Chin. Phys. B Vol. 24, No. 7 (2015) 077803

Real-time quantitative optical method to study temperature
dependence of crack propagation process
in colloidal photonic crystal film*
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A real-time quantitative optical method to characterize crack propagation in colloidal photonic crystal film (CPCF)
is developed based on particle deformation models and previous real-time crack observations. The crack propagation
process and temperature dependence of the crack propagation rate in CPCF are investigated. By this method, the crack
propagation rate is found to slow down gradually to zero when cracks become more numerous and dense. Meanwhile, with
the temperature increasing, the crack propagation rate constant decreases. The negative temperature dependence of the
crack propagation rate is due to the increase of van der Waals attraction, which finally results in the decrease of resultant
force. The findings provide new insight into the crack propagation process in CPCFE.
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1. Introduction

Cracks exist commonly in drying colloidal films,!!-!!]

clays,['>13] and paintings.!'*-1%! They not only can influence
the rigidity and quality of materials, but also can be applied
to identify the age, origin, and art forgery of paintings.[!4-16]
Cracking in drying colloidal photonic crystal film (CPCF) is
one of representative phenomena and attracts the attention of
researchers all over the world.[3#68-10.17] I theoretical stud-
ies, efforts are mainly devoted to investigating the mechanism
and building models of crack propagation, including stick-slip
motion!®! and particle deformation models.>’-!7! Some mod-
els based on particle deformation have been set up, suggesting
that particle deformation resulting in cracks is caused by dif-
ferent forces, such as surface tension, van der Waals, and ten-
sile stress. However, these models emphasize on the critical
time when cracks propagate in the film, while a whole crack
propagation process is little investigated.

In experimental studies, efforts are mainly devoted to the
final states of crack such as types!!! and spacing.>% Recently,
Routh!®! and Wang!®! found that the final crack spacing in-
creases when the temperature increases!®! or the particle radius
decreases.!’) However, crack spacing is not suitable for char-
acterizing cracks when the cracks are not parallel. Because
of the lack of a real-time quantitative method for crack mea-
surement, the crack propagation process remains unrevealed.
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Moreover, further detailed insight into the temperature depen-
dence of the crack propagation rate is still unclear. Thus, real-
time quantitative studies on the crack propagation process and
the influence of temperature on crack propagation rate are es-
sential for understanding the mechanism of this process.

In our previous work,[18-20]

an experimental method for
CCD observation and reflectance measurement of the crack
propagation was developed. In the present work, a real-time
quantitative optical method is developed to characterize crack-
ing in CPCFs. The detailed relationship between particle de-
Then

the crack propagation process is investigated by this method

formation value and the reflectance red-shift is built.

in real time. Finally, the temperature dependence of the crack
propagation rate is also investigated.

2. Materials and methods

The experimental set-up, materials, and investigation pro-
cedure follow our previous work reported in Ref. [18]. Simply
speaking, colloidal photonic crystal films were fabricated from
1 vol.% aqueous suspensions of 240-nm polystyrene (PS) latex
through evaporation-induced colloidal self-assembly. A CCD
camera and monochromator were used synchronously to ob-
tain real-time in-situ CCD images and reflectance spectra of
CPCF. The further development in this experiment was that
hot air streams at different temperatures (ranging from 100
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to 180 °C) were set to investigate the influence of tempera-
ture. The local temperatures around the monitored CPCF re-
gion were 44.8, 47, 50.7, 57.6, and 63.9 °C, respectively.

3. Results and discussion

3.1. Real-time quantitative crack characterization from
reflectance spectrum red-shift: particle deformation
value

As shown in Fig. 1, along with crack propagating
throughout CPCF, the peak positions of reflectance spectra
shift to longer wavelengths (red-shift). These two macroscopic
processes, crack propagation!>’!'”l and reflectance spectrum
red-shift,[18! are both found to be related to microcosmic par-
ticle deformation. On one hand, the spherical particles are ob-
served by SEM to have deform to polyhedral particles,!?!=>>!
and the particle deformation results in crack propagation dur-
ing drying.!>7!71 On the other hand, the interstices between
particles decrease due to the shape change from spherical to

22.23] The decrease of interstices results in the in-

polyhedral.!
crease of particle volume fraction and then the red-shift of re-
flectance spectrum peak positions.!'®! Therefore, the particle
deformation is the connection between crack propagation and
reflectance spectrum red-shift. When particles deform more
seriously, more cracks are found propagating with higher den-
sity. The particle deformation value is the appropriate parame-
ter to characterize cracks quantitatively, including the interfa-
cial and inside cracks. What one needs to do first is to derive
the particle deformation value from the reflectance spectrum
red-shift. A detailed derivation follows.
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Fig. 1. (color online) Real-time in-situ evolution of CPCF (a) reflectance
spectra and (b)—(f) CCD images in CPCF during crack propagation.

