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Figure 3.2: Schematic of deformation in a metal/ scale system resulting from the 
scaling process (Tolpygo et al. , 1998). 

Once oxidation has stopped and the system has cooled to room temperature, 

assuming no plastic deformation has occurred during the cooling process, the scale 

will contract and therefore the compressive stress in the oxide scale is reduced by 

Accompanying thermal contraction is thermoelastic strain in the oxide, 

brought on by the oxide and the metal being mutually constrained to one another 

Thus, the total strain in the oxide for an adherent metal/ oxide system subjected to 

oxidation and cooling is as follows , 

ctotal (t) = (a -Ct. + cG (t) + ccreep(t) + cG + ET 
OX OX m OX OX OX OX (3.2) 
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In order to maintain mechanical equilibrium, which is the balance between compres-

sive stress in the oxide and tensile stress in the metal, the total strain for the metal 

and oxide should be equal (Tolpygo et al., 1998). 

In Equation 3.2, the last two terms represent the total oxide elastic strain at room 

temperature, described by the expression below: 

(3.3) 

where e~ is the elastic strain due to oxidation, c~ the elastic strain as a result of 

cooling, a ox the residual stress in the scale, determined experimentally, Vox the oxide's 

Poisson's ratio, and Eox Young's modulus of the oxide (Tolpygo et al., 1998; Evans 

and Lobb, 1984). All the values of the aforementioned parameters are recorded at 

room temperature. 

Assuming the oxide is very thin compared to the metal (hox/hm --+ 0), no relax­

ation occurs during cooling and the scale remains intact with the substrate, Hooke's 

law can be applied to Equation 3.3 giving an expression for calculating the intrinsic 

growth stress in an oxide scale at oxidation temperature, 

(3.4) 

a~ is growth stress at oxidation temperature, a~ thermal mismatch stress in the 

oxide after cooling, aox residual biaxial stress in the scale at room temperature, Eox 

Young's modulus of the oxide at room temperature, and E'IxYoung's modulus of the 

oxide at oxidation temperature (Tolpygo et al., 1998). Detailed derivation of the 

Equation 3.4 can be found in Appendix A. 

Rearranging Equation 3.4 to obtain a~ and substituting into the force-balance 

argument, while maintaining the assumption that the hox/hm approaches zero, tensile 
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stress in the metal at oxidation temperature can be calculated (Equation 3.5). 

(3.5) 

If tensile stresses in the metal exceed the material's yield strength at oxidation tem­

perature, the metal will ultimately extend and elongate to relax the tensile stresses, re­

sulting in creep deformation. Such deformation in the metal was observed by Tolpygo 

and Clarke (1998) shown in Figures 3. 3ab. 
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Figure 3.3: (a) Development of tensile stresses in the metal as a function of oxidation 
time, (b) total strain in the metal/oxide system as a function of time (Tolpygo et al., 
1998). 
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Figure 3.3a depicts development of tensile stress in the metal as a function of 

oxidation time. The oxidation process occurs in a shorter time with increasing oxi­

dation temperature. Moreover, yield strength of the metal at such high temperature 

decreases to about 1\5 of its maximum yield strength at room temperature, which 

allows for elongation at oxidation temperature, shown in Figure 3.3b. These evidences 

reaffirm the presences of stress relaxation in the oxide/metal system. 

Another finding by Tolpygo et. al. (1998), shown in Figures 3.4ab, indicate that 

strain increases with increasing oxide thickness. 
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Figure 3.4: (a) Total strain in the metal/oxide system as a function of increasing oxide 
thickness (Tolpygo and Clarke, 1998a), (b) growth strain developed in the oxide scale 
as a function of increasing oxide thickness (Tolpygo et al., 1998). 
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In brief, oxide growth generates compressive stress in the scale, which eventually 

lead to tensile stresses in the metal inducing elongation of the metal substrate by 

creep deformation. 

3.3 Stress-Induced Oxidation 

Referring back to Figures 3.4ab, it is evident that increasing oxide thickness results 

in increasing strain in the metal/ oxide system. Employing the reverse argument, 

it can be reasoned that oxide growth is influenced by strain, which is induced by 

stress relaxation at high temperature. Additionally, it can be inferred that since the 

development of tensile stresses in the metal due to the oxidation process is responsible 

for deformation, application of an external tensile stress would aid in oxide thickening, 

and a compressive stress will further hinder the process. 

