
Simulation of surface structural relaxation kinetics in silica glass
accelerated by water vapor

A. Koike 1, M. Tomozawa *

Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180-3590, USA

a r t i c l e i n f o

Article history:
Received 26 September 2007
Received in revised form 10 July 2008
Available online 1 September 2008

PACS:
68.47.Gh
81.05.Kf
83.85.Cg

Keywords:
Optical spectroscopy
FTIR measurements
Silica
Surfaces and interfaces
Glass transition
Structural relaxation
Water

a b s t r a c t

It is known that surface structural relaxation of silica glass takes place more rapidly than bulk structural
relaxation, especially in the presence of water vapor. The effect of water vapor pressure, heat-treatment
temperature and initial fictive temperature on the surface structural relaxation kinetics in silica glasses
was investigated by measuring the change of the surface fictive temperature determined from the IR
reflection peak shift of silica structural bands. The superimposed component of bulk structural relaxation
was subtracted from the measured surface structural relaxation data to isolate the true surface structural
relaxation kinetics. The obtained surface structural relaxation data as a function of fictive temperature,
heating temperature and water vapor pressure were simulated with a model based on the diffusion equa-
tion with time-dependent surface concentration. The simulation model was used to predict the surface
structural relaxation kinetics of the optical fiber having a high fictive temperature of � 1650 �C at
950 �C under 355 torr of water vapor, and it was confirmed that the present model can simulate surface
structural relaxation of the fiber reasonably well.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Properties of a glass at room temperature vary with its fictive
temperature. For example, silica glass with a higher fictive temper-
ature shows higher density [1–3], a higher refractive index [1,2], a
higher etching rate with HF [4], higher hardness [5] and a higher
Young’s modulus [6]. Fictive temperatures and their corresponding
glass properties can change with time in the glass transition tem-
perature range by the process of structural relaxation. Therefore, in
order to predict glass properties after a heat treatment one has to
understand relaxation kinetics.

It has been observed that surface structural relaxation can take
place much more rapidly than bulk structural relaxation, especially
in the presence of water vapor [7–10]. This phenomenon is ex-
pected to play an important role in glass products with large spe-
cific surface area such as fibers and micro-lenses.

Earlier studies showed that the surface structural relaxation
propagates into a glass as a diffusion process [7]. The effective dif-
fusion coefficient, D, for surface structural relaxation has been

determined by Davis [8] and Davis and Tomozawa [7] using thin
films of thickness around �100 lm of various silica glasses as a
function of temperature under 355 torr of water vapor. In their
method, they measured the time dependence of structural relaxa-
tion of the thin films by the IR absorbance and obtained the diffu-
sion coefficient by comparing the data with the equation for
diffusion uptake, M, given by
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where M1 is the equilibrium value of the total amount of uptake
and l is the half thickness of the plate [11].

Agarwal [9] and Agarwal and Tomozawa [10] also determined
the diffusion coefficient from the relaxation kinetics study of thin
silica films by IR absorption. In their study, because of the sample’s
lower viscosity compared with other silica glasses, bulk structural
relaxation was superimposed on the surface structural relaxation
and they separated these two contributions by measuring the
relaxation kinetics of the silica glass film samples of different
thicknesses. Agarwal [9] also obtained the diffusion coefficient of
surface structural relaxation of the glass by measuring the relaxa-
tion depth profile of thick samples by IR reflection combined with
successive etching and comparing the diffusion profile with the

0022-3093/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2008.07.024

* Corresponding author. Tel.: +1 518 276 6659; fax: +1 518 276 8554.
E-mail address: tomozm@rpi.edu (M. Tomozawa).

1 Present address: Asahi Glass Co., Ltd., Yokohama, Japan.

Journal of Non-Crystalline Solids 354 (2008) 4981–4990

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

journal homepage: www.elsevier .com/locate / jnoncrysol

mailto:tomozm@rpi.edu
http://www.sciencedirect.com/science/journal/00223093
http://www.elsevier.com/locate/jnoncrysol


complementary error function. These two different methods gave
consistent values of the diffusion coefficient for surface structural
relaxation. However, in these analyses, the boundary condition of
the constant surface concentration was employed. While the meth-
od is useful to estimate the depth of structural relaxation by the
surface structural relaxation, it does not simulate the change of
the extent of the relaxation of the glass surface, which can be
probed by IR reflection, since the extent of the relaxation on the
surface is time-dependent.

Recently, using the boundary condition of time-dependent sur-
face concentration, the surface structural relaxation was analyzed
[12]. As a result, it was found that the surface structural relaxation
kinetics depend upon the size and shape of the glass: for example,
the surface of a fiber relaxes faster than surface of a thick plate in
the same water vapor pressure at the same temperature even
though they have same glass composition and same initial fictive
temperature.

Specifically the structural relaxation kinetic at the specimen
surface can be obtained from the time dependence of the fictive
temperature of the surface. Fig. 1(a) shows a schematic diagram
of time variation of normalized diffusion concentration profile with
boundary condition of time-dependent surface concentration.
Here, C(x, t)/C0 represents the concentration at position x and time
t, normalized with the initial concentration. This corresponds to

the normalized fictive temperature variation. This diffusion profile
can be obtained when the surface diffusion flux is given by

Jð0; tÞ ¼ aðC0 � CSÞ; ð2Þ

where a is the proportionality constant between the diffusate flux, J,
at the specimen surface at time t, and the difference in actual con-
centration at the specimen surface, CS, and initial concentration of
the sample, C0. Relaxation kinetic at the specimen surface can be
observed as time dependence of the normalized fictive temperature
on the surface, which corresponds to CS/C0, as shown in Fig. 1(b).
Under this boundary condition, surface concentration in a plate
sample, which corresponds to a normalized function of the surface
structural relaxation, is expressed by [12]
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and in a fiber sample by [12]
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Fig. 1. Schematic diagram of time variation of normalized concentration profile
under boundary condition of time-dependent surface concentration [12]. (a)
Normalized concentration profile with boundary condition of time-dependent
surface concentration and (b) normalized surface concentration as a function of
time (initial fictive temperature = 1200 �C, heat-treatment temperature = 950 �C, in
355 torr water vapor).
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Fig. 2. Relationship between the IR absorption peak wavenumber around
�2260 cm�1 and the fictive temperature for the silica glass. The straight line is a
linear regression fit to the data [15].
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Fig. 3. Relationship between the IR reflection peak wavenumber around
�1123 cm�1 and the fictive temperature for the silica glass. The straight line is a
linear regression fit to the data [16].
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