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Resumen. En esta comunicación se estudia el comportamiento a fractura de un recubrimiento de 
alumizado sobre un monocristal de base níquel en ensayos de tracción. Los ensayos, realizados a diversas 
temperaturas, proporcionan los valores de la deformacion a fractura del recubrimiento. Por medio de un 
sistema óptico se adquieren imágenes del estado superficial del recubrimiento para diversos niveles de 
carga. Estas imagenes revelan una profunda influencia de la orientación del substrato sobre la deformación 
a fractura del recubrimiento que se discute y presenta en esta comunicación. 

Abstract. The fracture behaviour of an aluminide coating applied to the single crystal nickel based 
superalloy SRR99 under tensile conditions is reported. A set of tensile tests were carried out in order to 
determine the fracture strain of the coating at different temperatures. During testing the sample surface 
was periodically recorded by means of a video camera system. The analysis of the surface images allowed 
a local fracture strain to be estimated. The local strain state and the position at which cracks were initiated 
are described in terms ofthe substrate crystal orientation. 

1. INTRODUCTION 

Turbine blade material systems are designed to remain 
stable at high temperatures. Under working conditions 
fatigue, oxidation and creep damage mechanisms take 
place simultaneously. Creep resistance is principally 
provided by the composition and microstructure of the 
substrate. For this reason, the substrate is often a 
superalloy cast by directional solidification techniques. 
Such is the case for the system studied in this 
contribution, whose substrate is the nickel based single 
crystal superalloy SRR99. 

The oxidation and corrosion resistance of this kind of 
system is usually provided by a coating with a high 
thermal stability. In the work described here, a diffusion 
aluminide coating is applied to the SRR99 substrate. 
These coatings are intended to protect the blade against 
hot corrosion, but they may offer poor fracture 
properties with a high ductile to brittle transition 
temperature (DBTT), and produce a detrimental effect 
on the life of the blade [1-3]. Furthermore, the 
properties of such coatings are sensitive to the substrate 
on which they are applied. 

The aim of the present study is to characterise the strain 
to fracture of a diffusion aluminide coating applied on 
the single crystal superalloy SRR99. 

2. EXPERIMENTAL PROCEDURE 

Cast cylindrical bars of bare SRR99 were supplied by 
Rolls-Royce pie with the long axis oriented within 10° 
of a <001> direction. Test specimens were machined to 
form a gauge length with a rectangular cross section 
(12x3 mm2

) allowing the sample to be oriented during 
machining such that each of the gauge surfaces 
produced contained one of the remaining <00 1 > 
directions. The resulting geometry complies with that 
used for thermomechanical fatigue (TMF) tests. 

After machining, the test pieces underwent the coating 
treatment. First, the samples were subjected to an 
aluminium pack cementation process at 870°C, 
followed by a diffusion treatment at 1100°C for 
approximately one hour. Finally, an ageing treatment of 
16 hours at 870°C develops the desired y' precipitate 
structure in the bulk. 

The resulting coating is an approximately 30 ¡.¡.m thick 
layer of polycrystalline P-NiAI. However, the coating 
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thickness and microstructure have been observed to 
show batch-wise variation [4]. 

In order to characterise the fracture properties (DBTT 
and strain to fracture) of the coating, four samples were 
tested under tensile conditions at different temperatures. 
Before testing, the samples were subjected to severa! 
thermal cycles between 300 and 1 050°C. During 
testing, the state of the sample's gauge surface is 
recorded at fixed strain steps by a video camera system 
(with a resolution of about 3.5 ¡ .. un/pixel) that scans the 
surface and stores the images for further analysis. This 
system allows the detection of the first crack on the 
sarnple, and the rnonitoring of the crack density 
evolution with the applied strain. 

Al! the tests were carried out at a strain rate of 1 x 10"4 s·' 
with hold times of 1 minute between strain steps to 
allow sarnple surface scanning. The rnain characteristics 
of the sarnples and tests are described in Table l. The 
rnisorientation is expressed using two angles: a, 
between the loading direction and the <00 l > direction 
on a plane parallel to the front surface and ~. between 
the loading direction and the <00 1 > direction on a plane 
parallel to the side surfaces. 

