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Modelling th e structural and stress–s train state  
of  a dissimilar steel ingot in electroslag melting

V.I. Makhnenko, A.S. Milenin, S.S. Kozlitina and L.I. Dzyubak

E. O .  P aton Elec tric  W eld ing I ns titute,  K iev

It is shown that the application of dissimilar structures, components of machines and mecha-
nisms in various branches (power complex, pipeline transport, aerospace industry) allows 
producing the uniq ue complex of service properties which are difficult to provide when us-
ing similar materials. In this case the natural difficulties are encountered in producing the 
dissimilar parts and billets with a guaranteed q uality of metal. To manufacture the dissimilar 
components, there are different technological procedures, one of which is electroslag melt-
ing in a current-carrying mould with a molten filler metal, in particular for producing of 
large-diameter steel ingots dissimilar in the direction of height, used for turbine rotor shafts. 
One of the problems of optimizing the technological parameters of this process is the mini-
mizing of the tendency of dissimilar ingot metal to the initiation of cold cracks. A set of 
mathematical models and programming means for the numerical analysis of the kinetics of 
thermal, physical-chemical and mechanical processes was developed, owing to which some 
peculiarities of the formation of transition zone of the dissimilar ingots were revealed. An 
approach was suggested for selection of the optimum chemical composition of filler metal 
and, thus, the feasibility of minimizing the ingot metal susceptibility to the formation of cold 
cracks in transition zone was demonstrated. The significant influence of material with the 
chemical composition, different from the optimum one, on the susceptibility of ingot metal 
to cracking was also shown and methods of effective optimizing the process of electroslag 
melting of ingots of different height, were described for reducing the risk of initiation of 
these types of defects. Ref. 13., Table 1, Figures 2.

K eyw ord s :  large- s ec tion d is s imilar s teel ingot;  elec tros lag melting;  s truc tural c omp os ition;  s tres s - s train s tate;  
c old  c rac ks ;  math ematic al mod eling

The application of dissimilar elements in 
structures and mechanisms is one of the ef-
ficient methods of obtaining the uniq ue set of 
their service characteristics (higher strength, 
resistance to the effect of corrosive media 
and high temperatures, resistance to different 
types of loading, etc [ 1– 3] ). In this case, it 
is necessary to produce permanent joints in 
elements from different materials and this 
req uires the optimisation of the metal of the 
dissimilar transition zone from the viewpoint 
of the specific level of the service properties 
of the structure as a whole [ 4] . An example 
of the structural components are the turbine 
axis dissimilar along the length and used in 
the power engineering. They are produced by 
electroslag welding of cylindrical components 

with a large diameter produced from different 
steels. This is a difficult and energy consum-
ing process. An alternative is the process of 
electroslag melting (ESM) of blanks with the 
change of the composition of remelted metal 
during melting of the ingot.

The E.O. Paton Electric Welding Institute 
has developed the technology of electroslag 
melting in a current-conducting solidifica-
tion mould with liq uid filler metal [ 5]  for 
producing large diameter ingots, including 
the ingot with the variable chemical com-
position along the height (Fig. 1). One of 
the tasks of the optimisation of this process 
is the reduction of the susceptibility of the 
metal of the transition zone to the formation 
of discontinuities such as cold cracks (CC). 

ELECTROSLAG TECHNOLOGY
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The necessary condition for the formation 
of the CC is the simultaneous presence in 
a specific region of the metal of tensile 
stresses, q uenched structures and diffusible 
hydrogen [ 6, 7] .

One of the methods of ensuring the high 
q uality of the ingots melted by electroslag 
melting (together with a reduction of the 
volume fraction of hydrogen in the remelted 
metal) is the optimisation of the production 
processes in terms of minimising the amount 
of martensite phases in the region of high 
tensile stresses. It is rational to evaluate the 
susceptibility of the metal of the ingot to 
the formation of these defects in different 
melting conditions using advanced methods 
of mathematical and computer modelling of 
the kinetics of temperature, phase and stress-
strain state of the metal of the ingot.

In this work, numerical analysis of the 
kinetics of the structural and stress– strain 
state of a dissimilar steel ingot depending 
on its chemical composition, and evaluation 
of the susceptibility of the metal to go to 
cracking in electroslag remelting, was car-
ried out to develop mathematical models and 
means of computer modelling.

As shown in [ 8] , the optimum regime for 
minimising the transition region between 
the dissimilar parts of the ingot and also 
for producing a shallow liq uid metal pool 
homogeneous in the radial direction of the 
cylindrical ingot is the regime consisting of 
the following consecutive stages: melting the 
first part of the ingot with the composition 
X I ; reduction of the dimensions of the liq uid 
pool with interaction of the withdrawal of the 
ingot (displacement rate of the baseplate v =  
0) and variation of the supplied power w 0; 
formation of the transition zone as a result 
of adding the metal with the composition X III; 
melting of the second part of the ingot with 
the composition X II.

The kinetics of the phase composition 
of the metal of the ingot in the process of 
electroslag melting up to complete cooling 
is predicted taking into account the results 
of numerical analysis of the temperature 
cycles in specific melting conditions, the 
chemical composition of the steels of the 
ingot and also the diagram of continuous 
cooling transformation of austenite. Taking 
into account the holding time above the ap-
propriate temperatures, these diagrams were 
constructed for many steels [ 9, 10] . The con-
tinuous cooling transformation diagrams can 
be used for evaluating the mass part V n of 
a specific n-th structural component (n =  A, 
F, P, B, M –  respectively austenitic, ferritic, 
pearlitic, bainitic, martensitic) in the regions 
of both pure and mixed phases: austenitic 
(A), austenitic– ferritic (A + Ca), pearlitic 
(A + F + Ca) where Ca are the carbides, 
bainitic (A + F + Ca) adjacent to the zone 
restricted by the temperature of the start of 
martensitic transformation and above by the 
temperatures lower than 600 ° C. The points 
of intersection of the curves of the tem-
perature cycles T (t) are characterised by the 
mean cooling rate in the zone 800… 500 ° C  
W 8/5, determine the temperatures of the start 
and end of the corresponding structural trans-
formations of austenite to the n-th phase. 
The simplest methods of using the austenite 
continuous cooling transformation diagram 
for a specific cooling cycle with the value 

Fig. 1. Diagram of the electroslag melting of an ingot 
with a large diameter dissimilar in the direction of height: 
1) the ingot; 2) the liquid metal pool; 3) the slag; 4) the 
graphite lining; 5) the current-conducting solidification 
mould; 6) insulator; 7) the solidification mould shunting 
the slag pool; 8) the solidification mould; 9) the baseplate.
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[ W 8/5]  is the interpolation of the data of the 
diagram of the appropriate steel to the specific 
range, i.e., the req uired value A K  at [ W 8/5]   
( W + 

8/5 >  [ W 8/5]  >  W 8/5) is determined from the 
following relationship:

8/5 8/5
8/5 8/5

( [ ] )K K
K K

A AA W W A
W W

+ −
+ −

+ −

−
= − +

−

where A +
K  corresponds to W +

8/5; A –
K  –  W –

8/5.

Thus, for any cooling curve 0T
t

∂
<

∂
 in the 

metal of the investigated ingot the appropriate 
continuous cooling transformation diagram is 
used to determine the req uired data for the 
temperatures of the start and end of the n-th 
phase of transformation of austenite, the dura-
tion of transformation to the phase n =  F, B, 
B, M, the mass fractions of the start and end 
of the n-th transformation V s t

n, V e
n.

Correspondingly, at the temperature T (t) 
at the moment of time t at T s t

n >  T (t) >  T e
n 

the relative mass fraction of the n-th micro-
structure V n(t, T  ) is determined as follows:

( )( , )
2

e s t s t
s tn n n

n ns t e s t e
n n n n

V T T t t tV t T V
T T t t

 − −
= + + − − 

In the case in which 0T
t

∂
>

∂
 we accept 

the condition

0nV
t

∂
=

∂
 at T  <  800 ° C;

A A0, 1.0nV V≠ ≡ =  at T  ≥ 800 °C.

If the diagram of the continuous cooling 
transformation of the austenite of the specific 
steel does not contain detailed data on the 
microstructural state for the req uired cooling 
cycle, they can be restored using the appro-
priate theoretical hypotheses. In particular, a 
relatively popular hypothesis is the Avrami 
hypothesis [ 11]  used the welding literature 
according to which the rate of formation of 

new phases 
An

V
t ≠

∂
∂

 at the given temperature 

T (t) is proportional to the retained austenite 
content V A(t), i.e.

 A A
A

( ) ( ) ( )nV V t k T V t
t t
≠∂ ∂

= − =
∂ ∂

 (1)

where k( T  ) is the function of temperature.
Eq uation (1) shows that in the temperature 

range Δ T  =  T 2 –  T 1

0 0( ) exp [ ( )( )]V t C k T t t∆ = − −

where the integration constant C 0 is deter-
mined at temperature T 1 and time t =  t0: 
C 0 =  V A (t0).

Analysis of the stress– strain state of the 
ingot in the process of electroslag remelting 
in this study was carried out on the basis 
of the numerical solution of the problem 
of non-stationary thermoplasticity by de-
termining the elastic plastic strains from 
the moment of the start of melting up to 
the complete cooling of the ingot [ 12] . The 
relationship between the increments of the 
components of the stress tensors Δσ i j  and 
strains Δεi j  was determined by the H ooke’s 
law and by the approximated law of plas-
tic yielding on the basis of the following 
relationships [ 13]

( / ) ( )

1 ( ) * ( ) *
2

ij ij ij m ij m m

ij ij m m

K

K
G

∆ε = ψ σ −δ σ + δ σ + ∆ε

− σ −δ σ + σ

where 1 2 ;
2(1 v)

v EK G =
E
−

=
+

; E is the Y oung 

modulus; v is the Poisson coefficient; σm are 
the membrane stresses; δij  is the Kronecker 
symbol; ψ is the function of the state of the 
material, determined by the plastic yield-
ing conditions according to the von Mises 
criterion.

1
2G

ψ = , If σi < σ T

1
2G

ψ > , if σi = σ T

where σ i is the stress intensity; σ T  is the 
yield limit.

To take into account the influence of the 
volume effects of the phase transformations, 
it is necessary to determine the relative linear 
changes of the elementary volume in the pres-
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ence of the appropriate diagram of continuous 
cooling transformation of austenite and the 
handbook data for the volume change of the 
appropriate microstructure γn( T  ) according to 
the following dependences, cm3/g:

γА(Т ) =  0.12282 + 8.76· 10 – 6 (Т + 273)  
+ 2.13· 10– 6С;

γМ(Т =  0.12708 + 4.448· 10– 6 (Т + 273)  
+ 2.79· 10– 3C;

γ F(Т  )  =  γ P(Т  )  =  γ B(Т  )  =  0 . 12708  
+ 5.528· 10– 6 (Т + 273),

where C is the carbon content, % .
Is assumed that the temperature and prop-

erties in each relatively small volume of 
the ingot are constant and also the mass is 
preserved. Conseq uently, the relative change 
of the linear dimensions of the elementary 
volume Δφ, associated with the variation 
of the temperature and microstructures in 
the time period Δt =  tk –  tk – 1, at the known 
values of γn( T  ) and V n( T , t) can be written 
in the following form

1 1
A, , M A, , M

0 0
A, , M

( , ) ( ) ( , ) ( )

3 ( , 0) ( )

n k n k n k n k
n n

n n
n

V T t t V T t T

V T T

− −
= =

=

γ − γ
∆ϕ =

γ

∑ ∑
∑

 



where T 0 is the initial temperature of the 
formation of the material of the solid ingot 
(for example, the solidus temperature).

In most cases, the yield limit of the metal in 
relation to V n is calculated using the dependence

( )
T T

A, , M
( ) ( ) ( )n

n
n

T T V T
=

σ = σ∑


where σ(n)
T is the yield limit of the n-th struc-

tural component in relation to temperature.
In this case, for many steels σ(n)

T (T) can 
be written in the form

( ) ( )
T T( ) (20 C) ( ) ,n nT f Tσ = σ ° 

where f ( T ) is independent of n.
The given models of the kinetics of the 

structural state and of the stress– strain state 
of the metal, dissimilar along the length 
of the ingot, are combined with the pro-
posed models of the variation of tempera-

ture fields in chemical composition in the 
framework of the generalised finite-difference 
and finite-element schemes. As an example 
of the numerical analysis of the metal dis-
similar along the length of a large diameter 
ingot to the formation of cold cracks, we 
examine the process of electroslag melting 
of a cylindrical ingot with a diameter of 
1200 mm produced from steels of different 
grades: steel SAE2330 (composition X I), 
wt.% : 0.3 C –  51 Mn –  0.32 Si –  0.007 –  
S –  0.011 P –  3.03 Ni –  0.07 Cr –  0.032  
Al –  0.001; Ti; steel 28NiCrMo74 (compo-
sition X II), wt.% : 0.3 C –  0.46 Mn –  0.24 
Si –  0.025 S –  0.03 P –  2.06 Ni –  1.44 Cr 
–  0.37 Mo –  0.2 Cu –  0.001 V.

The melting rate in the investigated case 
was eq ual to 6 mm/min, the temperature of 
cast metal 1550° C. Correspondingly, in the 
first 2.75 h (1000 mm of ingot along the 
height) the solidification mould is supplied 
by the melt with the composition X I, the 
second half of the ingot should have the 
composition X II.  A ‘smoother ’ dissimilar 
transition along the height can be obtained 
by diluting the previous composition of the 
liq uid metal pool with the composition X III. 
To calculate the optimum chemical compo-
sition of the addition X opt we can use the  
formula:

 opt II II I2

4 ( )FGX X X X
D

= + −
π υτ

 (2)

where G f  is the volume of the liq uid metal 
pool of the end of melting the part of the 
ingot with the composition X I.

In a general case if we know the chemical 
composition X (t) of the liq uid metal pool with 
the volume G (t) at the moment of time t and 
the volume rate of introduction of the liq uid 

metal 
2

( )
4

D tπ υ  with the chemical composition 

X III, the chemical composition of the liq uid 
metal pool X  (t + Δt) in the time period Δt 
is determined by the relationship

2

III

2

( )[ 2 ( ) ( )] ( )
4( )

2 ( ) ( )] ( )
4

DX t G t G t + t X t t
X t t

DG t G t + t t t

π
− ∆ + υ ∆

+ ∆ =
π

− ∆ + υ ∆
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Fig. 2. Distribution of the tangential (a), axial (b) stresses and martensite (c) in the cross-section of a dissimilar 
cylindrical ingot of steels SAE2330 and 28NiCrMo74 with the filler metal of the optimum composition 30CAD6-12 (I); 
without it (II); with the filler metal 14NiCr1.4 (III); with the filler metal 30NCD12 after melting by electroslag melting (IV).
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Martensite

Martensite

Martensite
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where G (t) is the volume of the liq uid metal 
pool; υ(t) is the melting rate; D  is the ingot 
diameter.

It should be mentioned that in the optimisa-
tion of the investigated technological process 
it is important to select the intermediate 
metal. Since the selection of the chemical 
composition according to eq uation (2) for each 
specific pair of metals of the dissimilar ingot 
is time-consuming and the melting process is 
complicated, and it is convenient to add the 
existing steel grades whose composition is 
closest to the calculator composition. Table 1 
gives the results of calculation of the compo-
sition of the liq uid pool where the addition 
is are represented by the steel 30CAD6-12, 
wt.%  (0.28%  C –  0.49%  Mn –  0.32%  Si –  
0.050%  S –  0.012%  P –  0.13%  Ni –  1.65%  
Cr –  0.22%  Mo –  1.050%  Al).

In this case, in the transition zone there 
are no prereq uisites regarding the suscepti-
bility of the metal to cold cracking (Fig. 2, 
I ). The processes of heat and mass transfer 
result in a smooth transition of the structural 
components from one composition of the ingot 
to another, with the highest probability of 
formation of defects recorded in the central 
part of the ingot. This is associated with 
the special features of removal of heat and 
shrinkage processes, whereas the formation 
of the dissimilar transition zone takes place 
in the conditions close to optimum.

It should be mentioned that the application 
of the multistage process of electroslag melt-

ing of the ingot dissimilar along the height 
with the optimum chemical composition of 
the addition reduces the susceptibility of the 
metal to the formation of defects in comparison 
with the technology in which the intermedi-
ate layer is not used [ 8] . The application in 
melting of only two main steels results in 
the formation of higher tensile stresses in 
the ingot caused by the steep gradients of 
the mechanical properties of the metal of the 
transition zone with the identical distribution 
of the q uenched structures (Fig. 2, I I ).

The deviation of the chemical composi-
tion of the filler metal from the optimum 
composition, determined by eq uation (2) in 
dependence on the structural state of the main 
ingot can change the susceptibility to forma-
tion of cold cracks in the transition region. 
Figure 2, I I I  shows the results of simulation 
of melting of ingots from the steels of the 
same composition, but the intermediate metal 
was the steel 30NCD12, wt.%  (0.3 C –  0.4 
Mn –  0.3 Si –  0.016 S –  0.015 P –  3.2  
Ni –  0.86 Cr –  0.4 Mo –  0.17 Cu). 

The transition region is characterised by the 
formation of areas with a higher martensite 
content and the simultaneous presence of the 
tensile axial stresses. This indicates the rapid 
growth of the susceptibility of the metal of 
the transition zone to the appearance of cold 
cracks as a result of the incorrect selection 
of the additional material. At the same time, 
if the additions are represented by the steel 
14NiCr1.4, wt.%  (0.13 C –  0.46 Mn –  0.26 

Table 1. Results of calculation of the composition of the liquid pool X(tn + τ) for the metals with the composition XI, XII 
and the addition with the composition XIII

Chemical  
element

X I X II X III τ = 17 min τ = 34 min

% X opt X (th + τ) X opt X (th + τ)

C 0.3 0.3 0.28 0.3 0.29 0.3 0.29
Mn 0.51 0.46 0.49 0.46 0.50 0.44 0.50
Si 0.32 0.24 0.32 0.24 0.32 0.21 0.32
S 0.007 0.025 0.05 0.03 0.03 0.03 0.04
P 0.0011 0.03 0.012 0.03 0.01 0.04 0.01
Ni 3.03 2.06 0.13 2.05 1.22 1.75 0.87
Cr 0.07 1.44 1.65 1.46 1.05 1.87 1.25
Mo 0 0.37 0.22 0.37 0.14 0.49 0.16
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Si –  0.012 S –  0.013 P –  3.69 Ni –  0.78 
Cr –  0.04 Mo –  0.16 Cu –  0.012 Al), the 
amount of the q uenched structures in the 
transition zone is very small (Fig. 2, I V ) and 
the presence of the dissimilar transition does 
not change the susceptibility of the ingot to 
the formation of these defects, regardless of 
the large difference in comparison with the 
optimum composition of the addition. 

Conclusions

1. To carry out the numerical analysis of the 
cold cracking susceptibility of the metal of 
the steel ingot dissimilar along the height in 
the electroslag melting, we developed a com-
plex mathematical model of the kinetics of 
temperature, structural and stress– strain state 
of the metal of cylindrical ingots. Approaches 
have been proposed to the determination of 
the chemical composition of the filler metal 
to produce the optimum transition zone from 
the position of the final q uality of the ingot.

2. It has been shown that in the rational 
selection of the filler metal the presence of 
the transition zone does not influence the 
general susceptibility of the metal of the ingot 
to the formation of cold cracks because the 
amount of the q uenched structures in the areas 
with a tensile stresses does not exceed their 
volume fraction in other parts of the ingot.

3. We analysed the possibility of using, 
as the additional material, the steels with 
the chemical composition different from the 
optimum composition (in terms of the cold 
cracking susceptibility of the metal of the 
ingot). It has been shown that this factor 
may have the strong effect on the suscepti-
bility of the metal of the transition zone to 
the formation of such defects because it may 
cause an increase of the amount of martensite 
in the areas with the tensile axial stresses.

References

 1. Characterization and properties of dis-
similar metal combinations of Fe/Al and 
Ti/Al-sheet materials, F. Wagner, et al.,  
Proc. ICALEO (Orlando, Florida, USA, 
Sept., 2001), Orlando: LIA Congress 
Proc., 2001, 365– 374.

 2. Kahraman N., Gulenc B., Findik F. Cor-
rosion and mechanical-microstructural 
aspects of dissimilar joints of Ti– 6Al–
4V and Al plates, Intern. J. of Impact 
Engineering, 2007, No. 34, 1423– 1432.

 3. Darwish S.M., Analysis of weld-bonded 
dissimilar materials, Intern. J. of Adhesion 
&  Adhesives, 2004, No. 24, 347– 354.

 4. Ryabov V.R., et al., Welding of dissimi-
lar metals and alloys, Mashinostroenie, 
Moscow, 1984.

 5. Kuskov Y u.M., et al., Problemy Spets. 
Elektrometalurgii, 1995, No. 3, 24– 28.

 6. Prokhorov N.N., Physical processes and 
metals in welding, volume 2, Metallur-
giya, Moscow, 1976.

 7. Makhnenko V.I., et al., Zb. Nauk. Prats'  
NUK, 2009, No. 4, 5– 12.

 8. Makhnenko V.I., et al., Sovremen. Elek-
trometallurgiya, 2012, No. 2, 3– 7.

 9. Atlas of time-temperatures diagrams for 
irons and steels, Ed. by G. Vander Voort, 
Ohio: ASM Publication, 1991.

10. Atkins M. Atlas of continuous cooling 
transformation diagrams for engineering 
steels, Ohio: ASM Publication, 1980. –  
260 p.

