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Abstract

The kinetics of electrolytic oxidation (in 3% NaCl solution at°Z) of TiN—AIN, TiB,—AIN, TiB,—TiN and TiG sNqs binary ceram-
ics, manufactured by HIP method, were studied using a potential-dynamic method of polarization curves. For determination of oxidation
mechanism, the chemical analysis concerning titanium ions state in the solution as well as an XRD, SEM and AES analyses of oxi-
dized surface layers were used. In all the cases the oxidation of ceramics above proved to be the multistage process, the peculiarities
of different stages were discussed on the base of experimental data obtained by the methods pointed out. It was shown that these ce-
ramics are exceptionally corrosion-resistant. The rate of oxidation only slightly increases in the row: TiN-RB,—AIN — TiB,—TiN
—TiCosNo.s.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction 2. Experimental

Many publications are concerned with high-temperature  The TiN-AIN, TiB>—AIN, TiB>—TiN, TiCgsNgs, and
oxidation of multiphase non-oxide ceramic systems, such asTiB; ceramics were produced by hot isostatic pressing (HIP)
TiBo—AIN, AIN=SiC, SigN4—TiN, etc1-8 However, there is without the use of additives. The powders were commercially
only limited information about corrosion resistance of ce- available H. C. Starck (Grade B) powders. The HIP experi-
ramic composites in solutiorlsAs high-performance struc-  ments were carried out between 1630 and 1858t 195 MPa
tural materials, these advanced ceramics can find various apfor 60-90 min. The relative densities were >99% of the theo-
plications including their use in sea water. Therefore, it was retical ones. The microstructure and phase composition of
of interest to carry out the systematic study of NaCl electro- both initial samples and specimens after anode oxidation
chemical corrosion of TiN-AIN, TiB-AIN, TiB>—TiN and were studied by SEM and XRD methods, the XRD analy-
TiCo.sNg.5 ceramics in terms of kinetics and reaction mecha- sis has been carried out using a DRON-3 M deviceKCu
nism. The electrolyte used in this study imitates, by its com- radiation). The anodic oxidation kinetics of the above ceram-
position, the marine water. For comparison, the electrolytic ics by a 3% sodium chloride solution containing #dgons
corrosion of a monolithic titanium diboride was also investi- as additive were investigated at 20 by potential-dynamic
gated in the same conditions. method. The polarization cun/svere recorded using a P

5848 potentiostat device. The rate of potential evolution was
0.5mV/s. A platinum plate was used as the cathode of the
electrochemical cell, and Ag/AgCI/KCI standard electrode
* Corresponding author. was used as a comparative electrode. In this paper all the po-
E-mail addresslavrenko@svitonline.com (V.A. Lavrenko). tentials are given in relation to the chloride—silver electrode.
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The amount of titanium in Ti(lll) and Ti(IV) states, i.e. 16{E v) J——
Ti%* and TiG** ions, in the electrolyte for the different po- /{-’:‘:"/
larization stages of titanium compounds dissolution was de- 0.8 /,} 3
termined by chemical analysis. The total content of tita- B *““‘“vlvl—“»
nium in the solution was determined by extraction-spectro- 0 3 \P
photometric method as described ®ilAt 1<pH<3, Ti " ‘i f’
forms with pyrocathehine ($Pct) and amide of adamantyl- 08 , (
carbonic acid @H;5sCONH, (Ad) a complex compound \\ \
TiIOH(HPctkAd, which is easily extracted by chloroform. 16 \‘ T \.\
The curves of light absorption of chloroform extracts are \ { lgi ( A/;;hz)
characterized by one absorption band with a maximum at 2.6 = < » 5 )

A=410nm. The molar absorption coefficiekt=10,000.
Then, 10 crm of solution obtained after anodic dissolution Fig. 1. Anodic polarization curves: (1) TiBample; (2) TiB—AIN sample
of titanium-containing compounds were put into a measur- after polishing; (3) TiB—AIN sample after hydrogen treatment:)(&traight
ing retort of 25 cri. Then, 8cm of 1M pyrocathehine so- run cathodic curve; (3reciprocal run cathodic curve.

lution were added, the acid presence being controlled by
pH-metry. The obtained solution was extracted by 18 cm
of 0.1 M chloroform solution of an amide (Ad). The optic
density of the extracted solution was measured=a410 nm

in the quarts cell (layer thickness of 1cm) using a SF-4A

. A N
spectral-photometer. The titanium content was determined by 0
using a calibrating diagram. The sensitivity of method was 08
0.2pg Ti/em®, the relative error of titanium determination ’ 2

being 1-5%. A presence of3fiions was determined—at the 16 . {
simultaneous presence of Ti(IV)—by reaction of its interac- ' -
tion with biacetylacetonefethylen_e—d_iamine. Hereby, a pink . lgi A/cm‘z')
complex compound of trivalent titanium is formé¥ The : ;3 3 ) 3 >

tetravalent titanium does not interact with this readéi8o,

the concentration may be calculated following the equation: Fig. 2. Anodic polarization curves: (1) Tisample; (2) TiB-TiN sample
after polishing; (3) TiB—TiN sample after hydrogen treatment’)(&raight
Crigv) = Cri total — Criq) Q) run cathodic curve; (3reciprocal run cathodic curve.

