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Abstract This article is dedicated to develop an experi-

mental approach for directly visualizing the global freezing

phase change behavior of micro liquid droplets. The

infrared (IR) thermograph was proposed to image the basic

solidification phenomena of droplet and to acquire its

temperature variations during the transient process. In

particular, the volumetric recalescence event, regarded as

initiation of freezing, was revealed by IR images for the

first time. Preliminary results demonstrated that the

involved temperature transition due to release of the latent

heat can be accurately characterized by evident color break

in IR images. Further, experiments were also performed

simultaneously on three kinds of droplets made of pure

water, dimethylsulfoxide (DMSO) and nano liquid to grasp

more precise temporal and spatial temperature distribution.

Types of the occurring solidification and the initial frozen

volume produced from the recalescence were generally

discussed. The IR monitoring method suggests a straight-

forward way for detecting the freezing phase change

activity and its temperature evolution at micro scale.
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Introduction

As one of the most popular and crucial issues, freezing

phenomenon has attracted much public interest for many

years. It was believed that clarity of the freezing mechanism

would be of great significance for both fundamental sciences

and engineering applications. The physical and chemical

properties of the liquid have received much attention because

of their important influence on solidifying process. Up to

now, typical works have been focused in the fields of mete-

orology, food engineering, cryobiomedicine, etc. [1–4]. For

example, in the climatic systems, traditional thermodynamic

theory was applied for prediction of hail or snowfall [5],

since freezing is often depicted as a thermal and kinetic

process of a new phase creation via nucleation and sub-

sequent crystal growth from supercooled water [6]. The

nucleation process, which determines whether the final

freezing will happen, is always regarded as the most critical

factor. In cryobiomedical field, freezing acts as either a

protector or a destroyer of the biological tissues. Accom-

plishment of the contrary purposes is highly reliant on the

cooling program, which is usually regarded as the decisive

factor for final fate of the cells. According to the classical

Mazur’s model [7], it is the freezing rate that determines

whether the cell injury is attributed by the intracellular ice

formation or cell dehydration. Besides, there also exist other

effects such as the restricted space, the solution effect, the

interaction between cells and the external electrical or

magnetic field, etc. impacting on the freezing process at

molecular or cellular scale. Along with the emerging Micro-

Electric-Mechanical-System and nano-cryosurgery, freez-

ing of the micro liquid droplet has aroused increasingly

public concern. Instead of using conventional mechanical

valve, the ice valve was recently developed to work in the

microfluidics by way of freezing or melting of the liquid [8].
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Freeze tweezer was proposed to manipulate micro object

using nucleotide ice [9]. The spray-freezing process, which

was developed for powder production, has been also fully

investigated through studies on atomized liquid droplets

freezing.

In fact, during the past few decades, many ever-devel-

oping experimental techniques have been carried out as

potent assistants for characterization of the solidifying pro-

cess. Various types of cryo-microscopes were designed to

observe the freezing behaviors under different conditions

[10–12]. Component stages of nucleation and crystal growth

were both depicted definitely. Raman spectroscopy was used

to study the formation of ice lenses in porous medium

freezing [13], because a molecular-optic band peak at

225 cm-1 will increase in the Raman spectrum if ice exists.

Moreover, the cryogenic transmission electron microscopy

technique also works by providing more detailed informa-

tion not accessible by other ways [14]. Since understanding

the phenomenology of spray crystallization was important to

determine which parameter contributed, the imaging tech-

nology therefore became one of the most effective ways for

detail observation. The liquid fraction data of the droplet

obtained by nuclear magnetic resonance (NMR) spectrom-

etry were favorable on verification of the numerical predic-

tions [15]. Anisotropic self-diffusion in salt water ice could

be also presented by NMR imaging [16]. The magnetic

resonance imaging mapping demonstrated that the super-

cooling and the heat transfer rate would relate to the final

microstructure of freezing droplet [17]. Except for the above

imaging ways, thermal analysis was also frequently adopted

for characterizing the phase transition within water droplet

and the related supercooling problems [18, 19].

