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Stress measurements in single-crystal and polycrystalline alumina are revisited using a recently developed optical fluorescence energy
shift method. The method simultaneously utilizes the R; and R, Cr-related ruby line shifts in alumina to determine two components of
the stress tensor in crystallographic coordinates, independent of the intended or assumed stress state. Measurements from a range of
experimental conditions, including high-pressure, shock, quasi-static, and bulk polycrystals containing thermal expansion anisotropy
effects, are analyzed. In many cases, the new analysis suggests stress states and stress magnitudes significantly different from those
inferred previously, particularly for shock experiments. An implication is that atomistic models relating stress state to fluorescence
shift require significant refinement for use in materials-based residual stress distribution analyses. Conversely, the earliest
measurements of fluorescence in polycrystalline alumina are shown to be consistent with recent detailed measurements of stress
equilibrium and dispersion.
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1. Introduction

Alumina (Al;O3) has long been used as a study material in considerations of microstructural residual
stress distributions in polycrystals [1-3]. The equilibrium elastic constants of the anisotropic single-crystal
Al>O3 (corundum) grains comprising a polycrystalline AlOs microstructure are well known [4], as are the
anisotropic coefficient of thermal expansion (CTE) values for corundum [5]. The relationships between
bulk polycrystal and constituent single-crystal elastic and thermal properties are well established [6], and it
is well known that anisotropic single-crystal thermal expansion is ultimately responsible for residual stress
development on cooling during polycrystal material fabrication. In addition, kinetic parameters such as
diffusivity and creep susceptibility that characterize nonequilibrium mass motions that relax residual
stresses, are also well known [2, 6]. As a consequence, stress development as a function of time,
temperature, grain size, and grain-size distribution has frequently been modeled using these constants,
coefficients, and parameters [1-3, 7-14]. A significant model motivation has been description of fracture
properties of polycrystalline Al,Os as influenced by residual stress, particularly the toughening by crack
bridging of moderate-grain-size (about 20 um) material [15] and the strength degradation by spontaneous
microcracking of large-grain-size (about 100 um) material [16—18]. The ability to sinter dense
polycrystalline Al,O3 microstructures and fabricate materials with controlled grain sizes has enabled many
investigations of these and other fracture phenomena. However, only rarely have the models been assessed
by direct measurement of residual stress [19-23], impeding the goal of optimizing and predicting the
fracture properties of Al,O3 and other polycrystalline ceramics by microstructural control. To enable better
assessment and calibration of residual stress models, the study here used recent analyses and calibrations
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[24, 25] to revisit an extensive set of previous optical fluorescence-based stress measurements in single-
crystal and polycrystalline Al,Os. Revisiting the previous experiments using recent analyses will also
increase confidence in the overall fluorescence-based stress measurement methodology.

The National Institute of Standards and Technology (NIST, formerly known as the National Bureau of
Standards, NBS) has contributed significantly to the development of stress measurements in Al,O3 using
optical fluorescence. The work here extends that contribution. Early work on related mechanical properties,
conducted by Wachtman and colleagues at NBS in the 1960s, determined the fundamental elastic constants
[4] and CTE values [5] of corundum single crystals. Later, Munro et al. at NIST in the 1990s critically
evaluated a broad range of polycrystalline Al,O3 properties in the context of these constituent single-crystal
properties [6]. The two most critical contributions to stress measurements in Al,Os using fluorescence were
made at NBS in the 1970s. In the early 1970s, Piermarini, Block, and colleagues at NBS established the
ruby fluorescence scale for high-pressure measurements in diamond anvil cell (DAC) experiments [26].
Ruby is Cr-doped Al,Os (see below), and legend has it that Wachtman originally suggested to Piermarini
over lunch in the NBS cafeteria that perhaps pressure-induced fluorescence shifts in ruby could be used to
calibrate DAC measurements. The ruby scale is now used extensively [27] in all high-pressure
measurements. In the late 1970s, Grabner at NBS extended fluorescence shift measurements from scalar
pressure effects to tensor stress effects [28]. The measurements and associated analysis thus became
applicable to polycrystalline Al,Os. The tensor analysis was applied in many studies of bulk and thin-film
polycrystalline Al,O3; materials, particularly by Clarke and colleagues in the 1990s, e.g., Ref. [29] (see Ref.
[25] for a review of the diversity of applications).

