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UDC 539.214-669.176

Influence of Structural State on Relaxation Properties of Titanium, Beryllium

18420207C Moscow IZVESTIYA AKADEMIT NAUK SSSR: SERIYA METALLY No 2, Mar-Apr 89
(manuscript received 07 Dec 87), pp 146-149

[Article by A. K. Grigorev, N. G. Kolbasnikov, S. G. Fomin, R. Khenokh, Leningrad]

[Text] The performance of tests for stress relaxation in metals requires practically instan-
taneous loading, since stress relaxation begins simultaneously with an increase in load.
Shock loading results in dynamic effects, distorting the results obtained. Therefore, the
recording of fast relaxation processes in metal, which are observed upon cold deformation, is
made more difficult. Standard tensile testing can be used to avoid these difficulties. We
accept for this purpose the rheological model of an elastic—plastic material with hardening,
which most fully reflects the processes occurring upon deformation of metallic materials.
This model, consisting of an infinite number of elementary models as presented in Figure 1,
can be described by the equation system!:

o=2G [e——fgop(k, t)endAdT] ,
o0

6, =0, (—;—[e——(l—i—h) e)] ... le—(1+ k) en])%sr, (1)

. T .
£,50, (-;—+k) e,+(1+he,=e,

o0
where G represents the elastic properties of the metal, G=[[F(\,7)dAdr; F is a certain
00

function of the arguments A and 7, which has positive values, p is the viscosity coefficient,
G’ is the rigidity, defining the linear deformation hardening of the metal; A is the harden—
ing parameter; 7 is the dimensionless elasticity limit of the model; A is the relaxation time.

A metal has a discrete spectrum of relaxation times and spectrum of yield points
{*;u} and {7,;}. Considering that in (1) the relaxation time and dimensionless yield
points are indeépendent, the joint probably density can be represented as p(A,7)=p;(7)ps(A).

In body deformation with purely elastic change in volume a specific metal is defined
by three constants p, G, h and two functions p,(7) and py(A). Let us determine the

parameters of a metal from experiments involving uniaxial extension. In this case equation
system (1) becomes:




Sy 8

o=EFE [e —_ S Py (T) p2 (1) e, d2. dr] ,
o
e, =0, 1>e,

Kent (14 hye,~1=¢ t<e (2

With static extension of the metal the rate of viscous deformation can be ignored in
comparison to the remaining terms and system (2) becomes:

oc=FE [e—gpl (‘r)e,_d'r] ’

' (3)

e, =0, T>e,
T+ (1--h)e,=¢, T<e.

Considering the second and third equations of system (3), the first equation can be written
as

. - 1
o=E[e—-.f T h (e—T)px(T)dT]-
[ -

(4)

Differentiating (4) with respect to e, we obtain:

115—5 1 L
. = —mjpx(r) dt |, (5)

o
from which we can see that the elasticity modulus E can be determined as
lim (do/de) = E. (6)

The hardening h can be defined from the expression

,E'ﬂ (do/de) = Eh/(1 -+ h). (7)



N

Figure 1. Model of Elastic—Viscous—Plastic Body with Hardening.

Thus, the tangent of the temsile curve slope in the steady state represents the har—
dening of the metal upon plastic deformation. Based on the second derivative

d%c
S =TT n

de? 14+ 4 (8)

we can determine the distribution density of p,(7). Thus, using expression (6)—(8), the
static extension curve determines parameters E, h and p(7).

To produce the function p2&))\) we must perform “dynamic” extension experiments, in
which the deformation rate must be at least an order of magnitude higher than that used
in static tests. For dynamic extension the deformation is determined at e(t)=eyt.

The equation for determination of stress is:

B h T 14h
O’(f)—E{l_i_heot—{-eoj‘m[l—exp(— A t)]x
0

et o eot

0‘)5‘ )d_‘_m T 4 1+ h T (9)
X Ps o py (1) dt ‘5 1 (T) 1§exp(— t)p.:(k)—j‘ h'P1(T)d"]'

1+ A

Let us introduce the symbols:




eof
fp=2E __t s j‘ Pi(v) dv,
0

T
E 1+ h i1+h

y(t):jk[l——-exp (— 1_::,1 t)] ps (A) dX,
0

&t

o= nmdr,

0
et

T
Q) = | ——p, () dr.
§1+h

Then equation (9) after a few transforms becomes:

RSN B AU TRy
YO+ Tine.n’? " wo T (10)

Solving linear heterogenous equation (10) numerically or analytically, we find the function
y(t). The function

vo-2L8 =°fexp (—%’L—"t) Ps () dh (11)
0

is called the relaxation function?. It was shown in 2 that the relaxation time distribution

probability density can be determined by using the relaxation function ¥(f) and the ap—
proximate equation

dy (1)

p2(A) = d(gt) - .

(12)



Mﬂ'a
650

500

550

a9 15 7 et

Figure 2. Static (12) and “Dynamic” (2) Curves of Extension for
VT-1-0 Titanium, Obtained at Deformation Rates of 1-10™ and

2.1073 l/s.
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Figure 3. Probability Density of Relaxation Time Distribution for
Titanium (1-8) and Beryllium (4, 5): 1 and 2 — after anneal-
ing at 660 and 1050°C; 8 — after rolling at e=30%; 4 — after
annealing at 880°C; 5 — computed per equation (135.

Thus, by processing the results of static and dynamic tensile testing, we can deter—
mine all properties of the metal, representing its behavior upon plastic deformation.

In this work, we determined the relaxation time distribution density for titanium and
beryllium and established their variation as functions of grain size and degree of deforma-—
tion. These metals, particularly titanium, have minimum relaxation resistance, which facili—
tates the study of this phenomenon3.

Test specimens were made of type VI—1-0 titanium and once—distilled beryllium
with total impurity content about 1%. The titanium specimens were cold rolled to 0.4
mm thickness with intermediate annealing before testing. After rolling they were annealed
at T=660+20 and 150+20°C to produce a mean grain size of ~30 and ~300 um, respectively.

(W]




Beryllium specimens were hot rolled in soft steel envelopes to 0.1-0.15 mm thickness, then
annealed at 880+20°C. After deformation and annealing, specimens were cut on an elec—
tric—spark cutter according to standard GOST 11701—66. Mechanical testing was performed
on an Instron test machine at deformation rates of 1.107¢ to 2-10°! s°L

Figure 2 shows the static and dynamic tensile test diagrams for titanium. Differen—
tiation of the curves and determination of the intermediate function were performed graphi—
cally. The relaxation time distribution functions for titanium and beryllium (Figure 3)
follow a log—normal distribution

- L(In?—p)
o) = e[ L (28],

(13)

where A is a coefficient selected from the normalization condition
{pma =1
0

The distribution parameters y, and o, (table) were determined by a probabilit paper
method. The function p,(A) comstructed from expression (13) is shown in Figure 3 (5).
Conversion of the calculated function p2(A), performed in reverse sequence using equations
13)—2), makes it possible to construct a calculated extension curve for the metal studied
Figure 3). The maximum deviation of the calculated curve from the experimental curve
id not exceed 0.7% for beryllium and 1.7% for titanium, indicating the good accuracy of
the method used to determine the probability characteristics of the metal.

As we can see from Figure 3, the absolute value X for the metals studied is small
and for five—grain annealed titanium amounts to 0.025, for beryllium 0.1 s. The deforma—
tion of the metal does not significantly influence the relaxation properties (Figure 3, 1, 9),
whereas increasing grain size in titanium by an order of magnitude leads to an increase in
X by a factor of ~2, although the type of distribution remains unknown (figure 3, 1, 2).

The method presented can be used to define both X and the probability of stress
relaxation to the required level within a given time limit. Assurance of stress relaxation
directly in the deformation focus, as was shown in 4 can increase the gripability of the
metal for clading by rolling. During rolling, as during other technological processes, the
maximum normal stresses in the metal will reach values significantly greater than the yield
point, after which they relax to the yield point 3 as the external load is relieved.



Parameters of Titanium and Beryllium Relaxation
Time Probability Distribution

Netal A By %
Fine grain titanium after annealing at
E660°C 34,489 -3,23 1,035
Coarse-grain titanium after annealing at
B1050°C 23,706 -2,705 0,825
Fine grain cold rolled titanium, €=30% 18,86 | -2,125 1,41
Beryllium after annealing at E870°C 0,168 -2,36 0,58

These studies have demonstrated that a significant fraction of the stresses accumu—
lated in a metal in the process of deformation relax rather rapidly (3=0.025-0.1 s). If the
stresses cannot relax before the load is released, the change in the sign of unrelaxed stress—
es from compressive to tensile, which occurs as a result of the recoil of spring G and G’
where damper p does not have time to operate (Figure 1) can cause the growth of micro—
scopic cracks which are present in the metal and early failure.

Conclusions. 1. A method has been developed for determining the probability char—
acteristics of a deformed metal — the probability distribution density of yield point and
relaxation time from tensile tests.

2. For titanium and beryllium the relaxation time probability distribution density
and yield point depend on the structural state of the metal: plastic deformation decreases
the “quality” of p(\), while increasing grain size increases X in comparison to fine—grain
recrystallized metal.
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[Text] In refining it is frequently necessary to reduce the salts of platinum metals. One
means of producing metals from their difficultly soluble compounds is electroreduction of
oxide compounds of silver, copper, nickel, lead, and other metals!3. In order to produce
metallic palladium, we studied electrochemical reduction of
trans-diaminodichloropalladium (II) (DADCP), which is difficulty soluble in aqueous
solutions.

Studies were performed in an electrochemical cell with separation of the anode and
cathode spaces by a diaphragm of porous titanium (Figure 1). The cathode space con-
tained a mechanical agitator and titanium cathode. The electrolyte (0.4 dm?®) was poured
in and the charge of DADCP was added (50 g). The electrolyte used was a solution of
HCI (1-2 mol/dm?). The cell was then heated to the desired temperature, thermostated
and the current switched on.

DADCEP is not very soluble in a hydrochloric acid solution, but does to some extent
go over to soluble hydrogen tetrachloropalladate (II) (HTCP)
[Pd (NHy) oClo] ) +4HCl , =H:IPdCL] , +ONH,CI, . (1)

The dissolved HTCP is reduced on the cathode to metallic palladium

H, [PdCl,] + 2e = Pd + 414t 4-2C|—, (2)
On the whole, the process of reduction of DADCP in the electrolytic cell consists of
the following stages:

1. Convective—diffision movement of HCI from the solution to the surface of the
DADCP particles.

2. Adsorption of HCl molecules on the surface of the DADCP crystals
HCI(d), HCl(ads).
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Figure 1. Diagram of Electrolyzer for Reduction of DADCP
(IB in Chloride Solution. 1 — Body; 2 — titanium shell with
catolyte; 3 — diaphragm of porous titanium; 4 — graphite
anodes; 5 — titanium cathode; 6 — agitator; 7 — DADCP par-
ticles.

3. The chemical reaction between DADCP and HCl, accompanied by the formation
of HTCP

[Pb(NHs);]in-+4HCliazo = Ha[PbCli]won+2NHiCliaoo. (3)
4. Desorption of HTCP molecules from the surface of the sediment particles

Hy[PbCly]wser==Hz[PbCls] .

5. Diffusion—convective transfer of dissolved HTCP from the surface of the sedi-
ment particles to the solution.

6. Convective-diffusion transport of HTCP molecules to the surface of the cathode.
7. Electrode reaction of reduction of HTCP to metallic palladium.

Reaction (2) is irreversible, since the cathode space contains no oxidizer capable of
dissolving metallic palladium in hydrochloric acid. Consequently, the influence of the
reaction products of (2) and other dissolved substances on the electrochemical reduction
of HTCP is not significant. However, reaction (2) may be inhibited by adsorbed HCl

molecules or chloride ions.