However, the currently available experimental systems

are either too complex to construct, or too reliant on diagrams

to illustrate directly. It is still not convenient enough for the

in situ observation, especially when the volume of the liquid

is quite small. In addition, to quantify the total freezing time,

recording the droplet temperature was indispensable. Owing

to the special characteristics that may exhibit by the micro

droplet during freezing, the temperature curves monitored

were demonstrated as a new strategy for evaluation of the

biological viability [20]. However, the temperature mea-

surement has to insert a thermocouple into restricted space,

which will definitely destroy the micro environment during

the practical freezing process. Therefore, a non-invasive

method for characterizing the freezing behavior of a liquid

droplet was urgently waiting for establishment.

Objective

This study is aimed to set up a new method, which uses the

infrared (IR) thermovision technology, to fulfill the tasks of

both the direct imaging and the temperature recording of

the micro liquid droplet subject to freezing. Instant of the

occurring phase change was on a chance of being captured

by the visual color break in IR images. Approach proposed

here is expected to be of significance in achieving visual-

ization of phase change moment via a non-contact style,

which may be utilized in freezing detection at micro/nano

scale in many related areas.

Experimental

Materials

The materials referred in the experiments included the

distilled water, the 10% (v/v) solution of aqueous

dimethylsulfoxide (DMSO), and the 0.2% (w/w) suspen-

sion of Fe3O4 nano-particles (NPs) with an average diam-

eter of *20 nm. Sample droplets were placed on a cover

slip sequentially by the micro-syringe of 1 and 10 ll,

which had the droplet size deviation of 0.02 and 0.2 ll,

respectively. Heat conductive silicone was sandwiched

between the cover slip and the top copper for better con-

tact. In order to ensure the experimental conditions con-

stant, the substrate cover slip was cleaned by ethanol and

deionized water between experiments on the same liquid,

and replaced between different liquids.

Methods

Test apparatus and primary procedures

The whole system was consisted of four main apparatus:

(a) the freezing stage; (b) the IR thermograph ThermaCAM

A40 camera, developed by FLIR Company (USA), with

wavelength range within 8–14 lm and temperature reso-

lution of 0.08 �C; (c) the computer for data acquisition; and

(d) the power supply source. The sample freezing was

achieved by the freezing stage, which was configured in

two-staged thermoelectric (TE) modules (as described in

Fig. 1). The first stage consisted of two 15 mm 9 30 mm

TE modules acting as the heat sink for two additional

15 mm 9 15 mm modules mounted on its top as the sec-

ond stage. The intermediate and top copper plates were

fixed on upper surface of each stage, respectively, in order

to improve the cooling performance. The hole drilled at the

center was used for direct microscopy observation. The

cooling chamber confining the circulation of the cooling

water was settled at the bottom of the first stage to take

away the heat generated by the TE modules. As substitute

of the universal fan and fins for heat dissipation, the water-

cooling chamber effectively avoided unwanted vibration

caused by the kinetic component. The whole stage will
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initiate freezing after switching on the electricity supply,

and if needed, can be used as a heater by changing direc-

tion of the electric current in the circuit. The dynamic IR

thermography was collected by the ThermaCAMTM A40

camera. The objective temperature distribution could thus

be calculated from the IR images according to specific

formulas. This technology has been used to depict the

freezing of the large block water and its accompanying

natural convection [21, 22].

Once the test began, samples would be loaded on the

freezing stage and cooled from the room temperature until

completely frozen. Under condition of 1.97 A electric

current supplied, the stage worked at the approximately

maximum rate as allowed. The phase change process was

recorded by the video at the highest speed, which consisted

of a series of IR photographs taken at every tens of

microseconds. Accuracy of the images was guaranteed by

right settings of the camera parameters and focus distance.

Meanwhile, the data collected were transmitted to the

computer and further analyzed by the accessorial software

ThermaCAMTM Researcher.

Geometrical shape of the droplet resting on the substrate

The shape of the droplet rested on the substrate does matter

the temperature distribution, the evaporation rate, and the

future freezing process. Unlike the single bead suspended in

the air, not only the properties of the droplet itself are

involved, but also the surface characteristics of the substrate

are regarded as the key factors. Balance of the multi-effects,

such as the surface tension, the gravity, the viscosity, the

surface roughness of the substrate, etc., poses the steady state

geometrical shape of the droplet.