A recent series of works initiated by NIST in the 2010s has demonstrated the advanced ability of
hyperspectral optical fluorescence techniques to measure and map stress distributions in polycrystalline
Al>,O3 [24, 25, 30-33]. Spatial resolutions of 1 um over fields about 200 pm square with stress resolutions
of 10 MPa were demonstrated, greatly extending earlier work [34] (see Ref. [24] for a review of
fluorescence-based mapping). The basis of the technique is the shift in energies of two Cr-related
fluorescence lines, R1 and Ry, from their stress-free states (after correcting for temperature and composition
effects) [25]. Cr is a ubiquitous substitutional impurity for Al in Al,Os, giving rise to optical absorption by
electronic excitation in the blue-green region of the spectrum and hence the distinctive red color of ruby in
transmitted light. Electronic relaxation leads to fluorescent photon emission of the doublet R; and Ry,
which together are known as the ruby lines. These lines occur (coincidentally) in the red spectrum at

wavelengths of /15,1) =694.3 nm and Af,z) =692.9 nm, where the subscript 0 indicates a stress-free state, and
the superscript (1) or (2) describes R; or R, respectively. The photon energies are usually quoted in
wavenumbers, 1/, such that the stress-free energies are vél) =14402.5 cm~! and véz) =14432.1 cm™,
omitting terms in Planck’s constant, h, and the speed of light, c.

The recent works are based on the earlier development of ruby line shift measurement as a pressure
gauge in DAC experiments [26]. The shift, Av® = v® — % where v is the photon energy, is
described by the scalar relation

Av® = —l'[;,i)p, 1)

where p is the pressure, l'[,(f) are the piezospectroscopic pressure coefficients, and i = 1 or 2. For ruby,

Hf,l) = l'[,(,z) =7.60 cm™'/GPa; i.e., the two lines shift equally under ideal hydrostatic pressure [25]. Under
nonhydrostatic conditions, the two lines shift unequally, and a full tensor relation is required to relate the
shifts to the components of the stress tensor [28]. Historically, however, usually only a single shift (often
AvW) has been measured and related to a single stress component in the scalar manner of Eq. (1). The
remaining stress components have been determined by assumed geometrical constraints, e.g., random grain
orientation distribution in a polycrystal [29].

An innovation of the recent work at NIST [24] was the development and application of analysis for
simultaneous measurement of both energy shifts, Av® and Av®), to determine two independent
components of the stress tensor. The recent work has also shown that earlier stress estimates may be in
error but can be improved significantly by the use of simultaneous shift measurements [32]. This study
revisited prior works that reported sufficient fluorescence information for analysis but did not report
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independent measures of stress, comparing the inferred stress (where reported) with that from application
of the recent analysis. In most cases, explicit values of Av(® and Av® were not reported, requiring pre-
analysis (e.g., reported changes in wavelength, A4, or relative wavenumber, Av(® — Av® | were converted
as specified below; pre-analysis uncertainty was negligible). In order to provide a broad context for
measurement assessment, an extensive range of Al,O3; materials was considered. Both single-crystal and
polycrystal data were analyzed, proceeding from high to low stress, including quasi-static high-pressure
DAC loading [Fig. 1(a)], dynamic shock and quasi-static uniaxial loading [Fig. 1(b)], static thin film-on-
substrate biaxial loading [Fig. 1(c)], and polycrystalline triaxial residual stress [Fig. 1(d) and (e)]. In fact,
all known relevant data were analyzed. To avoid circularity, previous works used in calibration of
piezospectroscopic coefficients [25] were not included. The recent analysis is first summarized, followed
by application of the analysis and fundamental coefficients established by NIST [25] to obtain new results
from previous observations [28, 32, 35-44]. Discussion centers on the implications of the results for stress
measurement and modeling.

2. Analysis
The change in energy with stress of the fluorescence lines in single-crystal Al,Os is given by

where the tensor axes (1, 2, 3) correspond to the corundum crystallographic axes (a, m, ¢), and H,(Zi) and Hgi)
are the two nonzero piezospectroscopic coefficients for each line, giving four coefficients in all, calibrated
as: Y = 2.98 cm™!/GPa, TEM = 1.64 cm™'/GPa, 1Y) = 2.64 cm~'/GPa, and I = 2.32 cm~!/GPa [25].
Equation (2) can be rewritten in two ways, first by collecting stress terms to extend Eq. (1) as

