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Abstract: Evolution ice diffraction patterns in mixtures of D2O with quartz sand of three different
grain coarseness (100–600, 300–800 and 600–1200 µm) were studied under various temperature
regimes by means of neutron diffraction method. The studied structural parameters and characteris-
tics involved the phase composition of specimens, Ih D2O ice lattice parameters, and crystallographic
texture of the present phases. Variations in the ice crystallographic texture during the repeated freez-
ing and thawing were observed for all tested sample types, showing an intermittent enhancement
of ice and quartz texture indices accompanying the start of specimens cooling. Formation of radial
internal stresses is demonstrated by the observed split of (002) and (100) diffraction maxima of ice.
Estimated mean internal radial stress values are calculated.
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1. Introduction

Freezing and thawing processes taking place in pure water as well as in mixtures
of water with solid particles, and the influence of these transformations on resulting
microstructure and deformation behavior of the ice phase, have been subjected to a long-
lasting research effort, with important impacts of the results in many diverse fields of
science involving, e.g., climatology and glaciology [1–3], atmospheric science and me-
teorology [4], space research [5], medicine and biology [6], civil engineering [7] or food
production [8]. Various models have been proposed and developed aimed at theoret-
ical description of the complex processes accompanying ice grains nucleation, growth,
and preferential orientation (texture) formation [3,9–11]. Representative experimental
data are then necessary to evaluate and further improve the theoretical models, requiring
application of advanced experimental methods, such as X-ray diffraction and tomogra-
phy [2,12], electron back-scatter diffraction [13], ultrasound waves dispersion [7,14], optical
automatic ice texture analysis [2,4], helium spin-echo [15] and neutron diffraction and
radiography [16–18].

In our recent study [18], we reported on application of neutron radiography and
neutron diffraction methods to characterize ice melting kinetics studied on two D2O/sand
mixtures differing in sand grains coarseness (630–1250 µm, and 100–630 µm). Compared
with pure heavy water only, the ice melting point observed on the samples of mixtures was
significantly shifted, the observed enhancement amounting 3 K and 6 K for the coarse and
fine-grained samples, respectively. Reduction in heat transport capacity due to sand/water
boundaries was suggested as the main physical reason behind that effect. Usage of D2O
instead of H2O allows a direct characterization of the water solid↔liquid phase transition
in the whole studied specimen volume by the neutron diffraction method, due to the large
coherent scattering amplitude of thermal neutrons on deuterium atoms [19]. In the present
paper, we extend our studies of freezing and thawing processes in D2O/sand mixtures
on evolution of further structural characteristics involving the crystallographic texture of
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the present phases, D2O ice lattice parameters, and estimated internal stress loads within
volume of investigated samples.

2. Materials and Methods

Mixtures of D2O with mono-dispersive quartz sands (Sklopísek Střeleč, a.s, Střeleč,
Czech Republic) admixed in the mass ratio sand/D2O~3.5/1 were studied and their
behavior juxtaposed with pure heavy water (D2O) in the place of the control. The tested
sand batches include coarse grain quartz sand with the grain size between 600 and 1200 µm
(further marked as CGQS), medium-grain sand (300–800 µm, MGQS) and fine grain sand
(100–600 µm, FGQS).

The specimens for measurement were placed in cylindrical aluminum containers
(internal diameter 10 mm, wall thickness 1 mm, axial height 50 mm) and these mounted
on the cold finger of a closed-loop He-cryostat (Cryophysics CP-62-ST/5). The neutron
diffraction measurements were performed on the KSN-2 neutron diffractometer located
in the Laboratory of Neutron Diffraction DSSE, FNSPE CTU in Prague located at the re-
search nuclear reactor LVR-15 in the Nuclear Research Institute, Řež near Prague. The
primary neutron diffraction patterns were collected within the Bragg scattering angle
(2θ) range of 10–60 degrees using a monochromatized beam of thermal neutrons (wave-
length λ = 0.1362 nm, neutron flow at the sample 8 × 106 cm−2 s−1, ultimate resolution of
diffracting planes distance (d) ∆d/d = 0.0075).

