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Resumen. El presente trabajo aborda la investigación del daño en recubrimientos de difusión sobre una 
superaleación monocristalina de base Ni sometidos a fatiga termo-mecánica (TMF). Se estudia el 
comportamiento del recubrimiento para rangos de deformaciones mecánicas medios, donde la fatiga, el 
creep y la oxidación interactuan con mecanismos de daño frágiles. Para ello, se han utilizado imágenes 
adquiridas durante y despues de los ensayos de TMF que proporcionan información sobre el estado de 
la probeta. El análisis de estas imagenes ha permitido cuantificar el daño en el recubrimiento. Las 
medidas resultantes se utilizan para estimar la contribución de mecanismos dependientes e 
independientes del tiempo al daño global del recubrimiento y relacionarlo con la microestrura de 
solidificación del sustrato. 

Abstract. The work presented is a characterisation of the coating damage accumulated during strain 
controlled thermo-mechanical fatigue (TMF) tests. Aluminide coated SRR99 samples were tested over 
strain ranges where creep, fatigue and oxidation heavily degrade the coating prior to the fatigue failure 
of the substrate. Light microscope images recorded during and after TMF tests were used for the 
quantification of coating damage. The results are discussed in terms of the relationship between coating 
cracking and the solidification structure of the substrate, and the relative contributions of time 
independent and time dependent damage mechanisms to the degeneration of the coating. 

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURE 

287 

Nickel-base superalloy aero-engine blades are 
frequently covered with a protective nickel-aluminide 
diffusion coating in order to provide corrosion 
resistance at the high temperatures which are attained 
during engine operation. The effect of the presence of 
the coating upon the operationai lifetime of these blades 
is an issue of major concern. 

Cylindrical bars of the single-crystal Ni-based 
superalloy SRR99 each with the long axis oriented 
within 10° of the <001> direction were supplied by 
Rolls Royce pie. Test bars were manufactured with a 
rectangular cross section (12x3mm) such that each of 
the remaining <001> directions lay perpendicular to the 
flat surfaces ofthe gauge section. 

The understanding of the mechanical performance of 
these systems is important when formulating useful 
Iifetime prediction models for engineers. Brittle coating 
fracture has been previously described during TMF tests 
performed with large strain ranges [1-3]. However, 
there is a lack of reported work covering coating 
damage at low and mediurn strain ranges. 

The work presented is an initial characterisation of the 
gradual accurnulation of coating damage, principally 
resulting from time dependent mechanisms, in terms of 
the lifetime of the complete TMF sample. 

After machining the specimens were NiAI coated. The 
coating was applied via a pack cementation process 
using a high activity Al charge for 4 hours at 870°C. 
Further heat treatment was carried out to complete the 
Al-diffusion into the substrate. A final ageing heat 
treatment was used to produce the desired y' 
precipitation structure in the substrate. 

The as-received coating has two principie layers. The 
outer layer, referred to as the main coating , is a heavily 
textured polycrystalline B2-NiAl structure with a 
composition close to that of stochiometric NíA! [4]. 
Between the main coating and the superalloy lies the 
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sub-coating diffusion zone, which shows a high carbide 
concentration. 

Strain-controlled TMF tests with a 135° lag between 
temperature and strain were carried out. The 
temperature was varied, between 300 and 1 050°C, with 
a complete period of 90 s; 30 s for heating up and 60 s 
for cooling down. Two types of cycle were performed 
corresponding to two different strain ratios, i.e. 
R(strain) =O and R(strain) =- oo. 
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Fig. 1. The TMF strain-temperature controlloops used. 

From a wide programme of TMF tests, two samples 
were selected to study the coating damage since they 
did not show a completely catastrophic coating failure 
at the beginning of the test. The mechanical strain
temperature cycle applied to each specimen is shown in 
Fig. l. Details about TMF testing conditions and the 
size of the different coating layers are summarised in 
Table l. TMF life was defined as the number of cycles 
needed to reach a 33% drop in the cyclic saturation 
stress. 