Table l. Tensile test specifications. 

Temperature [0 C] 300 490 600 700 

coating tbickness [f.Ull] 30 25 30 25 

strain step [%) 0.04 0.08 0.08 0.08 

misorientation (o. J3) 90,20 oo, 60 oo, 60 60,20 

final strain [%] 2 3 4 11 

3. RESULTS 

3.1 Mechanical response ofthe svstern 

3 .1.1 Stress-strain curves 

The remote stress-strain curves determined over an 8 
mm gauge length are plotted in Fig. l. 
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Fig. l. Stress-strain plots for the tensile tests. 

It is possible to observe that the sarnple conforms to 
practically perfect elastic-plastic behaviour. In all tests, 
the yield stress is around 900 MPa, with a 
corresponding strain value within the range 0.7-0.9%. 
The stress response can be associated solely with the 
substrate since the coating represents only 2.5% of the 
cross section. 

3.1.2 Local displacernents and strains 

By rneans of the video carnera systern previously 
described, it was possible to measure the displacernents 
within the focus plane and hence to estímate the 
distribution of strain over the sarnple surface. Highly 
contrasted features were tracked throughout the test. 
The local strain values were estirnated using 
displacernent data obtained frorn pairs of points at 
approxirnately the same X position and initially 
separated by at least 3 mm in the Y direction. This 
provides the resolution required to detect strain steps of 
0.1 to 0.2%. These positions will be referred to as 
optical gauges. 

Depending on the misorientation of the sample, the 
displacements and strains observed on the coating vary 
considerably. Once the substrate yields the 
displacements of surface points follow the flow 
direction of the substrate, and the local strains deviate 
from the remote strain. To illustrate this effect, the 
evolution of the displacements on the coating surface 
for the samples tested at 300 and 490°C are described. 
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Fig. 2. Sketch of the substrate plastic behaviour in the 
300°C test. 

POINTA 
-7.15 

POINTB 
DAS 
-----~ ··-·--·····---·--··--··· 

0% 0% r 0.35 

t~ 
-7.25 

Io.25 ¡7.35 l .S 
> > 0.7~\ 

0.15 ·7.45 

,0.05 ·7.55 
3.75 3.85 3.95 4.05 4.15 8.25 8.:lb 8.45 8.55 8.65 

X[mmj X(mm] 

Fig. 3. Displacements in the 300°C test at the positions 
indicated in Fig. 2. 
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Fig. 2 sketches the position of the slip band developed 
in the substrate in the 300°e test. Fig. 3 shows the 
displacements measured for two points, labelled A and 
B in Fig. 2. The strain leve! at which the substrate yields 
is indicated as well as the starting point. Fig. 4 shows 
the local strain estimates over the optical gauges (see 
Fig. 2). The strain in unyielding areas (optical gauges 
near the edges) tends to stabilise at around 1%, on the 
other hand the yielding area reaches a strain value 25% 
higher than the remote strain. Due to the nature of the 
slip system activated, the coating has been subjected to 
strains perpendicular to the front surface that could not 
be detected in the present experiment. 
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Fig. 4. Local strains versus remote strain evolution in 
the 300° e test. 
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Fig. 5. Sketch ofthe substrate plastic behaviour in the 
490oe test. 

In the sample tested at 490°e the rnisorientation allows 
the activation of two slip systems (see Table 1 ). The 
plastic behaviour of the substrate is sketched in Fig. 5. 
In this case only displacements parallel to the free 
surface are expected, since the Burgers vectors of the 
two active slip systems are within the coating plane. 
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Fig. 6. Displacements measured on the sample surface 
tested at 490°C. 
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Fig. 7. Local strains versus remote strain evolution in 
the 490° e test. 