Altogether 102 diffraction patterns were recorded with the temperature (T) of tested
specimens varying within the range 150 K ≤ T ≤ RT. The obtained raw data were then
evaluated with the aid of SW tools FIT [20] and GSAS [21]. Correction of the resulting
diffraction patterns on variations in the primary neutron beam flux and background
subtraction were performed prior to further analysis.

Using the FIT code, the observed individual diffraction maxima were fitted by a
Gaussian function and characterized by the following parameters: centroid position (2θ;
degrees or steps), full width at half maximum (FWHM; degrees or steps), maximum
intensity of the line (Ip; counts) and total diffracted intensity of the line (A; counts). The
GSAS code was then used to determine the phase composition of the tested specimens,
crystallographic texture index (TI) of the present crystallographic phases, and parameters
of a quadratic fit to the full width on half maximum (FWHM) dependence of the recorded
diffracted patterns on the Bragg angle.

3. Results and Discussion

Three different crystalline phases were identified in neutron diffraction diagrams of the
tested specimens at temperatures below the D2O freezing point: α-quartz phase characterized
by the space group P3221, hexagonal D2O ice phase Ih (space group P63/mmc), and a face
centered cubic phase (space group Fm-3m, mean lattice parameter a = 4.04076 ± 0.00759 Å)
related to Al-alloy forming the specimen container (c.f. Figure 1). There are two poorly fit
lines at 2θ = 27.58 and 32.22 deg. The first one corresponds to the λ/2 line of Al (220) which
is found to be strong for the used Al alloy. The second one then originates from α-quartz of
sand and shows a highly fluctuating intensity for different sand batches.

3.1. Analysis of D2O Ice Texture Changes during the Repeated Freezing and Thawing of Samples

Thermal cycling with the temperature ranging between RT and 250 K was applied
to all the studied sample types. Within one cycle, the specimen was cooled down with
the mean rate ∆T = −2.5 K/min and, after reaching the target value 250 K, let stabilized
for next 20 min, reaching the temperature variation level well below 0.1 K. Then, neutron
diffraction patterns were recorded; afterwards, the specimen temperature was raised up
back to RT.
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Figure 1. Example of neutron diffraction patterns recorded with the D2O/MGQS mixture at T = 250 
K; λ = 0.1362 nm; crosses—the experimental data points; full line—the Rietveld fit. Diffraction max-
ima corresponding to α-quartz (sand), aluminum (container) and hexagonal Ih D2O are indicated 
below the profile by the green, blue and red lines, respectively. At the bottom, the pink curve shows 
the residual difference between the observed and fit intensity. 
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Figure 1. Example of neutron diffraction patterns recorded with the D2O/MGQS mixture at T = 250 K;
λ = 0.1362 nm; crosses—the experimental data points; full line—the Rietveld fit. Diffraction maxima
corresponding to α-quartz (sand), aluminum (container) and hexagonal Ih D2O are indicated below
the profile by the green, blue and red lines, respectively. At the bottom, the pink curve shows the
residual difference between the observed and fit intensity.

The Harris method [22] is used to approximate the radial inverse pole figure (IPF)
values (phkl) for the poles (100), (002), (101) and (102) of hexagonal Ih D2O ice using the
observed diffraction lines’ intensities (AS

hkl) and the theoretical intensities (AR
hkl) corre-

sponding to a ‘random sample’ of the same volume and composition as the tested sample
but possessing a random crystallographic texture (c.f. Rel. 1); the structure parameters of
hexagonal D2O ice given in [16] were used in calculation of the theoretical intensities.

phkl =
4AS

hkl
/AR

hkl

∑
hkl

AS
hkl

/AR
hkl

; hkl = 100, 002, 101, 102. (1)

The obtained phkl values characterize the volumetric frequency of ice grains oriented
with the <hkl> direction parallel to the radial direction of the cylindrical sample container.
For the case of a random preferential orientation (crystallographic texture) of grains, the
normalization used in Rel. (1) gives phkl = 1.