Table 1. Nominal condition ofTMF tests. 
TMF Thickness 

conditions (±2.5gm) 

R 1 LlE 1 Life M a in Sub 
(%) (cycles) coating coating 

As Received --- 47.5 16 
A Ol 0.8 1 2809 42.5 17.5 
B -00 1 0.7 1 10625 38.5 23.5 

One of the wide flat sample surfaces was scanned 
during TMF testing at specific cycles by a video camera 
system with a resolution of 3.5 ¡.un/pixel. This 
procedure supplied a set of digitised light microscope 
irnages of the coating surface, traceable to the test cycle 
number [5]. 

Use was made of an incremental polishing and image 
processing procedure designed to allow coating 
characterisation, as a function of depth, over large areas 
[6]. Fragments of the failed samples were mounted and 
layers of coating were removed from the scanned 
surface. During testing the thickness of the coating can 
change by various processes so, depending on the 

testing cqnditions, the depth to the sub-coating, for 
example, will be different. Depth values should be 
treated as maximums since the starting plane is defined 
by the highest peaks on the sample surface. Images of 
the new surface after each polishing step were digitised 
for storage and measurement. 

Both sets of images were processed to obtain crack 
statistics, partially via use of image analysis software 
[7]. Crack statistics were derived from the stored 
positions of the crack tips or nodes in networks created 
from crack segments. The type of processing performed 
depended on the ability to identify discrete craeks. 

3. RESULTS 

3 .1 Surface-damage generati on during TMF testing 

The total sample surface was divided in cells of 
500x500 ¡.tm2

• The totallength of crack-like features per 
cell (damage) was calculated . 
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Fig. 2. Surface damage du~ng testing of sample A. 
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Fig. 3. Surface damage during testing of sample B. 

The highest mean damage values were found to be 11 
mm- 1 at N=l820 (65% life) and 22.5 mm·1 at N=5085 
(48% life) for samples A and B respectively. These 
values were used to normalise the rest of the data. 
Figures 2 and 3 show the relative increase in the 
damage on the outer surface of the coating during 
testing for specimens A and B. The stress developed at 
peak loading in each cycle is also plotted. 
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In specimen A, R = O, the damage retains an almost 
constant value until 30% of life, up to which point long 
brittle cracks (from 100 to 165!-lm) contribute markedly 
to the overall damage. Beyond this stage, a considerable 
increase in damage takes place (Fig. 2). 

In specimen B, R = -oo, a significant part of the total 
damage is induced at the early part of the test, and 
increases linearly from the first TMF cycles (Fig. 3). 
Large numbers of features resembling slip steps 
contribute to the increase in the damage within the 
number of cycles analysed. The presence of a phase 
which is susceptible to. reversible transformation (B2<::> 
Ll 0) has been detected at the end of life [8]. This phase 
transformation involving large volume changes can act 
as an alternative source of damage during thermo 
mechanical cycling. 

For both specimens, evidence of the operation of creep 
mechanisms such as grain boundary void formation and 
the development of a network of polygonal subgrains 
have been detected [9]. 

3.2 Crack characteristics ata small fraction oflife 

Fig. 4 shows the distribution of crack-like feature Jength 
at 0.2% (after 8 cycles) and 0.8% (after 86 cycles) of 
TMF life for samples A and B. The two distributions 
are clearly different. Specimen A presents a broad 
distribution of sizes from O to 250!-lm, in contrast with 
specimen B in which a sharper maximum was detected 
at sizes around 30!-lm. The contribution of longer 
defects in specimen A was clearly reflected in the 
average crack size of 8211m compared with 331-lm for 
specimen B. 
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Fig. 4. Size distribution of crack-like features on the 
surface of specimens A and B. 

Estimates were also made of the spacings of crack-like 
features in directions both parallel or perpendicular to 
the load axis. Spacings around 20+40f.Ull were found to 
be the most frequent. The spatial distribution of the 
longest cracks (~ 1 0011m) in specimen A was not 
uniform. In test A the cracking took place mainly 
perpendicular to the applied load axis, whereas in test B 

a significant number of highly damaged regions 
developed parallel to the loading direction. 