Many experiments and simulations have revealed that
mono-dispersed PS spherical particles self-assemble into a
face-centered cubic (FCC) structure with the (111) planes par-
allel to the substrate interface during vertical deposition. The

diffracted wavelength (1) is given by the Bragg equation?*!

mA = 2dy11\/nk; —sin* 0, (1)

where m is the diffraction order, dj1; is the inter-planar spac-
ing of (111) planes, n. is the effective refractive index of the
crystal, and 0 is the incident angle. Here, 0 is zero when the
incident light is normal to the substrate interface. The effec-
tive refractive index of the crystal ng is given by a volume-
weighted average,

Neff
_ 2 2 2
= \/ d)particlenparticlC + ¢Waternwatcr + (1 - ¢particle - ¢water)nair7

@

where @particle and Quater are the volume fractions occupied
by PS particles and water between the particles, respectively.
When m is 1, A is the peak-position wavelength of reflectance
spectrum.

With the solvent evaporating, PS particles start to de-
form, the particle distance and the interstices between particles
decrease,*>%¥ resulting in the change of @paricle and A.118)
To compute @paricte simply in our system, three assumptions
are made here. First, CPCF is nearly dried out and @yager 1S
regarded as zero during the deformation. Secondly, the time
when the cracks begin to propagate and the reflectance spec-
trum begins to red-shift, is defined as zero time. At this time,
CPCF is compact and @paricte is 0.74. The adjacent particle
distance at this time is defined as Ry and can be obtained
from substituting initial experimental A into Egs. (1) and (2).
Third, particle deformation is anisotropic due to the transverse
shear stress, and the average of particle distance is considered
and defined as R. The change of inter-plane spacing djj; is
considered to be small during deformation, and dj;; equals
(213)'/2R,,.

The lattice constant a equals 2!/2R and the volume of a
unit cell Vi) equals (21/ 2R)3. When the particle distance R de-
creases, V1 decreases as well. There are four particle spheres
in one unit cell and the total volume of particle spheres Vparicle
equals 4(4/3)7(Ro/2)*. During the deformation, the total vol-
ume of spheres Vparicle does not change, and thus @paricie be-

comes
Vparticle
Qparticle = %elll
_ 4(4/3)m(Ro/2)’
= a—3
_A4/3)n(Ry/2)} _ m (Ro>3 .
 (V2R?  3WV2\R)

After solving Egs. (1)—(3) simultaneously, the relation-
ship between A and R is obtained. Further substituting the ex-
perimental peak-position wavelength A at various times into
Egs. (1)—(3), R at various times are obtained. The difference
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value of R with respect to Ry is the particle deformation value
D. Figures 2(a)-2(c) present the evolution of experimental
peak-position wavelength A, particle distance R, and particle
deformation value D. As shown in Figs. 1 and 2, crack prop-
agates when reflectance spectrum peak-position wavelength A
increases. Meanwhile, the particle distance R decreases and
particle deformation value D increases. That is, when the par-
ticle deforms more seriously, the crack increases and becomes
denser. The particle deformation value characterizes the crack,
and the particle deformation process characterizes the crack

propagation process.
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Fig. 2. Evolution of (a) peak-position wavelength A in experimental reflec-

tion spectra, (b) particle distance R derived from Egs. (1)-(3), (c) particle
deformation value D.

3.2. Real-time particle deformation and crack propaga-
tion processes

As shown in Fig. 2(b), the particle distance R decreases
and then keeps constant as time goes on. The particle defor-
mation value D increases when the crack propagates. The ab-
solute value of the R—t curve slope, which is defined as defor-
mation rate v, decreases with time. As D is the change of R, v
is also the slope of D—t curve. To obtain the regularity of the
particle deformation rate, the relationship between R and v is
first established and analyzed by statistical fitting analysis.