Figure 6 shows the displacements of three 
representative points (labelled A, B and e in Fig. 5). 
Fig. 7 illustrates the local strains in the area where the 
slip systems interacted (rniddle optical gauge in Fig. 5) 
and in the non yielding area (near the edges). The strain 
in the rniddle of the sample followed the remote strain 
up to the yield point of the substrate, then started to 
increase rapidly reaching a value 2.5 times higher than 
the remote strain at the end of the test. 
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Fig. 8. Local strain versus remote strain evolution in the 
600° e test. 
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In the case of the tensile tests at 600 and 700°C, local 
displacements and strains are similar to those at 490 and 
300°C, respectively. However, in the 600°C test the slip 
band is wider than that of the 490°C test producing 
larger local strains in areas towards the edges, as is 
illustrated in Fig. 8. 

3.2 Fracture ofthe coating 

The fracture behaviour of each specimen is dependent 
on testing conditions, narnely temperature and the 
crystallographic orientation of the tensile axis. Fig. 9 
shows the remote strain leve! at which the first crack is 
observed at any point on the coating surface with a 
resolution of approximately 3.5~pixel. On a remote 
strain basis, the DBTT appears to be between 550 and 
650°C. Fig. 9 also compares different fracture strains 
reported in the literature for aluminide coatings. Typical 
fracture strains reported in the literature are smaller than 
those found in the present work. 
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Fig. 9. Strain to fracture versus temperature for 
different aluminide coatings. 
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Cracking in the 300°C test appears at 0.84% remote 
strain leve!. This first crack covers the whole gauge 
width from its detection. In the next loading steps two 
types of cracking appear; one confined to the yielding 
substrate area and the other covering the whole sample 
width. Fig. 1 O shows the coating condition after testing 
where it is possible to distinguish the two different set 
of cracks. 

In the 490°C test only the coating area that is over the 
region where the main slip bands interacted was 
fractured, as clearly visible in Fig. 11. Two small cracks 
of around 150 ¡.tm in length appeared at 0.84% remote 
strain. Later, at 1.08% remote strain, larger cracks 
around lmm long appeared. These cracks grew quasi
statically within the boundaries of the region of 
intersecting slip which expanded with the strain. After 
testing it was possible to detect lateral cracking outside 
the scanned area. These cracks decorate the four regions 
where the slip bands imposed displacement components 
perpendicular to the free surface ( see Fig. 11 ). 

Fig. lO. Sarnple surface after the 300°C test. 

SEM exarnination of the coating outer surface revealed 
the presence of micro-cracking (10+20 ¡.tm) between 
long cracks for the test at 490°C, in contrast to the 600 
and 300°C tests where no micro-cracking was observed. 

Fig. H. Sarnple surface after the 490°C test. 
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Fig. 12 Sample surface after the 600°C test. 

The first crack in the 600°C test appears extended 
across the full gauge width at a remete strain of 2.16%. 
The crack was not observed to show quasi-static 
growth. Fig. 12 shows the condition of the coating after 
testing. In common with the 490°C test it is again 
possible to observe sorne lateral cracking due to the 
displacements perpendicular to the free surface imposed 
by the slip systems. 

In the sample tested at 700°C the coating and substrate 
failed simultaneously at approximately 11% strain. 

4. DISCUSSION 

From the results it is clear that the lengths and positions 
of cracks are different for each test condition. However, 
it is proposed that these observations can be rationalised 
by taking into account two main factors: the individual 
plastic behaviour of the coating and that of the 
substrate. 

All of the samples show a reasonably uniform strain 
distribution until the substrate yields. At this point the 
strain of sorne areas of the sample deviates from the 
remete strain (see Figs. 4, 7 and 8). Cracks are initiated 
in all the samples only once the substrate has yielded, 
therefore the plasticity of the substrate is likely to play 
a very important role in the crack distribution. 

Since strains are likely to be highly concentrated when 
the substrate starts yielding, it is difficult to make a 
good estímate of the strain to fracture of the coating. 
Optical measurements can be considered to be under 

estimares but closer to the real value than the remete 
strains. 

lt is well known that if the coating is able to deform 
plastically its fracture resistance increases. Using the 
elastic and plastic properties for the aluminide coating 
reported by Heine et al. [7] and considering that the 
equilibrium temperature of the coating-substrate system 
is 11 00°C, a simple two bar model predicts that the 
coating yields after the substrate at 300°C, whereas at 
490 and 600°C the coating yields before the substrate. 
This implies that the coating at 300°C would show 
limited plasticity, whereas at 490 and 600°C the whole 
coating is plastically deformed. 