Exploring the above theory were Evans et al. (1978), where they proposed a 

model that examined the effects of stress on the oxidation kinetics in protective scales 

with respect to vacancy concentrations. They predicted that the oxidation controlling 

defects are in equilibrium at the oxide/metal and oxide/gas interface in the absence 

of stress. However, in the presence of stress the migration of defects responsible for 

oxidation may be influence and deferred from equilibrium. 

Assuming that the flux of anion vacancies through the oxide is the rate limiting 

step for oxide growth, the chemical reactions in which vacancies are formed are then 

in equilibrium at both the metal/oxide and oxide/gas interface. During oxidation a 

solid volume change (~n = nox- nm, transformation from a metal to oxide per ion) 

will occur, if this change is positive (~n increases) a compressive stress (uox) will 

be developed in the oxide. In order for oxidation to continue, work has to be done 

against this stress (uoa:~n). This will displace the chemical reactions at the interfaces 
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from equilibrium (Evans et al., 1978). 

Since the diffusion rate of vacancies is determined by the their concentration, and 

since that concentration is stress driven, the diffusion rate of vacancies is also affected 

by stress. Therefore, the anion vacancy flux as influenced by stress is, 

Dv [ C (uox6.0)] Jv CX: hox Cv,sur face - v,inter faceexp kT (3.6) 

where Dv the vacancy diffusion constant, and Cv,surface and Cv,interface the vacancy 

concentration at the oxide/gas and metal/o:xide interfaces, respectively. If the vacancy 

concentration at the metal/ oxide interface is much greater than the concentration at 

the oxide/gas interface, then Equation 3.6 reduces to, 

(3.7) 

where Di,e/1 is the effective diffusion coefficient for species i responsible for scale 

growth. In the absence of stress Equation 3. 7 reduces to the classic parabolic law 

(Evans et al., 1978; Limarga and Wilkinson, 2006). 

Further examination of Equation 3. 7 suggests that in addition to growth stress, 

external compressive stresses would further influence the vacancy concentration, thus 

decreasing the oxide growth rate. It also implies that provided the accumulation of 

compressive stresses were sufficient, the oxidation growth rate could approach zero. 

On the contrary a tensile stress would create the reverse effect, increasing the oxide 

growth rate (Evans et al., 1978). 

Support of the above mentioned observations and conclusions was provided in later 

years. Some mentionable investigations include: 

• Rolls and Shahhosseini (1982) on Fe-Si alloys showed that the scale thickness 

of a stressed specimen doubled in comparison to an unstressed specimen. Their 
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findings were attributed to the injection of vacancies into the substrate which 

reduced the concentration at the metal/ oxide interface. This facilitated the 

climb process necessary for dislocation creep; thus, oxide growth stress was 

relieved, and oxidation growth rate was increased. 

• Calvarin-Amiri et al. (2000, 2001) arrived at a similar conclusion to that of Rolls 

and Shahhosseini (1982), adding that the flux of vacancies into the substrate 

accommodated the volume increase required for continued oxidation. 

• Toesca et al. (1981) on sulphidation of a FeCrAl alloy suggested that exter­

nal tensile stresses caused an increase in through microcracks in scale. These 

microcracks exposed fresh metal to the harsh environment and allowed for fur­

ther oxidation. Additionally, their observations showed that stress increased 

scale porosity, and small equiaxed grains. They proposed, later reaffirmed by 

Calvarin-Amiri et al. (2000, 2001), that porosity, boundaries of the equiaxed 

grains, and microcracks act as fast-diffusion paths for oxidation, all of which 

undoubtedly increases the oxidation rate. 

• Limarga and Wilkinson (2006)on modeling the effects of bending and nitrida­

tion of 'Y - TiAl showed that scale thickness increased on the tensile side, and 

decreased on the compressive side in comparison to unstressed specimens. Ad­

ditionally, residual compressive stress in the scales was reduced on the tensile 

side of the specimen, and increased on the compressive side. Experimental work 

showed possible agreement. 

In short, the aforementioned works and many others were in agreement with Evans 

et. al. (1978): the application of a mechanical load alters oxidation growth rates from 

its general parabolic trend to non-parabolic. 
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Chapter 4 

Experimental Procedure 

A previous study at McMaster University modeled the coupled effects of intrinsic 

growth stress and stress due to creep influences on scale growth rates in 1- TiAl. 

These works suggested that the application of tensile stress would increase the growth 

of a scale, while compressive stresses would reduce its growth rate. The experimental 

procedures and techniques outlined in this chapter have been designed and selected 

in order to better understand the relationship between scale growth rate, intrinsic 

growth stress and applied stress using the Fe-Cr-Al system. 

