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Abstract: Two substrates with surface roughness (Ra) of about 1.6 and 0.8, respectively, were employed to fabricate two 
NiCoCrAl/YSZ microlaminates by using EB-PVD method. The average ceramic-layer thicknesses of the two NiCoCrAl/YSZ 
microlaminates are different, about 0.9 µm and 1.2 µm, respectively, but their average metal-layer thicknesses are equal, about 5 µm. 
The microstructures and fractographs were examined by SEM. Uniaxial tensile testing was performed to determine the mechanical 
properties. The results show that the microlaminate deposited on the relatively coarse substrate (MDCS) contains wavy layer 
interfaces and larger flaws, while the microlaminate deposited on the relatively smooth substrate (MDSS) has relatively flat layer 
interfaces and no larger flaws. The tensile specimens of the two microlaminates display obvious difference in tensile strengths and 
fracture modes. The ratio of strength of MDCS to that of MDSS is 0.5 at room temperature, 0.67 at 700 ℃ and 1.33 at 1 000 ℃, 
increasing with increasing temperature. The factors which caused the variation of the strength ratio were discussed. It is found that 
the larger flaws in MDCS result in the relatively low strength ratio at room temperature and 700 ℃, and the wavy layer interface in 
MDCS is responsible for the relatively great strength ratio at 1 000 ℃. 
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1 Introduction 
 

Metal/ceramic composites have been a topic of 
interest for many researchers for various reasons[1−5]. 
The motivation for developing metal/ceramic composites 
is to fabricate structures that possess superior high 
temperature creep resistance compared with metals, 
simultaneously having better toughness and structural 
integrity compared with monolithic ceramics[6−7]. In 
various ductile-brittle composite systems, there are 
numerous reinforcement shapes employed, including 
particulates, fibres and laminate reinforcements. Early 
studies show that the ductile layer reinforced composites 
generally promote greater levels of toughening than 
ductile particulate or fibre reinforced composites[8−10]. 

A microlaminate comprised of alternating layers of 
brittle ceramic and ductile metal is a particularly 
attractive composite architecture. One major advantage 
of the microlaminate is that the distribution and volume 
fraction of the phases can be readily controlled by 
altering the layer thicknesses[11]. The small size scales 

lead to increases in the ductile layer strength from 
enhanced constraint and, possibly, various strengthening 
mechanisms. In principle, smaller length scales may also 
increase the ceramic material cracking stresses by 
limiting the sizes of potential processing flaws[12]. So 
far, only a few studies have been performed to 
investigate the microlaminate composites[13−19], and 
most of them only concentrate on the intermetallic/ 
metallic systems. The investigation of metal/ceramic 
microlaminates is far insufficient. 

In the present study, the tensile properties of the two 
NiCoCrAl/YSZ microlaminates were examined at room 
temperature and high temperature, and the effects of 
ceramic-layer thickness, flaw size, residual stress and 
interface morphology on their tensile strengths were 
discussed. 

 
2 Experimental 

 
Two NiCoCrAl/YSZ microlaminates were 

deposited on the steel substrates with surface roughness 
(Ra) of about 1.6 and 0.8 respectively by EB-PVD. The  
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substrates used were grinded mechanically and all 
scratch marks on their surfaces were along the direction 
of grinding. Both the microlaminate deposited on the 
relatively coarse substrate (MDCS) and the one 
deposited on the relatively smooth substrate (MDSS) 
contained 50 ceramic layers and 50 metal layers. And 
there existed equal average metal-layer thicknesses 
(about 5 µm), but different average ceramic-layer 
thicknesses (about 0.9 µm and 1.2 µm, respectively) in 
MDCS and MDSS. 