3.3 Crack characteristics mid-test 

During the testing of sample A, the spatial distribution 
of damage increasingly homogenised. The presence of 
localised "long" damage, at N = 8, was later dwarfed by 
the appearance of "short" damage. In test B, a highly 
uniform distribution of damage was maintained 
throughout the test. Figure 5 shows the spacings, 
between crack-like :mrface features, in a direction 
parallel to the loading axis. 
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Fig. 5. Crack-like feature spacings on the surfaces of 
samples A and B near mid-test. 

3.4 Crack characteristics at the end ofthe test 

Crack spacing estimates were also made on higher 
contrast images following the removal of part of the 
highly roughened and oxidised outer coating. The 
results are reported in this section and compared with 
the measurements made on the surface. 

The results from polished sections showed that crack 
formations are different depending on the polished 
depth. Figures 6 to 11 are light micrographs of the 
coating at different depths below the outer surface for 
both specimens. Partía! removal of the outer coating 
from sample A reveals a connected network of fine 
cracks (see Fig. 6). Fissures run both parallel and 
perpendicular to the load axis, and the cracks are often 
branched. As the sub-coating is approached (Fig. 7) the 
density of cracks is reduced, and discrete cracks can be 
identified. The largest cracks show high material loss in 
the centres. These cracks tend to be un-branched. Major 
defects appear stacked in vertical columns over parts of 
the sample, most clearly in the centre-right portion of 
the figure. Damage free areas have appeared towards 
the bottom corners. Fig. 8 shows the bulk superalloy in 
the same position as Fig. 7. Here it appears that, just 
below the sub-coating, cracks are present in the porous 
parts of the substrate. The crack density is relatively low 
and the cracks tend to show little opening. 
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Fig. 6. Specimen A, depth = 48f.lm 

Fig. 7. Specimen A, depth = 66f.lffi 

Fig. 8.Specimen A, depth = 94f.Lffi. 

Fig. 9 shows a network ofwide fissures (black contrast) 
that were often filied with oxidation products. The 
network is continuous over large areas. Fine branching 
is less readily visible. Voids and oxide particles were 
observed in the remaining metallic (grey contrast) parts. 
At greater depth, two sets of cracks are clearly revealed 

Fig. 9. Specimen B, depth = 54f.Lm. 

Fig. 10. Specimen B, depth= 68f.lffi. 

Crack statistics at different depths were derived from 
measurements made over areas of 5x3 and 7x2 mm2 

for specimens A and B respectively. Spacings in the 
loading direction between consecutive cracks are shown 
in Figs. 11 and 12. For outer regions of sample A, depth 
48f.lm, a maximum between 40 and 60f.lm appears. A 
broad peak at about 130f.lm was detected at depth of 
66f.lffi, whilst for inner regions no clear peak was 
found. The peak in the spacing distribution of sample B 
is found to be 80+ 1 OOf.lm for the o u ter !ayer, shifting to 
1 00+ 120f.lm as the sub-coating is approached. 

Figures 13 and 14 show the mean and maximum crack 
density values as a function of the depth. They are 
compared with the surface damage values found at 
approximately mid-life. 
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Fig. 11. Spacing in the loading direction between 
consecutive cracks for test A. 
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Fig. 12. Spacing in the loading direction between 
consecutive cracks for test B. 
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Fig. 13. Mean crack length per mm2 vs.depth 
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Fig. 14. Maximum crack Jength per mm2 vs.depth. 

4. DISCUSSION 

Coating surface damage in the early stages of life was 
clearly different in specimens A and B since a 
significant proportion of long cracks were detected in 
specimen A but not observed in B. This difference 
could be explained as follows. In test A (R=O) was 
subjected to maximum tensile stresses in cycle number 
l. As a consequence, pseudo-brittle coating cracking is 
promoted at the beginning of the TMF test. In test B (R 
= -oo) maximum stresses are applied about halfway 
through the test. Therefore, the presence of brittle 
coating cracking cannot be expected in the first TMF 
cycles. 