If the process of reduction of DADCP is controlled by convective diffusion transport
of the solvent (HCI) to the surface of the DADCP particles (Stage 1), the rate of dissolu-
tion of the sediment and transport of palladium into the solution should depend on the
HCI concentration

v, =—VdChci/4dr= VdCrufdt=rAChe, (4)
where k=D ,,S:/36,, Sy is the surface of the DADCP particles, V is the volume of the
solution (caflofytezj, Dy, is the diffusion coefficient of HCI molecules in the water, 6, is

the diffusion boundary fayer near the surface of the DADCP particles, Cyer (Cy.p), is the
concentration of HCl in the volume of the solution and on the surface of the DAIBCFP

With diffusion control of reaction (1) C,.%(Cy,,), and AC,,dzC,,cf With slow

adsorption of the HCI molecules on the surface of the DADCP particles (Stage 2), the
rate of transition of palladium into the solution is

1'dCpy Sd®ye 1 .
= T T s =S G (= By) - K S8, (5)

where Ké, Ké are the rate constants of adsorption and desorption of HCI, Oy is the de-
gree of filling of the DADCP surface by adsorbed HCl molecules.

With high HCI concentration in the solution, Oy is practically independent of the
HCI concentration. Then equation (5) becomes

v;=VdCpa/dt=1+x.S:Chec1, (6)
ka%=[(Cher).

In the case of a limiting chemical stage (Stage 3), the rate of transition of palla-
dium into the solution also depends on the HCl concentration

va=VdCpa/dt=K3S+(Chuci)n, (7)
where £ is the rate constant of reaction (3).

With no diffusion limitations (Cy,;) ,=Cj.r

The concentration of HCI was fixed in excess and remained practically unchanged
throughout the experiment. In experiments performed with an HCl concentration of 1

10




and 2 mol/dm? with otherwise equivalent conditions the slope of the line showing Cp, as
a function of 7 should differ by a factor of two in accordance with (4)7). However, we
established experimentally that the rate of dissolution of DADCP in the solution is inde-
pendent of the HCI concentration. Consequently, stages 1-3 did not limit the rate of dis-
solution of DADCP in the hydrochloric acid solution.

The delay in desorption of HTCP molecules from the surface of sediment particles
(Stage 4) increases the degree of filling of the molecule surfaces with HTCP and, conse-
quently, the rate of desorption of the HTCP

Uy= Vded/d‘t‘=ST(1'9P.4/(1T=IC4S_v@Pd. (8)

The degree of filling of the surface with HTCP molecules depends on the HTCP concen-
tration in the solution

8, =xrkCm

Pd Pd»

where m varies from 1 at low palladium concentrations to 0 at higher concentrations.

The surface of the sediment particles changes over time (sS =k,). The relation-
ship between the concentration of palladium in the solution and the Iength of the experi-
ment should be InCp=Fkr"*! or

Cra=cexp(kt*t).

The experimental equation Cp,/~=f(7) (Figure 2a) presumes n=0, which is impossible for
needle DADCP crystals. Therefore, desorption of HTCP molecules from the surface of
the DADCP particles cannot limit the process of electroreduction of DADCP.

If the rate of dissolution of DADCP is limited by diffusion—convective transfer of
HTCP from the surface of the DADCP particles into the solution (Stage 5), the transfer
of palladium into the solution will follow the equation

Us=VdCpaldv=rs[(Cps)a— Crdl, (9)

Where k5=D]lTC.PgT/ 65,
— &5 is the thickness of the diffusion layer near a DADCP particle.

The thickness of the diffusion layer near a particle suspended in a flow of the solu-
tion is proportional to the radius of the particles * é=a,R” (n=2/3-1). The DADCP par-
ticles are needle shaped, and therefore their surface is proportional to their radius
Sr=a,R(a;=27l). Due to this, k; remains a constant quantity practically throughout the
period of dissolution of the DADCP. The concentration of HTCP on the surface of a
DADCP particle under conditions of slow diffusion is equal to the concentration of the
saturated HTCP solution in a solution of a given HCI concentration and temperature.

11



Integration of equation (9) within limits from 7=0 to 7 and Cpg=0 to Cpq leads us
to the expression

ln[l¥ Cea ]:-._l"j_'-.. (10)

Where
Cpq "CPd
(Chd)n o Cl’d In [ (Cl’d)n :I \Cl’d)u
Then
K, -
Toria de=_‘;_(cl'd)n . (11)
| Y[
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Figure 2. Dynamics of Change in Concentration (DCR of Palla-
dium in Catolyte (a) and Degree of Reduction of DADCP (II)
in the Course of Electrolysis (b) at i=6000 A/m? and t=85° C.

Consequently, with diffusion limitation of the transfer of HTCP from the surface of
a DADCP particle the palladium concentration in the solution should increase linearly

12



with time, while the rate of dissolution of the DADCP in the HCI and reduction of dis-
solved HTCP on the cathode are still different. This conclusion is confirmed experimen-
tally (cf. Figure 2a).

The rate of reduction of dissolved HTCP on the cathode both in the case of diffu-
sion limitation and in the case of delayed electron transfer of reaction (2) (Stages 6 and
7), is proportional to the palladium concentration in the solution

vo=—VACri/dt=~rsCpa, (12)
07=—V(1CP¢1/(11.'=I{7CP'./, (13)
where kg=D S_/6 . S, is the working (immersed) surface of the cathode, 6, is
k ”To?’% CHittdston f§§r 5

the thickness e er at the cathode, k; is the rate constant of reaction (ﬁ .

Since neither kg nor k; depends on the concentration of palladium in the solution or
the duration of the process, equations (12) and (13) can be combined

vg-7=—VdCpaldv=15-1Cpa. (14)
The overall rate of transition of palladium into the solution is described by the equation
U= Us— 57 = VdCpafdi=r1(A — Cou), (15)
where
A=xs/k(Cpa)n, k= (K5+Ks-7).

Thus, the resultant change in palladium concentration in this solution is also linear-
ly dependent on the duration of eletrolysis

CpREAT. (16)

The cathodic reduction of the dissolved HTCP does not influence the nature of
Cp~f7), and therefore the conclusion of limitation of the process as a whole by the
stage of diffusion of HTCP molecules from the surface of the DADCP particles is valid as
long as v5 and vg_; are different. The concentration of palladium in the solution reaches a
maximum where Cp=AA.

The results of x-ray diffraction analysis of the sediment in the electrolyzer (mixture
of DADCP and metallic palladium) indicates that the moment of equalization of the rates
occurs when the DADCP is 85-90% reduced (Figure 2b). Then the rate of cathodic re-
duction of HTCP becomes the determining factor (vg.;»v;) in the overall rate of change of
palladium concentration in the solution (#w-vg.;). Further electrolysis results in full re-
duction of the DADCP sediment and a decrease in the concentration of palladium in the
solution according to the exponential rule (cf. Figure 2)

Cra=A exp [—Ke-7(v—r4)], (17)

13



where 7, is the moment of equalization of the rates of dissolution of DADCP and catho-
dic reduction of HTCP.

Thus, cathodic batch reduction of DADCP (II) in an electrolytic cell with intensive
agitation in a chloride solution occurs in two stages: ~first, until 85-90% of the DADCP is
dissolved, a slow stage involving diffusion—convective transfer of HTCP from the surface
of the DADCP particles into the solution, followed by a stage of cathodic reduction of the
dissolved HTCP.
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[Text] Complex compounds of palladium (II) can act as oxidizers in solutions, being
themselves reduced to the metal. The reduction of complex compounds of plati-
num-group metals is a common approach to the production of metallic powders. Libera-
tion of the metal from solution by reducing its compounds with hydrogen b2, carbon
monoxide ¥ 4, the sulfite ion 5, formic acid ® and other agents has been reported.

Complex compounds of palladium (II) have a planar configuration with 4 ligands 8
Therefore, in general form the aqua-chloro-hydroxo complex compound of palladium (II)
can be represented as [Pd(H;0)4., ,C,(OH),J2"™ The coordination numbers for the
ligands CL"(n) and OH'slm) may have values of 0 to 4. The complex compound of palla-
dium (II) is reduced in the reaction

[Pd (H,O)—gom Cly (OH) ="~ ™ + 2¢ 2 Pd + nCl™ + mOH™ +
4+ (4 —n—m)H,0.

(1)

The oxidizing capacity of a palladium (II) complex can be judged from the value of
the electrode potential of the palladium in a solution of the composition in question:

0
2lpd (H,0),—n—m Cla (OH)g]2="—™'Pd = [Pd (H,0),-n—m Cluy (OH)in]* ="~ Pd +
RT apy (2)

|
- ?_F ln n m 4-—n—-m
aci— 2oH~ 4,0

The oxidizing capacity of various complex compounds of palladium (II) can be con-
veniently compared under standard conditions. Since the standard potential of the elec-
trode reaction (1) is not known for all possible compounds of palladium (II), the missing

0
values of (p[P 4(Hy0) 4.0l (OH) ] 2 P4 can be computed.
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Using the known values of constants for the formation of chloropalladate (II) ions
from Cl- and Pd?" 7, as well as the standard potential of metallic palladium in the solu-
tion containing Pd* cations &, let us compute the standard potential of a chloropaladate
(IT)-palladium electrode

0
?Pd (H.0),-nCly]2-"Pd =

=4 s 3)
= ?[pd (H,0),]:+/Pd T ~F In 3,

zvh)ere B is the equilibrium constant of the reaction of dissociation of the chloropalladate
IT) ions

[Pd (H;0)4=a CloJ*~" + nH,O =
=[Pd (H0)]** +nci™.

(4)

The results of the calculation are presented in the Table.

Redox Capacity of Complex Palladium (II) Compounds

0
Complex gzomplex Pd’v
Compounds
(Pd (H,0),)%* 0,987 (8]
[Pd (H,0),CIJ* 0.86
[Pd (H.0).Cl,] 0,765
{Pd (H,0) Cly)~ 0,60
(PdC1,)? 0.645*
[Pd (H,0),0H]* 0.64
[Pd (H,0).CI (OH)) 0,57%*
[Pd (H,0) CI, (OH)]~ 0,52"*
[PdCl; (OH))?~ 0,48
[Pd (H,0), (OH),] 0,29
[Pd (H,0) CI (OH),]~ 0,20%*
[PdCL, (OH),]?~ 0,29+*
[Pd (H.0) (OH),)~ 0,235
{PdCI (OH),?~ 0,235*"
[Pd (OH)J*~ 0.205

* Reported value 0.62 V 8.
** Graphic estimate.

Using known data on the hydrolysis constants of the [Pd(H,0),]?* cation ¥, let us
now use equations (3) to compute the standard potentials of the hydroxopalladate
(IT)-palladium electrode (cf. table). In this case the f-equilibrium constant of the hydro-
lysis reaction
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[Pd (H,0),]*" 22 [Pd (H0)s—m (OH), > ™ 4 mH " . (5)

To compute (p(EP 4(H;0) 4uCln (OH) ] 22 0Pd requires data on the hydrolysis of the
chloropalladate (II) ions

' R7
i ; — 0 .
#pd G, (OH)2-1Pd = Fipaciy?=pa ™ o 1 F (6)

th;.re K is the equilibrium constant of the reaction of hydrolysis of the chloropalladate
IT) ionms:

[Pd C1,]*” 4+ mOH™ 7 [PdCl,_, (OH) I~ ++ mCI™. (7

Hydrolytic equilibria in chloride solutions of palladium (II) were studied in 1% 1L
The approximate value of K was computed for m=1. The constants of hydrolysis of
[PdCly)* in subsequent stages are unknown. Data on the hydrolysis of mixed aqua chlo-
ropalladate (II) ions are also not available. The replacement in the [Pd(H,0),]%* mole-

cule of water by a hydroxide ion yields the linear variation of w‘EP 4(Hy0) 4 m(OH) ] 22 /Pd 25
-m

a function of number of OH" ligands in the coordination sphere of the complex within
limits of m=0-2 (Figure, a). A further increase in m to 4 leads to a comparatively small
change in the potential.

