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Abstract
Background  The accuracy and reliability of digital image correlation (DIC) technologies are not only dependent on correla-
tion algorithms but also strongly affected by the quality of the speckle patterns, especially under extremely low temperatures 
and large deformation conditions. 
Objective   To overcome the challenge that the speckle patterns become more brittle and harder in the extremely low tem-
perature experiments near liquid helium, and speckles cracking and shedding during the large deformation processes.
Methods  Novel speckle patterns and fabrication technologies have been developed specifically tailored to extremely low 
temperatures and large deformation conditions.
Results  A novel spinning-coated speckle fabrication method based on PDMS silicone and TiO2 spherical particles was 
proposed, which can enable extremely low temperatures of DIC measurements above 20% strain. Using the 316LN stain-
less steel as a sample, the performances of several common speckles have been compared, and the strain localization and 
propagation had also been clarified.
Conclusions  The novel DIC full-field measurement method was validated with 316LN stainless steel, which confirmed 
that the speckles have excellent stability in the process of large deformation at extremely low temperatures. In addition, the 
formation and propagation processes of the slip bands for 316LN stainless steel have been revealed.

Keywords  Digital image correlation · Extremely low temperatures · Speckle patterns · Large deformation measurement · 
316LN stainless steel

Introduction

Rapidly rising interest in the mechanical behavior of engi-
neering materials under extremely low temperature con-
ditions has been stimulated by the dynamic development 
of the cryogenic industry. Acquisition of deformation and 
strain measurements plays a vital role in understanding the 
performance of related materials and designing cryogenic 

engineering applications. Although extensometers have 
been utilized extensively in cryogenic and large deforma-
tion load frame design, they have been gradually replaced 
by more advanced digital image correlation (DIC) technol-
ogy in many experiments, due to their contact, uniaxial, 
and local average response limitations. DIC technology, 
first developed in the 1980s [1, 2], has been widely used for 
shape, motion, and deformation measurement in a variety 
of observation scales and special environments [3, 4]. After 
continuous improvement, this method has already owned 
many incomparable advantages, including a simple device, 
easy realization, full field in-situ observation, strong robust-
ness to environmental vibration and light changes, wide 
application range, and adjustable spatial-temporal resolu-
tion. The speckle pattern, a random feature pattern on the 
sample, plays the role of deformation information carrier in 
DIC measurements. In recent years, numerous studies have 
shown that the accuracy and precision of DIC measurement 
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strongly depend on the quality of speckle pattern and the 
associated algorithms [5–7]. Considering the huge diversity 
of material category, observation space scales and tempera-
ture environment, speckle pattern fabrication and its quality 
usually serve as the decisive conditions for the application 
of DIC technology in a specific experiment.

The speckle patterns mainly include two types: natural 
texture speckles and manufactured speckles. The former is a 
material inherent microstructure. Compared with manufac-
tured patterns, it is often difficult to realize DIC measure-
ment due to its insufficient information carriers or low pat-
tern quality [8]. As a result, natural speckle is only employed 
in some micro-scale measurements, and its application field 
is relatively limited. Manufactured speckle mainly includes 
spraying speckles, spraying white or black speckles on the 
sample surface with a spray bottle or gun [3, 9], spin coat-
ing, preparing a mixture of suitable proportions, and then 
obtaining the ideal speckle coating by depositing, rotating, 
and evaporation steps [10, 11]. Additionally, manufactured 
methods also include lithography, nano-film remodeling, 
compressed air technique, etc. These speckle fabrication 
technologies can meet the test requirements of most con-
ventional experiments. Nevertheless, special treatment and 
improvements are often required for unusual situations, 
especially at extreme temperatures.