O = gy, + NP0, (3)
where
om = (011 + 032 + 033)/3 (4a)
is a mean or spherical stress, and
0s = (2033 — 011 — 023)/3 (4b)

is a shear or deviatoric stress. The effective piezospectroscopic coefficients are

n® =2n¥ +n?, (5a)
and
n® =n® —n?. (5b)

For hydrostatic loading, as in Fig. 1(a), o5 = 0, and gy = —p, and thus II{” = Y = 211{” + 1%, and, as
the values of l'[,(f) are well known, this places constraints on the values of H,(Zi) and Hgi) [25]. Under general

loading, e.g., as in Fig. 1(b) to (d), the energy shift for both lines is given by expanding Eq. (3) in matrix
form as

(€] (€] (1
Av _ My” Mg [O‘M] ©)
@]~ 0@ 1@ lo;
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Fig. 1. Schematic diagrams of fluorescence-based techniques for determining stress in Al,O5. The illumination is shown as shaded
bands in each diagram. (a) Hydrostatic loading generated by a confining medium (hatched) surrounding small crystals in a DAC. (b)
Uniaxial loading of an oriented single crystal between two platens. (c) Biaxial loading generated on cooling by a thermal expansion—
mismatched substrate of an aligned polycrystalline film (a axis parallel to substrate). (d) Triaxial loading generated on cooling of a
bulk polycrystal with randomly oriented grains, using integrated scan illumination by a single broad probe. (e) Polycrystal as in (d)
with two-dimensional mapping using an array of repeated probes.
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Inverting Eq. (6) gives the two stress components as a function of the two measured shifts:

AvY
Av®

Héz) —Hél)

: )
-ny gy

7] = (/ng - ngnpy)
S

Equation (7) applies both locally, where the stresses and shifts take their local measured values, and
globally, where the stresses and shifts take global average values.
Alternatively, Eq. (2) may be rewritten by collecting crystallographic terms, as

av® = 2n%q, + 1%, (8)

where g, and o, are global average crystallographic stresses, and thus Av(® are taken here as global
average shift values. Equation (8) may be expanded and inverted to give

["“ ] = (1/@nPn® - 2nPnM)) [_ (©)

Oc

ng) —HED]
2n? 20l

AvY
AV

which gives two global stress components as a function of two global shifts. Equation (9) provides an
approximation of the local field if o, and o, are the dominant local stress components. Both Eqgs. (7) and
(9) are independent of the orientation of the crystallographic a- and c-axes relative to a laboratory or
applied loading reference frame and hence provide a determination of the actual stress state from
simultaneous measurements of Av(™ and Av®, independent of any intended or achieved loading geometry.

3. Observations
3.1 Single Crystals

Figure 2 shows a color-filled contour map of the variation of gy, as a function of Av(® and Av® from
Eq. (7); the contours are straight as the analysis is linear. The placement of a measured [Av(Y, Av®] pair
on this map provides the experimental value of gy, via the contours. The behavior during two sets of single-
crystal high-pressure DAC experiments [Fig. 1(a)] by Okai et al. [35] is indicated by the symbols. The
energy shift values were determined by converting the reported wavelength measurements (no corrections
for temperature fluctuations were made here as the effect was expected to be small [25]). Closed symbols
represent nominally hydrostatic experiments. Open symbols represent experiments in which the DAC
confining media were known to lead to deviations from hydrostatic conditions. Initially, Av(Y = Av® =0
asp = —ay = 0. As p increased, both Av®) and Av® decreased to similar negative values; monitoring
Av® and use of Eq. (1) provided a conventional pressure gauge. Maps such as that in Fig. 2 involving
variations in two energy shifts, Av(" and Av(®, enable representation of raw experimental data over
contours of a single stress component of relevance, in this case, the hydrostatic stress in a DAC experiment,
oy Equations (7) and (9) can also be used to calculate contours of other stress components for assessment
of other measured experimental trajectories, e.g., o, or g, in intended uniaxial experiments [Fig. 1(b)].
Such assessments can be qualitative, such as the systematic difference between the open and closed
symbols in Fig. 2, or quantitative, such as the potential use of Av® from Fig. 2 to provide a different
estimate of p.