11. Christian G., Theory of transformations in 
metals and alloys, Mir, Moscow, 1970s.

12. Makhenko V.I., Safe service of welded 
joints in sections of advanced structures, 
Naukova Dumka, Kiev, 2010.

13. Makhnenko V.I., Calculation methods 
of investigating the kinetics of welding 
stresses and strains, Naukova Dumka, 
Kiev, 1976.

Sub miotted  0 4 . 1 0 . 2 0 1 3



Advances in Electrometallurgy 2014 12 ( 1)  12– 22 12

A . A .  P olis h ko,  V .  Y a.  Saenko,  S. N .  Step anyuk,  A .  Y u.  T unik and  I . N . ,  K loc h kov
A d vanc es  in Elec trometallurgy 2 0 1 4  12 ( 1 )  1 2 – 2 2
T rans lated  f rom Sovremennaya Elektrometallurgiya 2 0 1 4  12 ( 1 )  1 0 – 1 8

Beh aviour of  non- metallic inclusions in th e structure 
of  cast electroslag AISI 316 s tainless steel
A.A. P olishko, V. Y a. Saenko, S.N . Step anyuk, A. Y u. Tunik  

and I.N ., Klochkov

E. O .  P aton Elec tric  W eld ing I ns titute,  K iev

The results of investigations are presented concerning the behavior of non-metallic inclusions 
in cast metal of stainless steel AISI of the type 316 produced using the method of electroslag 
remelting of consumable electrodes (ESR) and electroslag surfacing with applying liq uid metal 
(ESS LM). The complex analysis of non-metallic inclusions at all the stages of manufacture 
of ESR and ESS LM ingots was carried out –  from the processing of the initial metal up 
to the formation of ready ingots; metallographic investigations; evaluation of the dispersion 
of the dendritic structure. The physical and mechanical properties of cast metal of ESR and 
ESS LM ingots of cast metal were evaluated. Fractographic investigations and analysis of 
non-metallic inclusions at the fracture surfaces and fractures of specimens after their tests 
on static tension and impact bending were performed. Ref. 9, Tables 2, Figures 13.

K eyw ord s :  non- metallic  inc lus ions ;  c ons umab le material;  c ons umab le d ef ormed  elec trod e;  liq uid  metal;  ESR  
ingot; ESS L M  ingot;  d rop  of  metal;  s amp le of  th e « c up »  typ e;  d end ritic  s truc ture;  d is tanc es  b etw een s ec ond ary 
b ranc h es  of  d end rites ;  mec h anic al p rop erties ;  tes ts  on s tatic  tens ion and  imp ac t b end ing;  f rac tograp h ic  inves tigations

The metallurgical q uality of metal depends  
on the technology of melting steels and al-
loys, the technology of production of semi-
finished products, heat treatment, technology 
of producing structural members (welding, 
brazing, physical-mechanical effect).

Important q uality criteria, influencing the 
structure and properties of the cast and de-
formed metal, are the degree of contamination 
of the structural steels and alloys with non-
metallic inclusions, their chemical composition 
and size [ 1, 2] . The non-metallic inclusions 
in the conditions of high loading in the ser-
vice of components for important applications 
may act as stress concentrators and areas of 
crack nucleation and this is unacceptable. The 
problem becomes more serious in the case 
of large components, such as the casings of 
energy reactors.

As a result of the development at the 
E.O. Paton Electric Welding Institute of a 
new method of producing large ingots by 
electroslag surfacing with liq uid metal ESS 
LM) [ 3, 4]  it was necessary to evaluate the 
behaviour (transformation) of the non-metallic 
inclusions in the process of production of 
ingots by ESS LM and electroslag remelting 
(ESR) made of AISI 316 stainless steel and 
also the effect of the non-metallic inclusions 
on the metallurgical q uality of cast metal.

For this purpose, it was necessary to carry 
out a detailed analysis of the non-metallic 
inclusions in all stages of production of the 
ingots by ESR and ESS LM; metallurgical 
investigation; evaluation of the dispersion 
of the dendritic structure by measuring the 
distance between the secondary arms of the 
dendrites; evaluation of the level of the physi-

* The study was supervised by L.B. Medovar. B.B. Fedorovskii, N.Y . Shevchenko, V.L. Petrenko, V.A. Zaitsev, 
V.M. Y arosh and V.M. Zhuravel'  also took part in this work. 
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cal– mechanical properties of the cast metal 
of the ingots produced by ESR and ESS LM; 
fractographic studies of the fracture surfaces 
of the specimens after mechanical tests.

The consumable material for ESR and ESS 
LM was the AISI 316 stainless steel. Accord-
ing to the international standard ASTM A240/
A240M [ 5]  and ASTM A480/A480M [ 6]  the 
nominal composition of the steel is as follows, 
wt.% : < 0.08 C; 2.00 Mn; < 0.045 P; < 0.03 
S; < 1.00 Si; 16.0… 18.0 Cr; 10.0… 14.0 Ni; 
2.00… 3.00 Mo. The ingots produced by ESR 
and ESS LM were melted by drawing using 
the current conducting watercooled solidifica-
tion mould (CWSM) with the diameter of 350 
and 180 mm, respectively, and also using a 
slag of the same chemical composition, wt.% : 
34… 40 CaF2; 17… 21 Al2O3; 11…  22 CaO; 
14… 20 SiO2; 7… 11 MgO; < 2 MnO. The 
principal diagram of producing the ingots by 
ESR and ESS LM is shown in Fig. 1.

The consumable electrode for ESR was a 
packet consisting of six bars produced from 
standard rolled stock (sq uare 80 mm).

To produce the liq uid metal in ESS LM 
the consumable electrode was also remelted 
in the crucible-ladle for ESR in the form of 
a packet of bars (six bars) produced from 
standard rolled stock, sq uare 80 mm, using 
the slag of the grade AN-295 (GOST 307 
56-2001) of the following chemical compo-

sition, wt. % : 11… 17 CaF2, 49… 56 Al2O3, 
26… 31 CaO; 2.5 SiO2; < 6 MgO. The liq uid 
metal from the crucible-ladle for ESR in the 
current-conducting solidification watercooled 
moulds was poured in portions using metal-
lic cold ladles with a diameter of 75 mm 
by periodic supply of li q uid metal coated 
with a slag layer, with the supply from the 
top into the slag pool into the solidification 
mould in such a manner as to prevent the 
contents of liq uid metal with the atmosphere. 
After pouring out each portion of li q uid 
metal from the small ladle a thin layer of 
the metallic skull remains on the internal 
surface of the ladle which already forms in 
the crucible-ladle in ESR at the initial mo-
ment of contact of the cold metallic ladle 
with the li q uid metal coated with a thick 
slag layer. The metallic ‘cup’ (skull) formed 
on the internal surface of the small metallic 
ladle can be easily separated as a result of 
thermal shrinkage from the small label and 
to use as the technological test piece for the 
evaluation of the degree of contamination 
of the metal with non-metallic inclusions in 
the stage of production of liq uid steel in the 
crucible-ladle for ESR.

The non-metallic inclusions were investi-
gated in all stages of production of completed 
ingots by ESR and ESS LM (Fig. 2).

The external appearance of the consum-

Fig. 1. Diagram of the production of ESR (a) and ESS L M (b) ingots.
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able electrode, the liq uid metal in the end of 
the electrons solidified in the slag and the 
samples of liq uid metal of the ‘cup’ type are 
shown in Fig. 3.

Investigations of the longitudinal macro 
templates, taken from the ESR and ESS LM 
ingots with a diameter of 350 and 180 mm 
made of the AISI 316 stainless steel (Fig. 4) 
showed the high density and homogeneity of 
the cast electroslag metal and absence of any 
defects.

Investigations of the non-metallic inclusions 
were carried out by electron microscopy which 
can be used, according to the images of the 
polished unetched surface, to carry out au-
tomatic separation of non-metallic inclusions 
on the basis of their morphology and type.

The analysis procedure may be described 
as follows. The nonmetallic inclusions are 
identified on the basis of the brightness 
characteristics in the BEI mode (image in 
the inverse electrons) or SEI (image in the 
secondary electrons) using the analytical 

Fig. 2. O bj ects of inv estigations of non-metallic inclusions 
in ESR and ESS L M.

Fig. 3 . External appearance of the consumable electrode (a pack et of welded glass) with the melted end (a) and also 
sample of liquid metal of the ‘ cup’  type in ESS L M (b).

complex consisting of a JSM-35CF scanning 
electron microscope (JEOL, Japan) and an 
x-ray spectrometer with energy dispersing 
of x-ray q uanta (INCA Energy-350, Oxford 
Instruments, Great Britain).

The typical special feature of this x-ray 
spectrum microanalysis is the localisation of 
analysis. The maximum region of excitation 
is 2 µ m. The experiments were carried out at 
an accelerating voltage of 20 kV, magnifica-
tions from 200 to 1000, and the elemental 
analysis was carried out in the range from 
B to U. The morphological features and 
chemical composition on the basis of energy-
dispersing spectral analysis were used for 
the automatic separation of the inclusions 
into types (elemental composition) and the 
dimensions of the nonmetallic inclusions were 
determined. The results of analysis of non-
metallic inclusions were processed using a 
special program for the q uantitative distribu-
tion of the phases and inclusions (Feature). 
All the results are presented in wt.% .

The non-metallic inclusions were investi-
gated in the metal of the initial consumable 
electrode, the liq uid metal droplet at the end 
of the electrode, solidified in the slack, the 
liq uid metal sample of the type ‘cup’, the 
liq uid metal of the ESR ingot and the ESS 
LM ingot made of AISI 316 stainless steel.

The results of evaluation of the metal 
of the initial consumable deformed elec-
trode shoulders elongated band inclusions 
of manganese sulphide MnS up to 20 µ m 
long. The typical sulphide inclusion for the 
electrode is shown in Fig. 5a. The pre-
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melting zone at a distance of approximately 
2 mm from the end of the electrode surface 
shows both division and spheroidisationj of 
the inclusions in the formation of chains of 
globules with a size of 13 µ m (Fig. 5 b ). 
The size of the inclusions in the chains was 

0.24 –  7.0 µ m.
The end of the consumable electrode in the 

metal of the solidified droplet after arresting 
the ESR process showed inclusions of the man-
ganese sulphide MnS of the regular globular 
shape with a size of 0.5– 1.5 µ m. Examina-

Fig. 4 . Macrostructure and the distribution of hardness H B  in the longitudinal templates of the ESR ingots with the 
diameter of 35 0 (a) and in ESS L M with a diameter of 180 mm (b).

Spectrum Si S Cr Mn Ni
1 0.37 7.23 16.61 14.08 10.76
2 0.19 8.39 16.23 17.45 9.76

Fig. 5 . T ypical inclusions of the manganese sulphide in 
the metal of the consumable electrode (a) and in the pre-
melting z one (b), B EI mode, × 4000.
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tion showed two-phase AlO– MnS inclusions 
with the size of up to 1 µ m, not detected in 
the metal of the consumable electrode. This 
indicates the interaction of the metal with 
the slack already on the level of melting the 
electrode (Fig. 6a).

The metal of the ‘cup’ type sample is also 
contained mostly the inclusions of manganese 
sulphide of the regular globular form with 
the size of up to 1.5 µ m, together with the 
inclusions of the aluminium oxide AlO with 
the size of up to 2 µ m. Single two-phase 
AlO– MnS inclusions with the size of up to 
2.3 µ m were found (Fig. 6 b ).

The high dispersion of the inclusions in 
the metal of the solidified droplet and the 
‘cup’ type specimens enabled the automatic 
identification of the inclusions on the basis 
of the chemical composition in the form of 
the diagram of the relative content of the 
AlO– MnS inclusions and the histograms of 
the q uantitative distribution of the size in 
the droplet metal (Fig. 7, I ) and in the ‘cup’ 
type samples (Fig. 7, I I  ).

The cast metal of the ESR ingot contained 
inclusions of the manganese sulphide with the 
size of up to 5.4 µ m, aluminium oxide up to 

5.2 µ m, and the two-phase AlO–  MnS inclu-
sions with the size of up to 2.9 µ m (Fig. 8 b ).

The morphology of the characteristic two-
phase AlO – MnS inclusion in both the ESR 
ingot and in the ESS LM ingot is shown in 
Fig. 9.

The experimental results show that the mean 
linear size of the inclusions in the electrode 
metal is �.4 �m, in the solidi¿ed droplets, as 
a result of division, almost an order of mag-
nitude smaller, 1.2 µ m, and in the ESR ingot 
it is approximately 4 times greater, 4.7 µ m, 
in comparison with the droplet.

In the metal of the ESS LM ingot the inclu-
sions are larger than in the metal of the ‘cup’ 
sample (2.8 µ m), but also half the size of the 
inclusions in the ESR ingot. Possibly, this is 
associated with the small volume of metal 
which simultaneously solidi¿es in (66 /0 in 
comparison with ESR, i.e., it is likely that the 
dimension of the inclusions can be controlled by 
reducing the volume of the liq uid metal pool.

Metallographic studies were carried out 
on the specimens of the metal of the initial 
consumable electrode, the liq uid metal droplet 
at the end of the electrons solidified in the 
slag, the liq uid metal samples of the ‘cup’ 

Fig. 6 . Inclusions in the metal droplet (a) and in the ‘ cup’  specimen (b), B EI mode, × 4000.

Spectrum O Al Si S Cr Mn Ni
1 15.47 14.48 0.14 8.58 10.93 13,33 5.92
2 0.00 0.00 0.45 7.13 16.37 11.57 12.22
3 0.55 0.10 0.34 0.37 16.15 1.37 12.68

Spectrum O Si S Cr Mn Ni
1 9.43 1.99 5.96 18.73 17.56 6.72
2 5.11 1.11 2.79 19.54 9.41 9.09
3 0.00 0.00 0.00 15.89 1.25 12.42
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Figure 7 . Diagrams of the relativ e content of the AlO -MnS inclusions (a) and the histograms of the quantitativ e distri-
bution A  of the inclusions with respect to the siz e d  in the droplet metal (I) in the ‘ cup’  type sample (II).

type, the cast metal of the ESR and ESS 
LM ingots of the AISI 316 stainless steel. 
The structure was investigated on the etched 
sections (electrolytic etching in a solution of 
chromic acid H 2CrO4) using a Neophot-32 
metallographic microscope, fitted with an 
attachment for digital photographic.

Traditionally, the q uantitative description 
of the dendritic structure is carried out using 
the parameter in the form of the distance 
between the dendrites which depends on 
the cooling rate. An important criterion of 
the q uality of cast metal is the dispersion 
of the dendritic structure represented by 
the distance between the secondary arms 
of the dendrites [ 7] . The distance between 
the arms of the dendrites of li q uid metal 

of the ingots, the solidified droplet and the 
‘cup’ type samples was evaluated as a result 
of metallographic studies using the Tescan 
computer program.

The metal of the initial consumable elec-
trode showed the banded structure typical of 
the deformed metal which in the pre-melting 
zone in the droplet of liq uid metal solidified 
and the electrode and changes to a distinctive 
dendritic structure (Fig. 10). The experimental 
results also show that the distance between 
the secondary arms of the dendrites in the 
solidified metal droplet is 8… 25 µ m.

The metal of the wall of the solidified 
test piece of the metal of the ‘cup’ type in 
ESS LM shows clearly the bright axis of 
the dendrites and the dark space between the 
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Spectrum O Al Cr Mo
1 47.29 39.29 2.75 2.17
2 50.73 47.11 0.86 0.00

Spectrum O Al Si S Cr Mn Ni
1 5.58 1.93 0.00 31.18 3.76 47.10 0.38
2 41.14 35.62 0.00 0.12 3.49 0.22 1.44
3 0.00 0.00 0.65 1.08 17.74 1.39 10.26

Fig. 8 . Inclusions of aluminium oxide and manganese sulphide in the ESR metal (a) and ESS L M metal (b); SEI  
mode, × 4000.

Fig. 9 . Morphology of the AlO – MnS two-phase inclusion (concentration charts of the distribution of elements): a) 
electron microscope image; b) oxygen; c) aluminium; d ) sulphur; e ) aluminium; f ) manganese; iron; × 1000.

dendrites. A disoriented dendritic structure 
was found (Fig. 11). The distances between 
the secondary arms of the dendrites in the 
metal of the ‘cup’ specimens was 9… 35 µ m.

The microstructure of the characteristic 
areas of the specimens of the metal of the 
ESR and ESS LM ingots is shown in Fig. 
12. The experimental results show that the 
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Fig. 10 . Structure of the pre-melting z one and of the solidified metal droplet of the electrode tip (a); the microstructure 
of the initial (deformed) consumable ESR electrode (b) and of the solidified (c).

Fig. 11. Structure of the metal of the “ cup’ ’  type sample in ESS L M (a) and its microstructure (b).

distance between the secondary arms of the 
dendrites in the ESR ingot is 96… 152 µ m, 
and in the ESS LM ingot 67… 95 µ m.

The following results were obtained in the 
experiments (Table 1).

The mechanical tests of the cast metal of 
the ESR and ESS LM ingots were carried out 
in accordance with the req uirements of GOST 
1497– 84 in the MTS 318.25 servo-hydraulic 
test machine (USA) with the maximum force 
of 250 kN in short-term tensile loading. The 
results were processed using the TestWorks4 
software of the MTS company. The error 
of the results was ± 0.5% , according to the 

GOST 1497– 84 the permissible error is up to 
1% . The impact bend test was carried out in 
accordance with the req uirements of GOST 
9454– 78 on the specimens with a stress con-
centrator (sharp notch) in the middle with 
a single impact of a pendulum tester in a 
2130-KM-03 pendulum pneumatic tester with 
the nominal potential energy of 300 J at a 
temperature of 20° C. The test results are 
presented in Table 2.

According to all parameters, the properties 
of the cast metal produced by ESR and ESS 
LM correspond to the req uirements on the 
deformable metal according to the Metals 
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graphic investigations (Fig. 13) of the fracture 
surfaces of the specimens of the cast metal 
of the ESR and ESS LM ingots after the 
static tensile and impact bend test show that 
they are fibrous, with the traces of lateral 
stretching. The fracture surfaces contained 
small facets, dimples and areas of removed 
metal, and bevelled areas with a silky surface 
formed on the sides. On the whole, the frac-
tographic analysis results showed the ductile 
nature of failure [ 9] .

Fig. 12. Microstructure of the cast metal of the ESR (a) and ESS L M (b) ingots.

Table 1. Relationship of the dimensions of the non-metallic inclusions and the dispersion of the dendritic structure

Item studied Distance betwen second-
ary dendrite arms, µ m

Size of non-metallic inclu-
sions, µ m

Initial (deformed) consumable electrode – 2.2...20.0
16.0

Premelting zone of consumable electrode – 0.2...13
4

0etal droplet solidi¿ed at electrode tip in slag 7...25
17

0.3...1.3
1.2

3ortion of liTuid metal ¿[ed in µcup¶ samples from the crucible�
ladle in ESS LM

9...35
22

0.4...2.5
1.8

ESR ingot 33...152
126

1.9...8.5
5.0

ESS LM ingot 28...95
84

1.5...5.6
3

The numerator gives the scatter of the values, the denominator the mean values of the results of approximately 100 mea-
surements.

Table 2. Mechanical properties of the cast metal of ESR 
and ESS L M (mean v alues are giv en)

Item  
studied

σɜ σɬ δ ψ KCV+20, 
J/cm2

М3ɚ %
ESR ingot 433 194 43 56 197
ESS LM ingot 474 191 49 52 268

H andbook 9th addition (American Society 
for Metals) [ 8] .

The results of macro- and microfracto-
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Conclusions

1. The experimental results show that the 
size of the non-metallic inclusions in the 
metal of the ESR and ESS LM ingots is 
respectively 1.9… 8.9 and 1.9… 5.6 µ m (the 
mean value 5 and 3 µ m), and as regards 
the chemical composition they are identical 
and the represented mainly by the aluminium 
oxides and manganese sulphide. Two-phase 
inclusions –  aluminium oxide –  manganese 
sulphide, were also detected.

2. The mean size of the non-metallic in-
clusions (mostly manganese sulphide) in the 
initial deformed metal is eq ual to 16 µ m, 
with the maximum size of the sulphide bands 
reaching 20 µ m.

3. In ESR the metal of the consumable 
electrode in the direction to the melting slag 
results shows disintegration and dissolution of 
the sulphide bands, in the pre-melting zone 
the mean size of these inclusions eq uals 4.0 
µ m, and in the metal droplets solidified on 
the molten end of the ESR electrode they 

Fig. 13 . Macrofractographs (I) and fractographs (II) of the fracture surfaces of the specimens after the static tensile 
test (a, c) and the impact bend test (b, d ).