The effective temperature of the speckle pattern, self-
illumination, and thermal radiation-induced speckle pat-
tern inversion are the primary challenges for DIC measure-
ments at high temperatures. To address these issues, Thai 
et al. sprayed a high-temperature-resistant white pattern 
on marble slabs and extruded graphite rods. They achieved 
DIC strain observation above 1000°C by isolating reflection 
speckle spectra [12] and adjusting camera exposure time 
[13], respectively. Furthermore, using a blue light band-pass 
filter and alumina paints, Wang et al. have achieved full-
field strain mapping for a C/C composite tensile specimen at 
2000°C. Eventually, in Pan’s work, their TaC speckle pattern 
and narrow-band filtering method have helped them to suc-
cessfully perform DIC measurement at 3000°C [14]. It can 
be concluded that extensive research has been conducted on 
speckle fabrication, digital signal acquisition, and post-pro-
cessing technologies for high-temperature DIC experiments.

On the contrary, since most materials will become more 
brittle and harder at extremely low temperatures, this change 
could directly restrict the strain available range of speckle pat-
terns in some cryogenic experiments. For instance, the fracture 
elongation of some commonly used stainless steel materials 
has exceeded 20% in cryogenic environments, including 304 
[15], 316LN [16], and some high entropy alloys [17]. As a 
result, the speckle must have a greater strain-bearing capacity 
than the sample itself to accurately capture strain distribution 
during massive deformation. Fortunately, Wu et al. have ana-
lyzed the micro-scale to macro-scale deformation responses 

of the FeMnNiCoCr high entropy alloy and explained its 
exceptional strain hardening behavior at 77 K with the DIC 
measurements [18]. However, their speckle patterns are made 
by the scratching/abrading method, and additional polishing is 
required for each load increment to ensure the speckle quality. 
Similarly, Wilson et al. have also used the polishing method 
for their speckle fabricating at –100°C [19], while their strain 
measurement range is relatively small. Additionally, at liquid 
nitrogen temperature, randomly spray-painted black/white 
speckles on the sample faces were also applied [20, 21]. How-
ever, there have been no detailed studies on optimizing the 
preparation and assessing speckle quality for large deformation 
measurements at liquid nitrogen or even helium temperatures.

In this paper, to solve the shedding and cracking problems 
of speckles themselves at cryogenic temperatures and large 
deformation environment, we proposed a novel spinning 
coated speckle fabrication method based on PDMS (Polydi-
methylsiloxane) silicone and TiO2 spherical particles mixed 
solution, its stability was verified in the low temperature DIC 
strain measurement. In addition, considering that the specific 
heat of the material tends to zero in the ultra-low tempera-
ture environment, any small external heat input will lead to a 
sharp temperature increase in the sample [22, 23]. As shown 
in the following equations, the heat increment Q is related to 
temperature T by

Where the m is the mass of the sample, and it can be trans-
formed to

Knowing that C → 0 when T → 0, we have

Thus, a set of heat-insulating polarized light paths was pro-
posed to lessen the impact of thermal radiation from exter-
nal light on the sample. Finally, choosing the 316LN stain-
less steel (fracture elongation more than 25% at 20 K) as the 
experimental sample, we compared the performance of several 
commonly available speckles and our self-made PDMS-TiO2 
speckle at different deformation stages and measured their 
strain applicable range at room and low temperatures.

Methodology

Fabrication of Speckle Patterns

Because of its excellent temperature resistance and flex-
ibility, PDMS silicone rubber is widely used in the aircraft 
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and electronic packaging field [24–26]. The low viscosity 
of PDMS, before it solidifies, makes it a good candidate for 
doping with other hard particles to create a mixed liquor. 
After spinning coating and baking, the volume of silicone 
rubber reduces and will solidify on the sample surface. At 
the same time, the white particles will distribute on the sam-
ple surface randomly, and the particles adhere to the sample 
by the solidified silicone rubber around them, as shown in 
Fig. 1(a). Since the PDMS silicone rubber itself has a high 
light transmission (more than 99%), it is essentially unde-
tectable in the light path, leaving only sporadic white dots 
visible on the sample's surface. On the other hand, the TiO2 
spherical particles are tough and small (50–80 μm in diam-
eter), so they are almost impossible to break. Finally, with 
the adhesion and fixation effect of rubber, this method can 
address the issues of cracking and shedding of speckle pat-
terns at low temperatures. The specific preparation process 
is shown in Fig. 1(b).