Before the electrolytic oxidation, a partial sample surface tion curves corresponds to the hydrogen treatment. After this
was subjected to a cathodic treatment in the same electrolytetreatment, the samples are oxidized more rapidly than after
in order to clean it. Indeed, one can expé¢hat the chemi-  polishing. Meantime, the TigsNo.s sample without treat-
cally adsorbed oxygen on the surface has to be in situ reducednent proved to be the most corrosion-resistant in comparison
by hydrogen atoms under a deep cathodic polarization (po-with both other preliminarily treated samples, obviously, be-
tentials up to-1.6 V). cause of the high value of the oxygen adsorption energy on its

The AES analysis of initial samples and of their oxidized surfaceFig. 3). By comparing th&igs. 1-3the largest thick-
surfaces at different depth—up to 200 nm (the etching was ness of oxygen adsorption film is obtained for ZHAIN ce-
done by Af ion bombardment)—was carried out using a ramics, the lowest one for the titanium carbonitride material.
JEOL JUMP-10S device. The results obtained were quanti-
tatively treated to identify the layer composition. -1.2

E(V)

3. Results and discussion

It was established that, on the sample surfaces including
initial polished surfaces, there was, a priori, a thin layer of
adsorbed oxygen that partially slowed down the sample ox-
idation in 3% NacCl solution. The effect of sample prepara-
tion, polishing and hydrogen treatment on the corrosion rate 26 lg i (Afem’)
is shown inFigs. 1-3 -6 -5 -4 -3 -2

Along with the corrosion behavior of multiphased ceram- _ . o , ,

. . . . . . . . Fig. 3. Anodic polarization curves for: (1) TiBample; (2) Ti@Q sNo 5 sam-
ICs, f(_)r a_comparat_lve anaIySIS’ the titanium diboride anodic ple without treatment; (3) TigsNo s sample after hydrogen treatment; (4)
polarization curve is presented. In all the cases the hystere-atter polishing; (3 straight run cathodic curve; {(@eciprocal run cathodic
sis of straight and reciprocal runs of the cathode polariza- curve.
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Fig. 6. Anodic polarization curves for the ceramic samples: (1) TiC; (2) TiN;
(3) TiCo.5No 5.

tial range of 1.45-1.90 V the transfer ofTions into solution

takes place. At the final oxidation stage, at first the forma-

tion of y-Al(OH)3 (bayerite) and then of aluminum oxide-

hydroxide AIO(OH) appears, first of all, due to the electro-

chemical evolution of oxygen on an anode in the atomic state
The presence of initial oxide layer on the surface of at this polarization stage (E¢8-5):

TiB>—AIN sample is confirmed Hig. 4). In this case,
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Fig. 4. Auger spectrum of initial TiB-AIN sample.

— +
the guantitative calculations of AES data showed that the 2H20 = 4H" + 0z +4e (3)
O/ (Ti+B+Al+N) molar part ratio was equal te5/1.
This result supposes the presence of only one chemically2AIN + 30 + 3H20 = 2AI(OH)3 + N2 (4)
bonded layer on the surface. 2AIN + 30 + H,0 = 2AI0(0H) + Nj (5)

Itwas established thatin all the cases the corrosion process
of the studied ceramics by the 3% NaCl solution is a multistep
one Figs. 5and h

After an initial anodic dissolution including formation of

The Auger spectrum of initial TIN-AIN sample is pre-
sented inFig. 7a. It was established by AES analysis that
in the outer part of the oxide film~10 nm thick) formed
TiO?*, Ti®* and BQ2~ ions into the solution, the formation ~ on the oxidized TiN-AIN ceramicsHg. 7), the O/Al ra-
of partially protective layers (TifDy, TiCxNyO; and TiQ tio was equal to 2/1 which corresponds to the presence of
rutile) can take place, these layers slow down the dissolutionthe AIO(OH) phase. Only traces of TjQvere found. The

of the composite components.