. 0 .
To construct the variation of ©[PdC1 ()] 2P 25 2 function of the number of
substituted Cl~ ligands, three points of the five possible points were placed on the hydr-

oxide ions. The potentials go(EP dC1,(0H) 5] 2"/Pd and <p(EP 4C1 (0H) 5] 2/Pd were unknown. These

potentials can be estimated using the fact of approximate equality of the energy manifes-
tations of substitution in the coordination sphere of palladium (II) upon replacement of a
water molecule and a chloride ion with the OH" ligand.

Thus, substitution of an OH™ for an individual Cl™ ligand in the complex
[Pd(H,0);Cl])* and H,0 in the complex [Pd(H;0)Cl;]" yields an emf of the substitution
reaction of 0.22 and 0.21 V. This indicates that substitution of hydroxide ions for two
Cl" ligands in the complex [Pd(H;0),Cl;] and two H,0 ligands in the same complex
should yield approximately the same emf of these two substitution reactions. Then

0 0 _ . 2
% [pac1,(0H) 5] 2"/Pa" [Pd (H0) 5 (OH) o/P 4=0-21 V, and the replacement in the complex [PdCl,]

ligands of C1- by OH™ also yields the linear variation of ga(EP 41 4o () ] 2/Pd within the
-

limits m=0-2. Further replacement of Cl ligands by hydroxide ions (m>2) is accom-

panied by agreement of the potentials <p(EP acl,

0
(0 a)?7pa 2™ Plpa(a0) (om0
For m=4 this is unconditional, for m=3 it is obvious.
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Variation of ‘P(c)omplex /pa 25 2 Function of Number of OH" Li-

gands (m) — a and Cl” Ligands (n) — b in Composition of
Complex Palladium (II) Compound.

Pd (H20)4-.ncln]2_n,

Pd (H;0)3-nCln (OH) ] -7,
Pd(H;0),-nCln (OH),]-",
Pd (Hgo) |—ncln (OH)g]“”“.

l—[pd (HQO) t—m (OH) m]2—m'
2—[Pd(H:0)3-mCi(OH)n]' - ™,
o—[Pd (HgO)g—'mClz(o )m]—m,
4—[PdClym (OH) mt-,

5—[
6—{
—[
85—

o — experimental and calculated data; x — most probable val-
ues determined by graphic interpolation.

Based on what we have said, we can assume that replacement of H,0 and CI" li-

gands by hydroxide ions in complex [Pd(H;0).4Cls)? "-type compounds also yields linear
e 0 . o .

variation of “’[P d(Hz0) 4.n.uCla (0F) o] 2 B/Pd as a function of m where m=0-2 (cf. Figure,
a). This allows approximate graphic determination of the most probable values of the
potentials, which are presented in the table.

If we analyze the influence of replacement of a water molecule in the coordination
sphere of palladium (II) by chloride ions (cf. Figure, b), we see that the variation of

0 . . .

w[Pd(Hzﬂ) 4-n-mC1p (0H) ] 20 /Pd as fl function of n changes monotonically, which allows us
to correct the values of the potentials as determined from the diagram of Figure a.

Analysis of the variation in oxidating capacity of various complex palladium (11)
compounds as a function of their structure leads us to the following conclusions:

1. The maximum oxidizing capacity is that of hydrated palladium (II).
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2. Replacement of coordination water with any ligand (Cl” or OH") decreases the
oxidizing capacity of the complex palladium (II) compound formed in comparison to
[Pd(H,0)4*".

3. Hydrolysis of chloropalladate (II) ions decreases their oxidizing capacity.

4. By using various reducing agents it is possible to isolate metallic palladium from
various complex compounds which are dissolved under these conditions.
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Structure Formation in Combined Multilayer Coating
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[Article by L. I. Pupan, V. I. Kononenko, A. M. Kotlyar, L. V. Zhivkova,
Kharkov: "Structure Formation in a Combined Multilayer Coating"]

[Text] Requirements for modern materials are often met only through the use of
the latest advances in modern coating technology. An example is a multilayer
composite coating on stainless steel. '

Stainless steel 12Kh18N10T may be considered the most common material in
dental practice, but the unacceptable medical, biological, and aesthetic
properties of the design of metal dental prostheses (MZP) made of this
material necessitate the application of multilayer coatings on its surface.

The object of this work was to investigate the structural features of a
multilayer composite coating and the effect of manufacturing operations on
phase-structure transformations in it. The object of study was a composite
consisting of Ni, Ti, Ti+TiN, and TiN applied to specimens of two dimensional
series (A - 5 x50 x 0.1 x 102 m®; B - 25 x 10 x 10 x 107 mm®) of stainless
steel 12Kh18N10T. The first layer, applied to the base, was produced by
electroless nickel-plating'. The purpose is to protect soldered joints in the
MZP structure from the effects of the high temperatures that develop when
subsequent coatings are applied. Chemical precipitation processes make it
possible to produce even coatings on parts with the most complicated shape,
such as MZPs. In addition, during electroless nickel-plating the micropores
measuring up to whole microns that are found in cast parts, most often in the
soldered joints of assembled protheses, grow together.

The second Tayer, an intermediate titanium layer, is applied by vacuum plasma
spraying?. This layer (0.3-0.8'10°% m thick)- is a transition between the
temperature-resistant nickel and the protective-decorative titanium nitride
layer. It provides good bonding with the crystalline nickel layer and
partially relaxes stresses caused by the difference in these layers’
coefficients of thermal expansion. The last two layers, which have
protective-decorative functions, are produced by vacuum plasma spraying.

The structure of the layers was studied with a UEMV-100K microscope by two-
stage replica method and radiography. It was established that the
temperature at which the quasi-amorphous Ni-P film enters a crystalline state,
described by an increase in hardness and an improvement in adhesion for the
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free film separated from the base are different from the temperature of the
film coating on the stainless steel’s surface. For the free film, the
transformation temperature was close to 670 K; for the film on the surface
when adhesion is good, 620 K. Holding time in both cases was 30 min. In
addition, the structural state of the coating turned out to be sensitive to
the base’s thickness. This conclusion was made on the basis of electron
microscopy and radiography studies of a chemically precipitated Ni-P coating
on specimens of different thicknesses and sizes. The coating for A specimens
had a basically fine-grained structure. A1l microdiffraction patterns
contained highly blurred circular, almost halo-like, Tines. In these
specimens, both overall diffraction and microdiffraction indicate structural
nonuniformity. A1l electron diffraction patterns can be broken down into two
groups. One is characterized by GTsK [face-centered crystal] phase lines,
whose interplanar distances are greater than those for pure nickel and change
over the surface of the same specimen. This phase may be interpreted as the
solid solution of variable composition of phosphorus in nickel. The period of
the lattice of this solution changes over the specimen within (3.68-3.89)'1040
m; a,,=3.517°10"% m, i.e. Aay=(0.16-0.37)107"° m.

Electron diffraction patterns for the other group contain lines belonging to
two phases. In one, the lattice period is increased compared to pure nickel,
j.e. it is a solid solution of phosphorus in nickel, 1ike for the first group.
The second phase may be identified as Ni,P. Furthermore, the electron
diffraction patterns for this have narrow lines for both phases, which
indicates the inception of the crystallization process. Consequently, the
structure of the nickel coatings is heterogeneous: along with almost
amorphous areas, there are areas where crystallization has occurred. The
surface layer of these coatings is characterized by two kinds of areas
differing in chemical composition (one- and two-phase). The concentration of
the solid solution of phosphorus in the nickel changes both in macro- (107%)
and in microregions (107 m).

Nickel coatings on B specimens have a different structure. First, the coating
structure is homogeneous over the surface. Second, decoded electron
diffraction patterns revealed the presence of three crystallographic phases:
Ni, Ni,P, Ni,P, with the following intensity distributions: JNYP>J§i>JNBP'
The change in the nickel lattice period comPared to tabular values® i
negligible and amounts to AaN.éO.07-0.09'10'0 m. This is considerably lower
than for A specimens. Microelectron diffraction patterns of the nickel
coating for these specimens have multiple points with a fine structure. This
is probably related to both the substructure and the shape of the crystal
particles and the presence of imperfections and strains in the crystal
Jattice. Analysis of the fine structure makes it possible to talk about the
presence of twin layers and stacking defects in the nickel layer.

Study of the bright-field images showed that the Ni,P phase segregrations are
needle-shaped and measure about 107 m and that the distribution over the
surface is even.

We paid a great deal of attention to the structural state of this sub-layer

because of the possibility of setting and regulating macrostresses in it by
changing precipitation process parameters”.
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Electron microscopy of the intermediate titanium layer showed that there were
no significant changes in the phase state or structure of this layer, either
after heat treatment or after ion bombardment.

Let us consider the phase and structural state of the protective-decorative
TiN layer with a Ti+TiN sub-layer. After treatment, the multilayer composite
was separated from the base, the nickel layer was removed by chemical etching,
and the remaining Ti, Ti+TiN, and TiN layers were submerged by ion etching in
a VUP-4 setup. The results confirmed that the phase composition of this layer
is heterogeneous over its thickness. This heterogeneity was artificially
created to Tower thermal residual stresses between the layers of the composite
and to improve adhesion characteristics.

The optimum nitrogen content in the coating was defined by product
requirements (microhardness, color, adhesion, residual stresses, etc.).
Unfortunately, precise determination of the stoichiometric composition with
electron diffraction patterns is impracticable®. The protective-decorative
titanium nitride layer has an extremely small-crystal structure and a high
level of stresses, which is caused by the unevenness of condensation process
and structural heterogeneity. Electron microscopy revealed that these film
coatings contain a crystal phase of titanium nitride. The nucleation of
elongated crystallites takes place in an amorphous matrix. The
crystallization process is uneven over the surface of the specimen, as
indicated by the wide range of crystal sizes from 107 to 510°® m.

Metallographic study of the sprayed surface after scratching with a diamond
pyramid indicates that both the nickel layer’s transition from a quasi-
amorphous state to a crystal and the nucleation of titanium nitride
crystallites improve the coating’s adhesive properties.

Conclusions. 1. The multilayer coating that was studied does not require
additional heat treatment in order for the unstable quasi-amorphous nickel to
enter into a crystal state, since this is ensured during ion bombardment, when
the part is heated and the surface is modified through the formation of
structures with increased density and good adhesion.

2. Regardless of base thickness and the characteristics of the intermediate
layers, the protective-decorative titanium nitride coating is formed by the
nucleation of the titanium nitride crystal phase in an amorphous-like matrix.

3. Sheet layers of nickel, titanium and a sub-layer of Ti+TiN in the range of
thicknesses studied, which relax mechanical stresses in a multilayer coating,
totally eliminate micro- and macrocracks in the outer decorative-protective
layer.
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[Text] The development and advancement of the branches of technology are
Tinked to the use of new heat-resistant materials. Electrochemical composite
coatings (KEP) are important among these materials.

The object of this work was to study the effect of heat treating KEPs on their
structure and microhardness. KEPs based on Fe-Co and Fe-Mn alloys were
produced from electrolyte suspensions of the following composition: 500
g/liter of iron chloride, 100 g/1 of cobalt sulfate, (pH 0.8-1.0, T=50°C), and
150 g/Titer of iron fluorosilicate, 240 g/liter manganese sulfate, 130 g/liter
ammonium sulfate (pH=1.6-1.8, T=50°C) -- containing a dispersed phase of
A1,0,, B,C, SiC, Si0,, MoS, in a quantity of 50-150 g/liter (the concentration
of M%SZ particles varied within 3-9 g/Titer). Particles of various grades
were used to prepare the suspension: A1,0,, M-2, M-7, M-14; B,C, M-14, M-40;
SiC, M-3, M-14, M-28. Precipitation current density was 10-20 A/dm’.