Experimental behavior is more conveniently represented, however, by using Eqg. (9) to convert the
experimental energy shift measurements to (a,, a.) stress component trajectories as in Fig. 3(a). In this
case, the variations in the energy shifts are implicit, and two stress components of relevance are considered;
there is no net gain or loss of information. Initially, o, = g, = 0 in Fig. 3(a). Both stresses decreased to
negative values as the experiments proceeded. The closed symbols represent near-hydrostatic conditions in
which o, =~ g, (solid diagonal line). The open symbols represent considerable deviation from hydrostatic
conditions by spurious superimposition of shear stress such that o, ~ ¢, /2. OKkai et al. suggested that
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simultaneous use of Av(Y and Av(® could be used to increase the precision of pressure estimation, using
both Av(® and Av® in assumed Eq. (1) [35]. Figure 3(a) makes clear that simultaneous use of Av(?) and
Av® can also be used to increase accuracy by estimation of the actual stress state using Eq. (9). Table 1
summarizes the cited and newly analyzed stress states and maximum stress values from Fig. 3(a).
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Fig. 2. Color-filled contour plot of mean stress in Al,Os as a function of R; and R; fluorescence energy shifts. Experimental
observations on single crystals of Al,O3 in high-pressure DACs with different confining media [35] are shown as symbols; closed,

near hydrostatic; open, superposed shear.
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Fig. 3. Crystallographic stress variations determined by new analysis of fluorescence measurements in single crystals of Al,O3
mechanically loaded in different configurations, with nominal loading indicated. (a) High-pressure DAC [35], open and closed
symbols as in Fig. 2. (b) Shock [36, 37]. (c) Quasi-static [38]. Open and closed symbols in (b) and (c) represent nominal uniaxial o,
and o stress states, respectively.
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Figure 3(b) shows the behavior at somewhat smaller stress values during a-axis and c-axis oriented
single-crystal dynamic shock experiments by Gupta and colleagues [36, 37] [Fig. 1(b)]. Energy shift values
for use in Eq. (9) were determined by converting the reported wavelength shift measurements. The c-axis
results are shown as the closed symbols and exhibit near-equiaxed conditions (solid diagonal line) over
both compressive and tensile loading, with g, = g,., rather than the intended dominant o, states with g, ~ 0
(solid vertical line). The a-axis results are shown as the open symbols and exhibit near pure shear
conditions: In compressive o, loading, o, ~ —a, (dashed diagonal line), rather than the intended dominant
o, states with g, ~ 0 (solid horizontal line); tensile o, experiments were conducted but resulted in very
small g, stress and dominant tensile o, stress (solid vertical line). In both sets of experiments, the
variations in Av(® and Av® were monotonic and there was strong correlation between Av® and Av®,
leading to the impression that the stress variations were also monotonic, extended over the intended
compressive and tensile ranges, and were predominantly uniaxial. Figure 3(b) suggests that the deviations
from this impression were significant, and they are summarized in Table 1.

Figure 3(c) shows the behavior at even smaller stress values during a-axis and c-axis oriented single-
crystal uniaxial quasi-static experiments by Margueron and Clarke [38] [Fig. 1(b)]. Energy shift values for
use in Eg. (9) were determined by converting the reported relative energy shifts. The c-axis results are
shown as the closed symbols and exhibit near-ideal uniaxial conditions (solid vertical line) in compressive
loading, with dominant o, states with ¢, ~ 0. The a-axis results are shown as the open symbols and exhibit

considerable deviation from uniaxial conditions in compressive loading (solid horizontal line) by
superimposition of shear stress such that o, ~—a, /4. Table 1 summarizes the stresses from Fig. 3(c).

Table 1. Stress measurements in Al,O5 using fluorescence.

Author

Specimen

Experiment

Cited Stress
State, Magnitude (GPa)

New Analysis Stress
State, Magnitude (GPa)

Okai, 1986 [35]
Okai, 1986 [35]

