
82 M  Yu  GutkiC, K  0  Mik7eAy7C 7Cd I  A  Ovid’ko

© 2010 Advanced Study Center Co. Ltd.

Rev.Adv.Mater.Sci. 24(2010) 81-85

Corresponding author: M. Yu. Gutkin, e-mail: gutkin@def.ipme.ru; I.A. Ovid'ko, e-mail: ovidko@nano.ipme.ru

ENHANCED  INTERFACE TOUGHNESS  IN  BI-MODAL
NANO-ALUMINA-TITANIA  COATINGS

M  Yu  Gutkin, K  N  Mikaelyan and I  A  Ovid’ko

Institute of Problems of Mechanical Engineering, Russian Academy of Sciences,
Bolshoj 61, Vasil. Ostrov, St. Petersburg, 199178, Russia

Received: November 27, 2009

Abstract: Two different modes of delamination in nano-alumina-titania coatings on steel sub-
strates, which are attributed to the conventional fully-melted (FM) and the bi-modal fully-melted
and partially-melted (FM-PM) coating, are discussed. Using simple theoretical models of the
coating/substrate interfaces, typical for these coatings, we analyze the profits of the bi-modal FM-
PM coatings over the conventional FM coatings in terms of effective specific energy of adhesion,
critical strain of delamination, and critical thickness of the coating. It is shown that use of the bi-
modal FM-PM coatings can lead to doubling the interface toughness and increasing the critical
strain by 50% and the critical thickness by more than 130%.

1 INTRODUCTION

The structure and mechanical properties of
nanocrystalline bulk materials, films and coatings
represent the subject of intensive research efforts
involving experimental analysis, computer simula-
tions and theoretical modeling; see, e.g., [1-21]. In
recent years, a particular attention has been paid
to nanocrystalline ceramic films and coatings [12-
21] whose best samples exhibit superstrength,
superhardness and good wear resistance. However,
in the case of coatings, these outstanding proper-
ties can be used in practical applications if the tough-
ness of the coatings and coating/substrate inter-
face is also high enough. One of the ways to en-
hance the toughness is the fabrication of so-called
bi-modal nanostructures in the coatings.

For example, the creation of bi-modal
nanostructure in nano-alumina-titania (Al2O3-13wt.%
TiO2) plasma-sprayed ceramic coatings on steel
substrates resulted in an increase in the interface
toughness from 22 to 45 J × m-2 [22-24]. The first
value was attributed to “conventional” coatings, which
had a microstructure consisting primarily of fully-

molten (FM) and solidified “splats” of nanocrystalline
-Al2O3 [24]. The second value was characteristic
for the “nano” coatings containing regions of FM
“splats” interspersed with partially%molten (PM)
rounded microstructural features [24]. The substruc-
ture in these PM features (20–50 m diameter) con-
sisted of -Al2O3 grains (0.5–1 m) surrounded by a
TiO2-rich amorphous phase. Scanning and trans-
mission electron microscopy observations demon-
strated that the FM/steel interfaces in both the “con%
ventional” and the “nano” coatings were crac]ed
(before mechanical testing), whereas the PM/steel
interfaces in the “nano” coating were adherent.

The failure modes in the two types of coatings
were found rather different [22-24]: long, wide sepa-
rate cracks leading to extended delamination were
typical for “conventional” coatings, while short, nar%
row multiple cracks and suppressed delamination
were characteristic for “nano” coatings. In fact, the
PM regions being enriched by TiO2 amorphous
phase served as obstacles for crack propagation in
“nano” coatings and along the coating/substrate in%
terface. The main possible reasons are that (i) the
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free surface energy of the amorphous phase is larger
than that of the FM “splat”, (ii) the misfit strain due
to the contact of the steel substrate with the amor-
phous phase is lower than that for the contact with
a FM “splat”.

In the present paper, we consider the difference
between the two modes of failure at the nano-alu-
mina-titania coating/substrate interface in terms of
effective specific energy of adhesion, critical strain
of delamination [25], and critical thickness of the
coatings [18].