4.1 Material Selection 

The material selection was based on simple criteria: the material must form a simple 

uniform oxide, and counter diffusion of cations and anions must occur within the 

oxide layer promoting intrinsic growth stresses (see Section 2.2). Additionally, the 

material is to be doped with a reactive element in order to decrease oxide growth 

rate, increase scale adhesion and promote columnar structure, which is compact and 

protective (Stott, 1997; Jedlinski, 1997; Wilber et al., 2000). 
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In this study the chosen material was an iron-chromium-aluminum alloy, Kanthal 

Al, donated by National Electric Wire Company (New Jersey, USA). The composition 

of the alloy was given as 22 wt% chromium, 5.8 wt% aluminum with the balance being 

iron. Chemical analysis by glow discharge showed evidence of doping with zirconium, 

0.1 wt%. X-ray diffraction pattern indicated that the material was single-phase and 

had a body centered cubic crystal structure, as shown in Figure 4.1. The material was 

supplied as an extruded 4' (1.22 m) rod approximately 0.560" (14.22 mm) in diameter. 

Due to the extrusion process the material's microstructure was highly deformed with 

large amounts of low angle grain boundaries, as shown in Figure 4.2. 
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Figure 4.1: X-ray diffraction pattern of the as-received Fe-Cr-Al showing a single­
phase body-centered cubic structure. 
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4.2 Sample Preparation 

4.2.1 Creep and Oxidation 

Two kinds of samples were machined: square samples (10 mm x 10 mm x 2 mm) 

for pure oxidation, and tensile samples for oxidation with applied stress. In order 

to achieve uniform oxidation and reduce contamination a hole was machined in the 

corner of the square sample so that it could be hung in the furnace with FeCrAl wire. 

A schematic of the square sample is shown in Figure 4.3a. The tensile sample was 

machined with a 19 mm radius at the gauge to ensure that elongation occurred at 

the center during creep testing. A schematic of the tensile sample is shown in Figure 

4.3b (Carroll et al., 1989; Luecke et al., 1995). 

A random grain structure was desired in order to eliminate the effects of substrate 

texture on scale morphology. To achieve this, both types of samples were annealed 

in argon gettered with zirconium for 24 hrs at 1200°C. Figure 4.4 shows an annealed 

square sample with random grain orientation. To obtain optimal residual stress mea­

surements (among other measurements) and minimize surface roughness effects, the 

sample was further polished down to a 1 p,m finish, ultrasonically cleaned in acetone, 

rinsed with ethanol, measured and weighed. 
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4.2.2 Transmission Electron Microscope (TEM) 

A TEM sample was prepared to determine the crystallographic phase of the thermally 

grown oxide (TGO). Typically x-ray diffraction (XRD) would be used for such charac­

terization, however in this instance this technique could not offer conclusive evidence 

of the structure due to the TGO thickness being much smaller than the x-ray pen­

etration depth. Therefore, a TEM specimen was prepared by carefully scraping the 

TGO from its substrate and crushing it into powder form. It was then diluted with 

ethanol into solution and sonicated. A drop of the solution was placed on a carbon 

TEM grid and left to dry. 

4.3 Oxidation Experiment 

A basic furnace equipped with two platinum thermocouples, furnace control and tem­

perature overage, were used to oxidize the sample. A third thermocouple connected 

to a computer was placed near the sample to ensure that oxidizing temperature was 

within ±5°C. The sample was then dusted with air and hung in the furnace with 

FeCrAl wire. The furnace was insulated at the top and bottom with alumina wool 

in order to maintain a constant temperature. Oxidation was done at 1200, 1250, and 

1300°C for 6, 12 and 24 hrs, with heating and cooling rates approximately 20°C/min 

and 7°C/min, respectively. Time started once the desired temperature was reached. 

The chosen temperatures served two purposes. First, they maximized the com­

pressive stress buildup in the scale within the time interval studied, which made 

for better residual stress comparison with the tensile samples. Temperatures below 

1200°C were not suitable as maximum compressive stress could only be reached after 

30 hrs or more of oxidation (Tolpygo et al., 1998; Tolpygo and Clarke, 1998a). Sec­

ondly, these temperatures ensured that only a-Al20 3 scales were formed, simplifying 
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required analysis of the scale (Stott, 1997). 

4.4 High Temperature Tensile Creep Experiment 

A direct load creep setup was used to perform the creep test in the same furnace setup 

as above (Section 4.3). Creep specimens were placed between two SiC pull rods. The 

bottom pull rod was connected to a weight pan where an additional load was placed, 

see Figure 4.6. The total weight acting on the sample included all parts connected 

below the sample. 