Single crystal
Single crystal

Quasi-static DAC
Quasi-static DAC

Hydrostatic, 0 to —22

Hydrostatic + shear, 0 to —27

Hydrostatic, 0 to —24
Hydrostatic + shear, 0 to —32

. a-axis uniaxial, Shear, transverse uniaxial,
Shen, 1993 [36] Single crystal Shock 12510105 143101
. c-axis uniaxial, Hydrostatic,
Gupta, 1994 [37] Single crystal Shock 1to11 7t04
. R c-axis uniaxial, Uniaxial,
Margueron, 2007 [38] Single crystal Quasi-static ~_05 04101
. R a-axis uniaxial, Uniaxial + shear,
Margueron, 2007 [38] Single crystal Quasi-static ~_05 010-04
Lipkin, 1996 [39] Polycrystalline film CTESL’R)';T;?:“E" Random, ~2.5 t0 6.7 Biaxial + shear, -3
Schlichting, 2000 [40] Polycrystalline film Substrate Random, -2 to -1 Biaxial + shear, =3
" Substrate + quasi- L .
Margueron, 2006 [41] Polycrystalline film static Uniaxial, +0.5to -7 Biaxial + shear, 0 to —7
Heeg, 2011 [42] Polycrystalline film Substrate Biaxial, 0 to 1.4 Biaxial + shear, -3
Nychka, 2001 [43] Polycrystalline film Substrate Random, 0 to -5.5 Biaxial, 0 to -6
Selcuk, 2002 [44] Polycrystalline film Substrate Random, -1 to -5 Biaxial, 0 to -5.7

Grabner, 1978 [28]
Michaels, 2018 [32]

Bulk polycrystal
Bulk polycrystal

CTE anisotropy
CTE anisotropy

Random, 0.065 to 0.260
Random, —0.090 to 0.180

Random, 0.10 to 0.45
Random, —0.090 to 0.180
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3.2 Polycrystalline Films

The results above considered stress generation in Al,O3 single crystals by mechanical loading.
Consideration now turns to stress generation in Al,O3 polycrystals by CTE effects. Polycrystalline Al,O3
forms as a thermally grown oxide (TGO) film during partial oxidation of metal substrates at elevated
temperatures. On cooling, CTE mismatch between film and substrate leads to considerable biaxial stress in
the film—usually compressive as the metallic substrate has the greater CTE. An estimate of the film stress
is MAaAT, where M is a characteristic film elastic modulus, Aa is a characteristic film-substrate CTE
mismatch, and AT is a characteristic change from the oxidation to the measurement temperature. Using M =
300 GPa, Ao = 107° K1, and AT = 1000 K [2, 4-6] gives a characteristic stress of -3 GPa. Figure 4 shows
as open symbols the stress values, of about this magnitude, determined for four TGO film-on-substrate
systems by Clarke and colleagues and Schlichting et al. [39-42]. The g, stresses are compressive (about —3
GPa) and the g, stress is less but variable (< £1 GPa) (o, = 0 is shown as the solid horizontal line),
implying the textured “mosaic” microstructure shown in the schematic diagram of Fig. 1(c). Within the
grains in the Al,O; TGO film, the a axes were preferentially parallel to the constraining substrate and the ¢
axes were perpendicular to the substrate and free. This microstructural implication is supported by scanning
and transmission electron microscope observations [45, 46] and the extensive mechanical experiments of
Nychka and Clarke and Selcuk and Atkinson [43, 44], in which the substrate was varied systematically,
leading to the two lower best-fit straight lines in Fig. 4. In both cases, the results were nearly identical, with
the g, stresses significantly compressive (up to —6 GPa) and covering a range, reflecting the different
substrates, and the g, stress less and tensile (< 1 GPa) and well correlated, such that o, ~ —a, /6. (For
clarity, the stress uncertainties, about +1 GPa, derived from the energy shift uncertainties [43, 44] are not
shown.) In systematic mechanical loading experiments by Margueron and Clarke on microscale beams
formed from TGO films [41], mechanical stresses were superimposed on the CTE mismatch stress by
bending. The results of these experiments are shown as the upper curved line in Fig. 4, extending in both
directions from the open symbol representing the as-deposited unloaded configuration. The mechanical
loading generated near pure shear stress conditions with o, ~ —ag, over substantial compressive o, and
tensile g, stresses rather than the intended dominant uniaxial stress. The intended compressive and tensile
o, stresses were not achieved, and the system exhibited clear nonlinearity for a, ~ 0 (the stresses were very
large, and the nonlinearity may have arisen from inelastic deformation). Energy shift values for use in Eq.
(9) to calculate the stress values in Fig. 4 were determined from reported fluorescence spectra or graphical
or numerical descriptions as points or lines of absolute or relative energy shifts. Table 1 summarizes the
stresses from Fig. 4.