For small water droplet on the glass, the assumption of

shape formation of spherical cap was demonstrated valid

according to specific computation of the Bond and capillary

numbers. The typical geometrical shape of droplet we

adopted was illustrated in Fig. 2 to support the assumption.

The radius and height of the droplet were estimated as 4 and

1 mm. The contact angle with glass slip was approximately

estimated as 37� by taking picture of the droplet from dif-

ferent directions via high quality digital camera and then

doing a calculation. However, once the substrate changed, no

matter what is the material or the roughness, the geometrical

sizes of the droplet may be unavoidably different, as well as

its final shape. Therefore, it is of great significance to keep

constant conditions in repeated experiments.

Test verification

Setting suitable parameters for the IR camera is quite

important to guarantee accuracy of the acquired images.

Three primary effects that cannot be ignored are IR emis-

sivity of the objective, the reflected radiation in the object

from the surroundings, and the radiation loss due to

atmospheric absorption along the light way. The emissiv-

ity, which is defined as the ratio of the emissive radiation

from the objective to that from the perfect blackbody, is the

most critical parameter to be set correctly. In order to

validate the setting, a thermocouple was employed for

comparison with result of the IR camera. If the error

between each other cannot be ignored, the emissivity set-

ting will be modified until the same temperature as mea-

sured by thermal couple can be obtained. Considering that

the phenomena, we concerned included process of frost and

droplet freezing, the emissivity of the objective was finally

evaluated as an average value of 0.97 [23, 24].

Results and discussion

IR thermography

The presentation of the results will begin with the display

of the IR images of the micro droplet during freezing. The

volumes of the experimental droplets are restricted to 1, 5,

and 10 ll, respectively. As demonstrated in [25], the ideal

physical process of a droplet freezing can be described as

experiencing four stages. First, the liquid droplet is

Chamber

Elevation view

Intermediate
      plate

      Top
     plate

Water
outlet

Water
 inlet

  1st
stage

 2nd
stage

Fig. 1 Elevation section of the thermoelectric freezing stage

1 mm

Fig. 2 Geometrical shape of 5 ll water droplet on the glass cover

slip
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supercooled to below the equilibrium freezing point (EFP)

at the pre-cooling stage. Then, it is subjected to the rec-

alescence stage, when the crystal began to grow rapidly.

Once the temperature reaches the EFP, the droplet would

step into the freezing stage. The stage ends until the droplet

is completely frozen. After that, the temperature of the

solid droplet descends at the final cooling stage. Experi-

ments in this passage are dedicated to realize the visuali-

zation of the four freezing stages by IR camera for the first

time. In particular, the instant recalescence stage is

expected to be captured on the basis of the involved tem-

perature jump.

The first experiment was performed on the distilled

water. Freezing evolution of a droplet at 5 ll was illus-

trated in Fig. 3. Clearly, supercooling state of the droplet

could be observed distinctly in the images. Since the

freezing stage was exposed to the environment, steam in air

was condensed into water, when it touched the cold surface

of the cover slip, then converted to frost after being

supercooled enough. During the whole investigation, the

accompanying frost phenomenon was not eliminated as

intruder for two reasons. On the one hand, it was of

extreme difficulties to keep the surrounding air desiccant

while simultaneously preserve the micro droplet from

vaporization. On the other hand, the frost phenomenon not

only produced little effect on the problem we concerned,

but also can act as a reference of initiation of water

freezing. As indicated, frost came into being in Fig. 3a.

Evident temperature enhancement could be observed

wreathing the objective droplet as shown in Fig. 3b, which

was attributed to the latent heat release as a result of bead

frosting on the cover slip. Recalescence stage of the

objective droplet was approved according to the color

break as index of temperature elevation induced by

nucleation effect as Fig. 3c. Once the moment ended, the

droplet temperature would gradually descend from the

edge to the center as shown in Fig. 3d.