Spectrum S Cr Mn Fe Ni
1 35.01 9.09 45.00 9.68 1.23
2 23.25 11.97 43.61 18.88 2.30

Spectrum S Cr Mn Fe Ni
1 36.51 6.56 48.63 7.30 1.01
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transform the mean size of 1.3 µ m. The 
mean size of the non-metallic inclusions in 
the metal of the solidified ‘cup close’  speci-
men, taken from the metallic melt of the ESR 
crucible-ladle is 1.8 µ m. The metal of both 
the droplet and of the ‘cup’ sample showed 
two-phase aluminium oxide-manganese sul-
phide nonmetallic inclusions.

4. The relationship was determined between 
the dimensions of the non-metallic inclusions 
in the cast metal of the AISI 316 stainless 
steel and the dispersion of the dendrite struc-
ture, determined by the distances between the 
secondary arms of the dendrites.

5. The experimental results show that the 
cast metal of the ESR and ESS LM ingots 
with the diameters of 350 and 180 mm has 
similar strength characteristics and satisfy the 
req uirements on the deformed metal in the 
Metals H andbook Ninth addition (American 
Society for Metals). It was also shown that 
the impact toughness KCV+20 of the ESS LM 
cast metal is 268 J/cm2, and that of the ESR 
ingot 197 J/cm2. The higher values of the 
impact toughness are evidently associated with 
the high dispersion of the dendritic structure 
of the ESS LM metal.

6. Fractographic studies of the fracture 
surfaces of the specimens after the tests 
indicate the ductile failure of the cast metal 
of the ESR and ESS LM ingots of the AISI 
316 stainless steel.
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N eus tad t,  A us tria

It is shown that the coatings with a q uasi-crystalline structure of the Al– Cu– Fe system were 
produced by the method of electron beam deposition in vacuum at a substrate temperature of 
570...870 K. Through cracks are sometimes revealed in coatings deposited by this method. 
It was found by X -ray diffraction method that the residual stresses in defect-free Al– Cu– Fe 
coatings are growing with increase in temperature of their deposition that is due to the growth 
of thermal stresses, caused by the difference in the linear coefficients of thermal expansion 
(LCTE) of the substrate and the coating. In cases, when elastic stresses reach some critical 
value in the process of substrate cooling to room temperature, they lead to the formation 
of through cracks. /CT( �Įc =  (17.1± 1.3)· 10– 6/K– 1) of coating material was determined from 
the analysis of dependence of level of residual stresses in coating on deposition temperature. 
Fracture toughness of coating was evaluated as G =  15.7± 1.1. J· m– 2. The obtained charac-
teristics of Al– Cu– Fe coating were used for calculation of its critical thickness at which the 
defect-free structure of surface is retained depending on substrate material and deposition 
temperature. Experimental studies of structure of surface of coatings, deposited on substrates 
of steels K600, K890 and K110 at different temperatures, showed that the through cracking 
of coatings was not observed in those cases when their thickness was less than calculated 
critical one. Ref.19, Tables 5, Figures 10.

K ey w ord s :  q uas i- c rys tal;  c oating;  elec tron b ean d ep os ition in vac uum;  c rac ks ;  d ep os ition temp erature;  th ermal 
s tres s es  in c oatings ;  c ritic al th ic knes s  of  c oating

Aluminium alloys with the q uasi-crystalline 
structure are characterised by the uniq ue com-
bination of the properties such as the high 
values of hardness (7… 10 GPa) and elasticity 
modulus (120…  200 GPa), the relatively low 
friction coefficient (on diamond 0.07… 0.10; 
on steel 0.19… 0.22), low heat conductiv-
ity (0.8… 2.0 W/(m· K)), low surface energy 
(28… 30 mJ/m2), high corrosion resistance, 
and others [ 1] . These properties and also the 
relatively low price of the metals, present 
in these alloys, make them a promising for 

application is the base for a new class of 
functional coatings (wear resistant, thermal 
barrier, antifriction, anti-burning, etc) [ 2] .

It has been shown that the method of 
electron beam deposition (EBD) of coatings 
results in the formation of the q uasi-crystalline 
structure directly in the process of conden-
sation of the vapour phase on the substrate 
at a temperature of 570… 870 K [ 3– 5] . If 
the linear coefficient of thermal expansion 
(LCTE) of the material of the substrate is 
lower than in the q uasi-crystalline Al-Cu-Fe 

ELECTRON BEAM PROCESSES
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alloy, in the cooling of the substrate– coating 
system from the deposition temperature to 
room temperature tensile stresses may appear 
in the coating.

The formation of residual tensile stresses 
in the q uasi-crystalline coatings may cause 
cracking [ 6]  and separation of the coatings 
from the substrate [ 7]  which, in the final 
analysis, influences the wear resistance and 
fatigue strength of these coatings. At the same 
time, from the practical viewpoint it is im-
portant to ensure that the coating withstands 
residual stresses without formation of cracks or 
disruption of its adhesion with the substrate.

Thus, the aim of the present work is the 
determination of the conditions req uired for 
the formation of defect-free q uasi-crystalline 
coatings with good adhesion to the substrates 
of different. To solve the problem, the x-ray 
diffraction method was used to investigate 
the level of residual stresses in the deposited 
Al– Cu– Fe coatings. The dependence of the 
thermal stresses in the coatings on the depo-
sition temperature of the coatings was used 
to determine the linear coefficient of thermal 
expansion of the material of the coating and 
its fracture toughness. Conseq uently, it was 
possible to determine, for the given material 
of the substrate and the deposition tempera-
ture of the coatings, the critical thickness 
values below which no cracks appear in the 
coating. The calculated values of the critical 

thickness are in satisfactory agreement with 
the experimental studies of the structure of 
the surface of the coatings deposited on the 
substrate from different materials.

P rod uc tion and  inves tigation of  th e c oat-
ings . The ingots of the Al– Cu– Fe alloy of 
different chemical composition (Table 1) with 
a diameter of 50 mm and 250 mm long were 
produced by plasma arc melting in argon. The 
ingots were produced using aluminium grade 
A0, copper M1U and commercial purity iron 
(Armco iron).

The coatings were produced by the single-
crucible electron beam stationary evaporation 
method in which an ingot is supplied at a 
constant rate into the liq uid pool at the end 
surface. In this method, the ingots were placed 
in a copper water-cooled crucible.

The composition of the coating in the sta-
tionary evaporation conditions is similar to 
the composition of the initial ingot. Using 
ingots of different chemical composition it 
was possible to vary the composition of the 
deposited coatings. The coatings with the 
thickness of 10– 70 µ m were produced on 
the substrate of different steels produced by 
Bohler company (Table 2) at a temperature of 
570– 870 K at a deposition rate of 50 nm/s. 
To ensure good adhesion of the coating on 
the substrate, a thin layer of nickel (thick-
ness 1– 2 µ m) was deposited in advance on 
the surface of the substrate.

The chemical composition of the coatings 
was determined by [�ray fluorescence analysis 
in eq uipment X ’ Uniq ue II. The distribution 
of the chemical elements in the thickness of 
the coating was determined using Energy-200 
microanalyser installed on a CamScan4 scan-
ning electron microscope. The structure was 
investigated using DRON-4 x-ray diffractometer 
in Cu- K Į radiation.

Table 1. Chemical composition of the ingots of Al– Cu– F e 
alloy, wt.%

Ingot No. Al Cu Fe
1 66.54 20.18 13.28
2 66.11 16.45 17.44
3 59.74 26.69 13.57
4 62.64 24.35 13.01

Table 2. Materials of the substrates (mean v alues), wt.%

Steel grade С Si Mn Cr Mo Ni V W Co Russian analogue
BOH LER K600 0.45 0.25 0.40 1.30 0.25 4.00 – – – 38KhN3MA
BOH LER K110 1.55 0.25 0.35 11.80 0.80 – 0.95 – – Kh12MF, Kh12F1
BOH LER K890 0.85 0.55 – 4.35 2.8 – 2.1 2.55 4.5 –
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As shown in [ 8] , the macrostresses in the 
q uasi-crystalline materials can be measured 
using the x-ray diffraction method sin2 ψ 
[ 9 ] . Assuming the presence of the biaxial 
residual stresses in the coating �σ11 = σ22 =  
σ | |  and σ13 = σ23 = σ12 =  0), the deformation 
in the given direction is determined by the 
eq uation presented in [ 10] :

2
2 1

1 2

1å ( , ø ) ( )sin ø 2 ( ) ó ;
2

( ) ( ) 1 ( )( ) ;
( ) 2 ( )

H K L s H K L s H K L

v H K L h kl v H K Ls h kl s
E H K L E H K L

 = +  
+

= − =



 (1)

where ε is the strain; σ is the stress; s 1 and 1
2

 

s 2 are the diffraction elastic constants; ( H K L ) 
and E ( H K L ) are respectively the Poisson 
coefficient and the Y oung modulus for the 
crystallographic direction [ H K L @; ψ is the 
angle of inclination of the specimen around 
the axis A – A  (Fig. 1). In the case of the iso-
tropic material ( H K L )) =  v and E( H K L ) =  E. 
The stress was determined from the angle of 
inclination of the linear interpolation of the 
dependence of ε � H K L , ψ) on sin2 ψ.

In the q uasi-crystalline material, the stress 
ε � H K L , ψ) along the direction > H K L ] , was 
calculated from the experimentally determined 
values of the lattice parameter of the q uasi 
crystal a6 D  in accordance with the expression:

ε� H K L , ψ) = �a6D( H K L , ψ)  
–  a6D0( H K L ))/a6D0( H K L ),

where, according to the definition presented 
in [ 10] : H  =  h  + h ƍτ; K  =  k + kƍτ; L  =  l + 
lƍτ, where h , h ƍ, k, kƍ, l and l’ are integers; 

(1 5) / 2τ = + ; a6 D  and a6 D 0 are the lattice 
parameters of the q uasi-crystal in the pres-
ence and absence of the stresses, respectively. 
The parameters a6 D  were determined using 

the eq uation 6 ,
2sin 2(2 )D

N M
a τ+λ

=
θ + τ

 where Ȝ 

is the wavelength; ș is the %ragg angle for 
( N ,  M  ) of the reflection of the icosaherdal 
structure in accordance with the indexation 
system proposed by G. Khan [ 10]  on the ba-
sis of the position of the reflection (52, 84), 
which corresponds to the direction along the 
axis of symmetry of the second-order of the 
q uasi-crystalline icosahedral structure.

It should be mentioned that in the case 
of the two-phase coating (q uasi-crystalline 
ic o� and cubic ȕ�phases) the mean values of 
the stress for each of the phases 

ic o
σ


 and 

β
σ


 be determined as follows [ 11] :

; ;
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− σ + σ =

     

 

 (2)

where mσ


 is the macrostress (the same in 
both phases), pm

ic o
σ


 and pm

β
σ


 are the 
pseudo-macrostresses in respectively the ico-  
and ȕ�phases; f  is the volume fraction of the 
cubic ȕ�phase in the two�phase coating. The 
pseudo-macrostresses [ 12]  form as a result of 
the macroscopic heterogeneity of the grains 
in the polycrystal and also the difference of 
the thermal expansion coefficients, the yield 
limit, the elastic modulus of the grains of 
the two phases. Measurements of the mean 
stresses for both q uasi-crystalline and cubic 
phases make it possible to determine the val-
ues of the macrostresses (formed as a result 
of the difference in the linear coefficients of 
thermal expansion of the substrate and the 
coating) and also the pseudo-macrostresses 
(because of the different values of the linear 
coefficient of thermal expansion and elastic 
properties of the grains of the two phases).

C h arac teris tic s  of  th e s truc ture of  th e c oat-
ings .  The typical macrostructure of the cross-
section of the Al– Cu– Fe the coating on the 
substrate made of a stainless steel is shown 

Fig. 1. Diagram of recording using the method sin2 ψ ; n 
is the normal to the surface of the specimen; is the angle 
of inclination of the specimen around the axis A – A .
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in Fig. 2a. In may be seen that the coating 
is free from macropores, and at the interface 
between the substrate in the coating there are 
no defects are determined by the separation 
of the coating from the substrate.

The distribution of the concentration of 
the elements along the cross-section of the 
coatings indicates that the coating is homo-
geneous in the thickness (Fig. 2 b ).

The chemical composition of the coatings, 
determined by the method of energy-dispers-
ing x-ray spectroscopy is shown in Table 3.  
X -ray studies of the structure of the produced 

Al– Cu– Fe coatings showed that depending on 
the chemical composition and they may have 
a single-phase q uasi-crystalline ic o- or het-
erogeneous structure, containing the ic o-phase 
and the cubic ȕ�phase �)ig. 3). The estimate 
of the volume fraction of the q uasi-crystalline 
phase and the cubic ȕ�phase in the $l±Cu± 
Cu coatings using the x-ray diffraction data 
is presented in Table 3.

The investigation of the microstructure of 
the surface of the coatings of different thick-
ness, deposited on the substrate of different 
materials (steel grades) shows that in some 
cases the coatings did not contain any cracks 
(Fig. 4a), whereas in other cases examination 
showed the formation of a network of cracks 
(Fig. 4 b ). Figure 4 b  shows that the cracks 
are uniformly distributed over the entire sur-
face of the coating. Detailed analysis of the 
mutual distribution of the cracks and other 
defects (solidified droplets, roughness, etc) 
on the surface of the coating indicates that 
there is no correlation between them.

Analysis of the microstructure of the cross-
section of the coatings in which the cracks 
were detected shows that they are usually 
oriented normal to the interface between the 
substrate in the coating and propagate across 
the coating (Fig. 5). In addition to this, the 
crack orientation does not correlate with 
microstructural characteristics such as the 
boundaries of the columnar grains, cavities, 

Fig. 2. Microstructure of the cross-section of the coating based on the Al-Cu-F e alloy (a) and the distribution of alu-
minium, copper and iron in the thick ness h  of the coating (b).

Fig. 3 . X -ray diagrams of the single-phase quasi crys-
talline Al– Cu– F e (a) and two-phase ( i c o  + β) (b) coatings 
sev en, I is the intensity.
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condensation of the vapour and as a result of 
the differences in the coefficients of linear 
thermal expansion of the substrate and the 
coating. Since the cracks propagate only in 
the q uasi-crystalline layer of the coating and 
is not penetrate into the intermediate layer 
based on nickel, it may be concluded that the 
intermediate layer is not only ensure satisfac-
tory adhesion between the substrate and the 
coating but also prevents the penetration of 
cracks from the coating into the substrate. 
The resistance of the intermediate layer to 
the penetration of cracks may be associated 
with the realisation in the layer of different 
mechanisms of stress relaxation whereas the 
materials with the q uasi-crystalline structure 
at temperatures lower than 870 K are not 
capable of stress relaxation as a result of 
plastic deformation.

The conditions of formation of the cracks 
as a result of the relaxation of elastic stresses 

Table 3 . P roperties of the coatings

Specimen  
No.

Substrate
Substrate 

temperature 
T s, K

LTEC of substrate 
material, 1.106/K

Chemical  
composition

Phase  
composition, 

vol%

Мɚɤɪɨɧɚɩɪɹɠɟɧɢɟ, 
0ɉa

1 K110 570 11.0 Al64.0Cu25.1Fe10.9 100ic o 360
2 K110 850 12.0 Al64.0Cu25.1Fe10.9 100ic o 600
3 K110 720 11.7 Al60.1Cu25.6Fe14.2 50ic o + �0ȕ 555
4 K890 690 11.9 Al57.9Cu28.2Fe13.9 60ic o + 40ȕ 390
5 K890 770 12.1 Al56Cu31.2Fe12.8 60ic o + 40ȕ 440
6 K890 810 12.2 Al58.1Cu29.2Fe12.7 60ic o + 40ȕ 500
7 K600 890 14.5 Al56.0Cu23.4Fe20.6 50ic o + �0ȕ 370

Fig. 4 . Characteristic m icrostructure of the coatings w ithout ( a )  and w ith cracks ( b ) .

Fig. 5 . Microstructure of the cross-section of the Al– Cu– F e 
coating, deposited on the K 89 0 steel substrate; the arrows 
indicate the crack  propagating along the interface A  and 
nick el interlayer B  with a thick ness of 1 µ m.

etc. Conseq uently, it may be assumed that 
the formation of cracks is the conseq uence 
of the relaxation of stresses which can form 
in the Al– Cu– Fe coatings both as a result of 
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in the coating based on the brittle material 
will be analysed.

C ond itions  of  f ormation of  c rac ks  in th e 
A l – C u– F e c oatings .  The currently available 
models of the fracture mechanics of brittle 
materials in the form of coatings are based on 
simple analysis proposed back in the 1920s 
of the previous century by Griffith for cal-
culating the cracking of brittle materials. In 
this approach, it is assumed that the existence 
of cracks and other defects in the materials 
play the controlling role in the determination 
of the strength. The condition of mechanical 
stability of the material with a crack according 
to Griffith assumes that is fracture toughness 
Ƚ  should be higher than the rate of release 
of energy G  during propagation of the crack 
through the material, i.e., Ƚ > G  [ 6] .

The rate of release of energy G , associated 
with continuous cracking (the energy req uired 
for the cracking process), is determined as 
follows

 

2

2
1

1 2 1 2 2 1

1 2 1 2 2 1

( , ); ( 1 2);
2 1 v

( 1) ( 1);
( 1) ( 1)

j
j

j

EhG g E j = .
E

E E k k
E E k k

πσ
= α β =

−

− µ − −µ −
α = β =

+ µ + −µ +

 (3)

where σ is the stress in the coating; h  is 
the thickness of the coating; E1, v1 and E2 
v2 are respectively the Y oung modulus and 
the Poisson coefficient for the materials of 
the coating on the substrate; g�Į, ȕ) is the 
dimensionless parameter which depends on 
the parameters Į and ȕ >13@; � j  ( j  =  1,2) 
is the shear modulus; kj  =  3 –  4 j  ( j  =  1,2). 
Cracking takes place when G  >  ī, where ī 
is the fracture toughness or critical rate of 
energy release, req uired for the propagation 
of the crack in the coating. It should be 
mentioned that ī is associated with the criti-
cal stress intensity factor of the first mode 
of deformation of the coating material K I C  
by the relationship ī =  ( K I C )2/ D 1.

The minimum thickness of the coating (will 
be referred to as the critical thickness h c ) in 
which the crack can form can be estimated 
from the relationship ī § G . Subseq uently, 
using the eq uation (3), the critical thickness 

of the coating can be estimated from the 
eq uation

 1
2
2

( , )c
Eh

g
Γ

=
πσ α β

 (4)

Thus, determining the values included in 
the eq uation (4), we can calculate the criti-
cal thickness below which the cracks are not 
form in the coating. For this purpose, it is 
necessary to determine by experiments the 
level of stresses, formed in the coating on 
the fracture toughness of the coating material.

Evaluation of  res id ual s tres s es  in c oatings .  
For the experimental evaluation of the residual 
macrostresses in the coatings, experiments 
were carried out with coatings with a thick-
ness of 10… 30 µ m in which cracking was not 
detected. The following values of the elasticity 
modulus for the q uasi-crystalline and cubic 
phases of the Al– Cu– Fe coatings, previously 
determined by nanoindentation were used:    
Eic o =  171± 2 GPa; Eȕ =  162± 4 GPa [ 14] . It 
should be mentioned that the value of the 
elasticity modulus for the q uasi-crystalline 
coatings is almost identical with the value for 
the sick q uasi-crystalline material, determined 
by the resonance method E =  168 GPa [ 15] . 
We also use the Poisson were efficient for 
the q uasi-crystalline phase, determined in 
[ 15] : vic o =  0.232. For the cubic phase it was  
assumed that vȕ =  0.3.

In the case of heterophase coatings the 
macrostresses were determined from the 
position of the peaks (52, 84) and (211) are 
respectively for the q uasi-crystalline and cu-
bic phases. Figure 6 shows the dependences 
(a6 D  –  a6 D 0)/ɚ6 D o and ( d  –  d 0)/ d 0 on sin2 ψ 
for the q uasi-crystalline i c o-phase in the 
cubic ȕ�phase, respectively, in the $l±Cu±
Fe coating. The q uasi-crystalline and cubic 
phases in this coating and to approximately 
the same volume fraction, 50%  (specimen 
3, Table 3). In may be seen that those de-
pendences can be interpolated by the linear 
function with a good correlation factor. The 
mean values of the stresses for both phases, 
calculated using e q uation (1), are shown 
in Fig. 6. The values of the mean stresses 
for the Tuasi�crystalline σ i c o and cubic σȕ 
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phases are similar –  respectively (576± 50) 
and (536± 50) MPa. This may be caused by 
the fact that the q uasi-crystalline and cubic 
phases are characterised by similar values of 
the coefficient of linear thermal expansion. 
The microstresses (pseudo-macrostresses) 
formed in both phases are associated with the 
microscopic heterogeneity of the grains, the 
differences in the yield limit of the grains of 
the q uasi-crystalline and cubic phases, and 
have relatively low values (± 20 MPa). The 
level of the macrostresses in the two-phase 
coatings were calculated using the system of 
eq uations (2). In cases in which the sharp 

te[ture of the cubic ȕ�phase at some positions 
of the angle ψ causes the peak ��11) to have 
insufficient intensity, the macrostresses mσ



 
were evaluated assuming m ic oσ ≅ σ

 

.
Figure 7 shows the dependences (a6 D  –  a6 D 0)/

a6 D 0 on sin2 ψ for the single�phase Tuasi�
crystalline coating, deposited on the steel 
substrate of K110 steel, heated to different 
temperatures. It may be seen that the level 
of the macrostresses in the coating depends 
on the temperature of the substrate.

