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4 Discussion 
 
Under isothermal conditions the alloy initially forms a two-layered oxide consisting of 
an outward growing layer of magnetite (Fe3O4) and an inward growing layer consisting 
of an iron chromium spinel (Fe3-xCrxO4).  The thickness of these two layers is 
approximately the same (theory would suggest that the ratio of these two layers should 
be 1.2, see below).  As the oxide grows any differences in the ratio of the two 
thicknesses is indicative of oxide spallation.  The rationale for this has been explained 
by Knödler [6] and is as follows. 
 

• The inner layer grows inside the steel via oxygen diffusion, with the oxygen 
replacing the original iron. 

• The outer layer grows via iron diffusion consisting of the iron atoms displaced 
by the oxygen atoms of the inner layer. 

• There is no net loss in iron unless spallation occurs, hence the sum of the iron in 
alloy and the outer and the inner scales must be constant. 

Figure 14 P92 exposed to flowing 50%Ar+50%H2O at 650°C, isothermal test 
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• Inner oxide:  

 
• 1 cm3 is equivalent to 8 g Fe 
• 1 cm3 of oxide is equivalent to 5 g of oxide 
• Loss of 3 gcm-3 due to the formation of the inner oxide 

 
• Outer oxide: 
 

• 1 cm3 of oxide is equivalent to 5 g of oxide 
• Gain of 5 gcm-3 due to the formation of the outer oxide 

 
In the case of the inner scale in 1 g of oxide there is 0.72 g of iron.  Assuming an oxide 
density of 5 gcm-3 this is equivalent to a volume of inner scale of 0.2 cm3.  Now 
consider the outer scale, the iron content before oxidation was 1.6 g in 0.2 cm3, it is 
now 0.72 g, therefore there is a 0.88 g difference.  This amount of iron has to have 
moved to the outer scale forming an oxide of 1.2 g, which corresponds to a volume of 
0.24 cm3 of oxide.  Therefore the ratio of outer to inner scale should be 0.24/0.2 = 1.2, 
assuming no spallation has occurred.  Using this relationship it is possible to estimate 
the degree of spallation using Equation 1, as shown in Figure 15. 
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where W is the mass change, μtot is the total scale thickness and k is the ratio of the 
inner scale thickness to the outer scale thickness. 
 
 

Theoretical weight change
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Figure 15 Plot of weight change with total oxide thickness showing the percentage spallation [6] 
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As the oxide scale thickens defects can become larger and diffusion of additional iron 
atoms slows and stops.  Thermodynamics will lead to the transformation of magnetite to 
haematite (Fe2O3), which will decorate the outer surface, cracks, and pores of the oxide, 
as shown in Figure 14.  Under cyclic conditions damage can accumulate at a much 
faster rate due to thermal strains and growth strains in the scale, the severity of these 
strains will be dependant on, amongst other things, nature of the thermal cycle and the 
rate of heating and cooling. Using the above analysis method the degree of spallation 
has been calculated and is presented in Table II. 
 
Table II Calculation of percentage-spalled oxide from the thermal cycling tests 

Test ID Time, h Cycles % Spallation 

92 4 NA 
138 6 NA 
184 8 NA 
264 11 NA 
312 13 NA 
360 15 NA 
504 21 NA 
504 21 NA 
600 25 NA 

1 

624 26 NA 
360 8 6 
630 13 -6 (1) 
990 21 -21 (2) 2 

1080 23 NA 
360 8 12 
630 13 11 
990 21 12 3 

1080 23 10 
160 8 11 
280 14 38 
360 22 3 
440 24 20 

4 

630 30 1 (3) 
(1) Haematite forming producing a thicker outer scale 
(2) Dense oxide being retained 
(3) Spalling occurred but oxide retained 
  

Consider now the micrographs of the thermal cycling specimens, these show quite 
distinct behaviour between the four different thermal cycles.  Consider first tests 2 and 
3 which were both conducted with a 45 hour hot dwell and a 2 hour cold dwell, but with 
test 3 cooled faster using forced cooling.  The total oxide thickness between the two 
tests is comparable, as shown in Figure 9.  The specific mass change is initially the 
same but as the specimens go through more thermal cycles the mass change for test 2, 
where the specimens cool slower, increases whilst the mass change for test 3 increases 
at a slower rate and eventually losses mass.  Examination of the scale morphology 
shows that under the faster cooling rate the oxide appears to have more defects in the 
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form of porosity within it.  In both cases there is evidence of interlaminar fracture and 
transformation of magnetite to haematite, as shown in Figures 11 and 12.  Comparing 
test 4 with test 1 which had similar hot dwells (16 hours and 20 hours respectively) but 
with test 4 having forced cooling it is clear from Figure 9 that the two sets of specimens 
showed similar increases in total oxide thickness.  Data on the specific mass change for 
test 1 is not available so no comparison on mass change is possible.  Examination of the 
micrographs shown in Figures 10 and 13 show both tests produced extensive damage to 
the oxide scale, in the case of test 1 this was evident after 11 cycles and in the case of 
test 4 after 22 cycles.  The damage in the oxide accumulates until interlaminar 
separation of the magnetite and the spinel occurs, transformation of the magnetite to 
haematite then proceeds, eventually transforming the whole magnetite layer into 
haematite.   
 