The phase transformations in electrolytic precipitates were studied by
radiostructural analysis. Diffractions patterns were filmed on a URS-50 IM in
Co radiation'. Fine structure parameters (size of mosaic blocks, micro-
distortions, and dislocation density) were calculated according to the
procedure in reference 2.

Coating microhardness was measured on a PMT-3 microhardness gauge after heat
treatment at 200, 300, 400, and 500°C.

The size of the areas of coherent scattering of KEP based on iron-cobalt and
iron-manganese alloys depends on the nature and content of dispersed particles
in the coatings and their size. It was established that the size of the
mosaic blocks crosses maximum as the concentration of dispersed particles of
aluminum oxide increases from 50 to 100 g/liter in electrolyte suspensions for
producing iron-cobalt and iron-manganese KEPs increases. Introducing
dispersed particles of silicon oxide into the iron-manganese alloy reduced the
size of the KEP mosaic blocks by more than half compared to the coating
without dispersed silica.
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The size of micro-distortions in the iron-manganese alloy crystal lattice
depends on the nature and quantity of dispersed particle inclusions. The
density of KEP dislocations changes antipathically to the size of the blocks
as particle concentration changes.

When sub-microstructure was studied as a function of specimen heating
temperature, the following features were observed. The temperature profile
for the mosaic blocks of electrolytic iron coatings had maxima in the 200-250
and 550-600°C ranges. When the iron-cobalt alloy was heated to 350-450°C
(without inclusion of dispersed particies) the size of the coating mosaic
blocks was almost unchanged. If temperature rose further, the size of alloy
sub-grains grew abruptly, apparently because of the formation of angular
boundaries between the blocks and the increase in recrystallization "nucleus”
migration speeds.

When dispersed particles were introduced into the matrix, the size of the
mosaic blocks dropped sharply as temperature rose in the 300-350°C for iron-
manganese-based KEPs with aluminum oxide, boron carbide, silicon carbide
particles; and in the 500-550°C range for iron-cobalt-aluminum oxide KEPs.

Radiography revealed that by the time the recrystallization process began, the
microdistortions detected in the KEP based on iron-manganese had diminished.

The relationship of the density of iron-cobalt alloy dislocations and the KEP
based on it with dispersed aluminum oxide, boron carbide, and silicon carbide
particles to temperature has a maximum whose appearance is probably due to the
interaction of the moving dislocations with particles, the change in the
density of dislocations around the particles, and the effective distance
between them®. Note that dislocation density of the alloy without the
dispersed phase is an order of magnitude higher than in coatings produced from
electrolyte suspensions.

The process by which electrolytic iron precipitates loses strength is
subordinate to ordinary thermodynamic principles, i.e. as dislocation and
micro-distortion density increases, recrystallization begins at reduced
temperatures, and as the content of dispersed inclusions in the coatings
increases, the onset of recrystallization is shifted toward the higher
temperature range.

The data correlate well with measurements of the microhardness of heat treated
KEPs. The turn on the curves for the temperature-dependence of the
microhardness logarithm corresponds to the temperature at which loss of
strength begins, when there is a drop in hardness, modulus of elasticity, and
other strength characteristics. It is possible that there is a changeover
from a shear strain mechanism caused by dislocation creep to diffusion strain
caused by the ascent of dislocations® near the coating recrystallization
temperature. Analysis of the curves relating In H, and t showed that heat
treatment at 100-500°C stabilizes the microhardness of iron-cobalt and iron-
manganese alloys with dispersed aluminum oxide, boron carbide, and silicon
carbide particles.

The introduction of dispersed boron carbide and aluminum oxide particles into
iron-cobalt and iron-manganese alloys in a quantity of 10-12 weight percent
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and the heat treatment of these coatings to 400-500°C stabilizes their
structure, and microhardness changes only slightly. This ensures the
operating reliability and toughness of these materials and makes it possible
to recommend them for the production of creep- and scaling-resistant coatings
operating at 300-400°C.

The coatings’ strengthening action may be explained by the effect of the
blocking mechanism, when the coating acts as a barrier keeping the
dislocations away from the elastic repulsion surface between the dislocations
in the substrate and the coating with a shear modulus greater than that of the
substrate, as well as the coating’s suppression of Frank-Reed surface
sources”.
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[Text] Vacuum coating processes are now common: jon atomization,
precipitation in a plasma of electric discharges, ion precipitation, and
plasma accelerator precipitationl. This last process is the furthest
developed and used because of the high quality of coatings applied from
different materials by direct synthesis without the output of byproductsz. In
modern vacuum metallization equipment, coatings are usually applied onto
moving substrates typically rotating either around their own axes or around
that of the carousel or in planetary motion. During rotation the substrate
passes through zones with different ion current densities. The density of the
thermal flow to the condensation surface therefore depends on the location of
the substrate in the unit’s vacuum chamber. In this regard, study of the
temperature fields formed in a substrate-coating system exposed to the thermal
action of a plasma flow of variable power is interesting for many engineering
and technical applications. .

This article reviews problems in modeling the temperature field of a substrate
and coating during coating precipitation by condensation of plasma flows in a
vacuum with ion bombardment (KIB method)® with the following assumptions. The
substrate-heating system is heated by a heat flow evenly distributed over the
condensation surface. During the ion cleaning which precedes condensation and
is one of the fundamental stages of substrate surface preparation before
coating app]ication3, a thin (¢,) transitional Tayer forms on the substrate as
a result of ion implantation. %he thermophysical properties of this layer
differ slightly from such coatings. Substrate rotation around the carousel
axis at speed w begins at time 7>0, when the distance between the cathodes and
the substrate is minimum. Then the density of the heat flow to the substrate
surface may be described by a periodic function like

q(7)=bytb,cos wr-b, |sin wr|, (1)
where 7 is the time to generate coating material by a vacuum arc cathode spot;

by, by, by, coefficients depending on the electrical parameters of the coating
precipitation process (arc discharge current I, substrate shift potential uj,
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plasma flow focusing current I¢) and the coating material’s thermophysical
properties.

Assuming the thermophysical properties of the coating and substrate materials
and disregarding thermal losses to radiation because of their small size, we
can present the mathematical model of the heat transfer process in the
substrate-coating system in terms of the increase in coating thickness as

0t (x, 1) _ 9%, (x. 1)
a< = 0x2
dtg(x. 1.') =a, dztg(.\‘, 1)

0= 0x?
t(x, 0)=t1(x, 0)=t,, (4)

(—&(r) <x<0), 2

(0<x<l), 3

’\x'@[_l(:‘%?’ﬁ'—"‘q(f)' (5) 4(0, Ty=t2 (0, 1), (6)

a£,(0, 1) -\ d£:(0, 1) _

: (@), M EE=0s @)
X

X

el 1)
A F)

Here the subscript i=1 denotes values pertaining to the coating; i=2, to the
substrate; t(x,7), temperature at point x at time 7; a and A, coefficients of
thermal diffusivity and thermal conductivity; §=£,+wT, w is the rate at which
coating thickness increases; ¢(7), density of the thermal flow at the coating-
substrate contact; t;, initial temperature of the transition layer and the
substrate; 1, substrate thickness.

The thermal task in this statement is nonlinear. Therefore its solution can
be found most simply using numerical or approximation methods. Since most
numerical methods require significant amounts of computer and human time, we
will solve problems (2)-(8) with Goodmen’s approximate integral method®. We
will approximate the coating’s and substrate’s temperature profiles with
second-degree polynomials of x:

2
ti=3 Ajix), (9)
=0

where coefficients A;; (i=1,2), which are in general functions of time 7 and

take the following form
~41

| |
== A P, A= m (4—9), (10)
|

{ 1
Ap=2+— ¢, = - —
20=<+ ¢, Ay A P, Ay 20,0 9

2,

where Y=t (-¢,7), I=t,(1,7) are the temperatures of the free surfaces of the
coating and substrate.

Let us establish the relationship between temperatures Y and Z and coating
precipitation time. Integrating the differential equations for thermal
conductivity (2) and (3) in terms of x, we will write thermal balance
equations for the constituents of the substrate-coating system. By
calculating these integrals, we will obtain ordinary differential equations
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for determining Y and Z:

Y’ -m(7)=0, (11)
Z’'-n(7)=0, . (12)
where

m(7)=(a,) (X&) + (§'/3X))(#+2q) + (£/6X)(¢'+2q"),
n(7)=(1/\t) (a8 - 1°9'/6).
The solution to equations (11) and (12) takes the form

VL dut [ (p+2q)dr+
“°—xlés w~w)r+3hé(¢+q)r
+a(q>+2q). (13)
It 2= b 22T g
=t P+ Azl(j)(pn (14)

On the basis of conjugation condition, we obtain the integral equation for
determining the density of thermal flow ¢(7) on the coating-substrate contact

1{((“ o a,_‘) ’a_,gi) }X
W = Tl bg*ahq

TR (15)
x= g5+
Equation (15) was solved numerically by grid method with an algorithm similar
to that in references 6 and 7. The calculating program was written in PL/1

and run on a YeS computer.

Figures 1 and 2 [not reproduced] present curves for the change over time 7 in
thermal flow density ¢ and temperature t_ at the coating-substrate contact.
Specific calculations were Performed for precipitation of a TiN titanium
nitride coating (A\=9 Wm 'K, a=2,15'107® m’/sec) on a substrate made of brass
LS68 (A=113 Wm 1KY, a=34.610"° m?/sec), when the substrate turns around the
carousel axis at a constant angular velocity w=2 rpm, Coefficients in (1)
were determined experimentally by probe measurements®. At I =60 A, Ug=-70 V;
1.=0 and residual gas pressure in the vacuum chamber P=6.616" Pa. by, by, b,
turned out to be equal to 4007.5, 2551, and 780.5. The values of other
parameters included into equation (15) are: t;=203 K; £0=10'8 m; 1=1073, 5107
and 102 m. The rate at which coating thickness increased, w, varied within
1073 and 10°® m/sec.

These calculations show that thermal flow densities ¢ calculated at w=10"% and
10"° m/sec differ slightly and trace the path described by the function q(7)
over time 7. Comparison of the results of calculation of temperature t. at
the coating application speeds mention shows that the discrepancy is no more
than 5 percent. Only at w=10"3 m/sec do conditions for heat exchange on the
substrate-coating contact change because of the increase in coating thickness.
Consequently, the substrate temperature field during jon-plasma coating
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precipitation can be calculated without regard for condensation surface
movement, since when coatings are applied by KIB method the precipitation rate
does not exceed 1078-107’ m/sec. Using averaged thermophysical and geometric
coating parameters, one can simplify the statement of and solve thermal
problems without a significant decrease in the accuracy of the results.

Figure 3 [not reproduced] illustrates the change in the condensation surface
temperature for coating Y at time 7 for different substrate thicknesses. The
curves for Y=Y(7) have segments where condensation surface temperature rapidly
increases and then slows when the substrate crosses areas with maximum and
minimum jon current densities. These segment indicate that substrate (and
coating) temperature can be controlled by varying the carousel’s angular
rotation speed. Furthermore, the temperature of the substrate-coating system
is stabilized by increasing the substrate’s thickness, which, as the data
show, has a significant effect on coating temperature.

References

1. V. V. Bedunkevich, M. B. Gordon, L. I. Mirkin, "Structure and Thickness of
Titanium Nitride Ion-Plasma Coatings on High-Speed Steel," FIZIKA I KHIMIYA
OBRABOTKI MATERIALOV, 1986, No. 3, pp. 57-64.