To create the speckle mixture, PDMS silicone rubber liquid, 
curing agent (hydrogen-containing polydimethylsiloxane), 

and TiO2 spherical particles are combined in specific mass 
ratios of 45%, 5%, and 50%, respectively. The proportion of 
the curing agent mainly affects the solidification time and 
hardness of the speckle mixture. If too little curing agent is 
used, the solidification time of the entire mixture will be too 
long or even not solidified. Inversely, the final solidified sili-
cone rubber will be hard and have poor adhesion. Under this 
proportion, the solidification time of the mixed solution is 
about 30–50 min, which can meet the time of the spin coating 
process, and the entire solidification process can occur in the 
vacuum baking process.

Because the TiO2 particles hardly deform, this speckle 
pattern only reflects the sample deformation by the relative 
position change between different particles. This is indeed a 
limitation of this method compared to other speckles. For the 
TiO2 particles, one should choose the smallest possible par-
ticles that can be recognized based on the spatial resolution 
of the camera, to obtain a better “strain spatial resolution”, 
especially for some experiment that aims to observe local 
strain distribution. After the particle size is fixed, different 

Fig. 1   (a) Schematic diagram of the spherical particles adhered to the sample surface by PDMS, and (b) the fabricating processes of the PDMS-
TiO2 speckle patterns



76	 Experimental Mechanics (2024) 64:73–84

mass fractions only affect the number of particles. In this 
work, relatively high particle mass fractions were used, 
which can provide more information to meet the DIC strain 
calculation. However, it should be noted that if the particle 
mass fraction is too high, more aggregation between parti-
cles will be formed, also resulting in poor speckle quality.

After thorough mixing, the mixture is placed in a vacuum 
chamber to eliminate any air bubbles, and to avoid the une-
ven particle distribution caused by local bubbles. By spin-
ning the prepared speckle mixture with a rotation speed of 
6000 r/min for 6 min, a satisfactory uniform particle distri-
bution can be obtained. The rotation speed and duration of 
the spin coating should be adjusted based on the concentra-
tion of the mixture and sample size. After baking at speci-
fied temperatures (raise from room temperature to 120°C at 
a speed of 2°C/min, then keep it for 2 h, and finally return 
to room temperature naturally), the desired random speckle 
patterns can be achieved, as shown in Fig. 2. For the speckle 
pattern coating obtained by the above processes, the topog-
raphy of the junction between the PDMS film and 316LN 
sample surface was scanned by AFM. The thickness of the 
coated PDMS film is about 8.54 µm, and the thickest part at 
the edges is about 10 µm.

System Components and Experiment Method

The optical path diagram in Fig. 3 illustrates the components 
of the system, which include an LED light source, heat insu-
lation glass, polarizer, analyzer, and camera. In this experi-
ment, the white light from the LED light source will pass 
through a heat insulation glass and it’s then collimated and 
linearly polarized by a polarizer. Subsequently, the polarized 
light beam directly passes through the K9 glass window of 
the cryogenic loading device and is reflected after reach-
ing the sample surface. The reflected light from the sample 
and speckle surface passes through an analyzer before being 
imaged by a camera. The cryogenic loading system provides 

the loading and cooling conditions, and its detailed param-
eters are described in the reference [27].

The purpose of using heat insulation glass is to reduce 
the heat radiation from the external light by filtering out the 
light with wavelengths greater than 650 nm. After the light is 
filtered by the polarizer, the thermal radiation could also be 
reduced, and this is the first purpose of using the polarized 
path. More importantly, by adjusting the analyzer angle dur-
ing the image acquisition process, most stray light and the 
influence of specular reflection from the sample surface can 
be effectively eliminated, which will significantly improve 
the signal-to-noise ratio of the image. Figure 4 illustrates 
the effect of improving the image quality by adjusting the 
analyzer angle. Of course, the absolute orthogonal state is 
not recommended in the experiment, because at this state, 
higher light power or much longer exposure time is needed 
to meet the normal shooting requirements.