Table 3 shows the results of measurement 
of the residual stresses in the Al – Cu– Fe 
coatings, deposited on different substrates 
(steels K110, K890, K600). The level of the 
macrostresses in the coating depends both 
on the temperature and on the coefficient 
of linear thermal expansion of the substrate  
material.

D etermination of  th e c oef f i c ient of  linear 
th ermal ex p ans ion of  th e c oating.  The general 
stresses in the vacuum coatings consisted of 
thermal and internal stresses. The thermal 
stresses caused by the difference in the values 
of the coefficients of linear thermal expan-
sion of the materials of the coating on the 
substrate. Internal stresses form as a result 
of the accumulation effect of the crystal-
lographic defects which penetrate into the 
coating during deposition. Thus, the general 
stress in the coating can be determined using 
the following eq uation

Fig. 6 . Dependences (a6 D  –  a6 D 0)/ a6 D 0 and ( d  –  d 0)/ d 0 sin2 
ψ respectiv ely for the quasi-crystalline ico-phase and the 
cubic β-phase in the Al–Cu–Fe coating.

Fig. 7 . T he dependence (a6 D  –  a6 D 0)/ a6 D 0 on sin2 ψ constructed on the basis of the positions of the reflection (5 2, 84) of 
the quasi crystalline phase of the Al– Cu– F e coating, deposited on the steel (steel K 110) substrate.
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where σi is the internal stress in the coating; σth  
is the thermal stress; Į c , Ec , v c  is respectively 
the coefficient of linear thermal expansion, the 
Y oung modulus and the Poisson coefficient 
for the coating material; Į s  is the coefficient 
of linear thermal expansion of the substrate 
material; Δ T  is the difference between the 
deposition temperature and room temperature.

The internal stresses σi depend strongly on 
the deposition conditions and, in particular, 
on the parameter T / T m ( T  is the substrate 
temperature; T m is the melting point of the 
coating material). In this case, we analysed 
the coatings, deposited at the substrate tem-
peratures of 570– 870 K, which corresponds 
to the range of the ratio T / T m from 0.50 to 
0.77 (the melting point of the icosahedral 
phase in the Al– Cu– Fe system, T m § 1140 
K [ 16] ). It is assumed that at the substrate 
temperatures corresponding to T / T m > 0.2, the 
internal stresses, formed during growth of 
the coating, and relaxes a result of the re-
covery phenomena and recrystallisation [ 17] . 
Thus, we can ignore the value of the internal 
stresses σi in eq uation (5) is a result of the 
processes of recovery and recrystallisation 
in the coatings.

Figure 8 shows the dependence of the 

value 
1

c
s

c

E T
v

σ α
 

+ ∆ − 
 on the difference of 

the deposition temperature in the room tem-
perature Δ T . The linear approximation of this 
dependence gives the following values of  
the coefficient of linear thermal expansion: 
Į c  =  (17.1± 1.3)· 10– 6 K– 1.

Evaluation of  t h e f rac ture tough nes s  o f  
c oatings .  To evaluate the fracture toughness 
of the q uasi-crystalline coatings, we use the 
relationship ī § G  which is satisfied at h  § 
h c . In the case of the q uasi-crystalline coat-
ing on the steel substrate, the substitution                   
E1 =  168 GPa, v1 =  0.232, µ 1 =  68 GPa [ 14]  
and E2 =  210 GPa, v2 =  0.29, µ 1 =  79.3 
*3a into eTuation �3) gives Į ± 0.1 and ȕ § 
– 0.06 which corresponds to the value of the 
dimensionless parameter g�Į, ȕ) = 1.184 >13@.

Conseq uently, the fracture toughness of the 
coating at the given critical thickness taking 
into account eq uation (4) is determined by 
the relationship

 2 1 v1.859(( ) )
1 v

c
c s c c

c

= T E hΓ +
α −α ∆

−  (6)

To determine the critical thickness of the 
coating, the substrate of the K110 steel with 
the temperature gradient from 570 to 870 K 
was deposited with a coating 10 µ m thick. 
Figure 9 shows the surfaces of the Al– Cu–
Fe coatings, deposited at different substrate 
temperatures. In may be seen that the cracks 
in the coating appear during deposition on 
the substrate at a temperature T s  between 600 
and 620 K, which corresponds to thermal 
stresses in the range from 375 to 400 MPa.

Figure 9 shows that the increase of the 
deposition temperature results in a reduction 
of the distance between the cracks (Fig. 8 c , d ) 
which, as shown in [ 6, 18]  is also associated 
with the increase of the level of stresses in 
these coatings. At the

Using the relationship (6), the fracture 
toughness of the Al– Cu– Fe coating can be 
estimated at 14.7… 16.8 J· M– 2 or in terms of 
the critical stress intensity factor of the first 
deformation mode K 1 c  as 1.57… 1.68 MPa· m1/2. 
The results of identical experiments with the 

Fig. 8 . Dependence of 
1

c
s

c

E T
v

σ α
 

+ ∆ − 
 on the difference 

of the deposition temperature and the room temperature 
Δ T , the linear interpolation of the dependence can be used 
to determine the coefficient of linear thermal expansion  
αc =  (17.1± 1.3) · 10– 6 K – 1.
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Al– Cu– Fe coating with a thickness of 8.5 µ m 
are presented in Table 4. It should be men-
tioned that the resultant value K 1 c  is similar to 
the fracture toughness of thick specimens of 
Al63Cu25Fe12 with the q uasi crystalline structure 
( K 1 c  = 1.�4 М3ɚ M ) [ 19] .

D etermination of  th e c ond itions  f or p ro-
d uc ing d ef ec t f ree q uas i c rys talline c oatings .  
Taking into account the resultant values of 
the fracture toughness of the q uasi crystal-

line coatings, its coefficient of linear ther-
mal expansion and the elasticity modulus, 
calculations were carried out to determine 
the critical values of the thickness of the 
coatings, deposited at temperatures from 520 
to 920 K on the substrate of steels with 
different values of the coefficient of linear 
thermal expansion (Fig. 10). As indicated by 
the graph, the critical thickness of the coat-
ing monotonically decreases with increasing 
deposition temperature. Since the values of 
the coefficient of linear thermal expansion 
of the steels vary in the range from 11· 10– 6 
(steel K110) to 15· 10– 6 (steel 30), the range 
of variation of the critical thickness of the 
coating may vary, for example, at a deposi-
tion temperature of 770 K, from 20 to 5 µ m.

For the experimental verification of the 
method of determination of the conditions of 
formation of the defect free q uasi-crystalline 
coating, analysis was made of the microstruc-

Fig. 9 . Surface of the Al– Cu– F e coating, deposited on the steel substrate (steel K 110) at a temperature of 600 (a); 
620 (b); 720 (c) and 870 K  ( d ).

Table 4 . Ev aluation of the fracture toughness in Al– Cu– F e 
coatings of different thick ness

Thickness, 
µ m

Substrate 
temperature 
Tsc, K

Thermal 
stresses σ, 
MPa

Fracture 
toughness 
K1c, MPa m

10.0 600...620 375...400 1.57...1.68
8.5 620...650 430...465 1.67...1.79
H ere T s c  is  the  tempe rature at w hi c h c rac ks  appe ared in 
WKH FRDWLQJ GXULQJ FRROLQJ� ı DUH WKH WKHUPDO VWUHVVHV FRU-
res pondi ng to T s c
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ture of the surfaces of the Al– Cu– Fe coatings, 
deposited at different temperatures on the 
substrate of different steels. Table 5 shows the 
data for the conditions of deposition of coat-
ings, calculated values of the critical thickness, 
and the results of analysis of the cracks on 
the surface of the coatings. In all specimens at 
the thickness of the coating, greater than the 
critical value, examination showed extensive 
cracking on the surface, and in the thickness 
of the coating was smaller than the critical 

value, cracking did not take place.

Conclusions

1. The experimental results show that the 
thermal stresses provide the main contribu-
tion to the general residual macrostresses in 
the Al– Cu– Fe coatings, containing the q uasi-
crystalline phase.

2. The temperature dependence of the 
residual stresses in the relatively thin Al– Cu–
Fe coatings, where the stress relaxation as 
a result of Micro cracking is not extensive,  
shows that the coefficient of linear thermal 
expansion of the material of the coating can 
be estimated as Į c  =  (17.1± 1.3)· 10– 6 Ʉ – 1.

3. It was also shown that the continuous 

Fig. 10 . Dependence of the critical thick ness of the 
coating on the deposition temperature, calculated for the 
substrate with the coefficient of linear thermal expansion: 
1) αc =  (12.1± 1.3) · 10– 6 K – 1, steel K 110; 2) αc =  (15 ± 1.3) · 10– 6 
K – 1, steel St30.

cracking is the main mechanism of stress 
relaxation in the Al– Cu– Fe coatings. Evalua-
tion of the critical stress concentration factor 
K 1 c  of the coating material showed that it’s 
value is approximately (1.6± 0.1) MPa· m1/2.

4. The experimentally determined values 
of the coefficient of linear thermal expansion 
and the critical stress intensity factor in the 
Al– Cu– Fe q uasi crystalline coatings were 
used to determine the values of the critical 
thickness in dependence on the coefficient 

Table 5 . Comparison of the calculated v alue of the critical thick ness of the coatings with the results of inv estigation 
of the surface

Coating Substrate
Sublayer, 

µ m
T s, K

Thickness, 
µ m

Critical 
thickness

Phase  
composition

Presence of cracks

EWI_008 K600 None 910 52 19 100%  ic o Cracks
EWI_009 K600 » 890 53 20 50/50 ic o�ȕ »
EWI_010 K600 » 890 43 20 20/80 ic o�ȕ »
EWI_007 K600 » 870 9 21 20/80 ic o�ȕ A very small number of 

cracks
EWI_01 1 K600 » 870 10 21 30/70 ic o�ȕ »
EWI_014 K890 1.5 Ni 900 50 6 60/40 ic o�ȕ Cracks
EWI_020 K890 None 830 6.5 8 60/40 ic o�ȕ A small number of cracks
EWI_027 K110 2 Ni 790 25 8 60/40 ic o�ȕ Cracks
EWI_030 K110 1.5 Ni

2.5 Cu
750 31 9 60/40 ic o�ȕ »

EWI_031 K110 2 Cu 720 36 10 70/30 ic o�ȕ »
EWI_032 K110 2 Ni 720 38 10 70/30 ic o�ȕ »
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of linear thermal expansion of the substrate 
and the deposition temperature above which 
continuous cracking becomes likely.

5. Analysis of the surfaces of the q uasi-
crystalline coatings, deposited at different 
temperatures on the substrate of different 
materials (alloy K10, steel K600, K890 and 
K110) shows that extensive cracking of the 
coating was recorded in the case in which 
the thickness of the coating was greater than 
the appropriate critical thickness.
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Investigation of  th e f unctional p ossib ilities of   
condensed gradient th ermal b arrier coatings

K.Y u. Y akov chuk1, Y u.E . Rudoi2, L.M. N edorenko1,  
A.V. Mikitchuk1 and V.A. Akrym ov 3

1 State Enterp ris e ‘ I nternational C entre f or Elec tron B eam T ec h nologies ’ ,  E. O .  P aton Elec tric   
W eld ing I ns titute,  K iev

2 E. O .  P aton Elec tric  W eld ing I ns titute,  K iev
3 State Enterp ris e,  Sc ientif ic  and  P rod uc tion G as  T urb ine c omp any Z arya- M as h p roekt,  5 4 0 1 8  N ikolaev

The structure and properties of condensation thermal barrier coatings produced using the 
electron beam method by tradition multi-stage technology and also gradient coatings de-
posited according to the single-stage technology are analysed. It is shown that the thermal 
cyclic life in the air at 400 ļ 1100°C of gradient thermal barrier coatings 6'3�3$�$lCr�
ZrO2– 8%  Y 2O3 and 6'3���$lCr�=r22– 8%  Y 2O3 on the heat�resistant alloy Ch888�9I amounts 
to �00...1100 one hour cycles, which 1.�...�.0 times e[ceeds the mean value of the life of 
standard two�layer coatings 6'3�3$ $lCr�=r22– 8%  Y 2O3. It is established that the thickness 
of the layer of scale on the basis of $l2O3 after �00 h of isothermal annealing in the air at 
1100°C in gradient thermal barrier coatings 6'3�3$�$lCr�=r22– 8%  Y 2O3 and 6'3���$lCr�
ZrO2– 8%  Y 2O3 is homogeneous and amounts to about � ȝm, while in standard coatings it 
is characteri]ed by heterogeneity at the thickness of about 10 ȝm. The width of the ]one 
depleted in aluminium in the bond layer does not e[ceed � ȝm. In the standard coatings 
the scale layer is characteri]ed by heterogeneity at the thickness of 10 ȝm; the width of the 
depleted ]one is about 1�...�0 ȝm. 5ef. 13, Tables �, )igures 8.

K e y w o r d s :  elec tron b eam evap oration and  c ond ens ation in vac uum;  grad ient th ermal b arrier c oatings ;  nic kel 
KHDW�UHVLVWDQW  DOOR\  &K����  KHDW�UHVLVWDQW  PHWDO  ERQG  OD\HU  &R�1L�&U$O<�  WKHUPDOO\  JURZQ  R[LGH  Į�$O 2 O 3 ;  ex ternal 
c eramic  layer Z rO 2 – 8 %  Y 2 O 3 ;  th ermal c yc lic  and  is oth ermal tes ts ;  elements  d if f us ion;  lif e of  c oating

The currently available thermal barrier coatings, 
used for the protection of blades of gas turbine 
engines, are multilayer systems consisting of a 
metallic creep�resisting binding layer, deposited 
on the substrate (the creep resisting alloy –  the 
blade material), and a low heat conductivity 
outer ceramic layer based on ]irconia, partially 
stabilised with yttrium o[ide �<36=). %etween 
these layers there is a thin ¿lm of the ther-
mally grown o[ide Į�$l2O3 �T*2), ensuring 
adhesion of the outer ceramic layer with the 
surface of the metallic-resisting binding layer.

'epending on the service conditions of the 
turbine �the gas flow temperature, saturation 
of air with dust particles or salts of seawa-
ter), the blades contain metallic creep� and�or 

corrosion-resisting binding layer of different 
composition >1±�@. In the service conditions, 
the chemical and phase composition is of the 
metallic layer and the goal e[tensive changes 
as a result of diffusion interaction with the 
material of the protected alloy >�@.

The single-stage electron beam technology 
of deposition of thermal barrier gradient coat-
ings �*C) >7@ makes it possible to produce 
on the surface of the metallic creep-resisting 
binding layer additional transition ]ones, 
whose composition can differ, for e[ample, 
intermetallics �1i$l, Co$l), aluminium, alu-
minium + chromium, etc >8, �@.

The process of production of the coating 
and its ¿nishing heat treatment is accompa-

A d vanc es  in Elec trometallurgy 2 0 1 4  12 ( 1 )  3 4 – 4 4
T rans lated  f rom Sovremennaya Elektrometallurgiya 2 0 1 4  12 ( 1 )  2 8 – 3 6
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nied by the formation of the transition zone 
with a gradient of chemical composition at 
the 1iCoCr$l<�<36= contact as a result of 
diffusion flows. 0odi¿cation of the chemical 
composition of this transition zone should 
improve the thermomechanical compatibility 
of the metallic and ceramic layers, reduce 
the kinetics of growth of the ¿lm based on 
Į�$l2O3, restriction of the diffusion of refractory 
elements, included in the composition of the 
protected creep-resisting alloy. The formation 
of o[ides of this elements increases the thick-
ness and disrupts the integrity of the $l2O3 
¿lm resulting in failure of the coating >1, �@.

In the present work, the creep resist-
ing binding layer was represented by the  
following cobalt�based alloys, wt.�� 6'3�� 
���«�4 Cr, 11«13 $l, 8«10 1i, 0.4« 0.� 
<), and 6'3�3$ ���«�4 Cr, 11«13 $l, �� 
1i, 0.4«0.� <).

The aim of the present work is the com-
parative analysis of the possibilities of ther-
mal barrier standard coatings �6C) with a 
CoCr$l< metallic binding layer and the 
outer ceramic <36=, and also the gradi-
ent coatings, produced by the single�stage 
technology and consisting of the metallic 
binding layer, the outer ceramic coating and 
the transition ]one between them; selection 
of the optimum composition of the transi-
tion zone and the boundary of the creep 
resisting metallic binding layer Co1iCr$l< 
with the outer ceramic coating, ensuring the 
ma[imum durability of the thermal barrier 
gradient coatings as a result of the analysis 
of the microstructural special features of the 
coatings in the condition after deposition, 
heat treatment and subseq uent thermocyclic 
and isothermal tests.

The additional transition layer in the gradi-
ent coating was an intermediate layer contain-
ing aluminium and aluminium with chromium.

)or comparison, the single�stage process 
was used to produce the two-layer coating 
�TC) consisting of the binding layer 6'3�3$ 
or 6'3�� and the outer ceramic layer.

The gradient and two-layer coatings were 
deposited in electron beam eq uipment in a 
single technological cycle using the technol-

ogy based on the application of a composite 
ingot and a carousel�type evaporator >7±�@.

The thermal barrier gradient coatings were 
deposited on flat specimens in the form of 
disks of Ch888�9I creep resisting alloy with 
a diameter of �4±3� mm, thickness 3...4 mm.

$ metallic ingot of a creep resisting alloy 
based on cobalt 6'3�� or 6'3�3$ with a  
refractory pool ± intermediary, formed on the 
surface of the ingot, was placed in a copper 
watercooled crucible >�@, and a composite 
ingot based on ZrO2(8Y 2O3) was placed in 
the carousel�type evaporator >8@.

$fter preheating the specimens and the 
formation of the liq uid pool using the elec-
tron beam the metallic creep resisting binding 
layer Co�1i)Cr$l< was deposited.

6ubseTuently, the eTuipment with the speci-
mens was moved and positioned above the 
carousel evaporator. The second phase of the 
single-stage process consisted of the deposi-
tion of the gradient transition zone and the 
outer ceramic layer.

$fter depositing the gradient coatings, all 
the specimens were annealed in vacuum at a 
temperature of 1100°C, a pressure of 1Â10±3 
3a for �0 min.

The thermal barrier standard coatings (with-
out the gradient transition zone) were pro-
duced by the traditional electron beam tech-
nology by consecutive operations, including 
the deposition of the metallic creep-resisting 
layer on the specimens, their vacuum heater 
treatment, hardening shot blasting treatment 
of the surface of the specimens with mi-
crospheres, repeated heat treatment, surface 
treatment of the metallic layer with blowing 
of corundum >10@, and the deposition of the 
outer ceramic layer followed by heat treatment 
>�@. The standard coatings were produced at 
the =arya�0ashproekt company.

The chemical composition of the investi-
gated coatings, produced by the transitional 
multistage technology, and also of the gradient 
and two-layer coatings (single-stage process) 
is as follows overleaf.

The thickness of the individual layers of the 
coating was determined using a 3olivar0et 
optical microscope. The microstructure was 
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investigated and microhardness of the standard 
coatings and gradient coatings determined 
on the specimens in the condition after heat 
treatment and thermal cycling.

0icrohardness was measured on the cross 
sections of the coatings using attachment 0i-
cro�'uromat 4000( to the 3olivar0et optical 
microscope by the standard 9ickers indentor 
at a load of �0 1 with a fi[ed loading rate 
and holding time under load.

The structure of the thermal barrier coatings 
was investigated in a Tescan 9ega 3 scan-
ning electron microscope, the chemical com-
position was determined by [�ray spectrum 
microanalysis using the energy-dispersing 
attachment I1C$ �00 to the Cam6can 4' 
scanning electron microscope.

The thermocyclic tests were carried out 
in air with the holding time 1a�cycle 400  
1100 °C, cycle duration 1 hour.

The thermal stability of the coatings was 
investigated in isothermal annealing of the 
specimens at a temperature of 1100 °C for 
�00 h and analysis of the microstructure at 
the interphase boundary every 100 hours.

Structure and p rop erties of  th e sp ecimens 
w ith  th e standard coating. The microstructure 
of the standard coating in the specimens in the 
as�received condition and after thermal cycling 

to the shown in )ig. 1, �. In the initial condi-
tion, the structure of the 6'3�3$ metallic creep�
resisting layer consists of the oriented crystals, 
elongated in the direction of incidence of the 
vapour flow. $ thin interlayer of T*2 �less 
than 0.2 µ m) forms at the boundary between  
the metallic and ceramic layers �)ig. �a).

Table 1 shows the values of the thickness of 
the individual layers of the coating after heat 
treatment and microhardness, heat treatment 
and thermal cycling (in the ceramic layer). 
The ceramic layer <36= has a columnar 
structure with slight porosity.

The distribution of the main elements at 
the binding layer�ceramic layer interface in 
the specimens in the initial condition and 
after thermal cycling is shown in )ig. � c , d .

