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INTRODUCTION 
 

The objective of this paper is to ascertain the 
existence of a specimen size threshold, below which 
the material no longer exhibits bulk mechanical 
behavior when tested using in situ transmission 
electron microscopic (TEM) microcompression 
pillars. In this work, sub-micron sized pillars of a 
model Fe-9Cr oxide dispersion strengthened (ODS) 
alloy were compressed in TEM in situ at room 
temperature, and attempts have been made to quantify 
the resulting data. Results are compared to mechanical 
property values in the archival literature, and a 
discussion on the validity of quantitative in situ TEM 
micrompression data for ODS steel is included. 

In situ TEM mechanical testing is a relatively new 
technique enabling concurrent TEM imaging and 
mechanical testing of sub-micron-sized electron-
transparent specimens. Due to limited sample volume 
of many nuclear materials, in situ TEM mechanical 
testing holds great promise for advancing our 
understanding of deformation phenomena. But it is 
well known that the dramatically reduced specimen 
size required for in situ testing can affect quantitative 
and qualitative deformation behaviors. However, 
Kiener, et al. [1] used in situ TEM microcompression 
pillars on irradiated and unirradiated single-crystal 
copper. They observed size independence in the 
irradiated material, while the unnirradiated material 
displayed a size threshold below which the mechanical 
properties deviated from those of bulk Cu. They assert 
that the more densely-spaced obstacles in irradiated 
Cu allow it to display bulk properties even in 
specimens having ~100 nm dimensions. Similar to 
Kiener’s findings [1], we hypothesize that unirradiated 
ODS will demonstrate a size threshold, but the in situ 
TEM microcompression technique can be extended 
from single crystal materials to engineering alloys. 

An Fe-9Cr model ODS alloy was chosen for this 
study because of the broad interest in ODS for 
advanced nuclear reactors. ODS alloys exhibit high 
irradiation tolerance and high temperature creep 
resistance. New insight into deformation processes 
gained through in situ TEM mechanical testing could 
be valuable for the validation of ODS alloys for next-
generation nuclear reactors.  

 
 

 
EXPERIMENTAL DETAILS 
 
Material 
 

A rod of Fe-9Cr ODS was provided by the Japan 
Nuclear Cycle Development Institute (now the Japan 
Atomic Energy Agency). The composition in wt% is 
Fe-8.67Cr-1.95W-0.28Y-0.23Ti-0.14C-0.048Si-
0.06Ni-0.05Mn with trace P,S, N, and Ar. The rod was 
heat treated at 1050°C for 1 hour, air cooled, then 
tempered at 800°C with subsequent air cooling. 
 
In Situ Transmission Electron Microscopy 
 

Specimens were prepared for in situ TEM 
compression using a FEI Quanta 3D FEG Focused Ion 
Beam (FIB) at the Center for Advanced Energy 
Studies (CAES). The samples were prepared in a 
similar method as described by Imrich, et al. [2], which 
involved lifting a ~40 μm x ~20 μm x ~3 μm foil from 
the bulk material, thinning 7-8 windows on the top 
edge of this foil to ~200 nm, then further shaping those 
windows into pillars of desired dimensions.  A 
scanning electron microscopic (SEM) image of the 
prepared foil with shaped pillars is shown in Fig. 1. 

Pillars were shaped to have a square geometry in 
the plane parallel to the TEM imaging plane (Fig. 2). 
This square geometry was chosen to simplify sample 
machining and to reduce the number of variables 
affecting quantitative mechanical measurements. 
Pillar dimensions could be controlled by ±25-50 nm, 
due to the collimation of the Ga ion beam used for 
milling in the FIB. Pillars were fabricated and tested 
having varying nominal dimensions such that 
mechanical properties could be determined as a 
function of pillar width and height, pillar thickness, 
and pillar volume. A total of 22 pillars were tested, 
with dimensions given in Table I. Width and height 
were measured during FIB milling using SEM; 
thickness was later measured in TEM using electron 
energy loss spectroscopy (EELS). 

In situ TEM mechanical testing was conducted on 
a FEI Tecnai TF30-FEG STwin STEM using a 
Hysitron PI 95 TEM PicoIndenter holder, also at 
CAES. The PI 95 was equipped with a flat punch head 
for compression testing. All compression tests were 
conducted under displacement-controlled mode with 
initial displacement depth of approximately half the 
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height of the pillar. Load-displacement curves were 
collected along with real-time TEM-resolution videos 
from each compression test for both qualitative and 
quantitative analysis.  

 

 
Fig. 1. SEM image of pillars shaped by FIB. 
 