Peak values in the size distribution of crack-like surface 
features for both samples are from 20 to 40¡..un and can 
be related to the average B2-NiAl grain size (see Fig. 
4 ). A peak in the spacing distribution from 20 to 60¡..un 
(l to 2 times B2-NiAl grain síze) is fmina at the coatíng 
surface and in the outermost layers (Figs: · 5 and 11 ). 
Both values, spacings and sizes, suggesf that damage 
was produced via mechanisms on the scale of the grain 
size over the whole sample surface. Graín boundary 
related creep and oxidation phenomena are candida:tes. · 

Further similarities in samples A and B are found when 
a comparison is made between crack spacings parallel 
to the strain axis within the coating. For intermediate 
depths corresponding to the main coating to sub-coating 
transition (Figs. 11 and 12), the presence of a clear peak 
at around 120±20¡..un is found. This value approxímates 
to the dendrite secondary arm spacing of the 
solidification structure (A .. 2). Such a spatial periodicíty 
suggests that the long cracks that Jead to the fatigue 
failure of the specimen (Fig. 7 and 10) are generated in 
the sub-coating and are associated with the 
solidification structure [6]. The broad peak in the crack 
spacing in outer layer of sample B could be interpreted 
as a combination of spacings associated with the coating 
B2-NiAl grain size and substrate A.2 (Fig. 12). 

The substrate shows variations in chemistry and in the 
position of the stress raísing defects, with a periodicity 
of A.2 (secondary dendrite arm), which are remnants of 
casting microsegregation. As a result of this variation 
"imprinting" on the diffusion coating, sample A (R = 0), 
that was subjected to high stresses at low temperatures 
perhaps shows fatigue cracks predominately initiated at 
casting defect positions, and sample B that was 
subjected to R= - oo test conditions shows creep cracks, 
across the coating, related to both chemical and 
mechanical periodic variations. Therefore, damage 
generation in each test showed similar spacings. 

In situ surface damage measurements carried out on the 
coating at 64.8 and 47.9% ofthe TMF lives, in samples 
A and B respectively, were found to match qualitatively 
those measured in post-mortem polished samples, even 
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if there were large differences in the number of cycles 
between the two determinations (see Figs. 13 and 14). 
These similarities could be justified if, at half life, the 
outer layer of the coating is already approaching 
saturation and a substantial degree of crack propagation 
into the substrate has taken place. Consequently, from 
this stage on, the coating is relaxed and cracking will 
principally occur in the substrate. 

The damage kinetics appear to be very cycle-type 
dependent. The extent of darnage, that is produced at 
the start of the test differ greatly. In the R = O test, a 
high proportion of early brittle cracking was identified. 
The damage amounting to over half that estimated to 
have been produced in the R = -oo test was present at the 
beginning, and did not appear to include the brittle 
mechanism (overloading). It is suggested that a 
combination of creep and plasticity in the hot part of the 
cycle and the influence of a phase transformation have 
contributed to the difference in damage between both 
tests at the start. The subsequent increase in darnage in 
both tests involves inseparable combinations of creep, 
fatigue and oxidation. 

5. CONCLUSIONS 

Surface images collected during TMF tests perforrned 
on aluminide coated SRR99 can be used to follow the 
damage kinetics. 

It appears to have been possible to sort sorne of the 
darnage by mechanism when the characteristics differ 
sufficiently (for example, long brittle cracks in R = O 
tests) from others operating. 

When the same coating is exarnined destructively at the 
end of test there is evidence for both cracks on the grain 
size scale and mechanical darnage with spacings 120± 
20J.Ull. 

A relationship between substrate solidification structure 
and coating cracking has emerged. The evidence 
supports the idea that a large proportion of coating 
damage is related to existing periodic substrate 
variations and is independent of TMF loading history 
(R = O or R = -oo ). 
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