In the process of thermal cycling, the el-
ements of the 6'3�3$ metallic layer �alu-
minium, nickel, cobalt) and also the elements 
of the protected substrate �tungsten, molyb-
denum, titanium) diffuse to the T*2�<36= 
interface �)ig. � d ), concentrate in the ]one 

Fig. 1. Microstructure of the cross-section of thermal bar-
rier coatings on the Ch-88 substrate in the condition prior 
to testing the standard coating SC ST P  3A/ AlCr/ Z r O 2– 8%  
Y 2O 3 (a) and the gradient coating (b).

Coating variant Comp osition of  th e coating
                                    6C

6C�1
6C��
6C�3
6C�4
6C��
                                      TC
TC�1
TC��
                                      *C
*C��
*C�3

*C�4

*C��

*C�7

Ch6�88�6'3�3$�8<6=
Ch6�88�6'3�3$�8<6=
Ch6�88�6'3�3$�8<6=
Ch6�88�6'3�3$�8<6=
Ch6�88�6'3�3$�8<6=

Ch6�88�6'3���8<6=
Ch6�88�6'3�3$�8<6=

Ch6�88�6'3���100 $l�8<6=
Ch6�88�6'3����0$l 

�0Cr�8<6=
Ch6�88�6'3����0$l 

40Cr�8<6=
Ch6�88�6'3�3$�7�$l 

��Cr�8<6=
Ch6�88�6'3�3$��0$l 

40Cr�8<6=

6econd binding
layer

6'3�3$

6'3�3$
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below the TGO layer causing premature fail-
ure of the coating is a result of propagation 
of cracks along this zone. The TGO layer is 
characterised by heterogeneity with simultane-
ous formation of large cracks throughout the 
entire thickness of the ceramics �)ig. � b ).

Structure and p rop erties of  sp ecimens 
w ith  th e th ermal b arrier gradient coating. 
The typical microstructure of the cross-section 

of the gradient coating on the Ch�88 in the 
heat�treated condition is shown in )ig. 1b. The 
structure of the layers, forming the coating, 
in the vicinity of the binding layer�ceramic 
coating interface in the specimens of differ-
ent composition after vacuum heat treatment 
(prior to the test) and after thermal cycling 
is shown in )ig. �.

([amples are shown of the curves of the 

Fig. 2. Microstructure and the distribution of the main elements in the cross-section of the thermal barrier standard coat-
ing ST P -3 in the initial condition (a, c) and after thermal cycling (b, d ); l  is the length of distribution of the main elements.

Table 1. V alues of the thick ness and microhardness of the indiv idual layers of the coating after heat treatment and 
thermal cycling

Layer 6C *C
δ, �m δ, �m ɇ9, 03a δ, �m ɇ9, 03a
%inding 6'3�3$, 6'3�� 80...140 � �0...1�0 4.4
Intermediate – – ��...30 4.9
Ceramics �after thermal cycling) 70...110 �.8...3.�

�4.�...�.4)
70...130 3.�...3.8

��.�...7.�)
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Fig. 3 . Microstructures in the condition after heat treatment of the thermal barrier T C-1 (a), G C-2 (c), G C-4 ( e ), G C-7 
( g ) coatings and after thermal cycling of gradient coatings G C-1 (b) G C-2 (sD), G C-4 ( f  ) and G C-7 ( h ).
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Fig. 4 . Distribution of the main elements in the cross-section of the gradient thermal barrier coatings T C-1 (a), G C-2 
(c), G C-4 ( e ), G C-7 ( g ) and after thermal cycling G C-1 (b), G C-2 ( d ), G C-4 ( f  ) and G C-4 ( h ) in the condition after heat 
treatment.

distribution of the main elements after heat 
treatment and thermal cycling for the coating 
without the transition zone on the metallic 
creep resisting binding layer 6'3��, produced 

in the single�stage process �)ig. 4a, b ) and 
the gradient coating with the metallic creep-
resisting binding layer 6'3�� �)ig. 4 c – f  ) and 
6'3�3 �)ig. 4g– h ).
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The chemical composition of the transition 
]one of the coating �at the 0e�T*2 interface) 
after vacuum heat treatment is presented in 
Table 2.

The first metallic creep-resisting binding 
layer �6'3�3$ or 6'3��) is characterised by 
the columnar directional structure with the size 
of the single crystal in the initial condition  
of appro[imately 4«� �m, and appro[imately 
8 �m after vacuum annealing. In some cases, 
after condensation, the upper ]one of the 6'3 
layer contained intercrystalline pores, removed 
after subseq uent heat treatment.

The transition zone between the layer of 
the 6'3 and the ceramic has a multi�phase 
structure; the ceramic layer is characterised 
by the uniform columnar structure.

$nalysis of the microstructure and the 
distribution of the chemical elements shows 
that the durability of the coating is strongly 
affected by the inter-related parameters –  the 
composition of the transition zone and the 
deposition temperature of the ceramic layer.

$dhesion and heat resistance of the thermal 
barrier coating depend on the characteristics 
of the interfacial surface with which it is 
bonded. The interfacial surface for the outer 
ceramic layer is the thin�film of $l2O3 formed 
on the surface of the metallic creep-resisting 
binding layer (either prior to the position 
of the ceramic layer or in the process of 
subseTuent heat treatment). The e[perimental 
results show that the phase transformation of 
$l2O3 �γ�$l2O3 to Į�$l2O3) in the process of 
thermal cycling reduces the durability of the 
coating >10@. Therefore, the formation of the 

stable film of $l2O3 is very important.
In the specimens without the transition ]one, 

produced by the single stage process 6'3�
3$�8<6= �TC��) and 6'3���8<6= �TC�1)  
the $l2O3 layer does not form in the initial 
condition; after vacuum heat treatment of the 
structure shows a thin �appro[imately 0.� �m) 
intermittent layer of T*2 �)ig. 3a). In the 
gradient coating with the transition layer of 
aluminium �*3��) the layer of $l2O3 after 
heat treatment is more distinctive �)ig. 3 c ). 
The boundary with the 6'3�� is characterised 
by the formation of a transition zone with a 
higher aluminium content. In the presence of 
a thin intermittent layer of TGO the contact 
area between the metallic creep-resisting bind-
ing layer and the ceramic layer is consider-
ably smaller than in the specimens with the 
relatively dense film of $l2O3 bordering with 
the ceramic layer >11@. In the presence in 
the transition zone of the gradient coating of 
aluminium in chromium vacuum heater treat-
ment is accompanied by the formation of a 
relatively dense layer of $l2O3 with a thickness 
of appro[imately 1 �m. In the specimens with 
a thin film of TGO (or in the absence of the 
film) heat treatment results in the formation 
of the boundary with the ceramic layer of 
an interlayer enriched with chromium nickel 
which in the course of further thermal cycling 
may show cracking of the coating.

The deposition temperature of the ceramics 
is also important. If this temperature is higher 
than the optimum temperature, chromium and 
aluminium diffuse into the ceramic layer; the 
composition of the resultant TGO layer also 

Table 2. Chemical composition of the metal of the transition zo ne of the coating after va cuum heat 
treatment, wt.%

Coating variant Coating composition $l Cr Co Ni
*C�1 6'3���8<6= 11.4 17.8 �8.� 11.0
TC�� 6'3���100$l� 8<6= 1�.7 9.8 �8.1
*C�3 6'3����0$l�0Cr�8<6= 7.0 48.� 38.� 3.3
*C�4 6'3����0$l40Cr�8<6= 11.7 7�.� 11.0 1.4
TC�� 6'3�3А�8<6= �.0 18.� 7�.1 –
*C�� 6'3�3А�7�$l��Cr�8<6= ��.7 3�.4 38.8 –
*C�7 6'3�3А��0$l40Cr�8<6= 13.� 77.8 9.0 –
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contains cobalt, chromium and nickel accel-
erating the failure of the layer during thermal 
cycling. :hen the evaporation temperature is 
reduced by �0°C, the composition of T*2 
after failure (in accordance with the results of 
chemical analysis) shows that there is no dif-
fusion of the chemical elements. The formation 
of metal o[ides increases the thickness and 
disrupts the continuity of the $l2O3 film >1�, 
13@. $nother important parameter is the pres-
ence in the transition ]one of appro[imately 
70 wt.� of chromium generating an effective 
barrier preventing the diffusion of the elements 
of the metallic creep resisting binding layer, 
the substrate material and also delaying the 
growth of the aluminium o[ide layer.

The results of thermal cyclic tests of the 
thermal barrier standard and gradient coatings 
were generalised in the histogram �)ig. �). 
The highest level of durability was recorded 
for the gradient thermal barrier coatings *3 
�*3�7 and *3�4) in which the composition 
of the transition zone is optimum.

Evaluation of  t h e t h ermal stab ility of  
samp les. The main changes in the structure are 
associated with the growth of the o[ide layer 
of $l2O3 separating the outer ceramic binding 
layer¶s taking place as a result of the o[idation 
of the surface of the metallic binding layer.

In the specimens with the standard and 
gradient coatings in the initial condition the 
thickness of the $l2O3 was appro[imately  
0.� and 1.0 micrometres respectively �)ig. �a; 
)ig. 3a, c , e, g). It is important to mention 
the high heterogeneity of the TGO layer of 

the standard specimens in the initial condition.
$fter annealing for �00 hours the T*2 

layer on the standard specimens was charac-
terised by high heterogeneity in the thickness 
of the layer which in some areas e[ceeded 
� �m �)ig. �a, c , d ). In the specimens with 
the gradient coating, the layer of $l2O3 was 
relatively homogeneous and its mean thickness 
was appro[imately � �m �)ig. � b , d , e, f   ).

The large difference was observed in the con-
centration of aluminium and the binding layer�
aluminium o[ide interface. In the specimens 
with the gradient coating the aluminium con-
tent in the metallic layer in the condition after 
vacuum annealing was appro[imately 11«1� 
wt.�, after holding for �00 hours appro[imately 
11«1� wt.�. In the specimens with the stan-
dard coating the aluminium concentration in this 
]one decreased from appro[imately 1� wt.� 
in the condition after supply to appro[imately 
4 wt.� after �00 hours of annealing, i.e. the 
amount of aluminium, reTuired for ensuring the 
creep resistance of the metallic binding layer, 
was almost completely e[hausted.

In the specimens with the standard coating 
after long-term annealing the thickness of the 
aluminium�depleted ]one in the 6'3 layer, 
adMacent to the T*2 layer, was appro[imately 
1�...�0 �m �)ig. � d ). The thickness of this 
zone in the gradient coating with the metallic 
creep resisting binding layer 6'3�3a did not 
e[ceed � �m �)ig. � f   ).

Changes in the structure of the outer ceramic 
layer in the process of annealing the specimens 
with the standard and gradient coatings are 

Fig. 5 . G C =  G P  T hermocyclic durability of the specimens with the standard and gradient coatings; Nt/ c is the number 
of thermal cycles.

N , t�c

6'3��              6'3�3$
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of microhardness of the coatings of both types 
was appro[imately the same.

6intering of the ceramic coating causes 
cracking and fragmentation of the coating. 
)igure 8 shows the microstructure of the 
surface of the ceramic layer of the standard 
and gradient coatings after annealing for 300 
hours. )ragmentation of the ceramic layer 
of the standard coating is more e[tensive 

Fig. 6 . Microstructures of the cross-section of the coating on the SDP -3A after annealing at 1100 ° C for 100, 300 and 
5 00 hours; a, c, e ) standard coating; b, d , f ) the gradient coating.

shown in )ig. �. The results of measurements 
of the microhardness of the ceramic layer in 
the centre of the ceramic layer are presented 
in )ig. 7. The ceramic layer in the specimens 
with the standard layer is characterised by 
higher porosity in comparison with the gra-
dient coating, and sintering and cracking of 
ceramics takes place after annealing for 400 
hours. $fter annealing for �00 hours the level 
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and the mean size of the fragments reaches 
appro[imately 0.�î0.� mm, and that of the 
gradient coating 0.�î1.0 mm.

Conclusions

1. The e[perimental results show that the  
durability of the thermal barrier gradient 
coatings 6'33$�$lCr�=r22– 8 %  Y 2O3 and                   
6'3��$lCr�=r22– 8%  Y 2O3 on the creep-resist-
ing alloy Ch888�9I in air in cyclic o[idation 
in the conditions 400 ļ 1100 °C is �00«1100 
°C are cycles, which is 1.�±�.0 times greater 
than the mean value of the durability of the 

Fig. 7 . Microhardness of the ceramic layer in the centre 
of the ceramic coating: 1) the gradient coating with the 
binding layer SDP -6; 2) the gradient coating with the SDP -
3A binding layer; 3) the standard layer with the binding 
layer SDP -3A.

Fig. 8 . Microstructure of the ceramic surface of the coating after annealing for 300 hours at 1100 ° C: a) SC standard 
coating with the SDP -3A binding layer; b) the gradient coating with the SDP -3A binding layer.

standard two�phase coatings TC 6'3 3$�
ZrO2– 8%  Y 2O3.

2. It has also been shown that in the ther-
mal barrier gradient coatings 6'3 3$�$lCr�
ZrO2– 8%  Y 2O3 and 6'3 ��$lCr�=r22– 8%  Y 2O3, 
produced by evaporation of the composite ingot, 
after heat treatment in vacuum at 1100 °C for 
one hour the interphase between the metallic 
creep resisting binding layer and the ceramic 
layer is characterised by the formation of the 
o[ide ¿lm T*2 based on $l2O3 with a thick-
ness of appro[imately 1 �m. The thickness of 
the o[ide layer in the standard coatings 6'3 
3$�=r22– 8%  Y 2O3 is appro[imately 0.� �m.

3. It has also been established that after 
isothermal annealing in vacuum at 1100 °C 
for �00 hours, the thickness of the T*2 layer 
based on – α$l2O3 in the thermal barrier coat-
ings 6'3 3$�$lCr�=r22– 8%  Y 2O3 and 6'3 
��$lCr�=r22– 8%  Y 2O3 is homogeneous and 
eTuals appro[imately � �m, and in the standard 
coatings, the scale layer is characterised by a 
heterogeneity at a thickness of appro[imately 
10 �m. The mass fraction of aluminium in the 
standard coating at the metallic creep resisting 
binding layer�$l2O3 interphase decreases to 
4�, in the gradient coating it is retained on 
the initial level �appro[imately 1��) ensuring 
long�term service of the latter.

4. The degree of fragmentation of the 
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surface layer of the ceramics in the standard 
coating is q uite high. The mean size of the 
fragments is 0.�î0.� mm in comparison with 
0.�î1.0 mm in the gradient coating.
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Plasma- arc remelting of  b illets comp acted f rom 
sh avings of  austenitic stainless steels

V.R. B urnashev , V.A. Shap ov alov , D.M. Z hirov , V.G . Kozhem yakin  
and D.V. B otv inko

E. O .  P aton Elec tric  W eld ing I ns titute,  K iev

Technological peculiarities of plasma-arc remelting of billets, compacted from chips of aus-
tenitic stainless steels of Cr18Ni10Ti type, are determined. To remelt the 100 mm diameter 
billets, round moulds of 125 mm diameter and rectangular moulds with 125 mm wall were 
selected. Optimum conditions of remelting of billets were established under conditions of 
plasma-arc remelting in a UPP-3 furnace. It was found that to produce high-q uality ingots, 
it is necessary to wash away the lubrication-cooling fluids from chips of austenitic stainless 
steels before compacting. Based on metallographic examination, it is necessary to protect the 
zone of compacting by argon to reduce the nitrogen content in finished metal. To decrease 
the amount of non-metallic inclusions and to improve the q uality of the ingot surface, the 
remelting of billets should be performed at speeds of no more than 2...4 mm/min. Ref. 8, 
Tables 2, Figures 6.

K e y w o r d s :  p las ma- arc  remelting;  c omp ac ted  b illets ;  s tainles s  aus tenitic  s teel;  q uality of  ingots ;  mould ,  c h arge

The plasma heat source, characterised by a 
high energy potential, is used for remelting 
the granulated charge, melt separately the 
charge and shape the billet, refine li q uid 
metal, produced at the atmospheric pres-
sure, carry out nitriding, etc. The methods of 
plasma arc remelting and refining of liq uid 
metal, used widely at the present time, can 
be divided into two groups, with the first 
group including the methods of remelting in 
copper or ceramic crucibles and discharge 
into the moulds or ingot moulds; the second 
group –  the methods of remelting granulated 
or packed charges, droplet remelting of the 
billet in a water-cooled solidification mould or 
a crucible, which is an intermediate container, 
followed by crystallisation in a water-cooled 
solidification mould. In all the processes of 
the second group, one of the main elements 
of the technology, ensuring the production 
of high-q uality metal, is the solidification 

PLASMA ARC TECHNOLOGY

of metal in the water-cooled solidification 
mould, i.e., these processes are secondary 
refining remelting processes [ 1– 4] .

It should be mentioned that the remelt-
ing of the loose charge (granules, shavings, 
powders) does not pass through the droplet 
transfer stage. Although in some variants of 
the process, in particular, the application of 
the intermediate container, this process fully 
corresponds to secondary refining remelt-
ing. H owever, all these measures increase 
the complexity of the design of the eq uip-
ment and reduce the energy parameters of 
the remelting process, and also increase the 
degree of burnout of the metal. The E.O. 
Paton Electric Welding Institute, Kiev, have 
developed a method of compacting long billets 
from shavings and loose materials followed 
by remelting by electroslag (ESR) and plasma 
arc (PAR) remelting [ 5] , where the billets are 
represented by the electrodes compacted under 
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current from shavings of EP609Sh steel [ 6] .
This study is a continuation of the in-

vestigations carried out both in the area 
of expanding the composition range of the 
process materials and improvement of the 
technological conditions of the developed 
method. The investigations were carried out 
under blanks (billets) compacted under current 
from shavings of austenitic stainless steels of 
the Cr18Ni10Ti type (Fig. 1). A special feature 
of the produced billets is that the shavings of 
the austenitic steels were not washed prior to 
compacting to remove lubrication and cooling 
liq uids. In the plasma arc remelting of the 
billets, the metal passes through the stage of 
refining in the liq uid film on the melted end 
of the billet, from the surface of the separated 
droplet and the surface of the liq uid pool in 
the solidification mould. Therefore, the main 
part of the lubrication and cooling liq uids is 
removed in the process of compacting and 
current and it should be expected that the 
remaining part sublimates in the process of 
plasma-arc remelting.

Experiments with the remelting of the com-
pacted billets were carried out in a UPP-3 
plasma arc furnace consisting of a unit with a 
power of 160 kW, fitted with 4 plasma genera-
tors (plasmatrons) PDM-7, designed the Design 
Bureau of the E.O. Paton Electric Welding 
Institute, Kiev. The maximum length of the 
remelted billet was 700 mm, weight 50 kg.

The diagram of the furnace is shown in 
Fig. 2. An auxiliary head, suspended from 
the feed mechanism, was welded to the com-
pacted blank with a diameter 100 mm. The 
furnace was evacuated to 0.3 kPa and filled 
with argon to a pressure of 0.1… 0.2 MPa.

In [ 7]  it was established that the increase 
of the total flow rate of the plasma forming 
gas (argon) from 50 to 90 l/min reduces the 
heat losses in the plasmatrons from 16 to 

11% , and in the chamber of eq uipment from 
40 to 35% , and increases the efficiency of the 
process from 43 to 52% . The increase of the 
flow rate of the plasma forming gas results 
in the contraction of the arcs as a result of 
cooling of the peripheral zone of the plasma 
column that reducing the magnetic interaction 
of the plasma arcs and the deflection of the 
arcs from the axis of the plasmatron. Conse-
q uently, the fraction of the heat, lost in the 
plasmatrons and the chamber of eq uipment 
decreases and the amount of heat, transferred 
to the metal increases. Thus, the flow rate 
of the plasma forming gas was maintained 
in the optimum range.

Subseq uently, the plasmatrons were acti-
vated and the billet was supplied into the zone 
of the effect of the plasma arcs, the metal 
starts to drip into the solidification mould 
were it solidifies in the so-called dovetail 

Fig. 1. A billet, compacted from shav ings of austenitic 
stainless steels.

Fig. 2. Diagram of the U P P -3 plasma arc furnace: 1) 
billet; 2) chamber; 3) plasma generator (plasmatron); 4) 
solidification mould; 5) the mechanism for withdrawal of 
the ingot; 6) the ingot; 7) the billet feed mechanism.
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form. After filling the solidification mould 
with a metal, the withdrawal mechanism is 
activated. The billet is withdrawn at a rate of 
8… 10 mm/min. The current during melting 
was maintained at 300… 400 A, voltage was 
40… 50 V. During remelting of the blank, the 
gas phase of the furnace was inspected by 
chromatographic analysis using Gazokhrom 
3101 eq uipment. Samples were taken from a 
nozzle in the upper part of the eq uipment [ 8] .

As indicated by Fig. 3, in the first minutes 
of remelting the concentration of hydrogen 
rapidly increases and the mass fraction of 
oxygen decreases. Evidently, in operation of 
the plasmatron as a result of heating of the 
melting space, moisture is evaporated from 
the walls of the chamber and eq uipment. 
Falling into the combustion zone of the arcs 
and the heated metal, the moisture dissoci-
ates into hydrogen and oxygen. Conseq uently, 
hydrogen and builds up in the chamber, and 
oxygen oxidises part of the metal.