Table II shows the calculated theoretical percentage spallation.  Whilst this calculation 
is not available for Test 1 it can be applied to the three other tests.  The table indicates 
that more severe spallation occurred when forced cooling was applied, this is consistent 
with our understanding regarding the strain development in scales during temperature 
transients.  It is curious that the calculated spallation for the specimens exposed in Test 
2 shows a negative trend; this is likely due to the magnetite transforming to haematite 
where the addition of extra oxygen atoms has the potential to increase the mass gain by 
32 atomic mass units for every oxygen molecule whilst reducing the volume thereby 
producing a more dense oxide.   
 
Table II shows that there is increased spallation for Test 4 when compared with Test 3, 
which both employed forced cooling.  The difference between the two tests is that Test 
4 had a much faster cycle time, thereby introducing greater damage in the thinner oxide 
scales.  Whilst the oxide in Test 3 was allowed to grow for longer and become denser, 
thereby it could be postulated, imparting more strength to the scale and providing more 
resistance to spalling.  The micrographs in Figure 12 would attest to the intrinsic 
strength of the scale as even though delamination has occurred the oxide is retained. 
 

Figure 16 T91, 61kh at 566°C, 138 bar (courtesy of Ian Wright, ORNL) 
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The aim of this work was to produce a test that would generate scales which simulated 
plant scales more accurately.  Figure 16 shows four micrographs from a section of T91 
tubing exposed at 566°C for 61 kh at 138 bar.  The images show the spallation sequence 
as it progresses.  The issue with regards to the thermal cycling test is which condition 
best simulates the scale formed.  Examination of Figures 10 to 13 would indicate that 
tests 1 and 4 best replicate the defect structure, with test 3 showing signs that the correct 
structure is being formed although in this case spallation is not seen optically and 
haematite is not as prevalent, evidence of spallation is seen in the calculation shown in 
Table II however.  Thus the results show that the hot dwell time and number of cycles is 
a more dominant factor than the cooling rates used in this work to generate the correct 
oxide scale morphology.  The dwell times needs to be sufficient to grow the oxide and 
the cooling rate slow enough to accommodate strain redistribution.  Hence in this case 
the combination of a fast cycle, i.e. 20h hot 4h cold, coupled with a slow cooling rate, 
i.e. ambient cooling of 18°C/min has produced the best comparison to plant grown 
scale.     
      
 
5 Conclusions 
 

• A new thermal cycling rig has been designed and built which provides the 
robustness to perform a wider range of thermal cycling tests under a range of 
possible atmospheres, temperatures, heating and cooling rates. 

• This new rig has been shown to be comparable to the old NPL thermal cycling 
apparatus but with improved robustness brought about by the use of metallic 
work tubes rather than ceramic. 

• Tests have been performed on a number of P92 specimens to investigate the 
effect of two critical test parameters, namely the cycle time and the rate of 
cooling. 

• The results have shown that collection of mass change data is vital for these 
types of test as this parameter is more sensitive and a better discriminator 
between the four tests conducted as part of this study.  This data shows that 
there is an effect from both the cooling rate and cycle time, which is not wholly 
apparent when purely considering the total oxide thickness data. 

• The results indicate that there is an upper limit to the oxide thickness, beyond 
which further oxidation is restricted and spallation becomes energetically 
favourable.  The precise value is dependant on the cycle but would appear to 
have an upper limit of 200 microns. 

• The more severe the thermal cycle, in terms of cooling rate the greater the 
amount of damage developed in the oxide.  This is because the oxide layers do 
not have sufficient time for the thermal strains to relax through creep. 

• Examination of the oxide micrographs show that under the faster cooling rates 
the oxide has more defects and porosity.  It is this porosity that leads to 
accelerated spallation and interlaminar cracking.  This cracking also leads to the 
formation of haematite as the test progresses. 

• The combination of a relatively fast cycle time with a slow cool produces the 
best replication of service grown scale.  In this work this was seen with the 24h 
cycle with ambient cooling, future work looking at the combination of a 24h 
cycle with forced cooling and an 18h cycle with ambient cooling would also be 
of benefit to examine more discreet changes in the test parameters.    
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