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Abstract: The residual stress of the zirconia film on a stainless steel substrate is measured using the digital image correlation 

(DIC) method. A lattice structure is milled by focused ion beam (FIB) and used as the deformation carrier. An annular groove is 

etched by FIB in order to release the residual stress. The DIC method is used to calculate the deformation caused by the release of 

residual stress and the residual stress is derived by mechanics equations. The results demonstrate that this method can be 

extended for micro-region residual stress measurement of other thin films on substrates. 
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1. Introduction 

Thin films on a substrate are the most common structure of 

micro-electro-mechanical systems and thermal barrier coating 

materials. In the manufacturing process of the films, residual 

stress is always introduced inevitably. Excessive residual 

stress can seriously affect the performances of the devices or 

materials and their service lives. To better understand the 

generation of residual stress so as to effectively control the 

magnitude of residual stress, the techniques to measure 

residual stress need to be developed for film-matrix structures. 

At present, the existing measurement techniques mainly 

include X-ray diffraction [1,2], Raman spectroscopy [3,4] and 

measuring by the release of residual stress[5-12]. For the 

former two methods, only the average residual stress within 

the measured area can be obtained. The measurement area is 

large, generally on the order of millimeters. Furthermore, both 

methods have some limitations. The X-ray diffraction method 

is only applicable to crystalline materials, not to amorphous 

materials. The Raman spectroscopy method is only applicable 

to materials with the Raman Effect. The methods of releasing 

residual stress include the drilling method (machining a hole), 

the grooving method (machining a deep groove) and the ring 

core method (processing an annular groove). The ring core 

method not only applies to macroscopic residual stress 

measurement, but also to microscopic residual stress 

measurement, and is applicable to a variety of different 

materials. Since the destruction of films is often due to local 

damage caused by the residual stress, it is of important 

significance to measure residual stress at a micro-region. 

The focused ion beam (FIB) system with micro-nano 

machining ability combined with optical measurement 

method offers the potential of the residual stress measurement 

at the micro area. Sabate et al. [5-7] used FIB to fabricate a 

hole or a slot at the film surface to release the residual stress 

and utilized digital image correlation (DIC) to measure 

residual stress in a film. Massl et al. [8] used FIB to process 

micro cantilever and measured its deflection by DIC to obtain 

the residual stress of a film. Korsunsky, Sebastiani and Zhu et 

al.[9-12] used FIB to process annular grooves and utilized 

DIC method to measure the residual stress of a film. A hole or 

a groove will cause strain concentration at the etched area. The 

micro-cantilever processing method is only applicable to the 

edge of the specimen, and only applies to a film on a brittle 

substrate. In comparison, the strain released by the ring core 

method is relatively uniform. Therefore it is a favorable 

choice to release residual stress. This paper will use DIC 

combined with the ring core method by FIB processing to 

measure micro-scale residual stress of the zirconia film on a 

stainless steel substrate. 

2. Principle of Digital Image Correlation 

Method 

A two-dimensional DIC measuring system is shown in 

Figure 1. The tested plane specimen is placed in the loading 
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system so that the optical axis of image acquisition

vertical to the specimen surface. Real-time speckle

specimen surface are recorded under different

the load, which requires the imaging surface

with random grayscale distribution. Typically

before loading is denoted as "reference image"

the individual images are called as "deformed

image acquisition device may be a CCD camera,

synchronized high-speed camera, an optical

scanning electron microscope (SEM), 

confocal microscope (LSCM), a scanning

microscope (STM), and an atomic force microscope

Figure 1. Two-dimensional DIC measurement

Correlation calculation between the images

and after deformation is carried out to find 

points before and after deformation so that 

the specimen surface can be derived. 

The basic principle of two-dimensional

Figure 2. Take the tested point (x0, y0) in the

R(x, y) as the center and a square with

(2M+1)×(2M+1) pixels as a reference subset.

after deformation D(x', y'), correlation calculation

out in accordance with a certain search

correlation function, in order to find out the

target subset with the reference subset in the

Assuming its center is (x0 ', y0'), the displacement

in the x and y directions, i.e. u and v, are 

respectively. 