3.3 Bulk Polycrystals

CTE anisotropy of corundum grains leads to general triaxial residual stress distributions in dense
polycrystalline Al,Os. An estimate of the residual stresses is still MAaAT as above, but in this case Aa. is a
characteristic CTE difference between differently oriented corundum grains within the polycrystalline
Al;,03. Using M = 300 GPa and AT = —-1000 K as before, but now Aa, = £10-¢ K-! [5] gives characteristic
stresses of £300 MPa. The earliest measurements of fluorescence energy shifts in polycrystalline Al,Os,
shown in the schematic diagram of Fig. 1(d), revealed the effects of residual stresses [28] of this
magnitude. The reported shifts were analyzed using Eq. (9), and the resultant global stresses for three
polycrystalline Al,O3 materials are shown as symbols in Fig. 5(a). The solid squares represent the mean
stress values determined from the reported mean energy shifts. The bars represent the widths of the stress
distributions and were determined from the reported widths in the energy shift spectra (the bars are not
stress uncertainties) [32]. The data in Fig. 5(a) are representative of an “integrated scan,” in which a single
large probe simultaneously illuminates many polycrystalline grains [Fig. 1(d)]. As observed in the recent
studies, [24, 25, 30-33] and reflecting the well-known greater CTE along the ¢ axis relative to the a axes
[1-3, 8-10, 13, 14], the mean o, residual stress is tensile and the mean o, residual stress is compressive,
with characteristic magnitudes of hundreds of megapascals. Further, the global mean values are consistent
with the equilibrium condition of o, = —20, (shown as the dashed diagonal line). The dispersions in the
stress distributions are substantial, also hundreds of megapascals, reflecting the random misorientations of
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adjacent grains in the polycrystalline microstructures. The most recent measurements of the globally
averaged stresses in a series of polycrystalline Al,O; materials [32] considerably reduced the scatter and
uncertainty in graphs such as Fig. 5(a) but did not alter the conclusions regarding the signs, magnitudes, or
equilibrium of the mean stresses. However, the mapping approach of the recent work, in which local
properties were probed, shown in the schematic diagram of Fig. 1(e), greatly increased the statistical
information available regarding the distributions of stresses. An example is shown in Fig. 5(b), which is a
scatter plot of the >16 000 o, vs. o, observations from a single map of a single polycrystalline Al,Os. The
data in Fig. 5(b) are representative of a mapping approach, in which multiple small probed areas are
illuminated [Fig. 1(e)]. The extent and density of the data in Fig. 5(b) reflect the range of stress states in the
material and illustrate that the signs, magnitudes, and equilibrium states of the stresses only agree with
average expectations; there is considerable dispersion about the average values, reflecting local
microstructural effects. In particular, the dashed line represents the equilibrium conditions of o, = —2a,, or
oy = 0. Points above this line thus represent net tension locations in the microstructure with mean stress ay,
> 0, and points below the line represent net compression locations with gy, < 0. Extremes of these locations
exhibit compressive stress o. < 0 (below horizontal line) and tensile stress o, > 0 (right of vertical line).
Microstructural effects, probably grain scale related, are also apparent in the clusters within the data.
Nevertheless, it is clear that the dispersion of individual measurements observed explicitly in the recent
measurements [32] [see Fig. 5(b)] is reflected in the widths of the bars in the re-analyzed early

measurements [28] [see Fig. 5(a)].

(@)
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N HAN

| ! | ! I !
Lipkin, 1996'

Nychka, 20013
Selcuk, 20024

Heeg, 2011°
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Margueron, 2006°
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c, stress (GPa)

Fig. 4. Crystallographic stress variations determined by new analysis of fluorescence measurements in polycrystalline films of Al,O;
mechanically loaded by CTE mismatched substrates. [39-44] Symbols (1, 2, 6) and lines (3, 4): as-deposited films. Line (5): film

additionally mechanically loaded in bending.
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Fig. 5. Crystallographic stress variations determined by new analysis of fluorescence measurements in bulk polycrystalline Al,O5
containing residual stress due to anisotropic CTE. (a) Integrated scan measurements [28]. (b) Two-dimensional mapping
measurements [32].
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4. Discussion

In all cases of revisiting and reanalyzing the above fluorescence measurements, the recent two-peak
analysis method [Egs. (1) to (9)] provided new, calibrated, stress information that was previously
unavailable or erroneously calculated using previous single-peak methods. The additional information
placed prior assumptions into three categories: (1) In some cases, revisiting the measurements confirmed
prior assumptions, such as the near-hydrostatic pressure states in DAC experiments, as in Fig. 3(a) [35],
suggested by the absence of peak shift splitting, or the near-uniaxial o, stress states in quasi-static
experiments, as in Fig. 3(c) [38], set by test configuration. (2) In other cases, revisiting the measurements
led to results, unknown earlier, but that are in accord with more recent ideas, such as the nonhydrostatic
stress states in DAC experiments, as in Fig. 3(a) [35], suggested by peak shift splitting, or the equilibrium
residual stress configuration and dispersion in the early polycrystalline material experiments, as in Fig. 5(a)
[28]. (3) A clear conclusion in some cases, however, is that the intended or assumed experimental stress
states were not achieved, such as the hydrostatic or shear configurations generated in the intended uniaxial
shock experiments, as in Fig. 3(b) [36, 37], or the shear configurations generated in the assumed uniaxially
stressed g, single crystal in Fig. 3(c) [38] or TGO film in Fig. 4 [41].

