for drops is released from the melt pool (see (27)):

m
.

gas,2 = 
31.61
7.66

⋅0.05⋅10
−6

 = 0.21⋅10
−6

 kg ⁄ sec .

The whole of the dispersing blank (except for the melt pool) is a solid body, for which the diffusion coeffi-
cient of magnesium D = 7.16⋅10−14 m2 /sec at T = 870 K [3] is five orders of magnitude smaller than the coefficient
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D for the melt. Therefore, on the solid part of the blank surface, because of the large diffusion resistance to the mass
transfer, continuous magnesium de-enrichment of the surface and a weakening of the vapor flows in the course of the
experiment should occur.

Since the calculations are performed on the assumption that the temperature of the considered part of the
blank surface is constant and equal to 870 K, the vapor release can be calculated by formulas (23) and (24). In so

doing, the strong increase (by five orders of magnitude) in the values of B = 
β
ρD

 and y = 
GΣB

ρC0
 determines the value

of y >> 1, which permits neglecting unity compared to the value of y, as well as the logarithmic term of formula (23),

and makes it possible to solve approximately (with an error less than 0.1% already at y > 100) (23) in the explicit
form:

GΣ (τ) = ρC0 √Dτ + 
GΣ

2
 (0)

ρ2
C0

2
   and   G = 

dGΣ

dτ
 = 0.5ρC0D 









√Dτ + 
G1Σ

2
 (0)

ρ2
C0

2











−1

or at G1Σ(0) = 0

G = 0.5ρC0 √D ⁄ τ  . 

For the considered blank surface of area S3 = 68⋅10−3 m2 in the time interval of the experiment from τ = 0
sec to τ = 240 sec, the absolute vapor release from the blank surface m

.
(τ) = G under the conditions used at different

instants of time (τ = 0. 1, 60, 120, and 240 sec) m
.

3(0) = 4.6⋅10−3 kg/sec, m
.

3(1) = 1.6⋅10−6 kg/sec, m
.

3(60) =
0.21⋅10−6 kg/sec, m

.
3(120) = 0.15⋅10−6 kg/sec, m

.
3(240) = 0.104⋅10−6 kg/sec.

Proceeding from the results of the calculations in Subsections 4 and 5, by the minimum value of the mass
quantity of vapor release m

.
 = m

.
1 + m

.
2 + m

.
3(240) + m

.
gas,2 = (7.66 + 31.61 + 0.104 + 0.26)⋅10−6 kg/sec, one can deter-

mine the volume vapor release:

Q = 
m
ρmix

 = 
39.6⋅10

−6

0.545⋅10
−6

 = 73 m
3 ⁄ sec .

Note that such a value of Q is the lowest estimate, since the calculations were "minimum" and several factors
able to increase the obtained value were neglected. The main factor is the thermal diffusion in the presence of ex-
tremely high temperature gradients (see, e.g., Fig. (3) (melt pool)).

6. Results of Calculations and Discussion. The obtained large value of the volumetric rate of flow (D73
m3 /sec) of the magnesium-hydrogen mixture should be compared to the real possibilities of the system of evacu-
ation of the operating chamber of the facility with water cooling of the walls for vapor condensations. The main
danger to the operation of the available evacuation system (a jet oil-vapor vacuum pump plus cold walls of the
chamber) was presented by the formation on the wall of a "diffusion shutter" from noncondensable gases, which
could practically reduce to zero the condensation of metal vapors on them.

The calculated capacity of the AVP-5 vacuum unit under the conditions of the experiments performed cannot
be higher than Qcalc = 0.2 m3 /sec because of the high temperature of the medium being pumped out and the presence
of hydrogen in it [9]. From this it follows that even without taking into account the volumes of other noncondensable
gases released, an evacuation rate considerably higher (by more than two orders of magnitude) than the possible real
capacity of the vacuum unit is attained in the experiments. The qualitative reasons explaining the phenomenon of "su-
perfast evacuation" that appeared in the experiments performed were found in numerous investigations on getters (gas
absorbers) for vacuum electronic devices made more than half a century ago [1].