A scanning laser extensometer (Beta LaserMike, Ohio, USA) connected to a com­

puter terminal was used to monitor elongation of the gauge length marked by two SiC 

flags. The laser passed through a quartz window and the flags, forcing the beam to 

split into five segments as shown in Figure 4.5. Segment #2 and #4, seen in Figure 

4.5, were formed as a result of the beam hitting the flags preventing light from reach­

ing the detector. Elongation of the sample was measured by recording the increase in 

segment #3. Measurements were taken every 10 sand for every 0.001 mm increase in 

segment #3. Accuracy of each recording as reported by Beta LaserMike was ±2 J..Lm. 

Creep testing was done at 1200 and 1250°C for 6, 12, and 24 hrs. 

The experimental temperature 1300°C was excluded, as preliminary oxidation re­

sults showed that the formed scales were highly porous and non-uniform. An external 

stress would further increase porosity, and greatly affect residual stress measurements, 

i.e. findings would be meaningless (see Section 3.3, and Section 4.6). 

The applied stress was 1.177 MPa (600 g) for 1200°C, and 0.785 MPa (400 g) for 

1250°C. Due to the high oxidation temperatures, these were the maximum stresses 

that could be applied without causing fracture during testing or extensive strain that 

could lead to fracture during cooling. Fracture, by any means, would relieve the 
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Figure 4.6: Schematic diagram of creep setup. 
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4.5 Electron Microscopy 

4.5.1 Crystallographic Phase Analysis 

Crystallographic phase of the oxide was characterized using selected area diffraction 

(SAD) on the TEM CM12 (Philips, Netherlands) at 120 keV acceleration voltage. 

The SAD pattern was indexed using JCPDS 81-1667 as a standard. 

The d-spacing from the SAD patterns were calculated using: 

R·d=>..·L (4.2) 

where Lis camera length (530 mm),).. is the relativistic electron wavelength (0.00335 

nm), and R is the radius of the ring pattern (mm). The experimental d was subjected 

to a correction factor of 0.954 which was acquired from calibrating an ideal single 

crystal. 

4.5.2 Oxide Thickness Measurements 

Focused ion beam NVision-40 Dual Beam console (Zeiss, Germany) was used to de­

termine the thickness of the oxide layer. Sites were milled perpendicular to the sam­

ple surface revealing the cross-section of the oxide, the metallic substrate and the 

metal/ oxide interface, see Figure 4. 7. Prior to milling a platinum band was deposited 

at the milling site. This allowed for clear identification of the oxide's edge, and ensured 

that accuracy of thickness measurements would not be compromised by re-deposition 

from the milling process. The oxide layer was measured from the metal/ oxide inter­

face to the oxide's edge. The viewing angle was compensated with software correction. 

Using the systems resolution, accuracy was determined as ±100 nm. five sites were 

milled, with five measurements per site, giving a minimum of 25 measurements for 
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Figure 4.8: Fluorescence spectrum obtained from an Al20 3 scale on a FeCrAl sample 
oxidized for 24 hr at 1200°C in air, and for a stre s free Al20 3 . The two lines and their 
respective frequencies are characteristic of the R-line fluorescence from Cr3+ -doped 
a- Al203. 

PSLS relies on the presence of chromium Cr3+ impurities in the a-alumina scale in 

order to produce the characteristic ruby-fluorescence R-line doublet. For a stres free 

a-alumina scale or sapphire crystal the R1 and R2 occur at 14 402 cm-1 and 14 432 

cm-1 respectively. When Cr3+ in the oxide is stressed the R-lines are systematically 

shifted, this is known as the piezo-spectroscopic effect (Lipkin and Clarke, 1996) 

shown in Figure 4. . vVhen this frequency shift , D.v , is relative to the characteristic 

R-line in the stre -free alumina the local stress can be determined. The relationship 

between the frequency shift , D.v and the local stress is expressed by 
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(4.3) 

where llii are the principal axis components of the piezospectroscopic tensor, Table 

4.1, and aii are the hydrostatic components of the applied stress tensor averaged over 

the probed volume (Lipkin and Clarke, 1996). 

In Equation 4.3 only the principal axis values are required as the off-axis terms 

are comparatively negligibly small. Additionally, the above equation assumes that the 

material is polycrystalline and that the probe samples a sufficiently large ensemble of 

grains having random orientation (Lipkin and Clarke, 1996). 