The differences between the assumed and actual stress states in this last case (category 3) have two
important consequences. First, sophisticated atomic-scale models have been developed to relate
fluorescence energy shift to the stress or, importantly, strain state that were instigated by the shock
experiments [47] and refined and calibrated by quasi-static experiments [48]. The analysis here suggests
that validation and application of the models probably rests on false assumptions regarding stress states.
The usefulness of such models is to enable fluorescence energy shift measurements, perhaps combined with
separate intensity [30, 32], orientation [31, 33], or polarization [38] measurements, to determine complex
stress states, perhaps the entire stress tensor, beyond the two components estimated here. Applications
might include stress states in deliberately nonhydrostatic environments [49], or adjacent to inclusions in
geological structures [50]. Second, larger-scale materials science—based models of equilibrium stress
distributions, e.g., Ref. [11], or kinetically limited stress development, e.g., Ref. [2], in polycrystalline
Al,O3 fabrication have been developed that are at least partially based on evidence from fluorescence
measurements [19]. The analysis here suggests that the many such models for residual stress in Al,O3 and
other materials [1-3, 7-14] may lack firm calibration data. The importance of these microstructure-scale
models is to enable design of materials and prediction of damage, strength, and reliability [15, 17, 24].

Finally, the TGO results in Fig. 4 generated by revisiting earlier measurements [39-44] provide new
information and new questions. The as-fabricated compressive g, stresses in Fig. 4 are easily understood as
deriving from CTE mismatch with the underlying metal substrates. However, if the TGO microstructures
consisted of randomly oriented polycrystals similar to those in Fig. 1(d) and (e), the c-axis constraint and
substrate CTE mismatch would be similar to the a axis, and the o, stresses would also be compressive and
of similar magnitude to o,,. This is not observed. Alternatively, if the TGO microstructures were aligned
mosaic polycrystals as observed [45, 46] and depicted in Fig. 1(c), the c axes would be unconstrained, and
the o, stresses would be near zero for all substrates. This stress state is also not observed. For either
microstructure, the relationship between the stress components should be unchanged by mechanical
loading, as in Ref. [29] and not, as observed [41], develop significant tension. A potential explanation for
the results of Fig. 4 is that the fluorescence energy shifts reflect the state of strain, not stress, in the material
as follows: On TGO development, the mosaic structure forms as observed and negative a-axis strain
develops due to CTE mismatch that is controlled by substrate selection and mechanical loading. Due to
Poisson effects, the traction-free ¢ axis develops a positive strain in response. A strain-based model [47],
which is somewhat similar to the approach used in the recent calibration [48], could thus explain the
observations in an important application and extend to other cases (e.g., Figs. 2, 3, and 5). Although a
strain-based fluorescence energy shift analysis might be more easily applied in cases in which deformation
is specified (as in Fig. 4), such a model would be one step removed from the specification of stresses,
which are usually required in fracture models [15, 17].
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5. Conclusions

Previous applications of single-peak—based fluorescence methods in single-crystal and polycrystalline
alumina have in many cases led to incorrect qualitative and quantitative inferences regarding applied or
microstructurally driven residual stress states. A newly developed method, based on simultaneous
measurement of energy shifts in both the R; and R, peaks, shows that many previously assumed uniaxial
stress states contained significant shear components or were of opposite sign to those assumed. In many
cases, the new method suggests values for stress that differ by factors of two or more from those originally
inferred. In addition, the new findings suggest that microstructures in TGO films do not consist of
randomly oriented grains and that stress states in some early shock experiments are not a reliable platform
for development of atomistic models of fluorescence shift with stress. Revisiting fluorescence shifts in
polycrystalline alumina showed that the earliest measurements are consistent with stress dispersion and
equilibrium conditions revealed in more recent and statistically complete measurements.
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