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Abstract
Brittle failure is often influenced by difficult to measure and variable microstructure-scale 

stresses. Recent advances in photoluminescence spectroscopy (PLS), including improved 

confocal laser measurement and rapid spectroscopic data collection have established the 

potential to map stresses with microscale spatial resolution (<2 microns). Advanced PLS was 

successfully used to investigate both residual and externally applied stresses in polycrystalline 

alumina at the microstructure scale. The measured average stresses matched those estimated 

from beam theory to within one standard deviation, validating the technique. Modeling the 

residual stresses within the microstructure produced general agreement in comparison with the 
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experimentally measured results.  Microstructure scale modeling is primed to take advantage of 

advanced PLS to enable its refinement and validation, eventually enabling microstructure 

modeling to become a predictive tool for brittle materials.
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NOMENCLATURE

Abbreviation Definition

EBSD Electron backscatter diffraction
FE Finite element
IPF Inverse pole figure
PLS Photoluminescence spectroscopy
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1. INTRODUCTION  
Understanding failure in brittle materials is critical to predicting and ensuring brittle 
material performance and long-term reliability in service [1].  To mitigate the risk of 
catastrophic failure, the current practice is to employ engineering judgment supported 
by continuum-scale finite element (FE) modeling to ensure maximum stresses remain 
below the critical failure stress [2]. Unfortunately, the conservative safety factors 
employed to compensate for the unquantifiable uncertainty in legacy continuum FE 
model stress predictions is becoming more and more impractical when complex 
assemblies push brittle materials to their limits.  Higher fidelity stress modeling is 
required to lower uncertainty and design margins[3]. Recognizing that brittle materials 
fail well below their theoretical bond strength because of microstructure-scale defects, 
it is critical to predict stress with higher fidelity on the micro-scale. Additionally, 
models must include the capability to predict the stress intensification associated with 
continuum stress field interactions with micro-scale defects [4].

Previous modeling efforts focused on idealized analytical methods for prototypic 
microstructure features such as grain size, shape, and porosity. Some recent efforts 
utilize actual microstructures to model and predict the effect of real microstructure 
features on residual and applied stresses [5-10]. These modeling efforts have been 
hampered by a lack of experimental methods to validate the behavior at the 
microstructure level.  Existing experimental methods include bulk and spatially 
resolved stress measurements down to the 50-100 micron level using micro-XRD, 
neutron diffraction and Raman/fluorescence spectroscopy [6, 7, 11]. Recent advances 
in photoluminescence spectroscopy (PLS) have enabled the measurement of stress at 
the microstructural scale. Photoluminescence spectroscopy has been found to achieve 
stress resolution of +/- 1 MPa at spatial resolution of ~0.6 microns[12, 13].

This work expands on the previously reported work by measuring not only residual 
stresses from manufacturing but also studies the effect of external loading on the 
microstructure-scale stresses in polycrystalline alumina. The experimental results were 
compared with a microstructure-scale model of stress behavior, which incorporated 
the experimental microstructure as measured using electron backscatter diffraction 
(EBSD).

2. EXPERIMENTAL PROCEDURE

2.1. Materials  
PLS and EBSD measurements were performed on a polished Cr doped alumina 
sample. Detailed analysis of microstructure and the fabrication process was discussed 
previously[14]. In brief, the sample began as 99.5% pure alumina that was infiltrated 
with Cr solution and sintered at 1600C in H2 for 18 hrs. Nominal grain size was 
found to be 20m, with some grains as large as 60 m observed. Previous microprobe 
analysis found the process resulted in a Cr content of 0.025 wt.% [14].
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2.2. Electron Backscatter diffraction (EBSD)
EBSD was performed on the polycrystalline sample to obtain correlated orientations 
of each grain for use in modeling. The EBSD result was collected on a Zeiss Supra 
55vp (Zeiss, Oberkochen, Germany) with a Bruker Quantax CrystAlign EBSD 
detector (Bruker, Billercica, MA, USA). An accelerating voltage of 20 KeV and step 
size of 0.79 m was used for collection. Post-processing of the EBSD data analysis 
was performed using EDAX OIM 8.0 (EDAX, Mahwah, NJ, USA).