2. A. M. Darodnov, "Industrial Plasma Accelerators,” ZhTF, 1078, 48, No. 9,
p. 1858.

3. 1. I. Aksenov, A. A. Andreyev, V. G. Bren, et al., "Coatings Produced by
KIB Method (Plasma Flow Condensation in a Vacuum), UFN, 1979, 24, No. 4, pp.
515-525.

4. "Ionnaya implantatsiya,"” edited by J. K. Hirvonen. Moscow, 1985.

5. "Problemy teploobmena" [Problems of Heat Exchange]. Moscow, 1967, pp. 1-
96.

6. Zh. A. Mrochek, A. B. Antonenko, A. L. Vershina, "Distribution of
Temperature and Thermal Flows on the Substrate-Sublayer Contact During
Electric Arc Application of Protective Coatings," ELEKTRONNAYA OBRABOTKA
METALLOV, 1987, No. 1, pp. 23-26.

7. Ih. A. Mrochek, A. B. Antonenko, A. L. Vershina, "Temperature Fields for a
Heterogeneous Substrate of Finite Thickness in Electric Arc Protective Coating
Application Processes," ELEKTRONNAYA OBRABOTKA METALLOV, 1987, No. 6, pp. 16-
20.

8. Zh. A. Mrochek, A. B. Antonenko, A. L. Vershina, "Density of a Thermal
Flow Accumulated by a Substrate during Condensation of a Metal Plasma Flow,"
ELEKTRONNAYA OBRABOTKA METALLOV, 1989, No. 3, pp. 18-21.

9. B. N. Barabanov, I. G. Blinov, A. M. Dorodnov, et al., "High-Energy Plasma
Technology Equipment -- ‘Cold’ Systems for Generating Plasma from Conductive
Solids," FIZIKA I KHIMIYA OBRABOTKI MATERIALOV, 1978, No. 1, pp. 44-50.

COPYRIGHT: Izdatelstvo "Shtiintsa," "Elektronnaya obrabotka materialov" 1989

30



TREATMENTS

Laser Heat Treatment With Oblique Beam Incidence

907D0028D Kishinev ELEKTRONNAYA OBRABOTKA MATERTALOV in Russian No 4, Jul-Aug 89
pp 25-27

[Article by A. N. Grechin, V. G. Korotkiy, I. R. Shlyapina, Moscow: "Laser
Heat Treatment with Oblique Beam Incidence"]

[Text] Surface laser heat treatment of parts to increase their service
properties has interested researchers, as can be seen in the large amount of
published material. This material indicates that there are difficulties in
laser treating the small-diameter interior cylindrical surfaces or the side
surfaces of narrow groove and channels. In these cases, normal laser beam
incidence on the surface cannot always be ensured, since the optical element
(mirror) cannot be placed in a restricted space or its Tongevity is low.

Another problem in Taser treatment is the widening of the hardening "track"
when laser power is constant. Scanners which move the beam perpendicular to
its main direction of travel or cylindrical optics are usually used. They
make it possible to convert radiation with a round cross section into that
with a rectangular cross section. These methods require special equipment,
which is not always available to researchers.

These difficulties may be overcome if beam incidence is oblique to the
surface. These irradiation conditions were reviewed in references 1 and 2.
Authors were ordinarily limited to reporting that the size of the hardened
zones is reduced basically by the decrease in depth when the angle of beam
incidence increases. The goal of this work is a more detailed study of the
effect of the angle of radiation incidence on the results of heat treatment.

Experiments were performed on specimens of steel 40Kh ready for shipment. An
absorbent coating of MTsS-510 was applied to the surface of specimens
measuring 20 x 30 x 60 mm with a spray painter3 after grinding. A 2.5 kW
Spectra Physics 973 continuous multimode CO, laser was used for laser
treatment. The radiation did not have a primary polarization. It had a round
cross section with uniform energy distribution. The radiation was focused
with a KC1 lens with a focusing distance of 550 mm.

Optimum heat treatment conditions were determined experimentally with a normal
beam incidence at a power of P=1.5 kW and a spot diameter of 4.5 mm (g=9°10
W/cmz). The hardening zone was large (2b=4.3 mm; H=0.7 mm). At a beam speed
of v=12.7 mm/sec the surface did not soften. Interaction time for the center
of the "track" was 7=0.36 sec, which was defined as 7=d/v where d is beam
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diameter. Power density and interaction time were the basic laser treatment
parameters, and they remained unchanged in later experiments.

In experiments with normal beam incidence, treatment parameters were kept
proportional to the change in the radiation power and spot area, spot
diameter, and beam speed. Table 1 shows that the depth of the center of the
hardening zone increases with spot area, while hardness remains unchanged
(HRC=55).

Table 1. Effect of Radiation Focusing on Hardening Zone Parameters (q=9°10°
W/cm?, 7=0.36 sec)

Hardening "track", mm

P, W d, mm v, mm/sec Width B Depth H
660 3.0 8.3 3.2 0.50
900 3.5 9.8 3.7 0.61
1200 4.0 11.2 4.1 0.67
1500 4.5 12.7 4.3 0.68
1850 5.0 14.0 5.0 0.73
Note: HRC=55.

With oblique beam incidence, the spot on the surface becomes an ellipse.
Since radiation power was constant in these experiments, the focusing at each
angle of slide (B) was adjusted to maintain spot area. Then the beam’s speed
was calculated according to the value for the ellipse’s minor axis. The
studies showed that the depth of the center of the hardening zone and its
hardness were almost unchanged as beam slide angle was reduced (table 2).
This was true even at B=14°, when "track" width was 9.8 mm.

Table 2. Effect of Angle of Slide on Hardening Zone Parameters (P=1.5 kW,
q=9'10° W/cem?, 7=0.36 sec)

Calculated Tength Hardening "track"
of ellipse axes,

mm

Large Smatll v,

B° 2b 2a mm/sec B, mm H, mm HRC
90 4.5 4.5 12.7 4.3 0.7 55
75 4.6 4.4 12.3 4.6 0.7 54
60 4.8 4.2 11.7 4.8 0.6 54
45 5.3 3.8 10.7 5.7 0.7 55
40 5.6 3.6 10.0 6.6 0.7 54
30 6.4 3.2 8.8 6.8 0.7 50
20 7.7 2.6 7.3 8.2 0.7 55
14 9.1 2.2 6.2 9.8 0.6 53

With oblique beam incidence the energy absorbed by the specimens was
determined by calorimetry. It was established that specimens acquire equal
amounts of heat over equal periods of time. Consequently, the irradiated
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surface’s absorption coefficient does not depend on B. A similar result was
obtain* when ANT-9A and ANT-17A absorptive flux pastes were used.

It seems that this effect is related to the structure of the absorptive
coating applied to the metal. For this wave length (A\=10.6 microns) the size
of the micro-irregularities and the distances between them cause a diffuse
energy redistribution -- the surface is not a mirror, and the angle of slide
becomes irrelevant.

To explain the results of the experiments on the basis of normal and oblique
beam incidence, we performed thermal evaluations according to the procedure in
reference 5. It was established that the thermal source in our experiments
cannot be considered either a point or a surface. It has lTimited dimensions,
and calculating temperature fields requires that the corresponding thermal
problem be solved. With a normal beam incidence, the increase in hardening
depth is apparently related to the increase in the area of the heat source and
to the change in the shape of the heat front: from spherical to flat. With
oblique radiation incidence, the area of the heat source was maintained, which
explains why the depth of the hardening zone is constant.

A Taser of relatively low power can thus be used to apply wide hardening
"tracks" by changing the beam’s angle of slide to 14°. To determine the
effectiveness of this hardening method, a "track" 9.8 mm wide was produced
using a one-dimensional scanner (f=52 Hz). Beam incidence was normal, and its
diameter and travel speed matched those in the experiment with oblique
incidence (P=1.5 kW, d=2a=2.2 mm, v=6.2 mm/sec).

The resulting "track" differed in shape from the preceding one: it’s maximum
depth was along the edges. This was attributable to the presence of dead
spots during sinusoidal beam scanning. Hardening depth did not exceed 0.36
mm, which is much less than with oblique incidence (0.6 mm). Consequently,
the same result (0.36 mm) with oblique incidence can be obtained at higher
treatment rates.

Enlarging the area of a beam spot with constant power densities and
interaction times increases the depth of the hardening zone. The use of
absorptive coatings makes it possible to laser heat treat parts at angles of
slide to 14° without changing the efficiency with which the radiation energy
is used. When beam incidence is oblique, laser treatment productivity is much
higher than when scanning devices are used.
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[Text] Electrochemical treatment (EKhO) of titanium and its alloys is a
versatile process for producing parts with specified performance
characteristics. Work on this problem is being done primarily to increase the
strength of titanium and its alloys, increase the productivity of EKhO
processes, and lower their cost. This report analyzes and defines the most
important and promising trends in the development of EKhO processes for
titanium alloys.

The most common processes for electrochemical treatment of titanium and its
alloys are characterized by the use of solutions of strong mineral acids (HCI,
H,S0,, HNO,, HF) and their salts as electrolytes. The electrolyte is chosen
depending on the purpose of the treatment: to increase hardness and wear
resistance, improve adhesion, increase the surface cleanness class, produce
anodic oxide films, or prepare the surface for different coatings. The most
aggressive media for titanium are hydrofluoric acid and acid solutions
containing fluorine ions. Titanium and its alloys are easily treated in
solutions of alkaline metal halogenides, but are passivated in solutions of
Na,S0,.

The same electrolytes continue to be used for EKhO of titanium and its alloys.
In addition, it is noteworthy that the growing interest in electrolytes based
on alcohols, organic acids (polyvinyl phosphonic, trifluormethylphosphonic),
organic compounds, and weak inorganic acids (H,B0;, H,Si0;, H;BF¢). As regards
strong acids, there is interest in electrolytes baseé on ort%oé%osphoric acid
with various additives such as alkaline metal perchlorates, organize and
hydroxy-acids, oxy-acid salts, etc. The use of electrolytes based on organic
compounds is especially effective for electrochemical polishing of titanium.
Electrolytes based on acid and glycerine are used in the tube industry and in
machine manufacturing’. However the use of these electrolytes is linked to
severe heating and high energy outlays.

The cleanness of the treated surface of titanium and its alloys during EKhO

depends on several factors: the composition and temperature of the
electrolyte, treatment time, and current density. The table shows electrolyte
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The Use of Titanium Alloy EKhO Method in Industry

Achie-

vable

sur-

Ti face Operating Infor-

Electrolyte alloy Temp., clean- conditions mation
composition grade °C ness I-A/dm?, U-B  source
Aqueous solution NaCl - 150 g/1, TS5
NaNO, - 30 g/1; KBr - 3 g1 20-22 V5 1=200 [2]

Aqueous solution NaCl - 150 g/1 TS5
NaNO; - 250 g/1; NaNO, - 30 g/1 VT3-1 80 V5 [=10000-17000 [3]
KBr - 3 g/1

Formamide solution of sulfaminic VT1-0 20 Vi [=25-175 [4]
acid

Aqueous solution NaCl - 11%

Na,CO,+NH,NO; - 14% V13-1 70-80 V7-9 U=20-25 [5]
Aqueous solution KC1 - 100 g/1 VT1-0

KBr - 100 g/ V122 35-40 V6-7 1=5000 [6]
H,S0, - 60-65%; HF - 20-25%; VT9

gﬁycerine - 10-20% VT16 25-35 V7 I=70-200 [7]
H,S0, - 9-44 g/1, VT20

H,P0, - 7-36 g/1, NaCl - 5-30 VT16 60 V7 [=0.5-1.5 [8]
g/1, Ti0, - 1-15 g/1

CH.COOH - 55-70 vol.% VT14,

H,80, - 20-30 vol.% V19

HF - 10-15 vol.% VT3-1 40-50 V4 1=0.01-0.5 [9]
inhibitor 0.3-5 vol.%

H,S0, - 1 mole/1 074 50-80 V5 I=10-100 [10]
(ki 5,50, or Na,s0, - 0T4-0

0.33 mole/1, soluble, 0T4-1

bichromate, HF - 0.5-1.5 mole/1

compositions, electrical parameters, and other characteristics of certain EKhO
processes used by industry. The increasing use of various additives to saline
electrolytes and electrolytes based on strong acids to improve the
effectiveness of the treatment process, Tower the cost of the technology by
reducing the use of scarce and expensive acids, especially sulfuric acid, and
to ensure the safety of industrial treatment processes is noteworthy.