During further stages of remelting the oxy-
gen content of the gas phase starts to increase. 
This may be explained by the dissociation of 
the metal oxides in the arc spot. The reduction 
of the mass fraction of hydrogen is caused 
by the washing of the chamber with argon 
used as the plasma forming gas.

In compaction of the consumable electrode 
and the current, the material was in the form 
of shavings from which the cooling and 
lubrication liq uids were not removed. H ow-
ever, the composition of the gas phase did 
not show the presence of carbon monoxide 

and dioxide and this indicates the removal 
of the carbon containing components of the 
lubrication cooling liq uids during heating in 
the compacting process.

Solidification moulds of two types were 
used to obtain the final product in plasma 
arc remelting: with a circular cross-section 
with a diameter 120 mm, and with a sq uare 
cross-section with the side 125 mm long. This 
size of the solidification mould was selected 
in accordance with the studies [ 1, 3]  because 
the ratio of the diameters of the billet and 
the ingot should not exceed 0.7… 0.8 at a 
remelting rate of 2.5… 15.0 mm/min.

Two types of ingots with the circular and 
sq uare cross-section were produced in the 
experiments (Fig. 4) and used to produce 
longitudinal and transverse templates. The 
samples were used for metallographic stud-
ies and the determination of the mechanical 
properties and chemical composition.

Determination of the chemical composition 
showed that in the process of plasma arc re-
melting all the alloying elements were in the 
range, permitted by the GOST 977– 98 stan-
dards, including titanium and carbon (Table 
1). Comparison of the results of chemical 
analysis of the metal, produced in plasma arc 
remelting, showed a higher content of nitro-
gen in metal (Table 1). Evidently, nitrogen 
saturation takes place in this stage of com-
pacting of the billet in the open atmosphere. 
To reduce the nitrogen content in the metal 
of the billet, it is necessary to protect the 
zone of heating and compacting with argon.

The mechanical properties of the metal, 
produced by remelting the electrodes, com-
pacted from the shavings, are presented in 
Table 2 which shows that the mechanical 
properties of the metal are not lower than the 
req uirements of GOST 977– 98 and in certain 
parameters they are even higher.

The transverse templates were machined 
to produce macrosections with a diameter 
of 125 mm and the sq uare sections with the 
side 125 mm long, shown in Fig. 5a, b . The 
transverse templates show that the metal is 
dense, with no defects, but the longitudinal 
samples of the billet (Fig. 5 c ) shows single 

Fig. 3 . V ariation of the gas content Cgas in the furnace at-
mosphere in the plasma remelting of billets: 1) hydrogen; 
2) oxygen.
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large slag inclusions with a diameter of 5...7 
mm. Evidently, this takes place as a result of 
compacting of the unwashed shavings result-
ing in the formation in the billet of the slag 
phase which does not rise to the surface at 
the high remelting rates and is trapped in 
the body of the billet. After remelting, a slag 
skin forms on the surface of the billet. The 
thickness of the skin on the side surfaces 
reaches 1 mm, and at the top and of the 
billet 10 mm (Fig. 6) which interferes with 
the formation of the flat surface of the billet. 
Conseq uently, to produce billets of higher 

q uality by plasma arc remelting, the shavings 
of the austenitic stainless steels should be 
washed prior to compacting to remove the 
lubrication and cooling liq uids and the rate 
of withdrawal of the billet in the remelting 
should be reduced to 2… 4 mm/min.

In conclusion, it should be mentioned that 
in the remelting of the billets, compacted from 
the shavings of the austenitic steels, taking 
into account the results of chemical analysis 
and the mechanical properties, it is possible 
to produce billets for further application in 
the industry.

Fig. 4 . Ingots with the circular (a) and square (b) sections, produced by plasma arc remelting.

Table 1. Chemical composition of austenitic steel melted by different methods

Melting method Mass fraction of elements, % Gas content, wt%
Ni Cr Ti Si Mn C [ O] [ N] [ H ]

(65, �17� ɦɦ 10.0 17.0 0.3 0.67 1.3 0.11...0.13 0.016 0.049 0.0003
3$5, �1�� ɦɦ 10.5 18.4 0.6 0.63 1.3 0.11 0.075 0.052 0.0005
3$5 sTuare 1�� ɦɦ 10.5 18.4 0.6 0.63 1.3 0.12 0.022 0.055 0.0005
GOST 977–98 8...11 17...20 ≥�С 0.2...1.0 1.0...2.0 < 0.12 – – –

T able 2. Mechanical properties of Cr18Ni10T i steel, melted by different methods
Melting method σ0.2, MPa σɜ, MPa δ, � K C V , J/cm2 φ, �

(65, �17� ɦɦ 220.0 468 50 173 60.5
3$(, �1�� ɦɦ 242.0 475 48 245 76.0
3$5, sTuare 1�� ɦɦ 215.5 513 60 330 69.5
GOST 977–98 196.0 441 25 59 32.0
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Taking into account the results of mechani-
cal studies to improve the q uality of the bil-
lets it is necessary to wash the shavings prior 
to compacting, protect the compacting zone 
with argon and reduce the remelting rate of 
the billets.
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Tech nological sp ecial f eatures of  a h igh - ch romium 
nick el alloy, c omp lexl y alloyed w ith  rh enium  
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The correlation relations between the technological parameters of the crystallization process, 
the macro- and microstructure and also operation characteristics (short- and long-term strength, 
corrosion resistance) of a high-chromium cheat-resistant nickel alloy of type KhN58KVT-
MY uBR alloyed with rhenium and tantalum are analysed. The results are used to optimize 
the technological process of the manufacture of blades of hydro-turbine installations of a 
certain type and size with an oriented structure, characterized, as compared to the applied 
grades, by increased high-temperature creep and corrosion fracture resistance in corrosive 
emissions of heavy fuel and sea water salts. Ref. 14, Tables 3, Figures 4.

K e y w o r d s :  h eat- res is tant alloys ;  noz z le b lad es ;  h igh  temp erature c orros ion;  rh enium;  tantalum;  s trength ;  d uc tility

Introduction. 6cienti¿c and practical develop-
ments of recent years in both domestic and 
foreign research centres, concerned with the 
materials science of creep-resisting alloys for 
gas turbine systems (GTS), have been con-
centrated mainly on the blade materials for 
aircraft construction with a low content of 
chromium and, conseq uently, it was necessary 
to increase the strength characteristics. In the 
case of the GTS for naval applications and 
energy systems, including gas-pumping stations, 
in addition to the mechanical characteristics, 
another important parameter is the resistance 
to high-temperature corrosion (H TC), caused 
by the high-speed gas flow both with the 
corrosive components of diesel and gas fuel 
and also seawater salts. To increase the high-
temperature resistance to corrosion after erosion 
failure, the main alloying complex should also 
be alloyed with a large amount of chromium 
(16… 20 wt.% ) in comparison with the materials 
for aviation engines (3… 10 wt.% ) which may 

cause during service the formation of corrosion 
damage in the surface of the turbine blades 
and also embrittling topologically closepacked 
(TCP) phases [ 1– 4] .

Recently, material scientists have been 
using extensively elements such as rhenium, 
tantalum and ruthenium for the alloying of 
creep-resisting alloys; these elements are 
highly promising for increasing the strength 
characteristics in resistance to high-tempera-
ture corrosion [ 1– 6] . This alloying reduces to 
a certain degree the chromium content, low-
ers the risk of formation of corrosion-erosion 
damage during service. Because of the lack 
of data on the effect of this elements on the 
phase-structural stability of high chromium 
alloys, including the stability associated with 
the liq uation phenomena, to form the oriented 
structure in the process of directional solidi-
fication (DS) and also on the main service 
(strength and corrosion) characteristics in both 
the eq uiaxed condition and in the condition 

A d vanc es  in Elec trometallurgy 2 0 1 4  12 ( 1 )  5 0 – 5 9
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after directional solidification, it was neces-
sary to carry out systematic investigations to 
improve the currently available alloy grades.

Th e current state of  th e p rob lem,  ex p eri-
mental task s. The currently available creep-
resisting alloys based on nickel and cobalt 
of 3… 5 generations are complexly alloyed 
hetero phase systems in which three main 
thermodynamically possible types of hard-
ening take place: solid solution austenitic 
�γ�phase), dispersion �primary and secondary 
γƍ�phases based on the compound 1i3 (Al, Ti),  
and carbide hardening (Table 1) [ 1– 4] .

At a high chromium content, the structural 
stability of the alloys containing rhenium and 
tantalum with respect to the formation of the 
TCP phases is determined by both the total 
content of the refractory elements and by 
the ratios of the content of these elements. 
Chromium, molybdenum, tungsten, niobium, 
rhenium and tantalum are the hardening agents 
of the solid solution, and chromium, tanta-
lum and tungsten are active carbide-forming 

elements, distributed preferentially in the 
γ�solid solution. )or e[ample, the addition of 
rhenium and tantalum to the alloyed is useful 
for retaining the phase-thermal stability in 
the process of service of the engine only at 
a specific balance of tungsten, molybdenum 
and chromium [ 1– 4] .

In complex alloying with refractory metals, 
it is important to take intow account their 
liq uation coefficients, especially in produc-
ing alloys with the oriented structure. The 
addition to the composition of the alloying 
elements which increase the difference of the 
densities of the main alloy and the liq uate, 
which relates to the γƍ�forming �aluminium, 
titanium, niobium, etc) and refractory elements 
(tungsten, rhenium, molybdenum, etc) may 
support during directional solidification the 
formation of surface defects of the liq uation 
origin, especially at a relatively low solidi-
fication rate [ 1, 2] .

It should be mentioned that it is not rational 
to reduce or completely eliminate the precipice 
tension of the TCP phases by elements such 

Table 1. Main components of the chemical composition of high half in chromium corrosion-resisting cast creep-
resisting alloys, wt.% , based on nick el (according to the SNG  standard).

Alloy Ni С Cr Co Mo Fe Al
TsNK-7P 60.2 0.10 14.8 8.7 0.6 1.0 3.9
TsNK-8MP (NK) 61.4 0.01 12.2 8.7 0.4 1.0 4.1
TsNK-21P 56.9 0.07 21.0 10.7 1.5 1.0 2.4
ZMI-3 64.5 0.08 13.2 5.5 1.2 1.0 2.9
ZMI-ZU 64.8 0.15 13.0 5.0 1.0 1.0 3.0
ChS88 (mono) 57.6 0.09 15.6 10.7 1.9 0.5 3.0
ChS88U 57.0 0.06 15.9 11.0 1.9 0.5 3.05
ChS104 57.9 0.10 20.9 10.2 0.6 0.5 2.5

B Ti W Zr Nb Y H f Ce
TsNK-7P 0.008 4.0 6.7 – – – – –
TsNK-8MP (NK) – 4.5 6.7 – 1.0 – – –
TsNK-21P 0.008 3.4 2.3 – 0.7 – – –
ZMI-3 0.015 4.9 6.0 0.01 0.7 – – –
ZMI-ZU 0.010 5.0 7.0 – – – – –
ChS88 (mono) 0.005 4.6 5.3 – 0.11 – 0.5 –
ChS88U 0.080 4.6 5.3 0.05 0.2 0.03 0.3 0.015
ChS104 0.007 3.5 3.5 0.05 0.25 – – –

GENERAL PROBLEMS OF  METALLURGY
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as molybdenum, tungsten, niobium, because 
each element controls to a certain extent of 
the phase-structural processes. Molybdenum, 
being a hardening agent of the solid solu-
tion, provides a significant contribution to 
the variation of the parameter of the γ�solid 
solution and, conseq uently, the morphology 
of the hardening secondary γƍ�phase, making 
this phase cubic, leading to the high values of 
the creep resistance of creep-resisting alloys. 
The presence of niobium, which has a positive 
effect on the fluidity of the alloying casting, 
can be completely eliminated only by complex 
changes of the ratio of the alloying elements, 
changing the parameters of the γ�solid solution 
and the hardening γƍ�phase >1±4@.

Of all the elements of the alloying complex, 
included in the creep-resisting alloys, the high-
est solubility in the γ �and the lower solubility 
in the γƍ�phase is shown by rhenium, with the 
distribution coefficients Kc (in the axes of the 
dendrites and in the inter-dendritic space) of 
the alloying elements situated between γƍ� and 
γ�phases, K / K c  =  0.1 [ 5, 6] . The preferential 
dissolution of rhenium in the austenitic ma-
trix of the alloy reduces the rate of diffusion 
processes, controlling softening of the metal 
in the high-temperature creep conditions, thus 
also reducing the rate of coalescence and dis-
solution of the γƍ�phase. This results in the 
retention of long-term strength as a result of 
the increase of the high-temperature stability 
of the solid solution.

Empirical studies show that the increase of 
the concentration of the alloying elements with 
large atomic radii has a stronger effect on 
the variation of the parameter of the lattice 
of the γ�phase than on the parameter of the 
γƍ�phase. 6ince the atomic radius of rhenium 
and tantalum is greater than that of nickel 
(the ratio for rhenium is 1.063), they have 
a positive effect on the misfit of the periods 
of the crystal lattices of the γ� and γƍ�phases 
�misfit Δaγ ±γƍ = aγ±aγƍ)�aγ), which is the 
controlling factor of the long-term strength of 
the poly crystalline and single crystal creep 
resisting alloys at high temperatures.

H aving the lowest diffusion coefficient in 
nickel, rhenium also inhibits the processes of 

coalescence of the hardening of the γƍ�phase 
and, conseq uently, increases the thermal sta-
bility of this phase. In addition to this, both 
rhenium and tantalum increase the temperature 
of dissolution of the γƍ�phase and T S, and this 
reduces the width of the solidification range 
and, in most cases, has a positive effect on 
creep strength, especially in the condition 
after directional solidification [ 1– 4] .

It should be mentioned that when rhenium 
and tantalum regarded to the alloy, the chro-
mium content can be reduced, because these 
elements, special rhenium, increase the resis-
tance to high-temperature corrosion taking into 
account these factors of the beneficial effect of 
alloying with a rhenium and tantalum on the 
service characteristics of the creep-resisting 
nickel alloys, the authors of the present ar-
ticle carried out experiments to investigate 
the methods of preventing the precipitation 
of embrittling phases during the addition of 
this elements to the optimised high half in 
chromium composition based on the Ch104 
alloy [ 7]  using the experimental-calculation 
methods of determination of the temperature 
and time ranges of the precipitation of the 
TCP phases after long-term high-temperature 
holding [ 5, 6] . The experimental results show 
that the guaranteed ‘safe’ complex addition 
as regards the precipitation of the embrittling 
TCP phases is the addition of 1.5%  rhenium 
+1.5%  tantalum at a total content of 24.4 
wt.%  of the refractory elements [ 5, 6, 8– 10] .

The aim of the present study is the anal-
ysis of the effect of the temperature-time 
parameters of the solidification process on 
the physical-mechanical properties at room 
and high temperatures, including long-term 
strength in the cast and heat-treated conditions, 
and also the corrosion resistance of the opti-
mised high-chromium alloy, complexly alloyed 
with rhenium and tantalum in the eq uiaxed 
condition and after directional solidification.

Ex p erimental p rocedure. The simulation al-
loys were melted at the Physical-Technologi-
cal Institute of Metals and Alloys, National 
Academy of Sciences of Ukraine, Kiev, to 
produce cylindrical blanks from the primary 
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charge in the casting systems UPPF-2 and 
UPPF-3M (Russian Federation, Rzhev) using 
the technological chart developed for the al-
loys of this group (furnace pressure 1.2… 2.5 
Pa, the temperature of pouring the metal into 
the moulds 1560… 1580° C, the temperature of 
the mould 950° C).

The temperature-rate parameters of the pro-
cess of production of the castings with the 
reference specimens were determined in the 
conditions of combined (radiation and convec-
tive) cooling of the mould (liq uid aluminium) 
with the variation of the solidification rate  
vcr =  2; 5; 10 mm/min in UVNK-8P eq uip-
ment for directional solidification together 
with Zorya-Mashproekt, Nikolaev..

The primary blanks were melted using the 
basic charge materials: electrolytic cobalt K0, 
K1 (GOST 123– 98), electrolytic nickel N0, 
cathodic nickel N1 (GOST 849– 80), refined 
electrolytic nickel ERZh or metallic chromium 
Kh0, molybdenum in the form of bars of 
commercial purity, aluminium of grade A99 
(GOST 1405– 83), tantalum (bar 99.9 wt.% ), 
rhenium (alloy Re0, Re1).

The temperatures of the main phase trans-
formations ( T S; T L; T c.d. –  The temperature of 
complete dissolution of the γƍ�phase) were 
determined by high temperature differential 
thermal analysis (H DTA) in eq uipment VDTA-
8M with the accuracy of ± 5° C.

The amount of the main components of the 
alloys and impurities was determined by the 
chemical method using the standard procedures, 
the microalloying additions were inspected by 
the chemical spectral method with the error 
of ± 0.001% . The phase analysis of the alloys 
was carried out by the electrochemical separa-
tion of the intermetallic and carbide phases in 
a methanol etching agent followed by x-ray 
diffraction and chemical analysis of anodic 
deposits. The distribution of the alloying ele-
ments between the phases was investigated in 
the microanalysers JX A8600, JEOL (Japan), 
and CAMECA-MS46, Cameca (France). The 
macro- and microstructure was studied using 
a Neophot-2 optical microscope and electron 
microscopes. The content of the gases (oxy-
gen, nitrogen, hydrogen), carbon and sulphur 

in the solid metal was analyse in the LECO 
analysers –  RO-17, TN15, RH 2, CS-144.

The volume fraction and size of the phase 
components were determined in the Q uanti-
met-720 analysers, together with a JSM-840 
scanning electron microscope. The relative error 
of determination of the values of these param-
eters was �«10�. The coef¿cients of liTuation 
of the alloying elements were determined by 
q uantitative elemental analysis, carried out by 
x-ray diffraction microanalysis.

The mechanical terms of the short-term 
strength were carried out on standard cylindri-
cal specimens with the gauge part 5 mm in 
diameter and 25 mm long in accordance with 
GOST 9651– 84 at a temperature of 20– 950° C 
in a UME-10TM tensile machine. Long-term 
strength was determined in accordance with 
GOST 10145– 81 on an AIMA-5-2 tensile 
machine at the parameters, prescribed by the 
standard documents for the alloys.

The casting moulds were made of multilayer 
ceramic based on an electric corundum suspen-
sion with the modification agents increasing  
the thermal strength of the moulds [ 9] . The 
bars for the shaping of the internal cavity 
of the blade were in the form of bars based 
on corundum and zircon, modified with sili-
con and the Al + Si complex modification  
agent [ 11] .

Ex p eriments and results. The calculations [ 11, 
12]  and the experiment conditions (eq uipment 
UVNK= 8P eq uipment, alloy ChS104, the work-
ing blades of high-pressure turbines) were used 
to determine the thermophysical parameters 
of the process of directional solidification. 
The local values of the parameters of the 
directional solidification process throughout 
the entire technological cycles were measured 
on the basis of the distribution of temperature 
in the solidifying casting, constructed on the 
basis of the experimentally measured values 
of temperature at six points along the axis of 
the casting using a thermocouple cover with 
six tungsten– rhenium thermocouples (type VR 
5/20, electrode diameter 0.30 mm). All the 
thermophysical properties of the metal in the 
mould were assumed to be constant. The heat 
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The results of analysis of the main struc-
tural elements of the simulation alloys with 
rhenium and tantalum (specimens-satellites 
and blades of the gas turbine engines) show 
that the formation of the dendritic-cellular 
structure takes place in the expanding sections 
of the castings, and the side surfaces of the 
castings are characterised in some cases by 
the formation of new solidification centres 
outside the existing flat front of growth.

Metallographic analysis of the simulation 
alloys shows that in the examination of the 
macrostructure after the directional solidifica-
tion process, there are several types of sub-
grains: the subgrains representing individual 
dendritic arms within the limits of the same 
colony, whose dimensions correlate with the 
dimensions of the arms, and the disorienta-
tion is 0.5… 1.0° ; the subgrains belonging to 
the groups with different orientation of the 
dendrite arms with the same direction with the 
dimensions comparable with the dimensions 
of the casting and with the disorientation 
between them of 1… 3° ; the finest subgrains 
with the size of 20– 30 µ m, the disorienta-
tion 20… 30° .

Since the nickel-based alloys are charac-
terised by the phase-centred cubic lattice, the 
formation of the dendrite arms of the first 
order takes place along the [ 001]  crystal-
lographic directions; this relates to the arms 
forming the minimum angle with the vector 
of the temperature gradient G  in the process 
of directional solidification. The arms of the 
first order have the form of parallel rows 
along the [ 001]  planes decorating at the same 
time the spatial position of these planes in 
the casting. The interdendritic space Ȝ in 
the investigated case is the mean statistical 
distance between the dendritic arms of the 
first order, measured in the shortest direc-
tion, i.e. [ 001] , and is determined graphically 
by the mean distance Ȝ on the cross�section 
of the ingot with the arbitrary orientation  
Ȝa =  ea cos Į, where Į is the angle between 
the [ 001]  plane, forming a trace, and the axis 
of the ingot [ 1, 12] .