Using the ideas proposed above, the fracture at 300°C 
could be explained as follows: the first crack is likely to 
initiate in the area of the coating situated above the 
substrate slip band, since this area is being subjected to 
the highest strains. Outside the slip region the coating is 
under elastic conditions which allows sorne of the 
cracks to propagate catastrophically over the whole 
coating width (brittle behaviour). However, not all the 
cracks propagate away from the slip band. and at the 
end of the test two sets of cracks were observed, one 
covering the whole sample surface and the other 
confined to the coating area over the slip band (see Fig. 
10). Consequently, the value of 0.84% as a strain to 
fracture is an under-estimate for crack initiation sínce it 
occurs in an area of the coating that is under highly 
localised strains (slip band), but it is a sensible value for 
crack propagation. The fracture toughness at 300°C can 
then be estimated by using linear elastic fracture 
mechanics. This value has been found to be 6 MPa...Jm 
for a 30 ¡..tm thick coating, assuming that the equilibrium 
temperature between the substrate and the coating 
occurs at ll 00°C, the diffusion treatment temperature 
[8]. 

In the 490°C test, the entire coating yields prior to the 
substrate, hence its fracture behaviour is ductile over the 
whole sample in contrast to the 300°C test. So, 
irrespective of the size of the cracks initiated, they 
failed to propagare spontaneously beyond the limits of 
the area of interacting substrate slip bands. In other 
words, the cracks are able to initiate and propagate 
within the highly strained diamond-shaped area but not 
in the adjacent zones. The observed quasi-static crack 
growth would be related to the incremental thickening 
of the active slip bands with increasing applied strain. 
In the authors' opinion, better estima tes of the strain to 
fracture are obtained using the strain leve! at which long 
cracks (1 mm) appear rather than the strain leve! for 
small crack (0.1 mm) appearance. This is considered to 
be reasonable since when the lmm cracks appeared 
across the optical gauge the strain in this region had 
homogenised. Long cracks were observed above a local 
strain leve! of 4%. 
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The coating fracture in the 600°C test displays the same 
behaviour as the 490°C test, the difference being that 
the cracking is produced when most of the substrate is 
behaving plastically (wide slip bands). This explains the 
fact that the cracks are much Jonger than at 490°C. The 
strain measured at the optical gauges near the edges are 
greater than the remote strains in contrast to the 490°C 
test (compare Fig. 7 and Fig. 8). The first crack 
appeared when a 7% strain was reached in the middle of 
the sample. The 4% strain leve! in the adjacent areas 
was able to support propagation. 

Table 2 summarises the estimated values of the local 
strain to fracture proposed. 

Table 2. Fracture conditions on the front surface. 

Test tcmperature [0 C] 300 490 600 700 

remote strain to fracture [%] 0.84 0.84 2.16 >11 

local strain ro initiate crack >200 ¡.¡m[%] :2:0.84 -4 -7 >11 

local strain to propagation [%] 0.84 >3 -4 -
coating behaviour: D = ductile, B = brittle B D D D 

displacemems .l free surface YES NO NO VES 

5. CONCLUSIONS 

The strain to fracture of an aluminide coating on the 
single crystal superalloy SRR99 has been measured 
under tensile conditions at different temperatures. 
Remote strains to fracture vary between 0.84 and 2.16% 
over the 300 to 600°C temperature range. These va!ues 
appear to be higher than those reported in the 1iterature. 
On the remote strain basis, the DBTT is placed between 
550 and 650°C. 

The crystallographic orientation of the tensile axis has 
been found to play an important role in the position of 
crack initiation sites over the test piece by determining 
the activated substrate slip systems. Due the substrate 
yielding behaviour the strain on the coating is not 
homogeneously distributed. 

It was possible to obtain local estimates of the strain to 
fracture using strain measurements made over 3 mm 
long gauges. This method partially overcomes the 
problem of strain non-uniformity. These values vary 
from 0.84 to 7% over the temperature range 300 to 
600°C. 

The local strain values put the onset of ductile coating 
behaviour between 300 and 490°C. 
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