Study of nitrate, chlorate, and perchlorate solutions resulted in the
development of electrolyte compositions for treating titanium and its alloys
(VT1, VTS5, VT3-1). It was concluded that chloric acid salts are promising
electrolyte components. Adding them to a solution leads to electrochemical
oxidation of the titanium to a low level of oxidation. Anode current density
is from 0.2-20 A/cm?; surface cleanness, class V7-8; and there is an
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improvment in the titanium alloys’ treatability''. Multi-ingredient solutions
containing chlorides, bromides, nitrates, and nitrites of alkaline metals have
also become common, although industrial use of multi-ingredient solutions is
associated with individual difficulties related to the need to adjust
electrolytes during use. It is in these electrolytes that titanium alloys are
treated with high technological indicators. This is because titanium can be
ionized to a Tow level of oxidation in multi-ingredient solutions and,
consequently, from the standpoint of productivity multi-ingredient
electrolytes are more promising: the removal rate increases, and the
microgeometry of the surface layer improves'?.

Analysis of patent information reveals that the use of electrolytes based on
phosphoric acid for titanium alloy polishing processes is promising:
phosphoric acid has a low toxicity and aggressiveness, is cheaper than
sulfuric acid, and more stable than organic acids.

Reference 13 proposed a method for electrochemical polishing of a wide range
of metals, including titanium. In this method the electrolyzing solution
contains a large amount of phosphoric acid and a small amount of an oxidizing
ingredient, i.e. Ti,0,. It also contains Ni%*, Fe%*, and Cu? ijons. The
solution is stable and has low toxicity. Its use shortens electropolishing
time and ensures high surface quality characteristics: shine, corrosion
resistance, and high resistance to contamination.

Electrolytes based on phosphoric acid are also effective for removal metal
coatings from titanium alloys. Removing coatings from worn parts has recently
become an urgent problem. The removal of these metal coatings is important
not only because of the scarcity or high cost of many rare metals, but also
because of the cost of manufacturing parts and coatings. The increasing use
of coated parts has made it necessary to re-use parts. However, the methods
that have been developed are not always suitable, especially when one metal is
to be removed from a multilayer coating. This problem was solved when a
method was deve]oped for electrolytic separation of one or several substrates
in one operation!® without damage to the surface and by minimum release of
harmful vapors. The aqueous electrolyte includes HBF, (20-40 wt. percent) and
phosphoric acid (5-25 wt. percent). The bath runs ef%icient]y at room
temperature, which minimizes harmful vapors. The solution’s ingredients are
inexpensive and stable, and the electrolyte requires no adjustment during
operation. The solution efficiently removes copper-nickel and chrome coatings
from the titanium surface. Current density is 1.5-4.5 A/cm? at a working
voltage of 5-10 V.

E]ectro]ytes based on phosphoric acid have also become widely used in our
country!> %,

The extensive use of titanium and its alloys in parts for new equipment
requires increased part strength characteristics: microhardness, corrosion,
heat, and wear resistance, and fatigue strength. For these purposes, part
surfaces are anodized to produce oxide layers on a surface possessing
particular properties. Furthermore, in several cases when titanium-based
coatings are used, oxide layers must have good insulating characteristics --
high breakdown voltage, high resistance, as well as adhesive properties.
Anodizing electrolytes sometimes include passivating ingredients -- magnesium
chloride, sodijum sulfate, ammonium molybdate, etc.
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The strength, insulating, and adhesive properties of films depend on the
thickness and, to a greater extent, on the structural uniformity of the oxide,
which in turn depends on electrolyte composition and oxidizing conditions. A
typical feature of the previous generation of EKhO processes is thick-layer
anodizing, while at this stage processes ensuring thin films predominate. The
good strength and insulating properties of thin oxide films are ensured by the
more perfect structure of the oxide itself. An empirical equation for the
growth of film thickness was found”' when the process of thin-layer anodizing
of g]]gy VT1-0 in a sulfuric acid solution with magnesium chloride added was
studied.

Studies of the microhardness of titanium alloy surface layers after EKh0?
showed that the increase in microhardness during the oxidation of parts made
of titanium alloys VT9, VT20, and TI-2 is related to the penetration oxygen
into the surface layer. Treatment was done in aqueous solutions of
electrolytes with a ratio of NaCl1:NH,N0,=3:2 and NaCl:NaBr=1:1. Microhardness
in the first electrolyte was higher, 300-500 kgf/mm?. Under optimum EKhO
conditions, surface Tayer microhardness was 1.2-1.6 times higher than for the
alloy in its initial state.

An oxide film with a resistance to 400-1000 mOhms is produced by anodizing
titanium and its alloys in an aqueous electrolyte containing 1-5 percent
alkaline metal silicate (sodium silicate), 1-3 percent alkaline metal
perborate (sodium perborate), 1-5 percent diethyl-triamine-penta-acetic acid,
and 25-96 percent water. Anodizing is done by applying a direct current
increasing in time. The voltage application rate should not exceed 8 V/min.
As a current density of 1.1-5.4 A/cm® is achieve, conditions stability and the
part is held for 10-60 min. The film has elevated adhesion to the base and
does not separate from the base even after the specimen has been in a chamber
with 100-percent humidity at 30°C for 24 hr?,

Pre-treatment of the metal surface before oxidizing is important, especially
to obtain films firmly bonded to the base. The friction coefficient and
resistance to abrasion are improved by pre-pickling the titanium in a solution
containing 2 percent HF and 20 percent HNO, at 20°C, pickling rate 0.1 mm/hr;
at 65°C, it is up to 0.2 mm/hr. This is followed by anodic oxidizing in a 2-
percent aqueous solution of sulfuric acid at 20°C, voltage 15-20 V, for 15-20
min. The result is a porous oxide film with increased adhesion. To increase
wear resistance, anodizing is done in a solution of several acids -- sulfuric,
hydrochloric, nitric, and chloric -- at 48 V. Film thickness is 10 microns®.

Study of AC polarization of titanium alloys made it possible to develop a
process for diffusive electrochemical treatment (DEKhO) with industrial-
frequency alternating current. Depending on the conditions and parameters for
AC electrolysis on the surface of titanium alloys, oxide, oxide-hydride, or
hydride layers differing in appearance, composition, stress-strain, and
chemical properties are produced'®-?:%>:%6 "~ DEKhO can produce layers up to 40
microns thick which increase surface hardness by 200-300 kg/mm?, do not
separate or crack, and are characterized by a good friction coefficient
(K¢=0.12 for a graphite ATG-VT5-1 pair). The hydrogen content in the surface
layer after DEKhO decreases by an order of magnitude compared to the initial
specimens. It was established that a titanium suboxide builds up in the
surface layer of titanium alloys (VT5-1, VT22, OT4) during AC polarization.
The crystal Tattice of this suboxide is tightly bonded to the base and close

38



to the structure of the a-titanium matrix. Furthermore, metallographic
studies demonstrated that solid solutions from the introduction of titanium
hydride form in the surface layer on a-alloys of titanium after DEKhO of solid
solutions. These solutions have a lamellar structure which leads to the
formation of a structure Tike that of a composite material at a depth of 5-20
microns. Complex mechanical tests on specimens of alloys VT5L, VT5-1KT, and
0T4 showed that the fatigue strength of parts treated by DEKhO remains
unchanged or increases (0T4, VT22), and ductility properties and impact
strength remain within initial Timits. As electron microphotographs (using a
Hitachi REM) of the relief of the surface of alloy VT5-1 after DEKhO show,
phase distribution is more uniform and the alloy surface after DEKho is more
even and smoother than an untreated one, i.e. the surface topography is more
refined after DEKhO. The cleanness of surface treatment increases by a class,
and the friction properties of the treated parts are improved.

In addition to such metal as aluminum, tantalum, and niobium, titanium and its
alloys are used to produce capac1tors, whose manufacturing process includes
oxidation of the metal surface. To increase the structural uniformity and
dielectric properties of anodic films and improve special parameters required
in manufacturing high-quality electrolytic capacitors, titanium is anodized in
an ethylene glycol electrolyte containing boric acid and ethylene glycol in a
molar ratio of 1:1.5, 5:1.9, as well as a 10-30 wt. percent solution of
ammonia. This solution is heated at 150-200°C for 5-20 min and diluted to 1-5
wt. percent in terms of the reaction product. This electrolyte is used at pH
4-8.5 and a voltage at 10-600 V. Anodizing is done in a reverse current with
a reversing frequency of 10-130 per min®.

A method for electrolytic application of coatings consisting of a mixture of
titanium oxides and alkaline earth metals to titanium using alternating
current has been proposed for manufacturing miniature high-capacitance
electrostatic capacitors and circuits that trigger only upon an abrupt change
in temperature, but are not sensitive to gradual changes, as well as
corrosion-resistance housings and parts for machines. Electrolysis is done by
three techn1ques first for 0.5-2 hr at a current densvty of 50-100 ma/cm ,
then for 20 min at a current density of 100-150 mA/cm’. The electrolyte is an
aqueous solution of barium hydroxide. The coating has a high dielectric
constant, as well as resistance and 1ongev1'ty27

Analysis of patent information revealed the following basic tendencies in the
development of EKhO for titanium and its alloys: decreasing surface
roughness, increasing strength properties (corrosion, heat, and wear
resistance), improving electrical insulating properties of thin oxide films,
increasing the rate of metal dissolution, reducing hydrogen absorption,
lowering the energy consumed in treatment, and decreasing the surface friction
coefficient. The most pressing are decreasing surface roughness or increase
the cleanness class, and producing mirror-clean surfaces with high
reflectivity. The most promising ways to do this are EKhO using a multi-
component electrolytes that are inexpensive and contain chlorides and nitrates
of alkaline metals as additives, electrolytes based on sodium chloride and
potassium bromide containing orthophosphoric acid, and various organic
additives.

The corrosion resistance of titanium and its alloys, as well as their strength
characteristics are improved primarily by applying protective coatings through
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anodizing. Electropolishing also strengthens the surface layer.

Hydrogen absorption by titanium and its alloys is diminished in various ways,
including adding oxide components to the electrolyte to passivate the surface
and thereby prevent hydrogen absorption, the addition of calcium chloride and
sodium bichromate, as well as adjusting feed voltage. Furthermore, it is
important to chose the electrolyte for treatment, since acid electrolytes
promote greater hydrogen absorption by titanium and its alloys.

The use of EKhO in all stages of material processing -- from preparatory to
finish tends to lower the process’ energy consumption. This is done basically
by selecting electrolyte compositions that make it possible to achieve good
surface qualities with low electricity expenditures, e.g. those containing
sodium nitrate and lithium chloride

Organic electrolytes are promising in this regard. They require low current
densities to achieve high surface cleanness. They are promising for EKhO
because of the good treatability of the titanium and its alloys, especially to
remove the oxide layer from the metal surface, which is hard to remove in
inorganic solutions.

