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Maps of residual stress distributions arising from anisotropic thermal expansion effects in a polycrystalline alu-
mina are generated using fluorescence microscopy. The shifts of both the R1 and R2 ruby fluorescence lines of
Cr in alumina are used to create maps with sub-μm resolution of either the local mean and shear stresses or
local crystallographic a- and c-stresses in the material, with approximately ±1 MPa stress resolution. The use
of single crystal control materials and explicit correction for temperature and composition effects on line shifts
enabled determination of the absolute values and distributions of values of stresses. Temperature correction is
shown to be critical in absolute stress determination. Experimental determinations of average stress parameters
in the mapped structure are consistent with assumed equilibrium conditions and with integrated large-area
measurements. Average crystallographic stresses of order hundreds of MPa are determined with characteristic
distribution widths of tens of MPa. The stress distributions reflect contributions from individual clusters of stress
in the structure; the cluster size is somewhat larger than the grain size. An example application of the use of stress
maps is shown in the calculation of stress-intensity factors for fracture in the residual stress field.

Published by Elsevier Ltd.

Keywords:
Residual stress
Alumina
Fluorescence
Ruby
Mapping
Microcracking

1. Introduction

Single crystal alumina (Al2O3, corundum) has a trigonal crystal
structure that exhibits anisotropic thermal expansion: The coefficient
of thermal expansion (CTE) is greater along the crystallographic c-axis
than in the basal plane that contains the three a-axes perpendicular to
the c-axis. [1]. As a consequence, on cooling an unconstrained corun-
dum single crystal the c-axis contracts more than the a-axes (contrac-
tion is isotropic in the basal plane), leading to an anisotropic stress-
free strain state. On cooling polycrystalline Al2O3 from a high tempera-
ture, however, the mutual constraint of neighboring unaligned grains
impedes the free CTE strains for an individual grain and residual stress
fields are developed in the polycrystalline microstructure in reaction
to the constraint [2]. Considerations of mechanical equilibrium for a
polycrystal in which the grains are randomly oriented show that the
mean normal stress in the crystallographic c-direction is tensile, σ cN0,
and that in the a-direction is compressive,σab0 [3]. Mechanical equilib-
rium requires the mean spherical stress in the microstructure be zero,
σM ¼ 0, such that the mean normal stresses in the crystallographic
frame have the relationship σ c ¼ −2σa. Estimates for the magnitudes
of these stresses on cooling polycrystalline Al2O3 from typical sintering
temperatures are approximately 100 MPa, although the value depends

on grain size, grain shape, the presence of other phases, and cooling
rate [2,4–7].

The nature of the microstructurally-driven residual stress field sig-
nificantly affects the mechanical properties, especially fracture, of poly-
crystalline Al2O3. At the smallest length scale, residual tensile stresses
can be relieved in the structure on cooling through the formation of
spontaneous “microcracks”; these are typically localized to fracture of
a single grain boundary facet or grain, and occur most frequently in
large-grained materials [7–10]. Such microcracks form preferential lo-
cations for material removal under erosion or wear conditions and
form strength-limiting flaws in structural applications. At an intermedi-
ate scale, sharp surface contacts generate localized plastic deformation
zones in the material with attendant tensile stress fields that initiate
and stabilize cracks, typically a few grain diameters in length [11]. The
microstructural residual stress field can significantly impede or assist
in the formation of such contact flaws, leading to significant strength
degradation and potential material removal [9,12]. At the largest length
scale, long cracks traversingmany grains in polycrystalline ceramics are
often observed to have microstructural elements behind the crack tip
acting to restrain crack opening and thus impede crack propagation
[13,14]. Such elements are particularly pervasive in Al2O3 and typically
consist of either ligamentary bridges of a few grains formed by discon-
tinuous crack propagation or frictional interlocks at a single grain
boundary facet perpendicular to the predominant crack propagation di-
rection [15]. In both cases, the local microstructural residual stress field
is critical to the formation and subsequent deformation of the
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restraining elements [15,16]. Such elements lead to significant increases
in the toughness of thematerial with increases in crack length [9,12,15].

As a consequence of the above effects, knowledge of the
microstructurally-driven residual stress field is critical in materials se-
lection and design considerations for polycrystallineAl2O3. If themagni-
tude of the residual stress field is too large, thematerial will be prone to
microcracking and hencewould not be a good choice for applications in
which resistance to small cracks is important, e.g., a wear-resistant coat-
ing. If themagnitude of the residual stress field is too small, thematerial
will not exhibit muchmicrostructural toughening and hence would not
be a good choice for applications in which resistance to large cracks is
important, e.g., a hermetic feed-through. If the distribution of the resid-
ual stress field is too heterogeneous, the material will exhibit variable
crack initiation response at sharp contacts and hence would not be a
good choice for applications in which strength predictability is impor-
tant, e.g., a radar window. Hence, in order to optimize fabrication
methods for polycrystalline Al2O3 so as to generate microstructures ap-
propriate for specific applications, and to predict how a given micro-
structure will perform, a method is required that can measure and
map polycrystalline Al2O3 residual stress distributions.