The value Ɲ was calculated on the basis of 
the density of the dendrite rows, forming a 

conductivity of the mould, the metal, the cool-
ing agent, the temperature of the lower base 
were determined on the basis of the conditions 
of heat exchange through the bottom of the 
mould to the cooler of eq uipment (Table 2). 
The temperature of the outer surface of the 
mould for casting of the blades with the poly-
crystalline structure changed along the height 
in the range 950… 1050° C and was assumed to 
be constant (975° C with the error of 2… 3% ).

Analysis of the directional solidification 
conditions in the UVNKI-8P eq uipment in the 
given conditions shows that the temperature of 
the cooler can be left constant. The resultant 
values of the temperature gradient G  in the 
solidification rate vcr were used to calculate 
the ratio G /vcr –  the criterion of the stability 
of the flat solidification front, resulting in the 
formation of a regular dendritic structure along 
the longitudinal axis of the blade, including 
the thick closing section and the thin wall 
vane section. The drift of the solidification 
front can be controlled on the basis of the 
speed of displacement of the mould.

It should be mentioned that the rate of 
extraction of the mould from the heater, 
according to the main req uirement on the 
directional solidification process, should not 
be greater than the minimum rate of natural 
growth of the solid phase, eq ual to 0.006 cm/s 
(3.6 mm/min), determined on the basis of the 
slope of the tangents to the kinetic curve. 
Thus, the initial speed of movement of the 
mould was 2.0… 3.5 mm/min after preliminary 
holding for 5… 6 min. Subseq uently, the rate 
was changed to 5… 7; 7… 10; 10… 15 mm/min.

Table 2.  T emperature-t ime parameters of  the 
process  o f  d i rec t iona l  so l id i f i ca t ion  (cas t ing  
system U V NK -8P )

Delay of 
mould 

movement, 
min

Initial speed of 
movement of 

mould  
from heater,  

mm/min

Gradient at  
solidi¿cation front, 

K/cm

5...6 2.0...3.5 25...30
2...3 6.0...8.0 35...50

C ommnent. M ould t empe rature 145 0 ° C , m elt  
tempe rature 1570 ° C
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linear row on the micrographs in the direction 
perpendicular to the rows in accordance with 
the method proposed in [ 11] . For statistical reli-
ability of the investigated at least three ¿elds 
of view in ¿ne grains, cos Į was measured 
on the longitudinal section, dissecting the body 
of the grain on the cross-section.

The e[perimental results con¿rm that the 
form and si]e of the particles of the γƍ�phase 
greatly differ in the axes and interaxial spaces 
(Table 3). It should also be noted that the dis-
persion of the primary γƍ�phase in the volume 
fraction of the eutectic γƍ�phase, distributed in 
the interaxial spaces in the form of ‘islands’ of 
irregular shape, also depend on the solidi¿cation 
rate (Table 3), and increase with the increase 
of the rate. This indicates the non-eq uilibrium 
nature of this phase. The exact q uantitative 
determination of the volume fraction of the 
particles of the γƍ�phase in the dendrite arms 
and intera[ial spaces is dif¿cult because of 
the very small particle size. The morphological 
changes in the structure during growth or a 
reduction of the solidi¿cation rate also change 
the level of liq uation of the elements in the 
alloy and this leads to the formation of large 
areas of the eutectic�temperature γƍeut-phase.

Since the main mass of the MeC carbides 
based on (Ti, Ta) C was distributed in the 
interaxial spaces, and precipitates from the 
melt in the vicinity of the solidus temperature 
(Fig. 1), the size of the carbides, like the 
si]e of the µislands¶ of the eutectic γ
�phase 
decreases with increase of the solidification 
rate and this is matched with the size of the 
dendrite cell (Table 3).

In addition to this, the experimental results 
show that the addition of tantalum to the 
basic alloy of the type Ch104 leads to the 
formation of a large number of the complex 
carbide of the Me6C type (Fig. 2), which  
according to the x-ray diffraction microanaly-
sis results, container to 10 wt.%  of chromium 
and tantalum.

Examination by the method of high-tem-
perature DTA showed the displacement of the 
level of the values for the critical points T L , 
T c , d in the direction of increase both when 
adding 1.5… 3.0 wt.%  of rhenium [ 9]  and in 
complex alloying with rhenium and tantalum 
with a total of up to 3 wt.%  (Fig. 1). This 
confirms the possibility of increasing the 
temperature level of the efficiency of the 
proposed composition mostly as a result of 
increasing the temperature threshold of disso-
lution of the γƍ�phase and a reduction of the 
size of the solidification temperature range.

The secondary disperse γƍ�phase, localised 
in the interdendritic spaces, is also refined, 
retaining mostly the form close to the spheri-
cal, and changing the size from 0.4… 0.6 to 
0.2… 0.3 µ m. The increase of vcr is accom-
panied by the appearance in the structure of 
a large number of particles of the carbide 
phase of the rod-shaped morphology of the 
MeC type based on titanium characterised by 
lower thermal stability in comparison with the 
disperse faceted carbides MeC.

All the metallographically recorded q uan-
titative and morphological changes in the 
structure of the elements when the solidifi-
cation rate was higher than 10 mm/min are 

Table 3 . Effect of the solidification rate on the characteristics of the micro- and macrostructure of the simulation alloy, 
complexly alloyed with tantalum and rhenium

Parameters of structural components, µ m
6olidi¿cation rate, 

mm/min
Interdendritic space  

Ȝp, µ m

Mean size of the  
‘islands’ of the  

γ
eut-phase

Mean size of the  
particles of the 

secondary γ
�phase in 
interaxial  

spaces/dendrite arms

Mean size of  
particles of MeC type  

carbides

2 265 10.0 0.65/0.70 2.4
5 250 8.7 0.53/0.45 2.2
10 210 7.0 0.4/0.3 1.5
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the conseq uence of the increase of the degree 
of non-eq uilibrium of the alloys which, as 
shown by the mechanical tests, results in a 

reduction of the level and long-term strength 
and ductility.

In the region of controlled growth at vcr =  
5 and 10 mm/min, the degree of regularity of 
the dendritic structure is satisfactory, and the 
examination of the cross section shows that 
the dendrites are in the form of the ‘Maltese 
cross’ with the distance between the dendrite 
arms of Ȝ 130«1�0 �m.

Analysis of the effect of the technologi-
cal parameters of the process of directional 
solidification in the selection of the optimum 
solidification rate, ensuring the formation of 
the regular oriented structure of the simula-
tion alloys of the type KhN6OKMY uVT were 
used for transition to the selection of the 
conditions of heat treatment of the alloys in 
order to increase the service characteristics 
of the alloys. The duration of heat treat-
ment, reTuired for dissolution of the γ�γƍ 
eutectics depends on the dendritic spaces in 
the alloy ± as the value of Ȝ and the volume 
µislands¶ γ�γƍ decrease, the time reTuired for 

Fig 1. V alues of the temperature of the main phase transformations ( T S, T L , T c,d) of the simulation (1.5 %  rhenium and 
1.5 %  tantalum) and basic alloys.

Fig. 2. Distribution of tantalum in the carbide phase  
(x-ray diffraction microanalysis, in the characteristic  
tantalum beams), × 3000.
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homogenising decreases. H omogenising results 
in a partial reduction of the level liq uation 
heterogeneity of dendritic segregations. At                              
Ȝ = 1�0«180 �m and the mean cross�section 
of the µislands¶ of the γ�γƍ�eutectics of 18«�� 
µ m in the initial state prior to heat treat-
ment the optimum homogenising time was 
3 hours at a temperature of (1220± 5)° C, in 
contrast to the heat treatment of Ch104 al-
loy. The selected heat treatment conditions 
supported the dissolution of a large amount 
of the γ�γƍ�eutectic. )or e[ample, prior to 
heat treatment the volume fraction of the 
eutectic was 2.5… 3.0% , and after heat treat-
ment 1.5… 2.0% , and the mean diameter of 
the µislands¶ of the γ�γƍ�phase decreased to 
15… 20 µ m. This was also accompanied by 
an increase of the volume fraction of the 
disperse γƍ�phase, together with the refining 
of the particles of the phase to 0.2… 0.5 µ m 
(Fig. 3).

It should be mentioned that since the cur-

rently used blades of the gas turbine engines 
have the form of a curved ellipse, the thick-
ness of the cross-section of the blade also 
changes in accordance with the parabolic law 
and decreases in the direction to the input and 
output blades. Naturally, the distribution of 
temperature in the cross-section of the vane 
is parabolic and this has a strong effect on 
the degree of dispersion and the start of the 
process of coalescence of the precipitated 
phases in the thick bands and at the edges, 
and determines the strength characteristics 
and corrosion resistance of the blade as a 
whole (Fig. 4, Table 4). This special feature 
of the design should be taken into account 
when selecting the heat treatment temperature.

The determination of the main service char-
acteristics of the specimens of the simulation 
alloys showed that the strength characteristics 
after adding rhenium and tantalum to the 
basic alloy in the optimum amounts deter-
mined previously by the authors (a total up 
to 3 wt.% ) [ 13]  whilst retaining the phase 
and structural stability after long-term age-
ing improve the efficiency of the material, 
including long-term strength, probably as a 
result of the hardening of both the solid solu-
tion, increase of the temperature of complete 
dissolution of the γƍ�phase and of the inter-
axial sections of the matrix after directional 
solidification with a large volume amount 
of the stable dispersed precipitates of the                                                     
MeC- and Me6C-carbides with a higher content 
of chromium and tantalum. The appearance 

Fig. 3 . Special features of the morphology of the hard-
ening γƍ-phase (? ? ?  blades, look ing part): a) after casting 
(v acuum-induction melting, equiaxed state); b) after direc-
tional solidification; a, b) × 3000.

Fig. 4 . P recipitates of the γƍ-phase at the interface 
between the input H  of the blade and the central part 
after long-term ageing ( T  =  9 00 ° C, 1000 hours), carbon 
replicas with extraction.
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of these carbides may reduce the probability  
of precipitation in the solid solution in long-
term high-temperature effect on the alloy of 
embrittling phases of the type σ and � as 
a result of reducing the solubility of these 
refractory elements in the solid solution.

Investigation of the resistance of the simu-
lation compositions to the high-temperature 
corrosion in salt melts in accordance with 
the procedure described in [ 14] , the minimum 
(15.0 wt.% ) and maximum (17.0 wt.% ) content 
of chromium, according to the data in the 
certi¿cate for the Ch104 alloy, indicates that 
the value of the corrosion rate in complex 
alloying with tantalum and rhenium at the 
minimum chromium content of the specimens 
was on average 0.25… 0.30 wt.%  higher than 
the maximum chromium content added to the 
Ch104 basic alloy. Thus, the level of corro-
sion resistance can be improved as a result 
of alloying with tantalum and rhenium at a 
lower chromium content of the alloy (up to 
15.0 wt.% ) which greatly reduces the risk 
of precipitation during service of the embrit-
tling close-packed phases in both the eq uiaxed 
condition and the condition after directional 
solidi¿cation. (vidently, the formation of the 
majority of carbides of the type MeC based 
on tantalum and titanium during the addition 
of the active carbide-forming element, which 
includes tantalum, causes that a large part of 
chromium is not used for the formation of 
the Me23C6 By and remains in the austenitic 
matrix, increasing the corrosion resistance of 
the material.

Table 4 . Comparativ e strength characteristics and corrosion resistance of the inv estigated  
Ch104 alloy

Test  
temperature, 

oC

Y ield limit, 
MPa

Tensile 
strength,  

MPa

Relative  
elongation, %

Relative  
reduction  
in area, %

Impact 
toughness, 

MJ/m2

Endurance  
limit at 2..10 
cycles, MPa

Creep 
strength, 

MPa, 100 h

Corrosion 
rate vq , 

mg/(m2 h) 
... 104

20 790...870 920...1050 4...7 5...10 0.10...0.18 185 – –
820...840 900...980 2...3 4...5 160

900 570...680 640...750 9...16 9...12 – – 280 3.2
440...460 610...690 2...8 7...13 310 3.3

950 – – – – – – – 4.2
370...390 –460...470 13...18 24...28 4.5

Conclusions

Analysis of the effect of the temperature-time 
parameters of the processes of directional  
solidification of the structural special fea-
tures, the mechanical properties at room and 
high temperatures, and also high-temperature 
corrosion resistance in the salt melts of the 
KhN58KVTMY uBR simulation alloy (ChS104 
based grade), additionally alloyed with rhe-
nium and tantalum (with a total up to 3 wt.% ) 
show the positive effect of these elements 
on the service characteristics so that it was 
possible to reduce the chromium content of 
the alloy in order to increase the structural 
stability of the alloy during long-term service.
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Ph ysical- ch emical f eatures of  degassing of   
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The effect of intensification of the kinetic stage of the process of mass transfer in degas-
sing of molten steel to remove hydrogen by the complex vacuum effect, blowing with argon 
and the electrostatic field (0 < <  E < <  3...18 kV/cm) is studied. This field forms a region of 
the increased concentration of hydrogen ions at the vacuum– metal surface, localized in the 
vicinity of projection of the electrode boundary on this surface. The effect was theoretically 
studied using the conventional electric dynamics and tested under the laboratory conditions. 
The correlation of the Sieverts law by introduction of the intensity of the electrostatic field 
and the level of ionization of the hydrogen atoms in it is generalized. The correlation is 
q ualitatively coordinated with the results of laboratory investigations. It can be used in the 
computer modelling of convective mass transfer of hydrogen in molten steel for a new type 
of the external effect on the metal. Ref. 8, Figures 6.

K e y w o r d s :  s teel;  h yd rogen;  d egas s ing;  vac uum;  argon b low ;  elec tros tatic  f ield ;  c omp uter mod eling

ELECTROMETALLURGY  OF  STEEL AND ALLOY S

6cienti¿c and research studies concerned with 
the application of the electrostatic ¿elds in the 
technology of ladle re¿ning of steel to remove 
hydrogen started in the previous century [ 1– 4] . 
At the centre, the q uestion of the degree of 
ionisation of the hydrogen atoms in molten 
metal has not as yet been completely answered. 
It may be assumed that with increasing liq uid 
metal temperature, the parameters of this char-
acteristic increase. The current views regarding 
the form in which hydrogen is found in the 
molten metal should include the historic concept 
of electrically neutral atoms of this gas as a 
partial variant relating to liq uid (low-melting) 
metal with insuf¿ciently high temperature.

In computer modelling of the mass transfer 
of hydrogen in the liq uid metal in the condi-
tions of the complex effect on the melt of 
vacuum, concentrated blowing with inert gas 
(for example, through a porous nozzle, placed 
in the bottom of the ladle) and the electro-

static fields with the sub-critical strength, it is 
necessary to solve the problem of formulation 
of the boundary conditions for the eq uation 
of convective diffusion at the vacuum-metal 
interface. The classic form of writing the 
law of the sq uare root of the Sieverts law 
does not take into account the effect of the 
electrostatic fields on the surface of the melt.

One of the possible forms of writing this 
law in the conditions of the investigated type 
of the complex effect on the liq uid metal can 
be expressed by the relationship:

 
2H H [ (1 ) ]n EC K P i iK= − +  (1)

where C n is the concentration of the hydrogen 
atoms and ions on the surface of the melt; 
P H 2 is the partial pressure of hydrogen in the 
vacuum chamber; K H  is the Sieverts constant; 
i is the dimensionless degree of ionisation 
of the hydrogen atoms on the interfacial 
surface; K E is the dimensionless function of 
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the coordinates, characterising the ratio of the 
concentration of completely ionised hydrogen 
atoms at the vacuum-metal interface (i =  1) to 
the identical characteristic at i =  0 (Fig. 1).

Theoretical analysis of the distribution of 
the hydrogen atoms on the vacuum-metal 
interfacial surface was carried out assuming 
that their complete ionisation. The relationship 
(1) generalises the results regarding the pos-
sibility of their partial ionisation. In addition  
to this, it is necessary to ensure the electro-
dynamic eq uilibrium of the system in which 
the distribution of the density of the charge 
of hydrogen ions on this surface at every 
moment of time for a moving melt is iden-
tical to the case of its stationary state. The 
req uired distribution of the density of the 
charge of the hydrogen ions on this surface 
is determined by the Maxwell eq uations [ 5] :

 div 4E =  
→
′ πρ  (2)

where E
→
′  is the strength of the intrinsic field 

of the investigated ions with the density ȡ.
To calculate this eq uation, we consider 

a flat li q uid metal conductor whose plane 
is parallel to the surface of the negatively 
charged particle –  the source of the electro-
static field (Fig. 2).

It is assumed that in movement of the 
metal along the axis / /x yO  x E x E y

→ ′ ′∂ ∂ >> ∂ ∂ .
In addition to this, since the vertical com-

ponent 


E , i.e., Eƍz, has no effect on the 
movement of the ionised part of the atoms 

of the removed gas in the plane ( x O y), eq ua-
tion (2) gives

1( )
4

xdEx
dx

ρ =
π

In this case, in the dynamically eq uilibrium state

x xE E′ = −

We determine the value of Ex .
Let it be that Q  is the modulus of the 

charge of the source. The value of the charge 
in the element d ȟ d Ș during its uniform distri-
bution on the surface of the source is eq ual 
to ( Q /4ab ) d ȟ d Ș, where a, b  is the half length 
and half width of the plate, respectively.

The strength of the external field in the 
point of the metal surface with the coordinate 
x  is as follows:

2
2 2 24 [ ( ) ]x

kQ d dd E
ab H x

ξ η
=

+ + ξ + η

where H  is the distance between the plane’s; 

0

1
4

k =
πε ε

 is the Coulomb constant.

After integration

( )
2 2 2 2

2 2 2

2 2 2

4 [ ( ) ]

arctg / ( )
2 ( )

b

x
b

kQ d ddE
ab H x

b H xkQ d
ab H x

+

−

ξ η
+ + ξ + η

+ + ξ = − ξ 
  + + ξ

∫

After second integration

Fig. 1. Distribution of the concentration of the hydrogen 
ions at the interface of the strength of the electric field of 
1 (1) and 2 k V / cm (2).

Fig. 2. Diagram of a flat liquid metal conductor and 
a source of the Coulomb field in the form of a charged 
particle: I) the flat liquid metal conductor and the source; 
II) the source of the external field; x O y, ȟɈȘ) the system 
of the coordinates, rigidly connected with the conductor 
and the source.

ELECTROMETALLURGY  OF  STEEL AND ALLOY S
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2 2 2
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2 2 2

2 2 2

arctg / ( )
( , )

( )

( )
[ ( )]

( ) arctg
( )

b H xdF x
dx H x

x
H x

bb H x
H x

 + + ξ ξ =
 + + ξ 

+ ξ
= ×

+ + ξ

 + + + ξ + + ξ 

In computer simulation of the process, the 
initial data in the SI system were represented 
by the following values of the parameters:

H  = 0.1 ɦ; ȡme =  7.0· 10+3 kg/m3;
Ⱥme = �� kg�mol; ε = 1;

N e =  2; ɚ =  0,5 m; b  =  0.25 m.

In addition to this, the following values of 
the constants were included in the computer 
module:

ε0 =  8.85· 10– 12 C2/H .m2;
26

3
16.023 10

mAN += ⋅ ;

eH  =  +1.6.10– 19 C

where N A  is the Avogadro number; e H  is the 
proton charge �hydrogen ion); ȡme, A me is the 
density and mass of 1 kg mole of iron, re-
spectively; N p  is the number of the electrons 
on the outer orbit of this element; ε0 is the 
dielectric constant; ε is the permittivity of 
the medium in the vacuum chamber.

The dimensionless function K E (Fig. 1) is 
determined by the relationship

2H H H H( / )( )EK M e K P= ρ

where M H  is the mass of the hydrogen ion.
As indicated by the distribution of the con-

centration C n on the vacuum-metal interfacial 
surface (Fig. 3), the region of projection of 

the boundary of the electrode (the source of 
the external field) on this surface showed 
the maximum of the concentration (cluster) 
of the hydrogen ions whose size increases 
with increasing strength of this field (Fig. 1) 
and the degree of ionisation of the hydrogen 
atoms (Fig. 4).

The direct experimental modification of 
the relationship (1) is difficult because of 
problems in the experimental determination 
of i.

In the indirect determination of the valid-
ity of this analytical formula, it should be 
noted that at E =  0; K E =  1, the relationship 
(1) acq uires the classic form of the Sieverts 
law. The identical form is also observed at  
i =  0. The third criterion of the validity of 
the eq uation (1) is the q ualitative experimental 
confirmation of the presence of the maximum 

Fig. 3 . Distribution of the dimensionless concentration 
C ~ n of the atoms and ions of hydrogen at the metal-v acuum 
interfacial surface at the degree of ionisation of the atoms 
0 (1); 0.5  (2); 1.0 (3); E  =  2.0 k V / cm.

Fig. 4 . T he dependence of the maximum concentration C~ n 
of the hydrogen atoms and ions at the metal-v acuum inter-
facial surface on the degree of ionisation i of the atoms and 
the strength of the electric field of 1 (1) and 2 k V / cm (2).
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in the distribution of the concentration C n 
on the surface of the metal, determined by 
calculations and experiments. The results of 
experimental studies confirmed the presence 
of a cluster of the free charges on the sur-
face of the metal during its movement in 
the electrostatic fields of subcritical strength.