Figure 5 compares the radiation heating effects of differ-
ent light paths using the same camera parameters and obtain-
ing the same speckle pattern brightness. The results show 

Fig. 2   (a) Speckle preparation mixture, (b) the final speckle coated on the 316LN sample surface, and (c) its local enlarged view

Fig. 3   Schematic diagram of the heat-insulting polarized optical path
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that the LED polarized insulation light path has the least 
radiation heating influence on the sample, and the sample 
temperature only rises by about 2 K. In contrast, fluorescent 
light has a more noticeable thermal radiation heating effect 
compared with LED.

The duty ratio (proportion of the speckle pattern area to 
the total selected area) of PDMS-TiO2 speckle is 16.46%, 
which is calculated from Fig. 6(b) binary image. The speckle 
diameter is measured to be 10.27 pixels, and the autocorrela-
tion coefficient curve and surface diagram result calculated 
with a 41 × 41 pixels subarea were also shown in Fig. 6(c), 
(d). Moreover, the simple yet effective global parameter, 
mean intensity gradient (MIG) proposed by Pan et al. was 
chosen to evaluate the quality of the various speckle patterns 
[28]. From the results in Table 1, it can be seen that the MIG 
of hydrographic printing and UV printing speckles are still 
much higher than other speckles. This kind of speckle pat-
tern pre-designed by the software can meet a higher MIG 
through the adjustment of the design process. PDMS-TiO2 
speckle, spraying paint, and fluorescent speckle perform 
similarly on MIG.

Experimental Samples and Parameters

In this work, 316LN stainless steel was chosen as the tensile 
test sample for DIC measurements. Depending on its excel-
lent mechanical properties and corrosion resistance at low 
temperatures, 316LN is widely used in various cryogenic 
industrial and new large science facilities. As can be seen 
from the macroscopic stress-strain curve in Fig. 7, the frac-
ture elongation of 316LN has exceeded 20% at both room 
and low temperatures, and its strength has been significantly 
improved at 20 K. It should be noted that the stress jump in 
the plastic stage at 20 K is a kind of discontinuous serrated-
plastic-yielding behavior of 316LN. Relevant mechanical 
mechanisms and calculating models are introduced [22, 
29–31], and this behavior does not belong to accidental 
phenomena or experimental errors.

Paints spraying (without substrate layer), UV print-
ing, hydrographic printing, fluorescent spraying [32], 
four kinds of commonly used speckles, and the aforemen-
tioned PDMS-TiO2 speckle were prepared on the sample 
surface and the diameter of all speckles was controlled at 
about 60–100 microns. Then the painted 316LN samples 
(10 mm × 120 mm × 0.1 mm) will be loaded at 300 K and 
20 K at the same loading strain rate of 2.7 × 10–3/s. For each 
set of loading experiments, a thermocouple thermometer 
was pasted on the back of the samples to monitor the tem-
peratures. On the other hand, the fluorescent speckle was 
directly illuminated by a specific light source with a wave-
length of about 365 nm, so the external heat insulation filter 
element is no longer applicable at this time. In addition, 
other samples were tested in the LED heat insulation polar-
ized optical path.

The camera exposure time is fixed at 80 ms for various 
speckle patterns, and the capture frame rate is one frame 
per second. For different speckle patterns, after fixing the 
camera parameters, the power of the LED or fluorescent 
light source was adjusted to make the gray level differ-
ence between the bright and dark regions of the final cap-
tured images around 220 (0-255 Gray level range). In the 
DIC calculation process, every speckle pattern group uses 
the same parameter settings. The diameter of the image 

Fig. 4   Speckle pattern images were acquired with various analyzer angles of (a) 0°, (b) 30°, (c) 60°, and (d) 90°, respectively

Fig. 5   Radiation heating effects of LED and fluorescent light path
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matching sub-region and strain calculation sub-region was 
41 and 21 pixels, respectively. At the same time, the calcu-
lation step size for each speckle pattern is 1 pixel.