For all tested sample types, the observed IPFs of D2O ice show complex changes
during the successive thermal cycles (Figure 2).

The texture evolution observed during the repeated freezing and thawing differs
for samples of different composition and does not show any systematic trend. Since a
complete ice melting occurs between the successive cycles, the observed changes in texture
are conformal with an orientation randomness in the nucleation of ice grains. However,
taking into account a small number of cycles tested, these results must be taken as only
approximate ones.

The character of the texture evolution is further quantified by the mean texture index
(MTI) calculated as the arithmetic mean of the squared difference of the observed phkl
values from unity (representing for us a random texture state), averaged over all tested hkl
sets (Nhkl) and the performed thermal cycles (Nsteps)

MTI =
1

Nsteps × Nhkl
∑

steps
∑
hkl

(phkl − 1)2. (2)
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The obtained low MTI values (Figure 3) confirm a generally weak texture strength
observed for all tested samples (let us note that a specimen possessing a fully random
texture should show MTI = 0).
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Figure 2. Evolution of phkl, hkl = 100, 002, 101, 102 during the successive thermal cycles (see the text for details) observed 
for the indicated sample types: (a) pure D2O, (b) CGQS, (c) MGQS, (d) FGQS. The pure D2O and D2O/FGQS specimens 
were subjected to 3 consecutive cooling–heating cycles, the D2O/MGQS and D2O/CGQS then to 4 cycles. 
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Figure 2. Evolution of phkl, hkl = 100, 002, 101, 102 during the successive thermal cycles (see the text
for details) observed for the indicated sample types: (a) pure D2O, (b) CGQS, (c) MGQS, (d) FGQS.
The pure D2O and D2O/FGQS specimens were subjected to 3 consecutive cooling–heating cycles,
the D2O/MGQS and D2O/CGQS then to 4 cycles.
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Figure 3. MTI values calculated for the indicated samples according to Rel. (2); estimated standard
deviations are indicated.
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3.2. Texture Changes within Single Freezing/Thawing Cycle

In order to gain a deeper insight into the process of ice grains growth and its possible
changes caused by addition of quartz sand of different grain coarseness, the phase compo-
sition and crystallographic texture evolution of studied sample types occurring within one
single thermal cycle were further tested in detail. The sample temperature was gradually
(∆T = 0.2 K/min) varied between the cooled state and the state with the ice phase partially
melted. Neutron diffraction patterns were recorded at the selected temperature points,
after the proper stabilization of the specimen temperature was achieved (characterized by
fluctuations in the sample temperature bellow 0.1 K). The Rietveld method and harmonic
texture analysis procedure implemented in the SW package GSAS was then used to deter-
mine evolution of the phase volume (PV) and the crystallographic texture index (TI) with
temperature. The results obtained for the studied samples are shown in Figure 4, together
with the applied temperature courses.
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temperature courses (T): (a) pure D2O, (b) CGQS, (c) MGQS, and (d) Figure 2. O in the mixed samples amounts represents 
3.5/1. 