2.3. Photoluminescence Measurements
Photoluminescence spectroscopy was used to measure the position and relative change 
of the R1 and R2 Cr emission peaks, which as described later (Section 2.4) were then 
converted to stress values. A representative spectrum is shown in Figure 1. All 
measurements were performed using a LabRamHR (Horiba, Kyoto, JP). A Quantus 
MPC6000 532 nm laser (Quantum Laser, Manchester, England) was used for all 
luminesce measurements. The signal was collected using a 2400 mm-1 grating over the 
14340-14480 cm-1 range resulting in a pixel resolution of 0.058cm-1 /pixel. An argon 
lamp (Pen-Ray #6030, UVP, Upland, CA) was used to generate a reference argon line 
at 14356.61 cm-1, which was measured for all collected spectrum to account for optical 
drift of the instrument. To account for thermal shifting effects, a thermocouple was 
installed on the sample stage and temperature measurements were recorded during all 
measurements. LabSpec 6 (Horiba, Kyoto, JP) software was used for both data 
acquisition as well as peak fitting analysis. The peak center positions were fitted using 
Gaussian-Lorentzian shape factor.

Figure 1: Representative PLS spectrum with R1, R2, and Ar reference line labeled.

Stress-free reference positions for alumina using single point spectrums were collected 
on a m-plane sapphire single crystal (MTI Corp Richmond, CA). A total of 45 spectra 
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were collected and then averaged to set the stress-free, assumed Cr free position for 
R1 and R2 spectra lines. A 50x objective was used resulting in a laser spot size of 
~0.87 m. A dwell time of 15 seconds was used for collection. The measured peak 
positions, adjusted to 298.8 K, were R1=14402.209±.02 cm-1 and 
R2=14432.218±.01cm-1, which are within range of the previously reported values 
[15].

Polycrystalline measurements were performed by mapping a 256 by 202 m rectangle 
encompassing gold fiducial lines for alignment with EBSD maps, using a 2 m step 
size. A 50x objective was used resulting a laser spot size of ~0.87 m. A dwell time 
used for collection was decreased to 3 seconds due to the higher Cr concentration, and 
total of 5 spectrums per step were collected and averaged. The same area was then 
scanned while a load was applied. A tensile stage (Microtest Vertile Bending 2kN, 
Deben, London, UK) with a four-point bend fixture was used to apply uniaxial stress 
states of 0, 100, and 150 MPa to the sample. 

2.4. Analysis of Photoluminescence data
The methodology for converting the peak positions measured in PLS to stress is 
discussed in this section. Both R1 and R2 positions are affected by stress, temperature, 
and chrome composition as seen in equation 1. 

(1a)𝜐(𝑖) = 𝜈(𝑖)
0 + ∆𝜈𝑠

(𝑖) + Δ𝜈(𝑖)
𝑇 + Δ𝜈(𝑖)

𝐶

     (1) (1b)= 𝜈(𝑖)
0 + Π(𝑖)

𝑗𝑘𝜎𝑗𝑘 +  𝛼(𝑖)
𝑇 (𝑇 ‒ 298.8) + 𝛽(𝑖)𝐶𝑚

where  is 1 or 2 referring to the R1 and R2 peaks respectively  is peak position, o
(i) 𝑖

is reference stress free peak position at 298.8K and negligible Cr composition, S is 
peak shift due to stress, T is shift due to temperature, C is shift due to Cr 
composition, T is temperature in K, Cm is Cr concentration in mass fraction, and jk is 
stress[13]. jk

(i), (1)
T, and (i) are material dependent coefficients and are given in 

Table 1 for alumina. The crystal symmetry of alumina provides that only the diagonal 
elements of jk

(i) are non-zero and that 11
(i)= 22.(i).

Table 1: Material Coefficients used for Peak Shift Conversions[13]

Coefficient R1 R2

T -0.130 cm-1/K -0.122cm-1/K

 160cm-1 167cm-1

11 3.03cm-1/GPa 1.53cm-1/GPa

33 2.73cm-1/GPa 2.16cm-1/GPa
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Historically work was focused on making mesoscale measurements that sample many 
grains at a time [16, 17],in these cases an isotropy argument assuming random crystal 
orientations and the peak shifts due to stress reduces to 

(2)Δ𝜐(𝑖) = Π(𝑖)
𝑀 𝜎𝑀

Where  and  1/3(11+22+33) Equation (2) relates a mean stress Π(𝑖)
𝑀 = (2Π11 + Π33) 𝜎𝑀 =

to a single peak shift, therefore either R1 or R2 can be used.