2. MODEL

Consider a model crack which propagates along the
coating/substrate interface in two different cases of
conventional FM (Fig. 1a,b) and bi-modal FM-PM
(Fig. 1c,d) nanoceramic coatings. Before external
loading, the conventional FM coating/substrate in-
terface contains many initial interface cracks (Fig.
1a), while the bi-modal FM-PM coating/substrate
interface (Fig. 1c) is free of the initial cracks. Under
external loading, the process of delamination pro-
ceeds through the propagation of a large interface
crack, joining the initial cracks in the first case (Fig.
1b) or bypassing the PM regions in the second case
(Fig. 1d).

Let the thickness h of the coating be much larger
than the characteristic size d of a PM region. Then
in both the cases, at the scale of h, the interface

Fig. 1. Different modes of delamination of (a, b) the conventional FM coatings and (c, d) the bi-modal FM-
PM coatings from the steel substrate. Parts (a) and (c) image the initial states of the coating/substrate
interfaces before external loading; parts (b) and (c) show the propagation of a large interface crack through
(b) joining the initial interface cracks or (c) bypassing the PM regions.

crack looks planar, and the critical condition of its
propagation can be described as

d
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,  (1)

where Gd is the energy release rate which is char-
acteristic for the delamination process and cs is
the effective specific energy of adhesion of the coat-
ing and substrate. Following Cherepanov [25], Gd

is given by
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where  is the tensile strain in the coating, 0 is the
elastic strain due to the misfits in interatomic spac-
ings and thermal expansion coefficients of the coat-
ing and the substrate, Ec is the Young modulus of
the coating and c is its Poisson ratio. From (1) and
(2) yields that the critical strain is

c
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Following Cherepanov [25], the delamination pro-
ceeds if  reaches crit.

Let us consider what happens with terms enter-
ing formula (3) when the conventional FM coating is
replaced by the bi-modal FM-PM coating. First, the
absolute value of 0 diminishes due to lower tem-
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peratures of the system fabrication [24]. Since 0 is negative (it is estimated as about of –0.001 for the
conventional FM coating [24]), a decrease in its modulus seems to lead to a decrease in the critical strain

crit. On the other hand, Bansal et al. [24] noticed that a decrease in the modulus of 0 can enhance the
adhesion between the bi-modal FM-PM coating and the steel substrate and result in elimination of initial
interface cracks. This contribution can be taken into account by means of appropriate modification of the
effective specific energy of adhesion cs. Therefore, second, one should consider the changes in this latter
term.

A model of the interface between the conventional FM coating and the steel substrate is shown in Fig.
2a. Before external loading, the model interface area of square S is composed of the bonded region (shown
white in Fig. 2a) and the initial interface cracks (shown black in Fig. 2a) of sum square Scr. Therefore the
effective square of the bonded region is SFM

eff
 = S - Scr. If under external loading this bonded region is

transformed to a crack (delamination), the corresponding increase in the surface energy can be written as
follows

SFM FM FM FM-st

eff eff cer st int
,  (4)

where FM

cer
 and st are the specific surface energies of the conventional FM coating and the steel substrate,

respectively, and FM-st

int
 is the specific energy of the FM coating/steel interface before external loading. With

the surface fraction of initial interface cracks scr = Scr /S, the effective specific adhesion energy FM

cs
 reads
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Therefore, the critical strain of delamination in the case of the conventional FM coating is
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In the case of the bi-m odal FM -PM  coating, the coating/substrate interface practically does not contain
in itia l in terface cracks and is com posed of the FM  region (shown planar white in F ig. 2b) and the PM
inclusions (shown as white boxes of characteristic dim ensions d×d× d  in Fig. 2b, where  is a dimension-
less parameter) [22-24]. Let under external loading the delam ination occur through opening interface cracks
between the FM  region and the steel substrate, and between the FM region and the PM  inclusions (see Fig.
1b), as it was observed in experiments [22-24]. Therefore, the corresponding increase in the surface energy
is g iven by

S Nd NdFM-PM 2 FM FM- st 2 FM PM FM-PM

eff cer st int cer cer int
1 4 ,  ( 7 )

where N  is the number of the PM  inclusions per the coating/substrate interface square S , PM

cer
 is the specific

surface energy of a PM  inclusion, and FM -PM

int
 is the specific energy of the FM /PM  interface before external

loading. W ith the surface fraction of PM  inclusions sPM =  Nd 2/S , the effective specific adhesion energy FM -PM

cs

takes the form
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from which the critical strain of delamination in the case of the  bi-modal FM-PM coating yields:
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3. RESULTS