As the experimental temperatures are below the glass
transition temperature of PS (7; = 98.71 °C shown in Fig. Al

of Appendix A), the particle deformation process is mainly
controlled by van der Waals attraction and tensile stress in the
drying film.!”] Van der Waals attraction keeps the particles to-
gether, whereas tensile stress arising from the particle defor-
mation repulses the particles. Tensile stress is larger than van
der Waals attraction; thus the direction of the resultant force is
opposite to that of v; v is slowed down by the resultant force F
and is a function of F, represented as v = f(F). Meanwhile,
van der Waals and tensile stress both relate to R, and thus the
resultant force F is a function of R, represented as F = f (R).
Therefore, v is a function of R and represented as v = f(R).
From the evolution of R and v in Fig. 2(b), v correlates with R.
The relationship between them can be written as

v R, @)

where n > 0, which is undetermined. As R keeps constant af-
ter a period of time, a modified value R.., is introduced and the
relationship between R and v is represented as

v=k(R—Rx)", &)

where R.. is the particle distance at infinite time, k is the de-
formation rate constant, and R is the particle distance at time ¢.
In terms of v = dR/dt, equation (5) becomes

dr

—k(R—R..)" = —.
v=k( )=

(6)

To obtain the specific relationship between R and ¢, n
should be determined first. Considering that this is a micro-
deformation process, n is suggested to be an integer. Based
on statistical theory, n is finally determined to be one by the
trial-and-error method. The detailed analysis and correlation
test are shown in Appendix B. Then the integration of R and ¢
is performed and the specific relationship between R and ¢ is

R=ARe" +R.., (N

where AR equals (Ryp — R«), and Ry is the particle distance
at zero time. The fitting curves and relations are shown in
Figs. 3(a)-3(e).

As shown in Fig. 3 and Egs. (4)—(7), the fitting results
show that the particle deformation rate v has a first-order cor-
relation to R. With time going by, particle distance R decreases
gradually, and the deformation rate v decreases as well. This
is due to the existence of repulsive resultant force when the
particles deform seriously. That is, when the particle defor-
mation value D increases, the deformation rate v decreases.
In macroscopic terms, the crack propagation rate slows down
when the cracks become more numerous and denser. After
a period of time, the deformation rate v stays stable and the
crack propagation stops. This agrees intuitively with the CCD
image evolution of crack.
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Fig. 3. (color online) (a)—(e) Experimental (black dot) and fitting (red line) evolution of particle distance D at different temperatures. (a) 44.8 °C, (b) 47 °C,
() 50.7 °C, (d) 57.6 °C, (e) 63.9 °C. (f) Fitting curves of normalized particle distance D with ¢ at different temperatures.

3.3. Temperature dependence of particle deformation and
crack propagation processes

To compare the tendencies of crack propagation processes
at different temperatures, normalized R is plotted against 7 in
Fig. 3(f). As shown in Fig. 3(f), the particle deformation pro-
cess proceeds more slowly when temperature increases. This
tendency is also reflected in the rate constant k. In Figs. 3(a)-
3(e), the rate constant k is negative due to the reaction direc-
tion; thus, the absolute values of k are considered here; || at
different temperatures is obtained from the fitting curves, and
the temperature dependence of |k| is plotted in Fig. 4. When
the temperature increases, |k| decreases, indicating that the de-
formation rate decreases under the same conditions. The parti-
cle deformation process exhibits negative temperature depen-
dence.

The negative temperature dependence of the deformation
rate can be explained as follows. As mentioned above, the
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Fig. 4. Absolute variation of deformation rate constant |k| with tempera-
ture T'.

resultant force F is opposite to v, and v slows down. When
the temperature increases between 317.9 K and 337.1 K, van
der Waals attraction increases, according to Ref. [25]. How-
ever, the tensile stress does not change, and thus the resul-
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tant force F decreases. The estimation of the magnitude of
forces is shown in Appendix C. The decrease of resultant force
F finally results in the decrease of deformation rate constant.
When the temperature increases, the deformation rate changes
more slowly, and the deformation rate constant decreases. In
macroscopic terms, the crack propagation rate constant slows
down as temperature increases, which suggests that the crack
propagation rate is negatively dependent upon temperature.
Meanwhile, fewer cracks are observed (as shown in Fig. D1 in
Appendix D, in agreement with the result described in Ref. [6]
that the final crack spacing increases with increasing tempera-
ture.

Therefore, in order to achieve high quality CPCFs and re-
duce cracking, a certain higher temperature is preferred in dry-
ing films. These results provide a real-time quantitative way to
help get deeper insight into the crack propagation mechanism,
and then to control crack propagation. The detailed mecha-
nism and theoretical analysis of crack propagation still needs
to be systematically researched in further work.