Recently researchers have expanded on this approach by mapping at sub-granular 
length scales, such as in this work[12, 13]. The assumption of isotropy no longer holds 
within a single crystal; however, due to the approximately hexagonal symmetry of 
Al2O3 peak shifts due to stress can be expressed as 

(3)
[Δ𝜐(1)

Δ𝜐(2)] = [ Π(1)
𝑀    Π(1)

𝑆
Π(2)

𝑀      Π(2)
𝑆

][𝜎𝑀
𝜎𝑆 ]

where , 3, Π(𝑖)
𝑀 = (2Π11 + Π33), Π𝑠 = (Π33 ‒ Π11) 𝜎𝑆 = 2𝜎33 ‒ 𝜎11 ‒ 𝜎22)/

. By measuring R1 and R2 peak shifts the stresses  can 𝜎𝑀 = (𝜎11 + 𝜎22 + 𝜎33)/3 𝜎𝑀 𝑎𝑛𝑑 𝜎𝑆

be found by inverting equation (3)[13, 15].

3. MODELING METHODS AND BACKGROUND
Microstructure Meshing

Microstructure modeling was performed to simulate the experiments conducted. To 
allow direct comparison between experiments and modeling the experimental 
microstructures were imported for use in modeling efforts. Finite element meshes 
were generated by importing the EBSD data into OOF2 (NIST, Gaithersburg, 
MA)[18]. A comparison between the source EBSD data and the resulting finite 
element mesh is shown in Figure 2. 



11

 

Figure 2: a) Inverse pole figure of alumina used for mesh generation b) mesh 
generated using OOF2 from microstructure.

Stress Modeling

The OOF2-generated meshes were used to perform stress modeling using the Tensor 
Mechanics physics module of the MOOSE  finite element package (Idaho National 
Laboratory, Idaho Falls, ID)[19]. In addition to grain morphologies, the EBSD scans 
also provided orientations for each grain in the microstructure, enabling modeling of 
the anisotropic properties in alumina. The elastic constants for corundum alumina used 
for the analysis were: c11=497.3 GPa c33=500.9GPa c44=146.8, c12=162.8, c13=116.0 
Gpa, c14=-21.9 GPa [20]. The average thermal expansion over the temperature range 
was used, for the analysis  11 was taken as 7.29x10-6/C  and 33 as 8.19x10-6/C[21].

An initial condition 1600C was applied to the model to create a stress-free state at the 
sintering temperature. The model was then cooled to 27C inducing a residual stress 
due to the anisotropic thermal expansions of the grains. These conditions assume that 
the grain boundaries are locked and that stress begins to accumulate immediately upon 
cooling. The residual stress models were run assuming a 2D microstructure and using 
plane stress (assuming 33 is zero), with no constraints applied to the boundaries.  The 
applied stress models were also run with assumed plane stress, with constant pressure 
applied to the left and right boundaries (corresponding to the experimentally applied 
stresses), while, the top and bottom boundaries were left unconstrained to simulate 
uniaxial stress state of the 4pt bend test. 

4. RESULTS AND DISCUSSION

4.1. Experimental 
T The R1 peak intensity map from polycrystalline sample along with an inverse pole 
figure (IPF) obtained from EBSD are shown in Figure 3. Previous studies have used 
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intensity maps to determine microstructure due to the varying intensity as function of 
grain orientation [12, 13]. However, as seen in Figure 3 this use of intensity images 
can be misleading and miss grains of similar orientations that are adjacent to each 
other such as grains 1 and 2 in Figure 3. Due to the shortcoming of using intensity 
maps as an indication of microstructure, correlative microscopy should be performed 
if statements about grain structure and stresses are to be made. 

The calculated m maps from the PLS data with 0, 100, and 150 MPa of applied 
uniaxial stress, which corresponds to  m values of 0, 33, and 50 MPa, are displayed in 
Figure 4.  From first observations, the contour maps show a large spatial distribution 
of stresses due to the anisotropy of corundum alumina as reported previously[12, 13]. 
With an applied tensile stress, the regions of high tensile stress (red) begin to grow and 
the areas of high compressive stress (blue) begin to shrink, as would be expected.  The 
average of each calculated m measurement in Figure 4 was calculated and reported in 
Table 2, along with its standard deviation/distribution.  The average stress of the 
microstructure is within 5 MPa of the applied stress when accounting for the initial 
compressive stress in the microstructure, showing the validity of the technique.  The 
stress distributions (Figure 5) for the microstructure have a normal fit and the shape of 
this distribution does not change with an applied stress.  Only that the normal stress 
distribution shifts towards tension with an applied tensile load.  This suggests that 
there is no stress redistribution with an applied load, but only that the applied stress 
directly applies to the residuals stresses that are intrinsically within the microstructure. 