Table 4.1: Piezospectroscopic coefficients for Ruby (cm-1 /GPa) (Lipkin and Clarke, 
1996) 

Line 

R1 
R2 

2.56 
2.65 

3.50 
2.80 

1.53 
2.16 

7.51 
7.61 

The piezospectroscopic tensor is a material-specific parameter. It reflects the point symmetry 
fluorescing ion in the host lattice. 

For a fiat scale, the stress is assumed to be biaxial, such that axx + ayy =a and 

azz = 0, where x andy are in-plane and z is normal to the surface, reducing Equation 

4.3 to, 
2 

Av = -ITiia 
3 

and allowing for the frequency shift to be directly converted to a biaxial stress: 

(4.4) 

(4.5) 

where the term (llxx + ITyy + llzz) is the trace of the piezospectroscopic tensor and has 

values of 7.59 cm-1 and 7.61 cm-1 for R1 and R2, respectively (Lipkin and Clarke, 
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1996). 

For this study a He-Ne laser (633 nm) was used to excite the fluorescence. The 

spectrum was dispersed using a quad-grating spectrometer, LabRAM ARAMIS (Horiba 

Jobin Yvon, Edison, NJ) equipped with a CCD detector (Figure 4.9). A region of 

the scale was first selected using an optical microscope with a 50x objective. The 

laser beam was then focused through the objective lens on the selected feature giving 

a spot size of 10 f.Lm. This spot size provided a better average of the stress due to 

the increase in probed volume, however spatial resolution was reduced. The excited 

fluorescence spectrum was analyzed with LabSpec (Horiba Jobin Yvon, Eddison, NJ) 

and GRAMS (Thermo Electron Corp., Philadelphia, PA). The fluorescence line po­

sitions and widths were obtained by fitting the spectra to a double-pseudo Voigtian 

functions, one for each of the R-lines. 
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Chapter 5 

Results and Discussion 

This chapter will start with a general observation of the scales overall crystallographic 

nature, morphology and microstructure. Next, a detailed investigation and analysis on 

the scales thickness, measured residual stress, and calculated intrinsic growth stress as 

a function of time and temperature, with and without external stress will be reported. 

5.1 Crystallographic Phase 

In all oxidation experiments, with and without stress, a - Al20 3 was formed on 

the metal substrate. The crystallographic phase of the oxide scale was conclusively 

determined by using selected area diffraction (SAD) technique in the transmission 

electron microscope. The corresponding SAD pattern shown in Figure 5.1 was used 

to measure the radius of ring patterns for calculating the d-spacing from Equation 

4.2. Calculated and theoretical values ford are listed in Table 5.1. Experimental error 

percentage ford is less than 0.2% for each d-spacing, thus indicating good agreement 

with the theoretical d-spacing values for a - Al20 3 in accordance with the standard 

JCPDS 18-1667. 
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Figur .1. S le t d area diffra i n pa t t rn for n - Al20 3 s ale oxidized for 6 hrs at 
1200° 

Tabl 5.1. Cal ula t 1 and the r ti al d- pa ing for the orr ponding AD patt rn 
h wn in Figur 5.1 

(hkl ) 2R (mm) dexp (nm) d th o (nm) 

(0 1. -4) 13.3 0.2547 0.2553 

(0, 2 -1 ), (0, -2, -1 ) 16.6 0.20 0 0.2037 0.1 44 

IO 0 9[ 23 .5 0.1442 0.144 -0.2246 

[0 , 3 6] 2 . 0.1176 0.1161 1.3151 

(0 -4, 1), (0 4. -1) 33 0.1027 0.102 -0.1399 

[0 3, 9] 37.4 0.0906 0.0906 -0 .0342 

5.2 Microstructure 

Th mi ro tru t ur f ro - ction wa ob ·ervecl u ing a cannmg 1 tron 

mi ro ope. Th al on. i t ntly exhibit d a two-zone ru ture for all oxida tion 
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From these images it is obvious that scale thickens with both increasing time and 

temperature. Additionally, grain morphology, grain size and porosity of the scale also 

changes with oxidizing parameters. Most notably, the ratio of equiaxed to columnar 

grains is observed to be dependent on the temperature and length of oxidation. 

At 1200°C for all times the microstructure of the oxide is flat and fully dense. 

Diffusion of anions, 0 2-, appears to be dominant, as distinguished by mostly columnar 

grains with only a small top layer of equiaxed grains. Additionally, there appears to be 

no significant oxide thickness change with respect to increasing time, which indicates 

that oxide growth stress is relatively high and inhibiting further oxidation of the metal. 