The problem of app1ying coatings to titanium and its alloys has resulted in a
trend toward improving adhesion after electrochemical processing. ThlS is
achieved, for example, by treating the surface w1th alkaline solutions®®3!,
aqueous so]ut1ons of soda, and hydrogen peroxide*?’. Pre-treatment --
degreasing, pickling, and activation -- which resu]ts in a strong bond between
oxide and base, is important when the surfaces of titanium oxides are
oxidized.

It is especially noteworthy that processes using industrial frequency
alternating current, which are becoming increasingly common in all stages of
titanium alloy treatment, are the most promising for reducing energy
consumption and lowering the cost of EKhO processes.
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[Article by V. N. Duradzhi, G. A. Fornya, Kishinev: "Hardening Steel in
Electrolyte During Heating in Electrolytic Plasma"]

[Text] Heating metals and alloys in electrolytic plasma in an anodic process
makes it possible to continuously change part temperature from 450 to 1000°C.
The favorable combination of high heating temperature and the presence of the
elements of an aqueous solution in an excited and ionjzed state in the gas-
vapor sheath permits accelerated surface impregnation!™. This work reviews
the specific nature of metal hardening after surface impregnation with heating
in an electrolyte.

The cooling rate for steel specimens during end heating in an electrolytic
plasma was measured by oscillographing the temperature of cylindrical
specimens 12 mm in diameter of steel 40Kh. Heating temperature was determined
with a chromel-alumel thermocouple in the center of the specimen 2-2.5 mm from
its base. Signals from the thermocouple traveled through a U7-2 DC amplifier
to an H117/1 mirror galvanometer oscillograph.

When metal is heated in an electrolytic plasma during anodic and cathodic
processes, a solid gas-vapor sheath exists around the active electrode. As a
result, the following heat transfer stages should take place when steel parts
are cooled in an electrolyte: film boiling, a transitional stage between film
and nucleate boiling, nucleate boiling, and convection. On the anode
temperature/time curves for hardening in various solutions used for surface
impregnation these stages are identified by different cooling rates. After
the electrical current is shut off, the solid gas-vapor sheath, i.e. developed
film boiling, remains for a certain time, which varies from tenths of a second
to several seconds and resulting from the physicochemical properties of the
electrolyte, the initial temperature of the active electrode, and, to a great
extent, solution temperature. The higher the solution temperature, the longer
the continuous gas-vapor sheath remains, depending on the size of the active
electrode and the composition and speed of the electrolyte in the area around
the electrode. In this are, cooling rate is minimum -- 20-30 deg/sec. After
the stable, continuous gas-vapor sheath has collapsed, at temperatures of 850-
350°C the transitional boiling stage begins, and the gas-vapor sheath becomes
discontinuous. Film boiling is accompanied by nucleate boiling. In this area
the active electrode may come into contact with the electrolyte in certain
places. The greatest temperature drop occurs here, and the cooling rate
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varies from 300 to 500 deg/sec depending on electrolyte composition. When the
temperature at which nucleate boiling is achieved, the cooling rate sharply
drops to 20-30 deg/sec and remains at this level for 0.1-0.4 sec. The
temperature at which nucleate boiling begins depends on the composition of the
electrolyte. For a solution consisting of 15 percent ammonium chloride and 5
percent ammonium hydroxide, it is 320-330°C; for 15 percent ammonium chloride
with 2.5 percent ammonium hydroxide and 10 percent acetone it is 28-300°C.

For a solution consisting of 15 percent ammonium chloride and 10 percent
acetone, the temperature of the transition to nucleate boiling is 240-260°C.
The coo11ng rate is much lower in the nucleate bo111ng range, i.e. when anode
temperature changes to 100-110°C, than in the previous stage, i.e. 80-140
deg/sec. At 100-110°C nucleate bo111ng stops and convective heat exchange
begins, ensuring that the active electrode slowly cools to the temperature of
the surrounding solution.

The effect of e]ectro1yte composition on hardening rate makes it possible to
explain the difference in the steels’ mechanical properties after hardening in
solutions containing 15 percent NH,C1 and 5 percent NH,0H or 15 percent NH,C1
and 11 percent NH, NO despite the1r identical phase compos1t1on

To arrive at a mathematical description of the hardening cooling of
cylindrical specimens during end heating in electrolytic plasma, let us
consider the two-dimensional axisymmetric problem of unstable heat conduction
with nonlinear boundary conditions. The model of the active electrode and the
area around it used for calculation appear in fig. 2 [not reproduced]. We
will assume that film, transitional, and nucleate boiling and the conditions
for convective heat transfer are established on the geometric boundaries of
the active electrode. Disregarding heat release due to structure
transformations in the steel, we will write the equation for thermal
conductivity in the form

aT/ar=a(3°T/ar? + 1/r - 8T/dr + 8°T/97%). (1)
Initial conditions
7=0; 0<r<R; O<z<h; T=T,. (2)

Boundary conditions for the cylindrical surface and the cylinder’s axis will
be

or — 0 (Tn—te
g, 0L _ =o(Tate)
. o B or A
>0; <2< oT (3)
=0; — =0.
ar

On the base surface of the active electrode and in the cross section on the
level of the solution surface

2=0: 27; _al=t)
©>0; O<r<R{" ' 9z ' (4)
z=h; T=T*

where T,, T, T, and T* are initial temperature, temperature on the axis of
the act1ve e]ectrode and its surface, and temperature in the cross section on
the level of the solution’s surface; t_, temperature of the surroundings,
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equal to the saturation temperature t_ during film and nucleate boiling and
electrolyte temperature t =20°C dur1ng convective heat transfer; boundaries
between these conditions will be the nominal temperature at wh1ch nucleate
boiling stops, which is defined by the equality of thermal flows during
boiling and convection, 110°C; 7, time; a, X, coefficients for the metal’s
thermal diffusivity and conductivity; a, coefficient of convective heat
transfer on the cylinder’s surface; r, R, current radius and cylinder radius;
z, coordinate along the top of the cy11nder counted from its base; h, cy11nder
he1ght

The coefficient of convective heat transfer during film boiling was determined
by the following equation® with regard for the relationship of convective heat
release intensity to solution temperature in the nucleus of the flow

aM=yf[ g (p'—p")-2-[p"-H+p"-c" (fy—ts) Ta, (5)
8}72[ ” ll/ (Tn—ts) .

p' is the density of the liquid on the saturation line; X", u", coefficient of
thermal conductivity and dynamic coefficient of vapor viscosity; p", density
of dry saturated vapor; H, vapor formation heat; g, gravitational
acceleration.

The coefficient of convective heat release during the nucleate boiling of
water is defined from the equation®

@, ,,=34.6(T,-T,)%3 (6)

The value of o, was used in the range of T, temperatures to 320°C, i.e. at
the stages of film and transitional bo111ng, @, in the temperature range
from 320 to 110°C.

Prob]em (1)-(4) was solved on the basis of an explicit finite-difference
scheme’ with the f0110w1ng initial data T,=920, 850, and 700° C R=6 and 10
mm; a = 10.6°10°% m?/sec; a.,,=1600 W/mé K, Az 40 W/m K), @=5.6 W/m*K. The
1nterva1s for the coordinates were Ar= Az 0. 25 mm; in time, A7=5 105 sec.

Calculating equations relating the temperature field and time in the active
electrode show that the rate at which a specimen cools varies depending on
boiling condition and that total cooling time is also a result of the active
electrode’s diameter. Calculating equations for the temperature field and
experimental ones in the area for film boiling and transitional boiling are
different because a value for a independent of time was used when the
calculations were done, while under actual conditions it obviously changes
over time from 180-200 to 1800 W/m?K. Analysis of the results of
calculations and comparison to experimental data make it possible to state
that the rate of convective heat transfer in the film boiling stage is rather
high and may be attributable to the temperature of the cooling solution in the
nucleus of its flow.

The two-dimensional model (1)-(4) makes it possible to evaluate the effect of
a part’s non-isothermic surface on the duration of hardening cooling. The
edge formed by the cylindrical surface and the end face cools more quickly
than the rest of the surface. Analysis of the results shows that a wave of
nucleate boiling spreads from the rapidly boiling edge over the end and

46



cylindrical surface.
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Nitride
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[Articie by A. M. Kotlyar, Ye. K. Sevidova, T. V. Steglik, Kharkov:
"Electrochemical and Corrosion Behavior of Multilayer Coatings Based on
Titanium Nitride"

[Text] Titanium nitride’s (TiN) high corrosion properties make it a promising
material for use as a coating on items and parts subject to mechanical wear in
aggressive medial-4. However, single-layer titanium nitride coatings produced
by vacuum-plasma methods at thicknesses ensuring sufficient wear resistance
and adhesive strength are porous and do not protect the base from the
aggressive action of corrosive media.

One way }o increase coated product corrosion resistance is to use multilayer
coatings”.

For this reason, the development of titanium nitride-based coatings seems
promising. Because of the TiN, they would satisfy requirements for wear
resistance, while their anti-corrosion properties would be strengthened by an
interlayer of corrosion-resistant metal.

This work presents the results of studies of the effect of interlayers on the
electrochemical and corrosion behavior of structures with TiN coatings for the
medical and food industries.

The substrate materials were stainless steel 12Kh18N10T and galvanoplastic
precipitates of nickel developed from a sulfamate electrolyte. Interlayers
(of chromium) were applied galvanically and by vacuum plasma spray. Titanium
nitride 5-6 microns thick was produced by plasma condensation during ion
bombardment on a "Bulat-5T" setup.

Electrochemical studies (by measuring stationary potentials and plotting
potentiodynamic polarization curves) were performed with a P-5848 potentiostat
in a three-electrode cell at ambient temperature with natural solution
aeration. The polarization rate was 1 mV/sec; the reference electrode was of
chlorosilver. The electrolytes were a 3 percent solution of sodium chloride
and 2 percent solutions of lactic and acetic acids.
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The working specimens were dental app11ances 17 mm in diameter. Before the
experiment, the working surface (1 cm ) was ground with emery paper, polished,
and degreased with acetone and alcohol. Then it was rinsed in distilled water
and dried. The specimens were fastened in a sealed organic glass holder with
mechanical seal.

Corrosion studies were done by completely immersing the specimens into the
test media at ambient temperature for 2,000 hr. The corrosion rate for
stainless steel specimens was determined by weight method; for nickel-based
specimens, according to the time at which the TiN coating began to separate.

Figures 1-3 [not reproduced] show potentiodynamic anodic and cathodic
polarization curves for the solutions on specimens with stainless steel and
nickel substrates. To compare the electrochemical behavior of the coated
structures and the material of the coating itself, polarization curves are
presented for TiN applied under identical conditions to a polycore substrate,
which eliminates the effect of the metal base on the kinetics of electrode
processes.

Results of Study of the Corrosion Rate and Stationary Potential in Model Media

Specimen material 2% solution
Lactic acid 3% NaCl Acetic acid
Cor. St. Cor. St. Cor. St.
Inter- Outer rate pot. rate pot. rate pot.
Base Jayer layer mc/cm?/hr V mc/cmé/hr mc/cm?/hr V
12Kh18N10T - - 9.45°10> +0.45 4.64'10° +0.18 2.05°10 0.52
12Kh18N10T - TiN  5.40°107° +0.52 10.45'10> +0.38 4.64°107° 0.53
12Kh18N10T Cr(g) TiN 9.29°10° +0.52 11.61°107> +0.40 8.13°107> 0.54
12Kh18N10T Cr(v) TiN 8.13'10° +0.50 13.94°10° +0.33 11.61°10° 0.53

Extremely positive stationary potential values were observed for specimens
with stainless steel substrates and the titanium nitride on the polycore in
all solutions. These values correspond to the passive region, which is
confirmed by very low corrosion rates (cf. table). The passivity region is
retained over a rather wide range during anodic and cathodic polarization,
especially in organic acid solutions from (-0.1)-(0) to (+0.8)-(+1.4) V.
Application of titanium nitride to the stainless steel slowed both anodic and
cathodic processes. The cathodic polarization curve for a structure with a
single-layer coating almost matches that for titanium nitride. This is to be
expected, since despite its porosity, the area of the titanium nitride is much
larger than that of the steel in pores. The total kinetics of these systems
is therefore governed by the kinetics of electrode reactions on the exterior
layer. Therefore, the application of chromium interlayers had almost no
effect on the rate of cathodic processes.