During the deposition process, the substrate was 
mounted on the holder and rotated at 25 r/min around the 
horizontal axis and the substrate temperature was 
maintained at 950 . To facilitate ℃ the removal of the 
microlaminates from the substrates, the substrates were 
coated with 10−20 µm of ZrO2 prior to depositing the 
microlaminates. The layer thicknesses of microlaminates 
were controlled by deposition time. In the following 
deposition the foils were removed from their substrates 
and then annealed in vacuum (10−4 Pa) at 1 050  for 30℃  
min. At the end of each anneal, the samples were furnace 
cooled to room temperature under vacuum. 

To assess the mechanical properties of the 
microlaminates, tensile specimens were milled from free 
standing microlaminate foils. Prior to tensile testing the 
edges of the foils were mechanically polished. Tensile 
tests were conducted on the foils using an 
INSTRON−5500 universal materials testing machine 
with a crosshead displacement speed of 0.01 mm/min at 
room temperature, 700  and 1℃  000 . In this work, ℃

five specimens were tested to get an average value at 
each temperature. The microstructures of the cross- 
sections of the foils and the fracture surfaces of the 
tensile specimens were observed with SEM. 
 
3 Results 
 

The stress－strain curve is one of the fundamental 
mechanical properties of materials. In room temperature 
tensile tests, both microlaminates display typical 
characteristics of linear elastic fracture with no evidence 
of yielding, as shown in Fig.1(a). In the case, elastic 
loadings are terminated by fast fracture at a peak load. 
The fracture stress and elongation of MDSS are 594 MPa 
and 0.35%, respectively, both of the values are about 2 
times greater than those of MDCS (about 277 MPa and 
0.17%, respectively). The fracture stress obtained for 
MDSS is comparable to those obtained by HEERDEN et 
al[11] on Nb/Nb5Si3 microlaminates (590−640 MPa). 
Fig.1(b) shows the stress—strain curves of tensile 
specimens tested at 700 . Both of ℃ the microlaminates 
show larger elongations (more than 2%). The tensile 
strength of MDSS is 412 MPa, less than the one at room 
temperature. But the strength of MDCS is 276 MPa, as 

much as the one at room temperature. And no evidence 
of yielding is seen again in the stress—strain curves from 
either of them. At 1 000 , both stress℃ —strain curves of 
microlaminates show evidence of plastic deformation, as 
shown in Fig.1(c). For MDSS, a uniform plastic 
deformation region followed by a locally deformed 
region is exhibited. And its tensile strength and failure 
strain of MDSS are about 75 MPa and 6%, respectively. 
While MDCS shows only a uniform plastic deformation 
region and almost no local deformation. And its 
elongation (about 3.8%) is lower but tensile strength 
(about 100 MPa) is higher. 
 

 
Fig.1 Stress—strain curves of NiCoCrAl/YSZ microlaminates: 
(a) At room temperature; (b) At 700 ; (c) ℃ At 1 000 ℃ 
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Fig.2 shows the plan-view photographs of 
microlaminates. As shown in Fig.2(a), MDCS displays a 
mixture of shear cracking and cracking along flaws. The 
shear cracks are seen as the diagonal portions of fracture 
paths. Redirection of fracture paths along longitudinal 
flaws is seen between the shear cracks. And with 
increasing temperature of tensile test, the number and 
lengths of fracture paths along flaws decrease, which 
indicates that the sensitivity of microlaminates to the 
flaws decreases. This can be seen in plan-view 
photographs of MDCS specimens tested at 700  and ℃  
1 000  (Fig.2℃ (b) and 2(c)). However, MDSS specimens 
display a normal tensile break at room temperature 
(Fig.2(d)). Redirection of fracture paths along flaws can 
not be seen in plan-view photographs of MDSS 
specimens tested at high temperature. 
 