Let us make the numerical estimates of the quantities entering formulas (5) and (8). For definiteness, we
take FM

cer

PM

cer
2 3

Al O

cer
 and FM-PM

int
2 3

Al O

cer
/ 2  with 2 3

Al O

cer
30 J×m-2 [26]; st

FM-st

int
2 stbst/8 2.4 J × m-2,
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Fig. 2. Models of (a) conventional FM coating/steel
and (b) bi-modal FM-PM coating/steel interface ar-
eas of square S before external loading. Black fea-
tures in (a) denote the interface cracks (delamina-
tions). White boxes in (b) image the PM regions of
dimensions d×d× d.

where st 77 GPa and bst 2.5 Å are the shear
modulus and the interatomic distance, respectively,
of the steel substrate, and usual approximation 

b/8 between the specific surface energy  and the
shear modulus  of a metal is used. Then, for rather
realistic values scr  sPM 0.3 and 0.2, we ob-
tain FM

cs
22 J×m-2 and FM-PM

cs
46  J×m-2. There-

fore, according to formula (1), 
d

GFM FM

cs
22 J×

m-2 and 
d

GFM-PM FM-PM

cs
46 J×m-2, which corre-

spond well to the experimentally measured values
22 J×m-2 and 45 J×m-2 [22-24], respectively. Using
the quantities 

d
GFM  and 

d
GFM-PM as measures of the

interface toughness, we can conclude that use of
the bi-modal FM-PM coatings can result in doubling
this very important characteristic of the coating/sub-
strate system.

Taking these values on mind, it is easy to esti-
mate the gain in the critical strain of delamination
due to replacement of the conventional FM coating
by the bi-modal FM-PM coating. Using formulas (5),
(6), (8) and (9), and the well known relationship E =
2 (1 + ), we found
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where 0 = FM

0
- FM-PM

0
< 0. For FM-PM = FM = 0.22,

FM-PM =154 GPa, FM = 168 GPa, and h = 100 - 300
m [24], formula (10) gives a value from (1.53-

1.01)10-3 + 0 = 0.52×10-3 + 0 (for h = 100 m) to
(0.88-0.58)10-3 + 0 = 0.3×10-3+ 0 (for h = 300
m). Thus, the first term of the critical strain of

delamination increases by  50% due to the replace-
ment of the conventional FM coating by the bi-modal
FM-PM coating. This gain is diminished, however,
by the second negative term which is hard to esti-
mate based on available data.

It is worth noting that in the practice of fabricat-
ing the nanoceramic coatings, the situation is pos-
sible when the coating starts to delaminate after its
thickness has reached a critical value [18]. Assum-
ing = 0 in this case, from formulas (1) and (2) we
obtain this critical value as

ch cs

crit 2

0

1
.  (11)

Comparing the cases of the conventional FM coat-
ing and the bi-modal FM-PM coating, one can esti-
mate the ratio hFM-PM

crit
/ hFM

crit
 as follows

h

h
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With the aforementioned numerical values for the
system parameters, formula (12) gives

h

h

2FMFM-PM
0crit

2FM FM-PM
crit 0

2.3 .  (13)

Taking into account that FM

0
/ FM-PM

0
 >1 [24], we can

conclude that hFM-PM

crit
/ hFM

crit
 > 2.3.

4. SUMMARY

We have discussed two different modes of delami-
nation in nano-alumina-titania coatings on steel
substrates, which are attributed to different micro-
structures of the coating. The first mode, which is
the propagation of a large crack along a relatively
planar interface containing many small initial cracks,
has been observed earlier in the conventional FM
coating/steel interface. The second mode is the
growth of a large curvilinear crack which has to by-
pass the PM regions dispersed along the interface.
This situation is typical for the bi-modal FM-PM
coatings. Using simple theoretical models of these
interfaces, we have estimated the profits of the bi-
modal FM-PM coatings over the conventional FM
coatings in terms of effective specific energy of ad-
hesion, critical strain of delamination, and critical
thickness of the coating. It has been shown that



86 M  Yu  GutkiC, K  0  Mik7eAy7C 7Cd I  A  Ovid’ko

use of the bi-modal FM-PM coatings can lead to
doubling the interface toughness and increasing the
critical strain by 50% and the critical thickness by
more than 130%. Our estimate for the interface
toughness is in a good accordance with earlier ex-
perimental measurements.