Figure 2. The schematic of subsets before and after

A correlation function to evaluate the 

between the subsets in the image before and

is defined as: 

where R (x, y) is the grayscale of point (x, 

{ }, ( ) ( , ), ( , )R DC p Corr R x y D x y′ ′=�
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acquisition device is 

speckle patterns on 

different magnitudes of 

surface of the specimen 

Typically the image 

image" and the rest of 

"deformed images". The 

camera, may also be a 

optical microscope, a 

 a laser scanning 

scanning tunneling 

microscope (AFM). 

 

measurement system. 

images acquired before 

 out corresponding 

 the deformation of 

dimensional DIC is shown in 

the reference image 

with dimensions of 

subset. In the image 

calculation is carried 

search strategy and the 

the most correlated 

the reference image. 

displacement components 

 x0 '- x0 and y0'- y0, 

 

after deformation. 

 correlation degree 

and after deformation 

            (1) 

 y) in the reference 

image, D (x ', y') is the grayscale

the image after deformation, 

function describing the correlation

y'). There are various expression

function. Among others, the 

function, the normalized minimum

minimum squared distance 

commonly used because they 

variation of grayscale in the 

correlation function, the size of 

and sub-pixel algorithms should

correlation calculation. 

3. The Measuring Principle

Micro-region Residual

Specimen images are recorded

of residual stress. DIC is used to

the specimen due to the release

strain εx ,εy and rxy can be obtained,

are as follows 

The two principal residual stresses

where E is the elastic modulus,

nano-indentation or other techniques,

ratio. 

4. Experiments of Residual

Measurement of Micro

4.1. Preparation of Tested Specimen

The tested object is a zirconia

a substrate of stainless steel. 

approximately 500 µm, as shown

thermal spraying process as follows:

Before spraying on the specimen,

can improve the surface roughness

adhesion. Blasting and spraying

1. The adhesive layer is NiCrCoAlY

powder. 
In order to create a smooth 
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grayscale of the target point (x ', y') in 

 and Corr is the correlation 

correlation between R (x, y) and D (x ', 

expression forms of the correlation 

 normalized cross-correlation 

minimum squared distance, and the 

 with parameters are most 

 are insensitive to the linear 

 subset. Besides selecting the 

of the subset, the calculation step 

should also be determined before the 

Principle of 

Residual Stress 

recorded before and after the release 

to calculate the displacement of 

release of residual stress. Then the 

obtained, thus the principal strains 

       (2) 

stresses are 

              (3) 

modulus, which can be measured by 

techniques, and v is the Poisson's 

Residual Stress 

Micro-region 

Specimen 

zirconia coating film (8% wt Y2O3) on 

 The thickness of the film is 

shown in Figure 3. It is made by 

follows: 

 

specimen, surface blasting treatment 

roughness to enhance the interfacial 

spraying parameters are listed in Table 

NiCrCoAlY nickel-based alloy 

 surface so as to facilitate the 

( )

( )

2
2

2
2

xyx y

xyx y

r

r

ε ε

ε ε

 
= + + +− 

  

 
= + − +− 

 

( )

( )

1 1 2

2 2 1

2

2

1

1

E

E

σ ε υε

σ ε υε

υ

υ

= − +

= − +



 

processing of FIB, the polishing treatment is

specimen surface. Firstly, the specimen 

sandpaper, and then polished with polishing

zirconia is non-conductive, a thin layer of gold

on the specimen surface prior to the experiment.

Figure 3. Schematic of the zirconia film on a stainless

Table 1. Blasting and spraying parameters.