The second experiment was performed on the DMSO

solution. As is well known, cryopresevation is regarded as

the most promising way for long-term storage of biological

samples. Many methods have been designed to optimize

the practical process. Addition of the cryoprotective agent

is one of the most effective techniques adopted under

certain optimal cooling programs. DMSO is such a kind of

cryoprotective agent to keep biological tissues from being

functionally destroyed. As revealed in Fig. 4, the droplet

was not frozen at the same time when frost appeared

deviating with pure water. The reason was attributed to its

freezing prevention effect, which can be illustrated by IR

images convincingly. However, it does not mean that the

DMSO droplet will never be completely frozen. The

freezing point of the solution deeply depends on its volume

concentration.

The subsequent experiment was performed on the Fe3O4

NPs suspension due to increasing concerning on the

freezing mechanism while NPs were added. The reason to

choose Fe3O4 NPs was taking account of the biological

comparability in practical applications. It was noteworthy

that the mixture should be dealt by ultrasonic vibration for

more than 3 h to ensure the uniformity of the NPs distri-

bution. The IR images of NPs droplet were not given here,

since results obtained were similar to that of pure water on

nucleation temperature when freezing began, although

uniformity and concentration of the NPs were believed to

be influential to specific phenomena according to hetero-

geneous nucleation theory. However, details could refer to

30 °C

–40 °C

mm

15
(a) (b) (c) (d)

Fig. 3 Infrared mapping of the

distilled water droplet at 5 ll

during freezing phase change.

The time of each image is

specified as a t = 104.9 s,

b t = 105.1 s, c t = 105.2 s,

d t = 111.3 s

30 °C

–40 °C

mm

15
(a) (b) (c) (d)

Fig. 4 Infrared mapping of the

DMSO solution droplet at 5 ll

during freezing phase change.

The time advance of every

image is specified as

a t = 72.7 s, b t = 72.7 s,

c t = 72.9 s, d t = 73.6 s
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explanations about pure water. Moreover, results here may

raise more concerns on the zero size effect of the particles,

which has ever been revealed as disappearance of the

particle effects in favor of nucleation as believed in clas-

sical theories.

Freezing curves and data analysis

Although the previous experiments have provided a pre-

liminary demonstration of the validity of using IR ther-

mograph to map freezing of the micro liquid droplet, some

more critical factors, such as the droplet sizes, the freezing

rate of the TE modules, the surface tension of the droplet

on the cover slip, etc., will also influence the process. In

order to overcome these troubles, the new measurement

was carried out for exact data analysis. 3 ll droplets of

distilled water, DMSO solution, and NPs suspension were

placed on the cooling surface simultaneously. The place-

ment of the droplets was ensured to be as close as possible,

so that uncertainty owing to the spatial arrangement was

eliminated.

Figure 5 illustrated the real-time temperature curves of

various materials. The monitored spots 1–3 were localized

in the center of the surface of the distilled water, the NPs

suspension, and the DMSO solution, respectively. Four

typical stages as mentioned in the last section were

examined and certified in Fig. 5a. Considering that the

second and third stages were so instantaneous, the details

were revealed in Fig. 5b. One can observe that, for the

former two kinds of droplets, the temperature jumped at

stage ` from the supercooling state to the EFP and kept

constant 0 �C for about 2 s during stage ´. However, for

the DMSO droplet, curve of temperature break at stage `

was not as sharp as the former ones. The cryoprotective

agent not only delayed the droplet freezing, but also

weakened the release of the latent heat at the phase change

moment. However, according to results of the repeated

experiments, it was of urgent need to point out that, for

pure water and NPs suspension, the emergent time

sequence of the temperature jumps at stage ` and the

durative times of the stage ´ were somewhat random. The

lack of reproducibility does relate to the freezing rate and

freezing time. Without regard to the tiny uncontrollable

environmental influence, the reason was assumed to cor-

relate with change of the contact angle between different

droplets, which is induced by uniformity difference of the

NPs as result of unavoidable NPs aggregation with time.