In the case of TIN-AIN ceramics, no dissolution at all
occurs in a potential range from 0.2 till 1.0 ¥i@. 5, curve
3). Then, upto 1.1V, the dissolution of titanium nitride occurs

intermediate film layer{10 nm thickness) contains bayerite
v-Al(OH)3 and rutile TiG simultaneously with non-oxidized
AIN and TiN grains. The calculations of Auger data enabled

at a very small rate with transfer of TfOions into solution AN/GE GNA(BE Ti+N Al
following Eq. (2): [Ti+N CH iQ’L,wwﬂ”““y
il
2TiN + 2H,0 = 2TiO?* +4H" + N2 + 8e ) N Mww*ﬂf [ 1408
. N / .
From 1.1 to 1.4V, the formation of thin Tiilm is ob- l | | 2
served on the sample surface by XRD analysis. In the poten- 23 S P
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Fig. 5. Anodic polarization curves for the ceramic samples (without prelim- 9. 7. Auger spectra of oxidized TiIN-AIN sample: (a) external film layer;
(b) intermediate layer; (c) inner layer.

inary treatment): (1) TiB-TiN; (2) TiB2—AIN; (3) TiN-AIN samples.
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Fig. 8. Auger spectra of oxidized T}BAIN sample: (a) outer oxide layer;
(b) inner oxide layer.
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The composition of the inner oxide layd¥ig. 8b) corre-
sponds to O/Al/Ti=34/17/11 molar ratio. This layer consists
of TiO2, AIN and y-Al(OH)3, the TiG, content being ap-
proximately three times higher than the Al(Q+tne. It must
be noted that these results are entirely consistent with XRD
data.

Resulting from electrolytic oxidation, a large-dispersion
oxide film is formed. This film contains AIO(OH) as small
gray grains which have grown out of the greafl(OH)3
grains of different gray color. In addition, on the surface, the
presence of a small amount of white rutile pi@articles of
irregular shape is noticed.

In the case of TiB-TiN corrosion, it was established
(Fig. D that at first, the oxidation mechanism may be de-
fined by the reaction&) (polarization range 0.3-0.8 V) and

to conclude that this layer contained less than 1/3 of oxidized (7) (polarization range 0.8-1.2V), respectively. The forma-

AIN and less than 1/2 of oxidized TiNF{g. 7c). Concern-
ing the inner layer, the rutile TiQis the main phase. The
microstructure of oxidized TiN—-AIN surfac&ig. 8a) is uni-
formly and finely dispersed.

Within the potential range 0.05-0.80 V, some similarities
appear between TiB-AIN and TiN-AIN compositesKig. 5).
The transfer of both P ions and boric acid into solution
takes place (E(6)):

TiB2 + 6H,O = Ti®t + 2H3BO3 +6HT + 9e (6)

At a potential of 0.8V, the formation of a non-stable rutile
TiO5 film 13 is observed:

TiB2 +8H,0 = TiO2 + 2H3BO3 + 10H' + 10e (7)

Then, at more positive anodic potentials, from1.4t0 1.8V,
the reactiong3) and(4) occurs. A gel-like amorphous alu-
minum hydroxide is formed. At higher values, from 1.85 to

2.05V, the sample corrosion is slowed down due to the crys-

tallization (precipitation) of hydroxide and the formation of
aluminum hydroxidey-Al(OH)3. Then, the measured cur-

tion of TiNxOy has also occurred, especially between 0.35
and 0.60V. Then, in the potential range of 1.2-1.6V, the an-
odic dissolution of TiN which takes place is accompanied by
the transfer into the solution of titanium in the Ti(IV) state,
according to Eq(2).

Finally, from 1.60till 1.95 V, the corrosion rate slows down
due to the formation on the surface of a rutile film, in accor-
dance to Eq(10):
2TiN + 4H,0 = 2TiO, 4+ 8H' + N, +8e (10)

The final oxidation stage for TiB-TiN ceramics, at po-
tentials >2.0V, corresponds to the sodium and magnesium
titanates formation, according to E¢8) and(9).

As the AES data testify, the oxide film formed on
TiB>—TiN surface consists of three layers: a very thin and
dense outer layer which contains N&@4 and MgTiO4, a
very thin intermediate rutile Ti@layer and an inner thick
layer forming a TiNOy film.

The corrosion mechanism of TiGNp 5 sample essen-
tially differs from the behavior of the three previous ceramic

rent density increases, and on the last oxidation stage thecomposites. Ata potential range from 0.3t0 0.7V, the sample

aluminum hydroxide-oxide film is finally formed (see Eqgs.
(3) and(5)).