 

Fig.2 Plan-view photographs of microlaminates: (a) MDCS 
specimen tested at room temperature; (b) MDCS specimen 
tested at 700 ; (c)℃  MDCS specimen tested at 1 000 ;℃      
(d) MDSS specimen tested at room temperature 
 

The discrepancy between the cracking modes of the 
microlaminates is caused by their different 
microstructures. MDCS specimens contain a lot of larger 
longitudinal flaws while MDSS specimens do not. The 
formation of flaws can be explained by shadowing effect. 
During the microlaminate deposition, the rotation of 
substrate brings the interruption of the vapor flux to the 
substrate, which results in a shadowing effect[20]. As 
shown in Fig.3, shadowing occurs when the edge of a 
scratch existing on the surface of substrate blocks the 
majority of the flux and produces a shadow area because 
of the ‘sunrise’ and ‘sunset’ incidence of vapor onto 
substrates during rotation. The longitudinal flaws easily 
form in the microlaminates within shadowed areas. And 
the greater the shadowing effect is, the larger the flaws 
formed in the shadowed regions are. The cross-sectional 
micrograph of MDCS in the direction normal to scratch 
is shown in Fig.4(a). The wavy interfaces between the 
layers are observed. All of the longitudinal flaws are 
locate at joints between the waves and they penetrate 

some of the layers, even more than half of the layers in 
the microlaminate thickness direction. However, there 
are only relatively flat interfaces between the layers and 
no relatively large flaws are seen from the microstructure 
of MDSS (Fig.4(b)). This is because the smaller surface 
roughness of the substrate used for depositing MDSS 
causes a minor shadowing effect. 
 

 

Fig.3 Formation of shadow area during microlaminate 
deposition on substrate with surface scratches 
 

 
Fig.4 Cross-sectional micrographs of microlaminates in 
direction normal to scratches on substrate surfaces: (a) MDCS; 
(b) MDSS 

 
A representative SEM micrograph of the fracture 

surface of MDSS tensile specimen tested at room 
temperature is shown in Fig.5(a). The ceramic layers fail 
by intergranular brittle fracture between the columnar 
grains and the metal layers fail by chisel point failure 
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Fig.5 Micrographs of fracture surfaces of microlaminates: (a) MDSS specimen tested at room temperature; (b) MDSS specimen 
tested at 1 000 ; (c) MDCS ℃ specimen tested at room temperature; (d) MDCS specimen tested at 1 000 ℃ 
 
with fracture surfaces necked to ‘knife edge’ features. A 
lot of secondary cracks vertical to layer planes in ceramic 
layers are observed, which indicates the bond strength 
between the ceramic columnar grains and tensile strength 
of ceramic layer are very low. The interfacial debondings 
are also very evident. 

On the fracture surface of MDCS specimen tested at 
room temperature (Fig.5(c)), the sections of shear 
cracking have a similar surface feature to that of MDSS, 
while the sections of cracking along flaws are smooth, 
which indicates fast (unstable) fractures occur along the 
flaws. In the fast fracture regions, both metal layers and 
ceramic layers fail by brittle intergranular fracture with 
featureless surfaces and no evidence of interfacial 
debonding is seen. 

For tensile specimens tested at high temperature, the 
details of fractographs are not clear due to high 
temperature oxidation of specimens, but interfacial 
debondings may been observed yet (Fig.5(b) and 
Fig.5(d) ). Furthermore, the fractograph of MDCS tensile 
sample tested at 1 000  displays a relatively flat ℃

fracture surface on which few fast fracture regions along 
longitudinal flaws are observed due to reduced 
sensitivity to flaws. 

 
4 Discussion 
 

The tensile strength (σcom) of the NiCoCrAl/YSZ 
microlaminate may be estimated by mixture law, as 
given by 
 

cccmcom )1( ϕσϕσσ +−=                      (1) 
 