As expected, the PV of ice follows the temperature course, growing with cooling 
specimen down and vice versa. The obtained TI values fluctuate for both analyzed phases 
(ice and quartz), suggesting re-orientation of not only ice grains but also the quartz parti-
cles. Shape anisotropy of the latter, together with action of surrounding ice grains, is likely 
contributing to this effect. An intermittent maximum of both texture indices appears at 
the beginning of the temperature descent, but the further observed evolution of TI values 
differs for different sample types. It can be only speculated that the observed effects reflect 
a directionally uneven growth rate and habitus of the just geminated ice crystals, influ-
encing then the orientation arrangement of surrounding quartz grains with the form of 
tiny platelets; during the further cooling, the texture evolution is then likely influenced by 
growing interactions among adjacent ice grains. These interactions might then contribute 
to the increase in local non-zero stress levels, relaxing then partially through induced 
visco-plastic ice grains deformation leading to re-orientation of ice grains and influencing 
preferential orientation of quartz grains. Theoretical simulations of nucleation and ice 
grain growth in studied sand/water mixtures are necessary in order to interpret in detail 
the observed data. The calculations are already in progress and the results will be pub-
lished in a separate forthcoming paper. 
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Figure 4. Evolution of the phase volume (PV) of Ih ice and texture indices (TI) of Ih ice and α-quartz during the indicated
temperature courses (T): (a) pure D2O, (b) CGQS, (c) MGQS, and (d) Figure 2. O in the mixed samples amounts represents 3.5/1.

As expected, the PV of ice follows the temperature course, growing with cooling
specimen down and vice versa. The obtained TI values fluctuate for both analyzed phases
(ice and quartz), suggesting re-orientation of not only ice grains but also the quartz particles.
Shape anisotropy of the latter, together with action of surrounding ice grains, is likely
contributing to this effect. An intermittent maximum of both texture indices appears at
the beginning of the temperature descent, but the further observed evolution of TI values
differs for different sample types. It can be only speculated that the observed effects
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reflect a directionally uneven growth rate and habitus of the just geminated ice crystals,
influencing then the orientation arrangement of surrounding quartz grains with the form of
tiny platelets; during the further cooling, the texture evolution is then likely influenced by
growing interactions among adjacent ice grains. These interactions might then contribute
to the increase in local non-zero stress levels, relaxing then partially through induced
visco-plastic ice grains deformation leading to re-orientation of ice grains and influencing
preferential orientation of quartz grains. Theoretical simulations of nucleation and ice grain
growth in studied sand/water mixtures are necessary in order to interpret in detail the
observed data. The calculations are already in progress and the results will be published in
a separate forthcoming paper.

3.3. Split of Diffraction Maxima and Internal Stress Load

Independent experimental evidence for existence of radial stresses in volume of the
tested specimens (vertical axis of the cylindrical container being perpendicular to the
scattering plane) is provided by the observed split of (100) and (002) diffraction lines of
D2O ice. Figure 5 shows two examples of the effect for the case of the pure D2O sample.
On several specimens of this composition, the accumulated internal stresses manifested
themselves by the mechanical breakage of experimental containers.
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Figure 5. The split of D2O ice diffraction lines (100) and (002) (marked by an arrow) observed for a pure D2O sample cooled
down to 260 K (a) and 270 K (b); the difference in intensity of the diffraction lines caused by crystallographic texture changes
is also apparent.

The estimated radial stresses σ100 and σ002 are calculated from the split of (100) and
(002) Ih D2O ice diffraction lines recorded with the specimens cooled down to T = 250 K

σ100= B (a E − a0)/a0 σ002 = B (c E − c0)/c0 . (3)

Here, aE and cE are the deformed lattice parameters following from the angular
positions of the particular (100) and (002) split components; a0 and c0 are the ‘zero stress’
standard lattice parameters of D2O ice at 250 K: a0 = 4.522 Ǻ, c0 = 7.363 Ǻ [16]. The bulk
modulus (B) of Ih D2O ice is approximated by the value obtained for Ih H2O ice, calculated
as arithmetic mean of the isothermal and adiabatic moduli at T = 250 K [23]. The obtained
value B = 8.8 GPa was used in further calculations. In case of multiple split diffraction
maxima, an effective radial stress value (σeff) averaged over the specimen volume is then
estimated as the arithmetic mean of stress values following from the individual observed
split components, weighted by their relative integral intensities (Ahkl) calculated from a
Gaussian fit. The obtained results are summarized in Table 1.
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Table 1. Lattice parameters (cE, aE) and radial stress values (σ100, σ002, σeff) calculated from the
observed split diffraction lines (with Miller indices hkl and integral intensity Ahkl) for the studied
sample types; T = 250 K; the positive/negative stress value corresponds to a tensile/compressive
stress, respectively.