Figure 6 showed more details on spatial temperature

profiles for the micro droplets during the phase change

process. As depicted in Fig. 6a, three metrical straight lines

with the same length were plotted across the droplets 1–3,

which represented the distilled water, the NPs suspension,

and the DMSO solution, respectively. Temperature distri-

butions along the lines at five different moments were

given in Fig. 6b–f. Here, ‘‘Row numbers’’ represents spa-

tial horizontal coordinates along the lines of 1–3, as

depicted in (a), respectively. The specific number in fact

indicates a relative position which is automatically dis-

played as pixel of thermograph image by the camera

software. This value can be correlated with the actual size

of the droplet through careful size calibrations. In Fig. 6,

considering that the core issue is to disclose with gen-

eralized purpose the transient temperature distribution of

the droplet along line 1, 2, or 3 and thus to evaluate its

global phase change image, only relative coordinate was

provided on the picture for clarity. Fig. 6b was collected

before recalescence. Obviously, temperature of the droplet

surfaces along the lines were uniformly distributed and

approximate 11–12 �C supercooling was suffered by the

micro droplets. Figure 6c, d were captured at the moment

when the first and second nucleation process happened.

Distinctly, droplet temperature of the NPs suspension and

the distilled water began to jump to 0 �C of time

sequencing. Fig. 6e illustrated the phase change of the

DMSO droplet, as well as the initial period of the other

droplets, when temperature decayed from the edge after

nucleation. The EFP of the DMSO was established as

-6 �C, which was lower than the distilled water under the

same conditions. When the freezing stage ended, the

droplets began to be cooled again from their own EFPs.
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Fig. 5 Diagram of the surface

temperature variation of the 3 ll

droplets during freezing.

a Shows the intact temperature

curves of different droplets

subject to freezing; b shows the

temperature details during the

second and third freezing stages.

Four typical stages are specified

as � the supercooling stage, `

the recalescence stage, ´ the

freezing stage, and ˆ the

cooling stage
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Figure 6f showed the droplet temperature subject to the

cooling stage, while the temperature came back to the

beginning of the phase change moment.

Nucleation temperature and types of the solidification

In this study, the droplet cooling was achieved by a con-

ductive way as substitute of the convective methods, which

was widely used in the experimental investigations of the

plasma spray processes. The reason why the flat substrate

but not the cold air, was introduced to be as the heat sink of

the freezing droplet was taking into account the demand of

both the IR thermograph for visibility and avoidance of the

droplet evaporation. The direct contact between the droplet

and the substrate impacted much on the nucleation mech-

anism and the initial frozen fraction. Therefore, it was

extremely pivotal to understand the effects of their

interactions.

Different ways of nucleation will determine both the

nucleation temperature and type of the freezing occurring.

In terms of whether there exist foreign bodies or not, the

nucleation is usually classified as homogeneous or heter-

ogeneous cases. It is no doubt that once the substrate is

involved, the nucleation process definitely belongs to the

latter one. Compared with the nucleation in the homoge-

neous case, the nucleation point of pure water will be

elevated much due to the increasing amount of nucleation

embryos introduced by foreign bodies. In this study, the

nucleation temperature was ascertained about -12 �C from

experimental results. It was much higher than -40 �C

where homogenous nucleation would happen. From view-

point of thermodynamics, occurrence of the glass flat

substrate would lower the nucleation barrier effectively, so

that difficulties of nucleation and solidifying were reduced.

On the other hand, whether a substrate exists would act

as a factor on types of the occurring solidification. As one

–14

–12

–10

–8

–6

–4

–2

0

2

T
em

pe
ra

tu
re

/°
C

T
em

pe
ra

tu
re

/°
C

T
em

pe
ra

tu
re

/°
C

T
em

pe
ra

tu
re

/°
C

T
em

pe
ra

tu
re

/°
C

Row numbers

 A
 B
 C

–14

–12

–10

–8

–6

–4

–2

0

2

Row numbers

 A
 B
 C

–14

–12

–10

–8

–6

–4

–2

0

2

Row numbers

 A
 B
 C

–12

–9

–6

–3

0

Row numbers

 A
 B
 C

–12

–9

–6

–3

0

10 20 30 40 50 60

10 20 30 40 50 60 10 20 30 40 50 60

10 20 30 40 50 60 10 20 30 40 50 60

Row numbers

 A
 B
 C

(a) (b) 

(c) (d)

(e) (f)

30 °C

1

2

3

–40 °C

Fig. 6 Spatial temperature

profiles for the micro droplets

during the phase change process

at different moments. a Shows

locations of three measuring

lines. The moments of
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b t = 59.4 s, c t = 59.6,
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f t = 65.3 s. In (b)–(f), A, B, C

indicate temperature

distributions along lines 1–3 in

(a), respectively; ‘‘Row

numbers’’ represents relative

spatial horizontal coordinates

along the lines of 1–3, as

depicted in (a), respectively
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knows, freezing initiates at the location where the ice

embryo firstly formed. For a single droplet, the direction of

solidifying is supposed to have two possible choices. If no

substrate disturbs, the ice will nucleate at the surface and

propagate inwardly from the frozen ice shell. Otherwise,

the nucleation will be localized originally at the substrate.