where σ and φ are the tensile strength and volume 
fraction of metal (or ceramic) layers respectively. The 
tensile strength of NiCoCrAl foil produced by EB-PVD 
is 600 MPa[21]. While the tensile strength of bulk yttria 
partially stabilised zirconia is only 110 MPa. And the 
tensile strength of YSZ coating is much less than that of 
bulk YSZ. Plasma sprayed YSZ coatings have a lower 
value for tensile strength (9−36 MPa) due to more 
flaws[22−24]. ANDRITSCHKY and ALPUIM[25] also 
found that the linkage between the growing columns in 
PVD YSZ coatings was so weak that coatings would fail 
as soon as the applied tensile stress surpasses their 
residual compressive stresses. Similarly, the true tensile 
strength of EB-PVD YSZ coating should also be much 
less than that of bulk YSZ due to large numbers of flaws 
and weak linkage between columnar grains in the coating. 
This means that the true tensile strength of ceramic layer 
is much less than that of the metal layer in the 
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microlaminates. Moreover, ceramic layers have much 
lower volume fractions than the metal layers, and are in 
compression due to residual stress. As a result, the tensile 
strength of NiCoCrAl/YSZ microlaminate will depend 
mostly on the tensile strength and volume fraction of its 
metal layers. So equation (1) can be simplified to 
 

mmcmcom )1( ϕσϕσσ =−≈                     (2) 
 
where  φm is the volume fraction of metal layers. 

According to the number and thicknesses of metal 
layers and ceramic layers, φm in MDCS is calculated to 
be 84.7% and the value in MDSS is calculated to be 
80.6%. Supposing MDCS and MDSS have the same 
metal layers in strength, one can predict that the tensile 
strength of MDCS will be 1.05 times greater than that of 
MDSS. But the result of test shows that the tensile 
strength ratio of MDCS to MDSS is 0.5 at room 
temperature, 0.67 at 700  and 1.33 at 1℃  000 .℃  This 
indicates that both of the tensile strengths of the metal 
layers for the two microlaminates and their variations 
with temperature are different. Thus, the difference in the 
strengths of the microlaminates will depend mostly on 
the difference in strengths of their metal layers. Three 
factors having important influences on the tensile 
strengths of metal layers could account for the variation 
in the strength ratio of microlaminates with temperature. 

Firstly, EB-PVD metal layers contain more flaws 
due to shadowing effect. And their breaking strength, σ, 
decreases with increasing flaw size, a, according to the 
relationship given by Orowan’s eqution: 
 

2/1p )
π

2
(

a
Eγ

σ =                          (3) 
 
where  E and γp are the elastic modulus and plastic 
deformation work of the metal layers, respectively. 

Secondly, when cooling the free-standing 
microlaminates from the annealing temperature (1 050 
℃) to room temperature, thermal stresses develop due to 
the mismatch in the thermal contraction of the metal 
layers and ceramic layers. Because the metal layers will 
contract more than the ceramic layers on cooling, the 
metal layers will develop tensile stresses while the 
ceramic layers will develop compressive stresses. The 
compressive residual stresses in ceramic layers that have 
very low tensile strengths don’t have important influence 
on the tensile strengths of microlaminates, so they may 
be ignored. 

Assuming there is no relaxation on cooling, one can 
estimate the final residual thermal stresses for a 
free-standing microlaminate. The residual thermal stress 
of metal layer (σr), may be described by 
 

)1(/)1(
)(

mccmcm

mcmc
r kEttkE

EEkk
+++

−
=σ            (4) 

 

where  t is the thickness of individual layer, and using 
the linear thermal expansion term, k = α∆T, where α is 
the CTE of individual layer and ∆T is the change in 
temperature. The maximal applied tensile stress, σmax, 
which a metal layer can bear increases with decreasing 
tensile residual stress according to the following 
relationship: 
 

r0max σσσ −=                              (5) 
 
where  σ0 is the tensile strength of the metal layer in 
which no residual stress is present. 

Eqns.(4) and (5) suggest that the residual stress of 
metal layers in MDSS is greater than that in MDCS due 
to MDSS containing thicker ceramic layers and the 
tensile strength of MDSS decreases more than that of 
MDCS due to residual stress. 