Results and Discussion

Performance of Various Speckle Patterns

Figures 8 and 9 show the performance of several selected 
speckles during the deformation processes at both room and 
low temperatures. For each sample, five strain (engineering 
strain) observation points of ε = 0% (initial state), ε = 1%, 
ε = 5%, ε = 10%, and ε = 20% were chosen to monitor the 
speckle pattern state. Except for Fig. 8(b), on the right side 
of the colour bar for each set of results, the enlarged images 
of the local speckle under the corresponding strain have 

Fig. 6   Quality evaluation for the PDMS-TiO2 speckles. (a)  the speckle pattern image acquired at 20 K before deformation and (b) its binary 
image with a threshold of 86, the auto-correlation coefficient curve (c) and surface diagram result (d) calculated with a subarea of 41 × 41 pixels

Table 1   Mean image intensity gradient of each speckle pattern calcu-
lated with a subarea of 500 × 500 pixels

Speckle 
pattern

Black 
spray 
paint

UV 
printing

Hydrographics 
printing

Fluorescent 
printing

PDMS-
TiO2 
speckle

MIG 29.55 46.81 48.52 27.28 28.228
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been shown. Comparing the results of each group, the rel-
evant results can be obtained as follows

1.	 All of the samples maintain a non-uniform strain dis-
tribution during the entire deformation process at both 
room and low temperatures, and the mechanism of strain 
propagation was found to be similar for each sample. 
Firstly, after the total strain reaches about 2%, the strain 
at both temperatures localizes in the form of cross-slip 
bands and then spreads throughout the entire obser-
vation area along the loading direction. Furthermore, 
during the significant deformation plastic stage, the 
local strain differential can exceed 10%. This result also 
emphasizes the importance and necessity of full field 
and in-situ measurements.

2.	 For the DIC experiment at 300 K, spraying paint, fluo-
rescent, and self-made PDMS-TiO2 speckle patterns can 
meet the strain observation requirements of more than 
20%. The strain available range of hydrographic printing 
and UV printing speckle is about 7%, beyond which the 
speckle itself will crack.

3.	 For the DIC experiment conducted at 20 K, we found 
that the spraying black speckle was able to remain sta-
ble in the elastic stage. However, when the total strain 
reached 5%, the speckle itself cracked due to its poor 
strain-bearing capacity at low temperatures, as shown in 
Fig. 8(b). Additionally, due to hardening and poor adhe-
sion at low temperatures, the shedding of speckles also 
occurred, as shown in Fig. 8(b). These two factors led to 
more areas failing to match (the black defect area in the 
strain cloud map) during the calculation process, thereby 
increasing the error of the strain results. Finally, when 
the strain reached 20%, it was difficult to achieve region 

pattern matching and calculate the strain distribution in 
most areas. Similarly, both hydrographic printing and 
UV printing speckles cracked when the strain exceeds 
1%, failing pattern matching in most areas. In compari-
son, homemade and fluorescent speckles exhibited the 
most stable performance, as they did not crack or shed 
during the entire deformation process.

4.	 Furthermore, we found that the thermal radiation of the 
fluorescent light path was higher than that of the LED. 
However, the insulation polarized light path combined 
with the PDMS-TiO2 speckle was able to achieve DIC 
measurements of over 20% strain with minimal impact 
on the low-temperature environment of the sample.

Slip Band Evolution

In the overall mean strain range of 4% to 8%, the evolution 
process of the slip band is depicted in Fig. 10(a). At the same 
strain increment of Δε = 0.04, the slip band propagation dis-
placement ΔX1 and ΔX2 at 300 K and 20 K is 20.89 mm 
and 19.61 mm, respectively, indicating that the expansion 
velocity of the slip band is almost unaffected by the low-
temperature environment at the same loading rate.