ACKNOWLEDGEMENTS

The work was supported, in part, by the Russian
Foundation of Basic Research (Grants 08-01-00225-
a and 08-02-00304-a), the Russian Academy of
Sciences Program “Fundamental studies in
nanotechnologies and nanomaterials”, the Office of
Naval Research (grant N00014-08-1-0405), and the
National Science Foundation Grant CMMI #0700272.

REFERENCES

[1] T. Yamasaki, H. Yokoyama and T. Fukami //
Rev. Adv. Mater. Sci. 18 (2008) 711.

[2] S. Hóbor, Á. Révész, A. P. Zhilyaev and Zs.
Kovács // Rev. Adv. Mater. Sci. 18 (2008) 590.

[3] A. Swiderska-Sroda, G. Kalisz, B. Palosz and
N. Herlin-Boime // Rev. Adv. Mater. Sci. 18
(2008) 422.

[4] J. Dutkiewicz, W. Maziarz and L. Jaworska //
Rev. Adv. Mater. Sci. 18 (2008) 264.

[5] E. Biztek, C. Brandl, P.M. Derlet and H. Van
Swygenhoven // Phys. Rev. Lett. 100 (2008)
235501.

[6] G. J. Weng // Rev. Adv. Mater. Sci. 19 (2009)
41.

[7] N.F. Morozov, I.A. Ovid’]o, Yu.V. Petrov and
A.G. Sheinerman // Rev. Adv. Mater. Sci. 19
(2009) 63.

[8] S.V. Bobylev, A.K. Mu]herjee and I.A. Ovid’]o
// Rev. Adv. Mater. Sci. 19 (2009) 103.

[9] M.Yu. Gut]in and I.A. Ovid’]o // Rev. Adv.
Mater. Sci. 21 (2009) 139.

[10] S.V. Bobylev, A.K. Mu]herjee, I.A. Ovid’]o
and A.G. Sheinerman // Rev. Adv. Mater. Sci.
21 (2009) 99.

[11] R.A. Andrievski // Rev. Adv. Mater. Sci. 21
(2009) 107.

[12] Nanostructured Thin Films and
Nanodispersion Strengthened Coatings, ed.
by A.A. Voevodin, D.V. Shtansky, E.A.
Levashov and J.J. Moore (Kluwer, Dordrecht,
2004).

[13] C. Lu, Y.-W. Mai and Y.-G. Shen // J. Mater.
Sci. 41 (2006) 937-950.

[14] P.H. Mayrhofer, C. Mitterer, L. Hultman and
H. Clemens // Prog. Mater. Sci. 51 (2006)
1032.

[15] Nanostructured Coatings, ed. by A. Cavaleiro
and J.Th.M. de Hosson (Springer, New York,
2006).

[16] R.A. Andrievski // Rev. Adv. Mater. Sci. 22
(2009) 1.

[17] J. Musil and M. Jirout // Surf. Coat. Technol.
201 (2007) 5148.

[18] C.C. Koch, I.A. Ovid’]o, S. Seal and
S. Veprek, Structural Nanocrystalline
Materials: Fundamentals and Applications
(Cambridge University Press, Cambridge,
2007).

[19] S. Veprek and M.J.C. Veprek-Heijman // Surf.
Coat. Technol. 202 (2008) 5063.

[20] C. Meratore and A.A. Voevodin // Annu. Rev.
Mater. Res. 39 (2009) 297.

[21] M.Yu. Gut]in and I.A. Ovid’]o // Mater. Phys.
Mech. 8 (2009) 108.

[22] M. Gell, E.H. Jordan, Y.H. Sohn,
D. Goberman, L. Shaw and T.D. Xiao // Surf.
Coat. Technol. 146–147 (2001) 48.

[23] H. Luo, D. Goberman, L. Shaw and M. Gell //
Mater. Sci. Eng. A 346 (2003) 237.

[24] P. Bansal, N.P. Padture and A. Vasiliev //
Acta Mater. 51 (2003) 2959.

[25] G.P. Cherepanov, Mechanics of Fracture of
Composite Materials (Nauka, Moscow, 1983),
in Russian.

[26] W. Pompe, H.-A. Bahr, G. Gille, W. Kreher,
B. Schultrich and H.-J. Weiss // Curr. Topics
Mater. Sci. 12 (1985) 205.