4. Conclusions

A real-time quantitative optical method, the colloidal par-
ticle deformation value derived from reflectance spectra, is
developed to investigate the crack propagation process. The
crack propagation rate is found to slow down gradually to zero
when cracks propagate. Moreover, a negative temperature de-
pendence of the crack propagation rate is found after changing
the temperature. With the temperature increasing, the crack
propagation rate constant decreases. Detailed investigation re-
veals that the variation of the crack propagation rate constant
is due to the increase of van der Waals attraction between par-
ticles, finally resulting in a decrease of resultant force. The
method and findings provide new insight into the crack prop-
agation process, which may help improve the manufacturing
method and then the quality of materials.

Appendix A: DSC curve of PS colloids
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Fig. A1. (color online) DSC curve of PS colloids.

Appendix B: detail analysis and correlation test
to determine the value of n

Considering the particle deformation process is a micro-
cosmic process, n is suggested as an integer and is determined
by the trial-and-error method here. To simplify the problem, n
is tried as 0, 1, and 2 below.

When n = 0, equation (6) becomes

_dk
Cdr

Do integration of R and ¢ and the specific relationship be-

v=k(R—R..)" =k (B1)

tween R and ¢ is

R =kt + Ro. (B2)

The fitting curves of R and ¢ is shown in Fig. Bl(a) and
the coefficient of determination R? is 0.7995. The coefficient
of determination R” indicates how well data fits the curves.
When the value of R? is larger, the fitting result is better.
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Fig. B1. (color online) Evolution of experimental data (black dot) and
fitting curves (red line) with ¢ when n is equal to (a) 0, (b) 1, and (c) 2.

When n = 1, equation (6) becomes Eq. (7). The fitting
curves of In(R — R.) and ¢ are shown in Fig. B1(b) and R? is
0.9033.
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When n = 2, equation (6) becomes

_dR
S odt’
Do integration of R and ¢, and the specific relationship

v=k(R—R.)* (B3)

between R and ¢ is

= kt + cons. (B4)

R—R

The fitting curves of 1/(R — R.) and ¢ is shown in
Fig. B1(c) and R? is 0.7343.

Comparing the above three cases, R in the case of n = 1
is the largest. It indicates that the fitting result is much more
appropriate when the parameter # is one. To further test the fit-
ting results, correlation tests are done here. As there are finite
pairs of data, the correlation coefficient is

__ X [(xi = %) (yi = )]
VE@ =% (i =)

where X and y are the average values. The correlation coeffi-

Y (BS)

cient is a measure of the degree of linear dependence between
two variables. The absolute value of y ranges from 0 to 1.
When |y] is larger, the correlation between data and fitting line
is better. Whenn =0, 1, 2, yis 0.8974, 0.9519, and 0.8614, re-
spectively. It indicates that the fitting is much more reasonable
and reliable when n = 1.

Appendix C: estimation of the magnitude of
forces

On one hand, as reported in Ref. [3], a unit cell in the
film that is under stress oy will have the stored elastic en-
ergy of 6x2'/26yR?dr, and the total attractive energy would
be (3/2)F,dr. The necessary condition for crack propagation is
6x2'26yR?dr = (3/2)F,dr. On the other hand, to obtain the
change of F, when temperature varies from 318 K to 337 K,
the relationship curve between van der Waals F, and temper-
ature T is plotted below according to Eq. (5.6) in Ref. [25].
From the curve, the change of F, is 5%. Combining above
two aspects, the 5% change of van der Waals can result to the
difference between stored elastic energy and attractive energy,
which can lead to the difference of deformation rate.

1.05

van der Waals F'

1.00f

=

1 1 1 1

0
315 320 325 330 335 340
Temperature/K

Fig. C1. Dependence of van der Waals F, and temperature 7' from 318 K
to 337 K.

For the reference, the magnitudes of F, and oy are esti-
mated. According to Egs. (5)—(7) in Ref. [3], van der Waals
interaction Fy is

A 2 A .191R?
F\,Ziz R—f—a— =" R—f—& %1077N7
127} Zo 127} Zo

and the tensile stress oy is

2
o) = S—{ZF ~ 10’ Pa.
Appendix D: final CCD images of crack under
different temperatures

Fig. D1. (color online) The CCD images of CPCFs when the crack prop-
agation stops under different temperatures: (a) 44.8 °C, (b) 47 °C, (c)
50.7 °C, (d) 57.6 °C, (e) 63.9 °C.
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