The average stresses within the microstructure are relatively quite low and increase 
with applied load, while the max tensile stresses are an order of magnitude higher 
(Table 2), than the average applied m.  It is the intersection of these high stress 
regions with a critical flaw where the material failure will initiate(Table 2)[4]. 
Understanding only the mean stress does little to inform failure predictions of a brittle 
material.  This illustrates the importance of understanding the full stress state within 
brittle material microstructures for modeling to become truly predictive.  The ability of 
PLS to provide first of a kind data to help improve these models is groundbreaking, 
and will enable the improvement of microstructure level models in brittle materials. 



13

Figure 3: Inverse pole figure (a) and R1 intensity map (b), showing the inability of 
intensity maps to detect adjacent grains with similar orientations (grain 1 and 2).

Figure 4:  m  PLS maps of region with  a) zero applied m  b) 33.3 MPa applied m c) 
50 MPa applied m 
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Table 2: Measured stresses as function of applied load.

Applied m 0 MPa 33.3 MPa 50 MPa

Average m 
(MPa)

-9.1 22.5 36.8

Standard Dev. 43.2 41.4 42.2

Min m (MPa) -154.9 -128.0 -114.9

Max m (MPa) 191.2 204.6 216.9

Figure 5: Stress distribution of three loading conditions.

4.2. Modeling
 The 2D plane stress m maps obtained using MOOSE are seen in Figure 6. The mean, 
max and minimum stresses are given in Table 3. As expected the compressive stresses 
decrease, while the max tensile stress increases with increasing load. In comparing the 
simulated and experimental results, there is general agreement observed with areas of 
compression and tension.  However, the peak stresses predicted in the simulation are a 
factor of two higher than those measured using PLS. This discrepancy is likely due to 
four main factors: stress singularities at the highly-resolved grain boundaries in the 
model, the lower resolution of the measurement at the grain boundaries due to the ~2 
m3 interaction volume, the assumption in the model that the grains are perfectly 
bonded, and the 2D plane stress assumption. 
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The mesh used in the models is highly refined at the grain boundaries to resolve them 
accurately in space; however, this provides less averaging of stresses compared to the 
experimental measurement. The element size near grain boundaries is on the order of a 
0.1m vs the 0.87 m spot size used in the mapping measurements. Therefore, the 
model resolves the higher stresses at/near grain boundaries while the measurement 
averages over a larger area further from the peak stresses which occur at the 
boundaries. To enable a better comparison the simulated results were averaged along a 
1 micron rectangular grid to better align with the measurement size (Table 3).  
Averaging the simulation results over the 1 micron area resulted in reduction of the 
peak observed stresses by ~30%, bringing them closer the measured peak stress 
values. The observed higher peak stresses at the grain boundaries in the model are also 
partially due to the assumption of perfect bonding between grains. This is a 
simplifying assumption for the model; although, in practice micro-cracking and 
composition differences at grain boundaries are observed in alumina resulting in 
imperfect bonding[22-25] .Unfortunately, there is no agreed upon value for the 
strength of the bonding between grains in alumina [23].Future work could include 
varying the bonding between grains to more closely match measured stresses. 

The larger interaction volume, particularly in the z-direction (depth), is also the cause 
of the poorer agreement between areas of small grains vs larger grains in the 
microstructure. Due to the 2-3 micron depth at which PLS signal is generated there is 
higher probability of sampling another subsurface grain in an area of small grains, 
whereas in large grains it is more likely that the signal is coming entirely within the 
grain on the surface. Additionally, if several grains exist in the measured volume the 
assumption of plane stress becomes less accurate of sample behavior.

Figure 6: Simulated m maps for three loading conditions a) zero applied  m b) 33.3 
MPa applied m c) 50 MPa applied m
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Table 3: Calculated stresses as function of applied load and averaging area.

5. C

ONCLUSIONS 
PLS was successfully used to investigate the residual and applied stresses in 
polycrystalline alumina. PLS was able to accurately resolve stresses at the 
microstructure level with a spatial resolution of 2 microns. The average measured 
stresses matched to known applied loads within one standard deviation, showing the 
accuracy of this high spatially resolved technique for the first time. Measurements 
found that max local stresses within the microstructure were an order of magnitude 
higher than that of the average stress. These high local stresses are the likely areas of 
failure, and understanding their location and occurrence are critical to enabling the 
prediction of failure in brittle materials. The modeling efforts produced general 
agreement of the spatial location of max compressive and tensile stresses to the 
experimental results using simplifying assumptions such as 2D microstructure and 
perfect bonding between grains.  However, further refinement of the models to 
incorporate additional mechanisms such as micro-cracking, grain boundary 
complexions, and 3D microstructure is required to achieve higher fidelity results. 
Microstructure scale modeling is primed to take advantage of PLS to enable its 
refinement and validation, eventually enabling microstructure modeling to become a 
predictive tool for brittle materials.
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