The mechanisms of action of different getters are complex and differ from pure physical adsorption — besides
adsorption, chemical and electrical phenomena participate in them to a different extent. There are several types of ef-
fective mechanisms that especially suit the conditions of the experimental facility, e.g., when there occurs "disperse
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gettering at which absorption occurs at the time when a getter is dispersed or sublimated in the presence of the ab-
sorbed gas" [1, p. 518]. Exactly such conditions for successful absorption of gases were observed in the experiments
performed: the hot vapor of the getter — magnesium — interacted with the gases. Another suitable type of intensive
absorption mechanism is observed when an electron flow interacts with the gases and the gas dissociates or, as a result
of collisions with electrons, excited molecules or ions are formed, "as, for example, in the case of hydrogen" [1, p.
518]. Moreover, in the case of arc-induced evaporation of a metal, "titanium and magnesium intensively absorb gases"
[1, p. 519]. Additionally, in the experimental chamber, there were intense X-rays generated in the zone of blank and
aluminum alloy irradiation by an electron beam with an energy of 20–25 keV.

Thus, it may be suggested that hydrogen, when still inside the chamber, before entering the vacuum pump and
approaching the walls, is absorbed by a part of the magnesium vapors, providing the possibility for the remaining part
to condense on the walls. It enters into a chemical bond with magnesium, since, when heated, magnesium reacts with
hydrogen to form MgHm hydrides, where m = 1, 2, 3, 4 [10, p. 308]. The main hydride is MgH2. Thus, in the hy-
drides one hydrogen atom can be chemically bound by magnesium atoms in a quantity from 1 to 25. In our case,
there is a large store of magnesium: 6.3 atoms per hydrogen atom (see (29)).

The considered getter mechanism of "ultrafast evacuation" of a mixture of hot magnesium vapors and the fun-
damental gas component (hydrogen) under the physical conditions of the experiments performed can, consequently,
function.

An additional indirect confirmation of the validity of the getter mechanism of mutual combining at the atomic
level of a mixture of a part of hot magnesium vapors and gases is provided by visual observation (through an X-ray
absorbing port-hole) of the processes proceeding in the working chamber. As soon as an electron beam is entered into
the evacuated chamber, the blank melting process develops and escape of drops begins. During the time interval from
a few (2–4 sec) seconds (beginning) to 40–50 sec (end) the character of glow of the medium in the chamber rapidly
changes and then remains visually unaltered. Initially, it was not glowing and completely transparent; only a relatively
low-luminosity sharply defined electron beam of orange color was observed. Then the medium became foggy, of
bright bluish-green color, and the objects in the chamber became invisible or visible (only near the chamber part-hole)
indistinctly. The glow of the electron beam at the beginning of the time interval under consideration sharply changes,
it increases practically abruptly, becomes dazzlingly bright, and also bluish-green in color, and then it merges with the
brightly glowing background. The foggy blurriness of the objects in the chamber and the diffuse glow of the medium
should obviously be related here to the appearance in it of condensed dust-like particles (in the given case, particles
of magnesium hydrides), whose evaluated (by the features of the light scattering) size is of the order of a tenth frac-
tion of a micrometer, and the glow color — to the started interaction of magnesium vapors with electrons, including
electrons scattered by the target.

Thus, account of the getter effect gives a satisfactory physical explanation of the experimental results obtained
under vacuum dispersion of molten aluminum alloys, which consists of the phenomenon of "ultrafast evacuation" of a
water-cooled vacuum chamber.

NOTATION

A, atomic mass; Bi, Biot criterion; c, heat capacity, J/(kg⋅K); C, relative concentration, kg/kg; d, diameter, m;
D, diffusion coefficient, m2 /sec; f, rotation frequency, Hz; Fo, Fourier criterion; G, specific value of the mass flow,
kg/sec2; m, mass, kg; M, molecular mass; n, number of moles; p, pressure, Pa; q, specific heat flow, W/ m2; Q, vol-
ume flow, m3 /sec; r, melting heat, J/kg; S, area, m2; T, temperature, oC; v, velocity, m/sec; x, distance from the sur-
face, m; α and β, heat and mass transfer coefficients; θ, dimensional mass or heat transfer potential; λ, heat
conductivity coefficient, W/(m⋅K); ν, separation frequency of drops, drops/sec; ρ, density, kg/ m3; τ, time, sec; δ, rela-
tive error of a quantity, %. Subscripts: rot, rotation; gas, noncondensable gas; d, diffusion parameter; liq, liquid state;
b, blank disc; cr, crystallization; v.c, volatile component; m, metal; sat, saturation; 0, initial state; s, surface; v, vapor
of volatile component; nons, nonvaporizable solvent; calc, calculated value; r, melting expenditure; c, heat-accumulation
expenditure; mix, gas-vapor mixture; mean, mean value; h, heat transfer; therm, thermal diffusion; sol, solid state; f,
focal spot of the beam; bar, relative value; dot, time derivative; 1, 2, 3, drop surface, melt pool, blank; ∞, value of a
quantity at infinite distance from the body; Σ, total quantity; max, maximum.
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