A third likely source of the difference in tensile 
strengths of metal layers is interfacial microstructure. A 
wavy layer interface appears to be able to strengthen the 
metal layers more than a flat layer interface due to better 
restraining the plastic deformation of metal layers in 
tension. So wavy layer interfaces are probably more 
helpful to improve the tensile strengths of 
microlaminates. 

Compared with MDSS, MDCS has the metal layers 
containing lower residual stresses and wavy layer 
interfaces, but also contains larger flaws. Thus, it is 
evident that the influence of residual stress and 
interfacial microstructure on the tensile strengths of 
microlaminates is apt to improve the ratio of tensile 
strength of MDCS to that of MDSS, while the effect of 
flaws is inclined to reduce the value. When ignoring the 
difference in the three factors between microlaminates, 
the strength ratio should be about 1.05. At room 
temperature, however, the strength ratio is only 0.5 and 
MDCS tensile specimens display longer fracture paths 
along the flaws, which indicates that the larger flaws in 
MDCS cause a larger decrease in its tensile strength and 
the flaw size is the most important one of the three 
factors influencing the strengths of microlaminates. At 
elevated temperature, residual stresses of microlaminates 
are much less than those at room temperature, due to less 
temperature difference and larger creep deformation of 
metal layers and even ceramic layers. And it may be 
believed that almost all of residual stresses will be 
relieved at 1 000 . So, the effect of residual stresses on ℃

the tensile strengths of microlaminates is not important 
any more at high temperature. Because the ductility of 
metal layers becomes better when temperature is 
elevated, it is guessed why the sensitivity of metal layers 
to flaws will decrease and the strengthening effect of 
layer-interfaces on metal layers will be more outstanding 
with increasing temperature, which is the reason that the 
strength ratio obtained by testing increases with 



SHI Guo-dong, et al/Trans. Nonferrous Met. Soc. China 17(2007) s813

increasing temperature. The testing results justify this 
view. 

The strength ratio and the fracture paths along flaws 
in MDCS specimens at 700  are larger and shorter than ℃

those at room temperature, respectively. This shows that 
the effect of flaws on the strengths of microlaminates 
decreases compared with that of other two factors, when 
temperature increases from room temperature to 700 . ℃

But the strength ratio is much less than 1.05 yet, which 
suggests that the flaw size is still the dominant one of 
three factors influencing the strengths of microlaminates. 
At 1 000 , the greater tensile strength of MDCS than ℃

that of MDSS as well as the relatively flat fracture 
surface of MDCS specimen shows the influence of flaws 
on the strengths of microlaminates has been unimportant. 
And the strength ratio much more than 1.05 and the 
lower elongation shown in the stress—strain curve of 
MDCS indicate that wavy layer interfaces can certainly 
constrain the plastic deformation of metal layers better 
and improve the tensile strengths of microlaminates more 
than flat layer interfaces. It is obvious that the effect of 
layer interfaces on strengths of microlaminates surpasses 
that of flaws at 1 000 .℃  
 
5 Conclusions 
 

1) Two substrates with different surface roughness 
were employed to fabricate two NiCoCrAl/YSZ 
microlaminates by EB-PVD method. 

2) In tensile tests, MDCS specimens display a 
mixture of shear cracking and cracking along the flaws 
and their fracture paths along the longitudinal flaws 
become less and shorter with increasing temperature, 
while MDSS specimens display a normal tensile break. 

3) When the temperature increasing from room 
temperature to 1 000 ℃, the ratio of strength of MDCS 
to that of MDSS increases from 0.5 to 1.33. The factors 
which causes the variation of the strength ratio are 
mostly flaw sizes, residual stresses and layer interface 
microstructures. But the influence of residual stresses on 
the strength ratio is not significant compared with other 
two factors. 

4) The relatively coarse substrate not only 
introduces larger flaws which result in a more decrease 
of tensile strengths at room temperature into the 
microlaminate, but also introduces wavy layer interfaces 
which are more helpful to improve the tensile strengths 
than the flat ones at high temperature into the 
microlaminate. 
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