 
Fig. 2. TEM image of single pillar pre-compression. 

 
Table I. Number of pillars tested of varying nominal 
dimensions. Bold indicates specimens used to study 
volume dependence, italics for thickness dependence, 
and underlined for width and height dependence. 
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150 – 1 – – – – – – – 
200 1 – 2 – – – – – – 
250 – – – 1 – – – – – 
300 1 – – – 2 – – – – 
350 – – – – – 1 – – – 
400 2 – 3 – 1 – 2 – – 
500 1 – – – – – – 2 – 
600 – – 1 – – – – – 1 

 
Yield Strength & Elastic Modulus Calculations 

 
The compressive yield strength and elastic 

modulus are the two properties that will be used to 
evaluate the effect of pillar size on mechanical 
performance. Both parameters can be calculated from 
the measured load-displacement curve. The elastic 
modulus E, is defined by 

  (1) 

where engineering stress σ, is determined by F, load, 
over initial cross-sectional area. 

oAF / V   (2) 
The engineering strain ε is calculated as follows, in 
which li is the instantaneous pillar height and l0 is the 
initial pillar height. 

oi lll /)( 0� H   (3) 
Finally, yield stress σy was measured using the 0.002 
strain offset method.  

 
RESULTS 
 
Stress-Strain Curve 
 

A stress-strain curve was generated for each 
compression test; a representative stress-strain curve 
from a 500 nm x 500 nm x 500 nm pillar is shown in 
Fig. 3. The yield stress is approximated to ~1180 MPa 
using the 0.002 offset method, which falls within the 
expected range of 1000-1200 MPa for an Fe-9Cr ODS 
alloy [3]. Multiple load drops occur after the onset of 
plastic deformation.  

 
Fig. 3. Stress-strain curve from a 500 nm x 500 nm x 
500 nm pillar with the 0.002 offset strain indicated.  
 
Yield Stress 
 

Yield stress is the first quantitative mechanical 
property examined in order to identify a specimen size 
effect. Compressive yield stress is shown as a function 
of pillar volume in Fig. 4. Nine pillars, with volumes 
encompassing the entire tested volume range, have 
yield stresses of 1000-1200 MPa within their 
measurement errors. Thirteen pillars exhibit yield 
stresses higher than the expected range. Although 
these thirteen pillars tend to have lower volumes, the 
nine pillars that exhibit yield stresses in the expected 
range have volumes <150 μm3. It is not clear that a 
volume threshold for bulk mechanical behavior exists. 
Ongoing work aims to identify the source of the wide 
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variation in yield stresses measured from small-
volume pillars. 

 
Fig. 4. Compressive yield stress (MPa) as a function 
of pillar volume (μm3) with expected range 
highlighted. 

 
Yield stress is also studied as a function of the 
minimum pillar dimension, whether that dimension be 
the pillar thickness, width, or height (Fig. 5). A similar 
trend as in Fig. 4 is observed, wherein pillars of all 
minimum dimensions exhibit expected values of yield 
stress. There is no obvious minimum dimension 
threshold below which pillars deviate from bulk-like 
yield stress. 

 
Fig. 5. Compressive yield stress (MPa) as a function 
of minimum pillar dimension (nm) with expected 
range highlighted. 
 
Elastic Modulus 
 

The elastic modulus is measured from each 
compression test, and is shown as a function of pillar 
volume in Fig. 6. These values are an order of 
magnitude lower than expected values measured by 
Toualbi [3]. This difference is likely due to lack of 
accounting for the deformation accommodated in the 

base material below the pillar [2]. As with yield stress, 
there does not appear to be a clear trend in elastic 
modulus as a function of pillar volume.  

 
Fig. 6. Elastic modulus as a function of pillar volume. 
 
DISCUSSION AND FUTURE WORK 
 

The fact that the compressive yield stress and 
elastic modulus do not follow distinct trends as a 
function of specimen size is likely due to the high 
density of obstacles to dislocation motion. The ODS 
microstructure contains such obstacles as oxide 
nanoparticles, a fine grain structure, a high density of 
dislocation lines, and carbide precipitates. Since the 
deformation behavior is governed by the minimum 
separation distance between obstacles [1], it is 
plausible that the high obstacle density enables ODS 
alloy micropillars to exhibit bulk-like mechanical 
properties even prior to irradiation. 

Future work will focus on: (1) developing finite 
element models to help explain the difference in 
elastic moduli between bulk and micropillar tests, (2) 
understanding the spread in yield stress measurements 
at fixed micropillar volumes, and (3) extending this 
study to irradiated ODS.   
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