At 1250°C the microstructure is very similar to that at 1200°C. The scale is still 

dense, and relatively flat; however, there is a slight increase in porosity. This accounts 

for the change in ratio between the columnar to equiaxed zones, which is now about 

1:1. Growth stress is expected to be smaller in comparison to samples oxidized at 

1200°C. 

At 1300°C the microstructure is significantly altered. The scales are almost mainly 

composed of highly porous equiaxed grains, and the scale surface exhibits a wrinkled 

structure. These features suggest that formation of the scales was mainly driven by 

diffusion of Al3+. After 12 and 24 hrs intergranular cracks and partial decohesion from 

the substrate are present. Additionally, the 50°C increase in temperature showed a 

marked increase in scale thickness and grain size. This dramatic change is most likely 

attributed to the significant scale porosity, which reduces oxide growth stresses and 

accommodate continued scale growth. 

A similar microstructural evolution of the scale is observed for conditions with 

applied stress (1.177 MPa for 1200°0 and 0.785 MPa for 1250°0), as displayed in 

Figure 5.4. These micrographs are also are arranged in the same fashion to those 

above; from left to right with increasing length of oxidation time ( 6, 12 and 24 hours), 
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there is also a change in the ratio between columnar to equiaxed grains. Close exami­

nation of each micrograph for the stressed samples shows a larger equiaxed zone when 

compared to its unstressed counterpart. From this observation it can be assumed that 

tensile stress increased the diffusion of Al3+. The implications of this observation is 

an expected decrease in growth stress. 

5.3 Oxide Thickness 

Compiled results of oxide thickness measurements for samples oxidized at 1200, 1250, 

and 1300°C for 6, 12 and 24 hrs are shown in Figure 5.6a. For comparison, thickness 

results for unstressed and stressed oxidation (1200°C with 1.177 MPa, and 1250°C 

with 0.785 MPa) are shown in Figure 5.6b. 
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Figure 5.6: (a) Scale thickness as a function of time for samples oxidized at 1200, 
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The observed trend was as expected, increasing temperature and time lead to an 

increase in oxide thickness. However, the results for samples oxidized under stress 

were not according to expectations. It was anticipated that the application of a ten­

sile stress would prevent the development of compressive stress that inhibited oxide 

growth, resulting in an increase in oxide thickness. Although, there appears to be 

a slight increase from 0 to 6 hrs, Figure 5.5b presents no significant change in oxide 

thickness thereafter. Despite microstructural evidence (Figure 5.5), conclusive state­

ments with regards to a quantifiable effect that an external stress has on scale growth 

cannot be made, as values beyond 6 hrs fall very closely within experimental error. 

Possible explanations for this deviation from theory are discussed in Section 5.5. 

5.4 Measured Residual Stress in a - Al20 3 Scales 

The measured residual stresses at room temperature for the oxides are shown in the 

Figures 5.7ab. Both figures reveal that residual stress is compressive and decreasing 

with increasing oxidizing times and temperatures. The range of measured compressive 

stresses lies between -5 GPa and -1.5 GPa. The highest stress value was observed at 

l200°C after 6 hrs, and the lowest stress value at 1300°C after 12 hrs. 
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A comparison of the above results to samples subjected to an applied stress at 1200 

and 1250°C are presented in Figures 5.8ab. For both oxidation temperatures, residual 

stress decreases with the application of a tensile stress. Based on these results, it is 

clear that an external tensile stress aids in the reduction of the compressive stresses 

in the scale by an order of 1 GPa. 
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Figure 5.8: Comparison of residual stre s between samples oxidized with and without 
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The above results (Figures 5.7ab and 5.8ab) are consistent with those found in 

literature (Mennicke et al., 2001; Tolpygo et al., 1998). As the oxidation process 

proceeds, compressive growth stresses continue to buildup in the scale. This stress is 

balanced by a tensile stress in the substrate through the force balance argument (see 

Section 3.2). Upon cooling, an additional compressive stress is added to the scale, 

further increasing the tensile stress in the substrate. If the tensile stress exceeds the 

substrate's yield strength, the metal/oxide system will deform. Strain energy in the 

system will be released, and residual stresses relaxed. 

Referring back to the micrographs in Section 5.2 for oxidation without stress (see 

Figure 5.3), a significant increase in porosity with increasing oxide thickness was 

observed. After 12 hrs at 1300°C partial scale decohesion and intergranular cracking 

was visible, Figure 5.9. These aforementioned features are means of strain energy 

relief, which causes the decrease in residual compressive stress with increasing scale 

growth. 
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5. 5 Calculated Intrinsic Growth Stress 

The measured residual stress in the oxide scale is a combination of all possible stresses 

developed during the oxidation and cooling processes. It takes into account the stress 

due to thermal expansion mismatch between the growing oxide and metal, and growth 

stress due to oxidation. 