A11 curves for specimens with TiN coatings have a typical flat bend at
potentials of (-0.4)-(-0.8). This area can probably be related to the change
in the nature of cathodic reactions as potential shifts to the area of
negative values.
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The initial segments of the rise in cathodic current are related to the
reduction of the dissolved oxygen according to reaction (1) and then to
subsequent hydrogen release in reactions (2) and (3) in acid and sodium
chloride solutions

0,+42+4H"=2H,0 (1)
2H,0*+2e=H,1+H,0 (2)
2H,0+2e=H,1420H". (3)

As the curves show, the typical coefficients of Tafel segments vary depending
on the pH of the solutions and the electrode material. According to the
hypotheses of the authors of reference 6, electrochemical desorption may be a
limiting stage in the process of hydrogen release on nitrides in acid media.

The specimens’ anodic behavior differs more significantly depending on the
materials included into the substrate/coating system and the nature of the
corrosive medium. The effect of interlayers is ambiguous. In an NaCl
solution, where the active increase in anodic current is related to pitting
formation, the protective capacity of a coating of an interlayer of galvanic
chromium 3-4 microns thick on steel 12Kh18N10T increases compared to single-
layer coatings. A layer of vacuum chromium less than 1 micron thick is less
effective against pitting corrosion. Anodic processes began at potentials
above 0.8 V on all specimens with a TiN coating, i.e. after anodic reactions
on the TiN began. They therefore reflect the total processes in the pores and
on the material of the coating.

According to thermodynamic calculations®, several kinds of oxidation reactions
may take place on the surface of titanium nitride within this range of
potentials:

2TiN+3H,0=T1,0,+N,+6H"+6e. (4)
TiN+2H,0=Ti0,+4H"1/2N,+4¢. (5)
TiN=Ti3+1/2N,+3e (6)
TiN+3H,0=T1 (OH) ,+3H"+1/2N,+3e (7)
TiN+3H,0=T10, H,0+4H"+1/2N,+4¢ (8)

The typical areas of current increase at potentials of (+0.8)-(+0.95),
(+1.15)-(+1.30) and more than +1.5 V, as well as passivity areas corresponding
among them are related to the consecutive reactions (4) and (5), which result
in passivation (oxide formation) and transpassivation of the surface.

The range of stability for the steel and the titanium nitride is larger than
in the chloride solutions in lactic acid. The anodic curves for the specimens
are midway between the polarization curves for steel 12Kh18N10T and TiN. The
galvanic chromium coating does not produce changes into the kinetics of the
steel-TiN coating system, and the vacuum chromium even reduces polarization.
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The depolarizing effect of chromium sublayers is more pronounced in acet1c
acid, probably due to the chromium’s tendency toward transpassivation’ which
is 1ntens1f1ed by the complex-forming properties of acetic acid. The acetic
acid’s aggressive action is seen in terms of titanium nitride -- the segment
where anodic current rises begins at less positive values than for lactic acid
-- at +0.7 and +1.4 V. The solution turns yellow in the anodic area, which
points to the formation of soluble reaction products, mostly complex compounds
of titanium with anions of acetic acid. Unlike Tactic acid solutions, the
polarization of the stainless steel-titanium nitride system takes place with a
higher overvoltage than for the initial materials. This is probably related
to the mutual effect of anodic material oxidation processes in the coating
pores and in the coating itself.

Coating protective properties are improved when chromium interlayers are
applied to galvanoplastic nickel substrates. Nickel dissolution potentials
are much more negative than the beginning of. oxidation reactions on titanium
nitride. Cathodic in terms of nickel, coatings of chromium and titanium
nitride protect a substrate mechanically, and the effective reduction of
anodic current by 2-4 orders of magnitude between system corrosion potential
and the beginning of anodic reactions on the interlayers is related primarily
to the reduction in the number of through pores, cracks, and other defects.

Corrosion tests confirmed the results of electrochemical studies -- titanium
nitride separated on specimens with single-layer coatings in acetic acid after
4 hr; in lactic acid in 26 hr. There was no separation throughout the tests
(1440 hr) with coatings of vacuum and galvanic chromium. Visual inspection
revealed that certain specimens had areas with lighter and darker TiN
coatings, which indicate redox reactions around the pores.

A TiN coating slows cathodic reactions in acid solutions and, to a certain
extent, in sodium chloride for both stainless steel and nickel substrates.

The application of interlayers produces almost no change in the kinetics of
hydrogen release. Al1l cathodic curves for nitride-containing structures had a
typical flat turn at potentials of (-0.4)-(-0.8) V, just as did steel
substrate specimens.

Conclusions. 1. A 5-6-p-thick titanium nitride coating applied by vacuum
plasma method to a substrate of stainless steel 12Kh18N1OT and of
galvanoplastic nickel slows anodic and cathodic processes in solutions of
organic acids and sodium chloride.

2. Interlayers of chromium applied to a nickel substrate effectively slow
corrosive and anodic processes by lowering the active dissolution current by
2-4 orders of magnitude in all solutions studied.

3. The application of interlayers of chromium precipitated galvanically or by
vacuum produces almost no change in the kinetics of cathodic processes in the
metal-titanium nitride system.

4. Chromium sublayers produce no significant change in the corrosive or
anodic behavior of systems with substrates of steel 12Kh18N1OT in a solution
of lactic acid, slightly increase their protect1ve capab111ty by shifting
pitting formation potential to the positive region in sodium chloride, and
reduce anodic polarization in acetic acid.

51




References

1. N. D. Tomashov, T. V. Chukalovskaya, I. L. Medova, F. F. Yegorov,
"Corrosive and Anodic Behavior of Titanium Carbide, Nitride, and Boride in
Sulfuric and Phosphoric Acid Solutions," ZASHCHITA METALLOV, 1985, 21, No. 5,
pp. 682-688.

2. A. A. Trufanov, K. B. Katsov, V. N. Zhitomirskiy, "Corrosive-
Electrochemical Properties of VT1-0 Alloy with Nitride Coatings in Acid
Solutions," Ibid., 1988, 24, No. 1, pp. 127-129.

3. N. G. Boriskina, Ye. M. Kenina, T. A. Tumanova, et al., "Effect of
Nitriding on the Resistance of Titanium Alloys AT3 and AT6 to Corrosion and
Wear," Ibid., 1983, 19, No. 1, p. 61.

4. K. B. Katsov, A. A. Trufanov, V. N. Zhitomirskiy, "Effect of Titanium
Nitride Coating on Low-Cycle Fatigue in Titanium Alloys VT1-1 and AT3 in a
Corrosive Medium," FIZIKO-KHIMICHESKAYA MEKHANIKA MATERIALOV, 1985, 21, No. 3,
pp. 102-103.

5. "Galvanicheskiye pokrytiya v mashinostroyenii" [Galvanic Coatings in
Machine Building]. Vol. 2, 2-volume reference edited by L. D. Shluger.
Moscow, 1985, p. 248. .

6. V. A. Lavrenko, L. N. Yagupolskiy, Ye. V. Kozachenko, "Overvoltage in
Hydrogen Release on Zirconium, Titanium, and Tantalum Nitrides om 1 N H,S0,, "
ELEKTROKHIMIYA, 1973, 19, No. 4, pp. 474-477.

7. "Korroziya i zashchita ot korrozii" [Corrosion and Corrosion Protection].
Vol. 1, edited by I. L. Rozenfeld, A. V. Byalobezhskiy. Moscow, 1971, p 264.

8. A. K. Gorbachev, "Thermodynamics of Redox Equilibria in TiN-H,0 Systems,"
ZASHCHITA METALLOV, 1983, 19, No. 2, pp. 253-256.

COPYRIGHT: Izdatelstvo "Shtiintsa," "Elektronnaya obrabotka materialov" 1989

- END -

52



22161
57
MTTS o
ATTH:  FROCESS 103
5205 PORT ROYAL RD
SPRIMGFIELD. VA

22161

This 1s a U.S. Government publication. Its contents in no way represent the
policies, views, or attitudes of the U.S. Government. Users of this publication may
cite FBIS or JPRS provided they do so in a manner clearly identifying them as the
secondary source.

Foreign Broadcast Information Service (FBIS)} and Joint Publications Research Service (JPRS)
publications contain political, economic, military, and sociological news, commentary, and other
information, as well as scientific and technical data and reports. All information has been obtained from
foreign radio and television broadcasts, news agency transmissions, newspapers, books, and periodi-
cals. ltems generally are processed from the first or best available source: it should not be inferred that
they have been disseminated only in the medium, in the language, or to the area indicated. Items from
foreign language sources are translated; those from English-language sources are transcribed, with
personal and place names rendered in accordance with FBIS transliteration style.

Headlines, editonal reports, and material enclosed in brackets [] are supplied by FBIS/JPRS.
Processing indicators such as [Text] or [Excerpts] in the first line of each item indicate how the
information was processed from the original. Unfamiliar names rendered phonetically are enclosed in
parentheses. Words or names preceded by a question mark and enclosed in parentheses were not clear
from the original source but have been supplied as appropriate to the context. Other unattributed
parenthetical notes within the body of an item onginate with the source. Times within items are as given
by the source. Passages in boldface or italics are as published.

SUBSCRIPTION/PROCUREMENT INFORMATION

The FBIS DAILY REPORT contains current news
and information and is published Monday through
Friday in eight volumes: China, East Europe, Soviet
Union, East Asia, Near East & South Asia, Sub-
Saharan Africa, Latin America, and West Europe.
Supplements to the DAILY REPORTs may also be
available periodically and will be distributed to regular
DAILY REPORT subscribers. JPRS publications, which
include approximately 50 regional, worldwide, and
topical reports, generally contain less time-sensitive
information and are published periodically.

Current DAILY REPORTs and JPRS publications are
listed in Government Reports Announcements issued
semimonthly by the National Technical Information
Service (NTIS), 5285 Port Royal Road, Sprningfield,
Virginia 22161 and the Monthly Catalog of U.S. Gov-
ernment Publications issued by the Superintendent of
Documents, U.S. Government Printing Office, Wash-
ington, D.C. 20402.

The public may subscribe to either hardcover or
microfiche versions of the DAILY REPORTs and JPRS
publications through NTIS at the above address or by
calling (703) 487-4630. Subscription rates will be

provided by NTIS upon request. Subscriptions are
avarlable outside the United States from NTIS or
appointed foreign dealers. New subscribers should
expect a 30-day delay in receipt of the first issue.

U.S. Government offices may obtain subscrip-
tions to the DAILY REPORTs or JPRS publications
(hardcover or microfiche) at no charge through their
sponsoring organizations. For additional information
or assistance, call FBIS, (202) 338-6735,0r write
to P.O. Box 2604, Washington, D.C. 20013.
Department of Defense consumers are required to
submit requests through appropriate command val-
idation channels to DIA, RTS-2C, Washington, D.C.
20301. (Telephone: (202) 373-3771, Autovon:
243-3771))

Back issues or single copies of the DAILY
REPORTs and JPRS publications are not available.
Both the DAILY REPORTSs and the JPRS publications
are on file for public reference at the Library of
Congress and at many Federal Depository Libraries.
Reference copies may also be seen at many public
and university hbraries throughout the United
States.