Additionally, to observe the formation and evolution 
process of the slip band more clearly, the photos when the 
sample is deformed to about 2% average strain, are selected 
as the reference image for calculation. This method can 
eliminate the “background strain” of the sample deformed 
in the early stage, allowing for better observation of the 
slip band during a smaller strain interval. As can be seen 
from the results in Fig. 10(b) the local strain of a new slip 
band gradually increases to about 8.8% and then remains 
stable. At the same time, other new slip bands also form 
in nearby regions. The larger strain areas of both room and 
low temperature samples localize at the intersection of the 
slip bands. However, for the results at room temperature, 
the phenomenon of local strain concentration is more pro-
nounced. The selected central rhomboid area has an average 
strain of roughly 8.5%, whereas the equivalent region in the 
20 K sample has a strain of 7.6%. It is noteworthy that the 
plastic flow stress for the slip band expansion process is 
880–900 MPa at 300 K, whereas the stress at 20 K exceeds 
1000 MPa, and it would even exceed 1500 MPa at the later 
slip band propagation stage. This is because the phase trans-
formation driving force of such metastable austenitic stain-
less steel decreases at a cryogenic temperature environment, 
and most austenitic parent phase gradually transforms into 
a martensitic phase during the loading process. Moreover, 
the nucleation of the martensitic phase often occurs at the 
intersection of the slip bands [33]. With the accumulation of 
plastic strain, more martensite forms, and more stress will 

Fig. 7   Stress-strain curves of 316LN stainless steel with temperatures 
of 20 K and 300 K
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Fig. 8   The performance of selected speckles with various strains at both room and low temperatures, (a) and (b) black spraying point, (a) and 
(d) UV printing, (e) and (f) hydrographic printing, (g) and (h) fluorescent speckles with the temperature of 300 K and 20 K, where the red and 
yellow arrowheads mark the fracture and fall off positions, respectively
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be borne by martensite in the low-temperature sample. As 
a strengthening phase, martensite has a higher modulus and 
temperature dependence than that of austenite at low tem-
peratures, making the low temperature strain concentration 

area in Fig. 10 capable of withstanding higher stress at a 
smaller strain.

As both temperature reduction and plastic strain augment 
can facilitate the transformation of austenite to martensite in 

Fig. 9   Performance of PDMS-TiO2 speckle with the temperature of (a) 300 K and (b) 20 K

Fig. 10   (a) Propagation process of the slip band during the full-field strain at 4% to 8% with the temperature of 300 K and 20 K. (b) Evolution of 
slip band with the strain increment of 0.13% with the temperature of 300 K and 20 K
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316LN stainless steel. The sample of Fig. 10(b) with locally 
formed slip bands at 20 K was unloaded and heated back to 
room temperature to investigate the phase transformation 
during slip band extension. After thorough polishing, three 
regions shown in Fig. 11 were selected for metallographic 
observation: 1) the area where slip bands propagated, 2) the 
boundary of slip band extension, 3) the area where no slip 
bands were generated. Figure 11 revealed that as slip bands 
propagated, the originally yellow-white austenite phase in 
316LN gradually transformed into a black-green martensite 
phase. Notably, the boundary of slip bands in regions (c) 
and (f) served as the main nucleation and growth region of 
martensite phase transformation.

Conclusions

In this work, a novel spinning-coated speckle fabrication 
method based on PDMS(Polydimethylsiloxane) silicone and 
TiO2 spherical particles was proposed, which can enable 
extremely low temperatures DIC measurements above 20% 
strain with less radiation heating effect on the sample com-
bined with a heat-insulating polarized light path. Moreo-
ver, using the 316LN stainless steel as a sample, we have 
performed in-situ DIC measurements of several commonly 
available speckles and our self-made PDMS-TiO2 speckle at 
both room and cryogenic temperatures. Finally, the experi-
mental results verified that our speckle has excellent stability 

Fig. 11   (a) The DIC results of propagation of slip bands for 316LN stainless steel, (b)–(g) the metallographic microscope observation results, 
among them, figures (b)–(d) correspond to positions 1–3 marked in figure (a), respectively, figures (e)–(f) are local enlarged views of the red 
rectangles in figures (b)–(d)
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during the large deformation process at low temperatures. In 
addition, the formation and evolution processes of the slip 
band for 316LN stainless steel are also discussed.
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