Typical instance comes that, when junction of the ther-

mocouple is included in the center, the droplet will be

frozen outwardly from the central ice embryo. Impacts of

different freezing types will involve position tracing of the

solid–liquid interface, as well as the freezing time related.

Therefore, the flat substrate employed in our experiments

attached itself to raising the nuclei and the upward freez-

ing. That was the reason why the water droplet seemed to

be frozen from the edge to the center during the third stage

as recorded by IR camera.

Initial frozen volume produced from the recalescence

Recalescence phenomenon is usually depicted as the abrupt

temperature rise due to release of the latent heat during

liquid freezing. For the bulk fluid, the degree of superco-

oling is so small that such phenomenon is not easy to be

detected consequently. However, for the liquid droplet, the

generally larger supercooling makes it possible to be cap-

tured as indication of the phase change. Although the

recalescence occurs always extremely rapidly, the initial

frozen volume is produced significantly making sense on

accurate prediction of the total freezing time. If assumption

of no time duration in recalescence stage is made, the

initial frozen volume Vf can be estimated by the energy

balance, expressed as [26]

Vf ¼ fsVd ¼
qlcl

qs

ðTf � TnÞ
Lf

Vd; ð1Þ

where fs is the solid fraction; Vd is volume of the droplet;

ql, qs are density of the liquid and solid; cl is the specific

heat capacity of the liquid; Tf, Tn represent the equilibrium

freezing temperature and the nucleation temperature,

respectively; Lf is the latent heat of freezing phase

change. Sometimes, once there is no need to compensate

for the density difference between the liquid and solid, the

solid fraction would be simplified as the defined Stefan

number (St) [27]

St ¼ fs ¼
clðTf � TnÞ

Lf

: ð2Þ

Obviously, fs was dependent on the nucleation

temperature, but independent of the droplet volume. As

for water, the variation of the physical properties with

temperature could be calculated by the following equations

[28, 29].

cl ¼ �0:0011T3 þ 0:732T2 � 163T þ 16582

ql ¼ �0:02T2 þ 10:8T � 470

qs ¼ �0:163T þ 961:4:

ð3Þ

As illustrated in Eq. 1, the solid fraction would be reduced

with the temperature increasing through a quasi-linear way

along, and calculated as 0.168, when real experimental

nucleation temperature was identified as -12 �C.

Conclusions

In this study, the IR thermography technology was validated

for recording the freezing phase change process of the

micro liquid droplet, which opens its possibility of being

extended as a new conceptual differential scanning calo-

rimetry in the near future. Four classic solidifying stages

were directly depicted by IR images, especially the rec-

alescence phenomenon, which was always regarded as

initiation of the phase change. Specific temperature data

were picked up and differences exhibited by the DMSO

droplet was attributed to the demonstrated cryoprotective

effect. Meanwhile, the effects introduced by the flat sub-

strate were investigated generally for better understanding.

The initial frozen fraction was calculated to be 0.168 at the

experimental nucleation temperature, which acted as the

crucial factor to determine the total freezing time. However,

due to restrictions of the experimental conditions, as well as

the influence of the concentration and uniformity, no evi-

dent difference of the NPs suspension was observed. More

details on this issue need further studies in the near future.
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14. González-Pérez A, Olsson U. Cryo-fracture TEM: direct imaging

of viscous samples. Soft Matter. 2008;4:1625–9.

15. Hindmarsh JP, Wilson DI, Johns ML, Russell AB, Chen XD.

NMR verification of single droplet freezing models. AIChE J.

2005;51:2640–8.

16. Menzel MI, Han SI, Stapf S, Blümich B. NMR characterization
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