According to AES dataKig. 8), an approximately 30 nm
thick double layered oxide film is formed on the BiBAIN
sample. A thin (<15 nm) outer layer consists of a mixture of
v-Al(OH)3 (largest amount) and AIO(OHJ-{g. 8a). Hereby,
the ratio Al/O is equal to 12.3/35.6, i.ex1/2.8. In this

partially dissolved at a rather small rate, with formation of
TiO?* ions (Eq.(11), Fig. 6):

4TiCo5Ng s + 4H,0 = 4TiO*T = gHt
+2CO; + N2 + 16e (11)

Then a three-layered oxide film is formed on the surface,

case, probably at potentials greater than 2.3V, the forma-this film being protective up to a potentil=1.4V. In ac-

tion of magnesium titanate MgiO4 and sodium titanate
NayTiO4 traces becomes possible, according to E8)sand

(9) (Fig. 9):
2Mg?" + TiO2 + 4H,0 = Mg;TiO4 + 8H' + O, +4e (8)
9)

It must be noted that in the initial electrolyte of composi-
tion close to the marine water, a small amount of¥lipns
is present. This was proved by chemical analysis.

4Nat + TiOy + 4H,0 = NayTiO4 + 8HY + Oy + 4e

cordance with AES data(g. 9), the inner scale layer is the
thinnest one{20 nm). According to the quantitative calcu-
lations of the spectrum obtaineBig. %), the ratio of cor-
responding molar parts of Ti/C/N/O elements in this layer is
equal to 10/3/3/4. This ratio is consistent with the formula
composition of TiGQ 3No.300.4.

The intermediate scale layer (thicknes30 nm) is com-
posed of the TiO lower oxide of golden-yellow color (the
Ti/O ratio is close to 1/1Fig. %) while the white 50 nm ex-
ternal layer (Ti/O~ 1/2,Fig. &) is composed of rutile Ti®
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Fig. 9. Auger spectra of TigsNp s oxidized sample: (a) inner layer; (b)

intermediate layer; (c) outer layer.
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4TiCosNos5 + 12H0 = 4TiOp + 24H"
+2C0 + N2+ 24e

(12)

border between an initial Ti€sNg s sample and its oxide
film.

So, the corrosion resistance in 3% NaCl solution of
all above ceramics, prepared by HIP method, is excep-
tionally high. Under not too high anodic potentials, their
corrosion resistance only slightly decreases in the row:
(TiIN-AIN) — (TiB2—AIN) — (TiB>—TiN) — TiCq 5Ng.5.
However, in all the cases, the oxidation rate for samples of
such binary systems proved to be approximately by three
orders lower than that of titanium diboride. Moreover, the
ceramics studied have a corrosion rate by three-four orders
lower than a majority of metallic materials (low carbon
steels, stainless steels, etc.). Therefore, these ceramics may
be recommended as high-performance materials for marine
water.

4. Conclusion

The electrolytic corrosion of titanium-based materials
(TIN-AIN, TiB »—AIN, TiB»—TiN, and TiG sNo.5 ceramics)
in 3% NacCl solution is a multistep process. After an initial an-
odic dissolution, with transfer of ¥, TiO?* ions and HBO3
into the solution, the formation of TigDy, TiICxNyO, or TiO>
(rutile) partially protecting layers takes place; the latter oxide
slows down the dissolution of the composites.

At low anodic potentials, their corrosion re-
sistance only slightly decreases in the sequence:
(TiIN-AIN) — (TiB2—AIN) — (TiB2—TiN) — TiCp.sNo 5.

At high anodic potentials, the TiN-AIN and T;BAIN
ceramic composites behave in a similar way. The outer
protective layer which is formed on the surface proved to
be a mixture ofy-Al(OH)3 and AIO(OH) phases. On the
surface of oxidized TiB-TiN ceramics (at potentials greater

So, the sequence of the different oxide layers formation than +2.0V), an extremely thin titanate layer containing

on the titanium carbonitride Ti€sNg 5 sample by the elec-
trochemical process is Tg3No.300.4— TiO — TiOy. All

both NgTiO4 and Mg TiO4 was detected by AES.
Concerning the carbonitride TiNg s ceramics, at an-

these layers, to some extent, protect the sample from the fur-odic potentials up to +1.8V, arutile Tidilm is found on the

ther corrosion. One can see kig. 10the sharp interface

Fig. 10. Microstructure of TigsNg s initial surface (a) and oxidized one

(b).

surface which presents less protective properties.

Consequently, it is shown that the corrosion resistance of
the above binary ceramics in 3% NacCl solution is excep-
tionally high. The electrolytic corrosion rate of these com-
posites is by three-four orders lower than that of a major-
ity of metallic materials (low carbon steels, stainless steels,
etc.).
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