A method with sufficient spatial and stress resolution for mapping
microstructure-related stress distributions in Al2O3 is fluorescence mi-
croscopy. Themethod is based on the shift in the fluorescence bands as-
sociated with Cr, a ubiquitous substitutional impurity for Al in Al2O3

[17]. The crystal field arising from the octahedral arrangement of O
ions surrounding the Cr ions in Al2O3 leads to two closely-separated
R1 and R2 bands that fluoresce at a wavelength of approximately
694 nm. It is this fluorescence that gives ruby (Al2O3:Cr) its characteris-
tic red color. Applications of stress, changes in temperature, and differ-
ent Cr compositions all distort the octahedra and associated crystal
field and lead to shifts in the energies of the R1 and R2 fluorescence
peaks. Early application of this phenomenon was the incorporation of
calibrated ruby chips into diamond anvil cells for use as pressure gauges
during high-pressure experiments [18]. Subsequent applicationwas the
measurement and mapping of stress in single-crystal and polycrystal-
line Al2O3, although works considering two-dimensional (2-D) map-
ping of microstructural residual stresses are few. A recent work [19]
significantly extended spatial and stress resolution for 2-D Al2O3 stress
mapping, in addition to introducing new stress-mapping methodolo-
gies. In that work, stress in a series of Cr-doped polycrystalline Al2O3

materials was mapped with sub-micrometer spatial resolution and
about 10MPa stress resolution. The work used the intensities and shifts
of the R1 peak to define grain boundaries in the microstructures and
generate σc stress maps, respectively. Scales for the stress maps were
determined from the R1 peak-shift distributions and assumed Gaussian
stress distributions. The work [19] provides a brief but comprehensive
review of application of Cr fluorescence shift to stress measurement,
with an emphasis on 2-D mapping.

Here, stress mapping in polycrystalline Al2O3 is further extended
with attention focused on stress distribution determination. The deter-
mination includes four new and important experimental and analytical
features: First, the determination is accomplished by using information
from both the R1 and R2peak shifts, significantly increasing theprecision
of the stress determination. Second, stress determination includes ex-
plicit correction for temperature changes during mapping, significantly
increasing the accuracy of the stress determination—in fact, it will be
shown that temperature correction is critical to obtaining absolute esti-
mates of stress. Third, no particular form for the stress distributionswill be
assumed. Fourth, the maps will divide the stress in two ways, providing
both local spherical and shear, aswell as a- and c-direction, stress distri-
butions. As before [19], stress determinationwill involve a correction for
the effect of Cr composition on peak shift. In addition to generating in-
formation regarding residual stress distributions, the measurements
will enable an experimental test of the equalities given above for the
equilibrium mean stress values: σM ¼ 0 and σ c ¼ −2σa. The next sec-
tion develops the piezospectroscopic analysis required to convert R1

and R2 fluorescence peak shifts into stress maps and distributions, in-
cluding comparisonswith previously used large-area scans. Also includ-
ed is a brief description of the fracture mechanics analysis employed in
an example application of stress mapping in predicting the behavior of
microcracks. This is followed by a description of the experimental
methods, which are similar to those of the previous work. The results
are presented first as maps and histograms of fluorescence intensity
and shifts, and then as 2-D stress maps and histograms of stress distri-
butions. Discussion centers on comparison of the results obtained here
with those obtained in prior fluorescence-based residual stress studies
of Al2O3, the likely next steps in advancing the quantification of residual
stress mapping using fluorescence, and comparison of the fluorescence
mapping technique with techniques used to assess residual stress in
other material systems.

2. Analysis

2.1. Stress optical analysis for mapping

The energies, v, (in wavenumbers, cm−1) of the R1 and R2 fluores-
cence lines in Al2O3:Cr are given by [20–23]

ν 1ð Þ ¼ ν 1ð Þ
0 þ Δν 1ð Þ þ Δν 1ð Þ

T þ Δν 1ð Þ
C ð1aÞ

ν 2ð Þ ¼ ν 2ð Þ
0 þ Δν 2ð Þ þ Δν 2ð Þ

T þ Δν 2ð Þ
C ; ð1bÞ

where the superscripts (1) and (2) here and throughout indicate param-
eters associated with the R1 and R2 lines, respectively. The v0 values are
the energies or line positions of a reference material in the unstressed
state at a reference temperature (here taken to be 298.8 K) with negli-
gible Cr composition (here taken to be undoped sapphire). Fig. 1
shows example spectra taken fromsingle (pixel) locations on a sapphire
reference and a polycrystalline Al2O3:Crmaterial. The v0 values of the R1
and R2 lines of the sapphire are indicated, as are the total shifts,
Δν+ΔνT+ΔνC, for the polycrystalline material. The shifts in line posi-
tions associated with changes in temperature and composition,ΔvT and
ΔvC respectively, will be considered below. Here attention is first fo-
cused on the shift associated with stress, Δv. In hyperspectral fluores-
cence mapping, a spectrum of fluorescence intensity as a function of
wavenumber, I(v), similar to that in Fig. 1, is obtained at every point
in a map. The spectra are then analyzed to obtain Δv at every point in
the map, such that stress maps can be generated.

Fig. 1. Single location fluorescence spectra of single-crystal sapphire and a polycrystalline
Al2O3 material, showing the R1 and R2 “ruby” lines and the shift of these lines in the
polycrystalline material due to residual stress, temperature, and compositional changes.
For easy comparison the polycrystalline Al2O3 spectrum has been reduced to 75%
intensity.
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