Intrinsic growth stress at room temperature was calculated by manipulating Equa­

tion 3.4 in Section 3.2. Knowing the substrate and oxide's Young's modulus, measured 

residual stress values and the previously calculated thermal expansion mismatch stress 

listed in Table 2.1, the growth stress can be easily calculated. The results of calculated 

growth stress as a function of temperature and time are illustrated in Figures 5.1lab. 
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The stress due to thermal expansion mismatch is evidently responsible for the 

accumulation of large residual stress in the scale (Figures 5.7ab). Since Equation 3.4 

considers both growth and thermal expansion mismatch stress, removal of thermal 

stress significantly lowers the residual stress in the scale, and in some instances growth 

stress becomes tensile. Furthermore, evaluation of the two figures shows that intrinsic 

stress is more affected by temperature rather than time. With respect to temperature 

the calculated stress values differ by about 2.5- 3 GPa, and with respect to time the 

stress values change only by about 0.5 GPa. 

Comparison of growth stress without and with stress at 1200 and 1250°C are shown 

in Figures 5.12ab, respectively. The graphs clearly indicate that the application of a 

tensile stress during the oxidation process reduces the intrinsic growth stress of the 

scale. For experiments conducted at 1200°C growth stress is reduced by a maximum 

of 0.7 GPa, while at 1250°C maximum reduction reaches 1 GPa. Another important 

observation is that at 1250°C with applied stress, growth stresses are purely tensile. 

65 



M.A.Sc. Thesi - S. Khiev McMaster - Materials Science and Engineering 

-0.2 

-0.4 
ro-
0... 
Q. 

ob'S 
-0.6 

ur 
Ill -0.8 Q) .... 

U5 
.c 
j -1.0 
e 
(.!) 

-1.2 

-1.4 

0.8 

0.6 

-&. 0.4 
Q. 

o b 'S 0.2 
ui 
Ill 

~ en o.o 
.c 

~ -0.2 
(.!) 

-0.4 

~-------· 
- • - 0 MPa 
- • - 1.177 MPa 

4 6 8 10 12 14 16 18 20 22 24 26 

Time (hrs) 

(a) 

• 

• 

-•-0 MPa 
- • - 0.785 MPa 

-0.6 L........l--l.__._.....l.-....._..1...-I.......J---L.--L............._....L...._._I....-I--l.__._.....l.-....._..I...-L-.J 

4 6 8 10 12 14 16 18 20 22 24 26 

Time (hrs) 

(b) 
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Theoretically speaking, such transition from compressive to tensile stress would 

give rise to a significant increase in scale growth rate with prolonged oxidation. Ap­

plying a tensile stress throughout oxidation would enable relaxation of growth stresses 

at a faster rate. With the increase in relaxation of growth stress, the scale can con­

tinue to grow and expand without being inhibited by adjacent grains (Section 3.2, 

and 3.3). However, such increase in scale growth rate was not convincingly evident in 

the experimental results described in Section 5.3 and Figure 5.6b. Based on current 

observations it is possible that the applied tensile stress was not sufficient to reduce 

intrinsic growth stress to magnitudes that would significantly increase the rate of scale 

growth, resulting in the negligible scale thickening. 

Another plausible reason for the lack of scale thickening, is increased spallation. 

As previously stated, the microstructure of scales grown without stress showed a rise 

in porosity with both increasing time and temperature. Since tensile stress promotes 

outward scale growth, porous equiaxed grains, the already porous microstructure be­

came more porous with applied stress. High porosity enables spallation. Spalling 

exposed the underlying metal to the oxidizing atmosphere allowing for further oxi­

dation of the substrate. The new oxide grew and concealed all spalled sites. The 

process of oxide growth and spallation continue for the duration of the experiment. 

Consequently, additional increase in oxide thickness that might have been, was lost, 

resulting in unexpectedly low thickness measurements. This explanation, is also a 

viable cause for the almost steady scale growth rate observed for all temperatures 

above 12 hrs. 
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Chapter 6 

Summary 

The relationship between stress generation, stress relaxation, and external stress has 

been studied experimentally using an FeCrAl based alloy, Kanthal Al. 

The formed scale under all oxidation conditions was confirmed to be a homoge­

neous alpha-alumina scale, with two distinct morphologies, the top layer was equiaxed 

and the bottom layer, adjacent to the metal substrate, was columnar. Such a dual 

phase structure indicates the existence of competing diffusing species across the scale. 