The experiments carried out using eq uip-
ment for the generation of electric current 
during rotation of the current-conducting 
sphere in the electrostatic fields with subcriti-
cal strength. We will use the well-known fact 
of classic electrostatics. In introduction of a 
stationary current-conducting sphere into the 
electrostatic (Coulomb) field the conduction 
electrons of the sphere are redistributed, as 
a result of electrostatic induction, in such a 
manner that an electron cluster will be re-
corded in the vicinity of the positively charged 
electrode in the section of this spherical sur-
face. According to the proposed theoretical 
model, if the sphere rotates, the presence and 
localisation of this cluster do not change, but 
this is possible only if the cluster moves in 
relation to the investigated conductor and in 
closure of the electric circuit is message pos-
sible to record the current. In this case, there 
is a continuous seq uence of the redistribution 
of the conduction electrons, determined by the 
tendency of the particles to eq uilibrium with 
the external field, leading to the displacement 
of the electrons in relation to the surface of 
the metallic conductor. In the electrodynamic 
eq uilibrium conditions, the displacement of 
some electrons to the cluster is accompanied 
by the loss of other electrons.

Evidently, the maximum concentration of 
the conduction electrons in the cluster will 
increase with increase of the strength of the 
Coulomb field. Since the cluster is stationary 
in relation to the electrode, then in relation to 
the surface of the conducting sphere it will 
travel at the speed of rotation of the sphere 
in the opposite direction.

Thus, the value of the generated current, 
if its nature is determined by the presence, 
localisation and displacement of the cluster 
of the free charges of the metallic conduc-
tor, should be directly proportional to the 

speed of rotation of the sphere and should 
increase with the increase of the strength of 
the external field.

In the experiments shown in Fig. 5, a 
dielectric sphere with a diameter of 0.25 m 
was used. Segments of aluminium foil were 
bonded to the surface of the sphere to act 
as conductors. To record the electric current, 
the segments (8 segments) where separated 
from each other by gaps of 0.003 m. At the 
ends of the sphere on the insulators there 
were two current-collecting brushes correct-
ing the adjacent segments with the M1032 
galvanometer.

In the lower part of the sphere at a dis-
tance of 0.01 m there was a special support 
carrying an electrode whose outer side had a 
current-conducting layer which received the 
positive from the external source. The sphere 
was rotated with a motor. During rotation 
of the sphere, the c;uster of the conduction 
electrons was scattered at the boundaries of 
the segment in the direction of the ends. The 
electrons of the cluster were passed through 
the galvanometer, which recorded the direct 
current [ 6] .

Figure 6 shows the dependence of the 
generated current on the speed of rotation of 
the sphere and the strength of the external 
field. Thus, the experiments fully confirmed 
the predictions.

The increase of the concentration of the 
chemically reacting particles increases the rate 

Fig. 5 . L aboratory equipment for the determination of 
cluster of free charges of a metallic conductor during its 
mov ement in the electric field: 1) the dielectric sphere; 2) 
segments of aluminium foil; 3) motor; 4) electrode with 
a current conducting layer; 5) galv anometer; 6) current-
collecting brushes.
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vacuum, concentrated blowing with the inert 
gas and the electrostatic field of the moderate 
(subcritical) strength (according to the Muller 
data for steel Ec r ~ 3… 18 kV/cm).

2. The mechanism of the effect is based on 
the formation, by this field, of the region of 
higher concentration (cluster) of the ionised 
part of the hydrogen atoms, situated in the 
state of the continuously distribution during 
mixing of the melt. The cluster is localised 
in the region of projection of the boundary 
of the electrode (the source of the Coulomb 
field) on the vacuum-metal interfacial surface.

3. The Sieverts sq uare root law was gener-
alised in order to widen the range of its effect.
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Sub mitted  2 2 . 0 8 . 2 0 1 3

of the chemical reaction [ 7] . For example, 
at E =  1 kV/cm, the increase of the rate 
of the molisation reaction 2 [ H ]  =  { H 2}  is 
eq ual to a factor of 2.5 and at E =  2 kV/
cm to a factor of 6.

The results of fundamental (theoretical 
and laboratory) investigations were used to 
determine the scientific assumptions for the 
intensification of this technology, if the moli-
sation term takes part in the restriction of 
the mass exchange processes [ 8] .
Conclusions

1. The results were used for the theoretical 
substantiation and experimental confirmation 
of the effect of intensification of the kinetic 
(molisation) term of the mass exchange pro-
cesses of ladle degassing of liq uid steel to 
remove hydrogen by the complex effect of 

Fig. 6 . Dependence of current I on the speed of rotation 
vrot and the strength of the Coulomb field of 2(1) and 10 
W / m (2).
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Ef f ect of  th e disp ersion of  ch arge materials on  
aluminoth ermic p rocesses in melting  

of  f errotitanium
D.A. Kazarin, N .P . Volkotrub and M.I. P rilutskii

K iev P olytec h nic al I ns titute,  N ational T ec h nic al U nivers ity of  U kraine

The improvement of q uality of basic structural material (steel) is attained by adding of alloy-
ing elements into the melt. Ferrotitanium is one of the most widely used and technologically 
effective alloying element. The q uality of ferrotitanium depends on some factors (composition 
and mass of charge, process temperature, preheating of charge, shape and specific surface of 
powders, size of charge materials, density of charge, application of heating and fluxing addi-
tions, etc). The effect of the dispersion of charge materials on the process of aluminothermic 
production of ferrotitanium is shown. Melting was performed in a crucible 400 mm long, 
200 mm diameter, lined with a mixture of magnesia powder (95% ), water glass (0.7% ) and 
fire-clay (4.3% ). The lining thickness was 15...20 mm. It was found experimentally that the 
maximum yield of metal is attained at sizes of deoxidizer particles, close to those of recover-
able oxide ( d Al/ d ox ~  1). It is shown that additional refining of the charge materials does not 
lead to the expected increase in the metal yield due to increase of the reaction surface. In 
this case, due to reduction in gas permeability parts of the melt were ejected during melt-
ing and the ferrotitanium were porous. A large number of iron beads remained also in the 
slag. It was found that the size of charge materials should not exceed 2 mm, moreover, it 
is not necessary to refine them to the size of less than 0.1 mm. Ref. 9, Tables 2, Figures 3.

K e y w o r d s :  f erroalloys ;  f errotitanium;  f lumoth ermy;  d is p ers ion;  c h arge;  ilmenite;  red uc ing agent;  metal th ermal 
red uc tion

The main direction in the development of 
ferrous metallurgy at the present time is not 
associated with the increase of the volume 
of production of materials, as was the trend 
in the past, but it is associated with the 
increase of the q uality of production at a 
relatively low rate of increase of the physi-
cal volume of production, i.e., it is req uired 
to produce structural materials with a low 
metal req uirement but with a higher level 
of the mechanical properties as a result of 
introducing alloying elements into the melt. 
Sometimes, these elements are added in the 
your form but, usually, in the form of fer-
roalloys –  the alloys of iron with alloying 
elements.

The application of ferroalloys as refining 
additions to the liq uid steel melting pool aimed 

at the deoxidation and alloying of the melt 
increases the physical-mechanical properties 
and functional characteristics of metal products. 
Not a single tonne of steel is melted without 
the application of ferroalloy is [ 1] . One of the 
most widely and technological F ferroalloys is 
fellow titanium which is added to the melt for 
alloying, degassing in the oxidation of steel 
[ 2] . For example, in corrosion-resisting steels 
titanium reduces the degree of intercrystal-
line corrosion and improves weldability. In 
corrosion-resisting in creep-resisting steels, 
titanium is used as a stabilising element bind-
ing carbon and preventing the formation of 
chromium carbides.

The main amount of ferrotitanium is pro-
duced from ilmenite concentrators (FeO· TiO2), 
usually by the aluminothermic method [ 3– 6] . 
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The reduction of titanium from ilmenite by alu-
minium takes place by the following reactions:

Ɍi22 + 1�3Аl = 1��Ɍi2Ɉ3 + 1��Аl2Ɉ3;  
Δ G ° T  = í8��70 + �.1Т [ kJ/mol]  (1)

Ɍi2Ɉ3 + ��3Аl = 1�3Аl2Ɉ3 + �Ɍi2;
Δ G ° T  = í418�0 + 14.1Т [ kJ/mol]  (2)

�Ɍi2 + 4�3Аl = �Ɍi + ��3Аl2Ɉ3;

Δ G ° T  = í114��0 + 48.�4Т [ kJ/mol] . (3)

At the temperatures of ferroalloy processes 
the probability and direction of the reactions 
are evaluated by the reaction:

T TG H ST∆ ° = ∆ ° − ∆

where Δ G ° T , Δ H ° T , ΔS is the variation of the 
Gibbs energy, enthalpy and entropy of the 
reaction; T  is temperature.

In physical chemistry these assumed that 
if Δ G ° T  <  0, the reaction in the given condi-
tions ( T , P ) takes place in the direct direc-
tion (i.e., in the direction of formation of 
reaction products). The value Δ G ° T  for the 
reactions (1)– (3) is considerably smaller than 
zero and, therefore, the reaction takes place 
in the direct direction with the formation of 
a reduction products.

The TiO oxide is characterised by the basic 
properties, eight is capable of entering into 
reaction with alumina, forming the TiO· Al2O3 
which reduces the activity of Ti ON compli-
cates the reduction of titanium. To reduce the 
rate of the process of bonding of the titanium 
oxide with the alumina, freshly roasted lime-
stone is added to the charge. Calcium oxides 
replaces TiO, forming CaO· Al2O3.

The increase of the dispersion of the charge 
increases the size of the reaction surface, i.e., 
excess energy is associated with the depen-
dence of the thermodynamics of the process 
on the size of the particles of the participants 
of the reaction [ 7] . This dependence is evident 
only at a relatively high dispersion of the 
particles (when the number of the elemen-
tary particles, forming the interface, ceases 
to be a relatively small in comparison with 
the total number of the particles distributed 
in the volume).

Let us assume that the solid substance A  
consists of the crystals of the regular cubic 
form with the length of the face L  and the 
unit volume includes n elementary particles. 
Conseq uently, the number of the particles in 
a separately considered crystal will be nL 3.

A certain part of these particles forms the 
surface of the cube. At a relatively large size 
of the crystal this part becomes insignificant 
and the isobaric potential of the substance A 
is determined by the state of the particles, 
situated inside the crystal, the so-called vol-
ume particles. The chemical potential of the 
single volume particle is denoted by µ vol.

The excess surface energy of the surface 
particles can be expressed by the surface ten-
sion δ. ConseTuently, the following eTuation 
can be written for the isobaric potential, cal-
culated for the single crystal of the substance

Δ G ɤɪ = nL 3ȝɨɛ + 6 L 2δ.

The mean potential of the single particle 
is as follows:

kp

ob
6+G

nL nL
∆ δ

µ = = µ

Conseq uently, by conversion to 1 mole of 
the substance we obtain

ob ob
6 FG M N N
N L L
δ

= µ + = µ + δ

where N  is the number of elementary particles 
in 1 mole; F / L  is the surface of the crystal 
per one mole, or

 vol surG G G= +  (4)

Eq uation (4) shows that the increase of the 
dispersion of the participants of the reaction 
will support the increase of the reaction sur-
face and, conseq uently, the increase of the 
free Gibbs energy.

Thus, the increase of the reaction surface 
increases the thermodynamics of the process 
which in turn should increase the thermal 
productivity of the charge and increase the 
yield of the reaction products.

On the other and, it is evident that the 
excessive refining of the charge materials 
for the aluminothermic process will, firstly, 
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increased the amount of ejection of the charge 
in the melt during melting (as a result of 
reducing gas permeability) and, secondly, 
fine refining of the oxides and the formation 
of fine fractions of the aluminium powder 
is associated with the additional losses of 
materials. In addition to this, a thin oxide 
film forms on the very fine fraction of the 
aluminium powder. The oxide film impairs 
the reduction properties of aluminium.

The aim of the present work is the deter-
mination of the effect of the dispersion of 
the charge materials on the aluminothermic 
process of titanium and also the determina-
tion of the optimum size of the fractions of 
the charge.

The degree of refining of the charge ma-
terials is one of the most important factors 
determining the parameters of the alumino-
thermic process. The practice of production 
of aluminothermic alloys outside the furnace 
shows that for the elements with low reduc-
tion capacity (titanium, zirconium, etc.) the 
size of the oxide particles should not exceed 
2 mm. The fraction of the aluminium powder 
is selected in dependence on the size of the 
o[ides in the process conditions >8@. To ensure 
the maximum rate of the reduction reactions, 
the size of the reduction agent should be se-
lected to ensure that after mixing the charge 
materials in each elementary part of the charge, 
engine the reaction the components are in the 
stoichiometric ratio (taking into account the 
reduction coefficients of the oxides).

In examination of the effect of the degree 
of refining of aluminium on the melting rate 
of the charge is fraction depended on the 
surface of 1 g of the powder calculated from 
the conventional diameter of the grain [ 9] . 
Evidently, to obtain the stoichiometric ratio 
of the reagents at every moment of melting 
of the charge it is necessary to ensure that 
the ratio of the grains of the oxide in the 
reduction agent corresponded to the ratio of 
their gram eq uivalent volumes (Table 1).

As indicated by Table 1, in the majority 
of the oxides, important for the processes of 
aluminothermic melting outside the ladle, the 
gram-eq uivalent volume exceeds the volume 

of the gram-eq uivalent of aluminium 1.5...1.9 
times. If it is assumed that the grains of the 
components are spherical, the diameter of the 
aluminium particles D Al should be in the range 
0.8«0.� d ox (the diameter of the grain of the 
reduced oxide). This ratio approaches unity 
if it is taken into account that the degree 
of reduction of the oxides in the industrial 
aluminothermic processes reaches 70«�0� 
(in aluminothermic melting off a titanium 
70«80� Ti22 is reduced to titanium, 90%  
of silica to silicon). Thus, at the given size 
of the oxide particles the ratio of the charge 
materials in the microvolumes approaches the 
stoichiometric ratio if the size of the particles 
of the aluminium powder and the oxides are 
relatively identical.

To ensure the maximum yield of the metal, 
the fraction of the particles of the reduc-
tion agent should be similar to that of the 
reduced oxide, and the yield of the metal 
increases with the reduction of the particle 
size of the charge components. H owever, the 
reduced oxide should not be refined to the 
size smaller than 0.1 mm.

Taking into account the accepted fraction of 
the particles of the oxide part of the charge, 
the size of the reduction agent is selected 
eq ual to the size of the oxide particles only 
if this ensures the req uired conditions for 
the normal melting rate of the charge. At 
a reduced rate of the process, the size of 
the particles of the reduction agent should 
be slightly reduced in comparison with the 
oxide. If the degree of refining of the oxide 
is very high, eight is also efficient to ensure 
the maintenance of the eq uality of the size 
of the oxide in the reduction agent because 
in this case the rate of the process may be 
higher than the rate req uired for the steady 
thermal mode of the process.

In addition to this factors, in selecting the 
degree of re¿ning of the charge materials it 
should be remembered that the fraction of the 
grain of the reduction agent determines the rate 
of deposition of the reduced metal. The appli-
cation of the ¿ne fractions of the aluminium 
powder may be the reason for high losses in 
the form of beads, remaining in the slag [ 9] .
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The initial charge for the experimental 
melts was in the form of the materials of 
the chemical composition shown in Table 2.

The reduction agent was aluminium grit 
(93%  of aluminium). The charge was cal-
culated for 100 kg of titanium concentrate. 
Melting was carried out in a crucible 400 
mm high, diameter 200 mm, lined with a 
mixture of magnesite powder (95% ), water 
glass (0.7% ) and refractory clay (4.3% ). The 
thickness of the lining was 1�«�0 mm.

The normal course of the aluminothermic 
process was obtained at a specific heat of 
���0«��00 k-�kilogram of charge. The miss-
ing part of heat was compensated by heating 
the crucible and the charge. This was carried 
out taking into account the fact that every 
100° C of heating increases the specific heat 
of the process by 125.6 kJ/kg.

1/3 of the charge was loaded into the cru-
cible and ignited with a torch. After the start 
of the process, the charge was placed on the 
surface in such a manner that the surface of 
the melt was covered with the charge layer.

The powder of the ilmenite concentrate 
(Fig. 1) consisted of spherical grains with 
different particle size distributions (Fig. 2).

Taking into account the size of the fraction 
of the ilmenite powder, we selected the size 
of the particles of the reduction agent (by 
calculations D Al ~  d ox). The initial powder 
of the titanium concentrate was crushed to 
produce the fraction with the si]e of �0«�0 
µ m. The mean chemical composition of fel-
low titanium with the particle size of the 
concentrate and the reduction agent of �0«�0 
�m was as follows, wt.�� �7.3 Ti, �1.8 )e; 
11.2 Al; 7.1 Si; 0.12 Ca; 0.96 Cr; 1.03 Mn; 
0.11 Ni; 0.25 Cu; 0.13 Zr.

The melts were accompanied by the injection 
of the molten metal and the structure of the 
produce for the titanium was porous (Fig. 3).

In producing the melts with the ilmenite 
particle size and the reduction agent size of 
200...240 µ m, the process of aluminothermic 
reduction is steady, without injection of the 
melt.

The mean chemical composition of fellow 
titanium �dispersion �00«�40 �m) was as 
follows, wt.% : 43.5 Ti; 34.9 Fe; 14.1 Al; 
3.81 6i; 0.34 Ca; 1.04 Cr; 0.�� 0n; 0.101 
Nb; 0.102 Cu; 0.3 Sn.

The phase composition of the specimens 
of ferrotitanium was represented mainly by 

Table 1. Ratio of the gram-equiva lent vo lumes of the reduced oxides and aluminium

Reduced  
oxide

Volume of gram 
equi valent oxide 

Vox

V ox / V A l D A l/ d ox

Reduced  
oxide

Volume of gram 
equi valent oxide 

Vox

V ox / V A l D A l/ d ox

Ba2O3 6.3 1.91 0.81 TiO2 5.2 1.57 0.8�
Ga2O3 5.3 1.47 0.88 V2O5 5.4 1.63 0.8�
Fe2O3 5.1 1.55 0.8� Nb2O5 5.7 1.73 0.83
Mn2O3 5.9 1.78 0.83 Ta2O5 5.1 1.53 0.8�
Cr2O3 4.8 1.47 0.88 WO3 5.4 1.63 0.8�
Ge2O3 5.6 1.70 0.83 MoO3 5.4 1.63 0.8�
Si2O3 6.5 1.97 0.80 NiO 5.0 1.52 0.87
Zr2O3 5.6 1.70 0.83 CuO 6.2 1.�8 0.84

Table 2. Chemical composition of the charge materials, wt.%

Material TiO2 FeO Fe2O3 SiO2 MgO CaO Al2O3 Cr2O3 MnO

Ilmenite concentrate 63.00 8.1 20.0 1.78 0.13 0.13 2.02 2.92 0.95
Iron ore 0.031 – 8�.4 9.10 0.52 0.24 0.39 0.021 –
Freshly roasted limestone – – – 5.00 – 90.00 2.00 – –
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of the processes of aluminothermic reduc-
tion of the dispersion of the materials of 
the charge in melting ferrotitanium is non-
linear. The experimental results show that the 
excessive increase of the dispersion of the 
charge ��0«1� �m and smaller) results in 
a large reduction of the gas permeability of 
the charge and, correspondingly, the ‘boiling’ 
of the bulk charge. This is accompanied by 
the pyroeffect with ejection of the melt. The 
ferrotitanium casting contains pores.

As a result of the presence of the fine alu-
minium powder of the oxide film on the surface 
the yield of the reaction products decreases, 
i.e., the fraction of a reduction of titanium 
from the ilmenite concentrate decreases.

The high density of the ingot and the 
maximum yield of the reaction products in 
the reduction were obtained at the ratio D A l/
d ox  ~  1. The dimensions of the other compo-
nents of the charge should not exceed 2 mm.

The data obtained as a result of the labora-
tory studies confirmed the previously made 
the commendations for the selection of the 
dispersion of the charge in the aluminothermic 
production of ferrotitanium from the ilmenite 
concentrate and indicate that it is necessary 
in every specific case to carefully the grain 
size composition of the charge materials to 
obtain the best results.
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the titanites TiFe (TiFe2), oxide inclusions 
FeO· TiO2 and TiO2 and iron oxides. Dark spots 
are pores, formed as a result of  reduction 
of the permeability of the charge (Fig. 3). 
X -ray spectrum microanalysis was carried out 
in a PEM 106i scanning electron microscope 
(SELMI, Ukraine). Phase composition was 
determined in the x-ray diffractometer with 
the horizontal position of the investigated 
specimen RIGAKU (Japan).

According to the analysis of the literature 
data it may be concluded that the dependence 

Fig. 1. Initial ilmenite powder.

Fig. 2. Siz e distribution of the particles d  in the initial 
powder of ilmenite P il.

Fig. 3 . Microstructure of the ferrotitanium sample, pro-
duced by the aluminothermic method (dispersion of the 
charge 5 0… 16 µ m).