Spraying 

Voltage 

Electric current 

Spraying distance 

Gun Speed 

Powder feed rate 

Blasting 

Material 

Diameter 

Pressure 

Distance 

4.2. Experiment Process 

This experiment is carried out in the FIB

SEM double beam system (Tescan Lyra3).

stuck on the sample stage with 502 glue, and

is used to connect the sample surface and the

order to discharge. The specimen and the

placed in the vacuum chamber, in which 

beam is perpendicular to the specimen surface.

vacuum, the electron beam alignment, anastigmatism

focusing are carried out until the specimen

clearly observed so as to select the measurement

residual stress. Because of the 55° angle between

beam and the ion beam, the specimen needs

that the ion beam is perpendicular to the 

The ion beam alignment, anastigmatism and

carried out in order to locate the tested area,

µm × 2 µm. In this region speckle lattice is fabricated

FIB and the lattice period is 130 nm. Then

inclined 55° so that it is returned to the 

electron beam is perpendicular to the specimen

record speckle dots, as shown in Figure 4(a).

specimen is inclined 55° so that the ion beam

to the specimen surface to release residual stress

annular groove with FIB. The inner diameter

groove is 2 µm, the outer diameter is 4 µm,

µm. Its shape is shown in Figure 5. After 

etching of the annular groove, the specimen

that it is returned to the position when the

perpendicular to the specimen surface to record

as shown in Figure 4 (b). 
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is conducted to the 

 is polished with 

polishing paste. Since 

gold film is coated 

experiment. 

 

stainless steel substrate. 

parameters. 

70 V 

500 A 

125mm 

300mm/s 

30 g/min 

Corundum 

4mm 

0.7MPa 

120 mm 

FIB - field emission 

Lyra3). The specimen is 

and a conductive tape 

the sample stage in 

the sample stage are 

 case the electron 

surface. After the 

anastigmatism and 

specimen surface can be 

measurement zone of 

between the electron 

needs to be tilted 55° so 

 specimen surface. 

and focusing are then 

area, whose size is 2 

fabricated using the 

Then the specimen is 

 position when the 

specimen surface to 

4(a). Then the test 

beam is perpendicular 

stress by etching an 

diameter of the annular 

µm, and the depth is 2 

 completion of the 

specimen is inclined 55° so 

the electron beam is 

record speckle dots, 

Figure 4. Speckle lattice structure etched

Figure 5. Annular groove

5. The Experimental 

The speckle image after etching

the reference image, while the 

annular groove is used as the image

calculation sequence is due to 

etching the annular groove is greater

after etching the annular groove,

more accurate. The displacement

caused by the residual stress release

DIC method, as shown in Figure

and the shear strain are as follows:

Therefore the principal strains

In fact the strain of the specimen

groove relative to that before the

relationship between the actual

strain εm: 

Thus the actual principal strains

The elastic modulus of the zirconia
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etched around the annular groove. 

 

groove morphology. 

 Results 

etching annular groove is used as 

 speckle image before etching 

image after deformation. This 

 that the speckle region before 

greater than the speckle region 

groove, which makes the calculation 

displacement field and then the strain field 

release are calculated using the 

Figure 6. The average normal strain 

follows: 

 

strains are as follows: 

 

specimen after etching the annular 

the etching is required. There is a 

actual strain εa and the measured 

 

strains are 

 

zirconia coating film E is 137 
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GPa, as measured by the nano-indentation 

Poisson's ratio v is 0.3. Thus both principal

are as follows: 

Figure 6. The strain field caused by the release of

6. Summary 

By combining DIC method and ring core

measured the residual stress of the zirconia

stainless steel substrate. A periodical lattice

as the deformation carrier. Since the lattice

nearby the groove will be damaged during

process, the measurement accuracy in this

influenced, therefore protection practice will

the next step. Furthermore, in order 

measurement precision, random speckle 

fabricated and used as the deformation carrier.
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 technique, and the 

principal residual stresses 

 

 

 

of residual stress. 

core method, we have 

zirconia film on the 

lattice structure is used 

lattice on the region 

during the FIB milling 

this region will be 

will be conducted in 

 to enhance the 

 patterns will be 

carrier. 
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