Initially, 0 2- is the dominating diffusing species giving rise to more pronounced colum­

nar grains that are adherent and fiat. As the oxidation process continues the rate of 

diffusion between cations and anions becomes equal, indicated by the 1:1 ratio of 

equiaxed to columnar grains. At later stage of oxidation Al3+ is the more dominant 

species, which is represented by the increase in equiaxed grains that are porous and 

easily spalled. 

Despite the reported service temperature for Kanthal Al of 1400°C, the experi­

mental study indicated that the alloy was not suitable for oxidation above 1300°C 

in that it yielded a non-uniform porous and wrinkled scale. After 12 hrs the scale 

showed intergranular cracks and partial decohesion from the substrate, features that 
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are detrimental to the alloys integrity. 

Calculation of intrinsic growth stress in the oxide, from the measured residual 

stress values was easily carried out due to the simplicity of the single oxide system. 

The calculated intrinsic growth stress values showed a decreasing trend with increasing 

oxidation time and temperature. This trend was attributed to the increase in the 

scale porosity and wrinkling, which is a means of stress relaxation. Furthermore, 

the application of an external tensile load during oxidation decreased the intrinsic 

growth stress; however, it did not result in a meaningful increase in scale thickness 

as predicted. Possible rationale are insufficient tensile stress, and rapid spallation/re­

heating during oxidation. 

Based on the above mentioned summary there are a few suggestions pertaining to 

this study. As follows: 

1. Differentiation of creep properties between the alloy and the formed scale is 

best done by performing separate experiments in vacuum and in an oxidizing 

environment. 

2. Measurement of room temperature residual stress in the scale using PSLS is not 

advisable for oxidation experiments conducted at 1300°C or higher as the stress 

in the scale can no longer be considered in-plane biaxial. 

3. Observation of the scale's grain morphology was best done by freeze fracturing 

the samples, as it revealed the ratio of columnar to equiaxed grains. 
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Appendix A 

Calculation of Intrinsic Growth Stress 

Compatibility of strains in the metal./ oxide system at high temperatures is represented 

by Equation A.l. 

(A.1) 

where c:~ and c~ are the elastic strains in the oxide and metal at high temperatures, 

c:~ ( t) lateral growth strain in the oxide, c:~eep and c:~reep are creep strains in the oxide 

and metal. Force balance at high temperature requires, 

c:~~ h 
(1- v~~J =-

c:~~ h 
(1- v~) m 

~(1- v;:) hox _ R 
- 1 

E{;,_ (1 - v;:J hm 

where eT and vT are values at the oxidation temperature. 

Substituting Equation A.4 into A.1 gives, 
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cG (t) + cCreep(t) + cG = cCreep(t) _ cG R 
ox ox ox m ox 1 (A.5) 

and rearranging gives, 

(A.6) 

The compatibility strains after cooling to room temperatures is as follows, 

where c~ and c~ are the elastic strains for the oxide and metal due to cooling. Force 

balance at room temperature yields, 

(A.8) 

(A.9) 

(A.lO) 

where E and v are constants at room temperature. 

Substituting Equation A.lO into A.7 gives, 
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and rearranging gives, 

(A.12) 

After applying Equation A.6, A.l2 reduces to, 

(A.l3) 

In order to determine the intrinsic growth stress in the oxide at high temperature, 

u~, the expression for the total elastic strain at room temperature, 

(A.14) 

needs to be manipulated with Equation A.l3 to give, 

(A.l5) 

which will then be simplified after Hooke's law has been applied giving the final 

expression, 

(A.16) 

Assuming that Vox is temperature independent, and hox/hm approaches zero, Equa­

tion A.l6 reduces to, 

G Ffix Ffix(aox- am)D.T 
U ox = Eox Uox- (1- Vox) (A.l7) 
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After simplifying and rearranging A.l7 gives, 

(A.18) 

where the second term on the right side the expression is the thermal mismatch stress 

in the oxide due to cooling, u~. Thus Equation A.l8 can be written as, 

(A.19) 

(Tolpygo et al., 1998) 
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Appendix B 

Mechanism of Deformation 

Microstructural analysis of the surface of samples oxidized with applied load at 1200 

and 1250°C for 6, 12, and 24 hours revealed the presence of cracks, and spallation 

particularly along the grain boundaries of the uplifted grains (Figure B.l). These 

features were not present in samples oxidized under the same conditions without ap­

plied stress. As oxidation time increased, the above features became more prominent 

(Figure B.2). 
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thu., 1 ading to h abov ob rvations (Figm B.2, B.1) 
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