Sample Line
(hkl)

Ahkl
(a.u.) cE (Å) aE (Å) σhkl (MPa) σeff (MPa)

CGQS

002 9061 7.362 - −1.2
56.125614 7.566 - 242.62

3468 7.282 - −96.81

MGQS

002 5824 7.323 - −47.81
−54.483098 7.367 - 4.78

2763 7.252 - −132.66

FGQS

002 1949 7.370 - 8.37
−1.121480 7.394 - 37.05

836 7.287 - −90.83

Pure D2O

100 11,924 - 4.517 −9.73 −55.08
4442 - 4.431 −177.09

002 15,263 7.366 - 3.59 −61.91
10,166 7.229 - −160.15

The mixed D2O/sand samples show c-split only; both a- and c-splits were then
observed in the case of pure D2O samples. The mixtures and pure D2O samples differ also
in the prevailing type of the observed radial stress: only compressive effective stress is
observed with pure water samples, both tensile and compressive effective stresses then
appear in the case of mixtures. This finding seems to be conformal with the fact that the
container breakage issue was only observed in case of the pure D2O specimens.

According to the recent article by Monz and coworkers [13] and the state-of-the-art re-
view herein, crystallographic preferential orientation (CPO) of Ih ice develops during a plas-
tic deformation preferentially by dislocation slide on the basal plane, modified/intensified
by optional dynamic recrystallization. Taking into account the overall size of our container,
the granularity of our samples belongs very likely to a ‘fine-grained’ type, with the mean
grain diameter below ca 20 mm.

Due to the cylindrical symmetry of our specimens, vertical orientation of their axis,
and filling ensuring presence of a small free volume above the specimen mass, we can
suppose that the only possible kinematic ‘flow’ direction of the ice mass is directed upwards,
along the container axis. In such case, transformed into the geometry of our experiment, the
theory as well as experimental data suggest the CPO of ice grains by the crystallographic c-
axis along the radial direction of container [13]. Since, at the same time, ice expansion along
the radial direction is limited by the toughness of the container, a radial pressure stress
is likely to accommodate during the freezing progression, leading to local compressive
deformation resulting in a split in the Ih c-axis length. The perpendicular a-axis length
remains unchanged. These expectations are fully conformal with our results obtained for
pure D2O. Let us note that all the mentioned effects must be considered statistically, with
the actual intensiveness depending on the real present CPO strength.

In case of mixtures, the situation is more complex. The presence of sand particles
influences the resulting CPO of ice and the actual stress field distribution and relaxation
in the mixtures. Size, shape, and concentration of the particles might be likely estimated
and addressed as the key parameters involved in the physical mechanisms behind the
observed results. Elucidation of the role of particular parameters, supported by theoretical
simulations, will be the subject of our further research.
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4. Conclusions

The obtained results demonstrate the capability of the neutron diffraction method
to characterize in detail complex structural processes accompanying freezing/thawing
transitions in wet soil mixtures. With regard to the coarse-grained nature of both the ice
phase and the usual solid admixtures, application of highly penetrating neutron radiation,
allowing studies of voluminous samples, provides an indispensable tool for collecting
statistically relevant data about the studied systems.

Random variations of the ice grains’ crystallographic texture were observed for all
the tested sample types, reflecting likely the ambient orientation of ice nuclei during the
repeated melting and freezing. The onset of oriented ice grains growth is reflected by an
intermittent enhancement of the ice texture index observed shortly after the start of the
specimens’ cooling, accompanied by similar behavior of quartz sand grains’ orientation.
Formation of radial internal stresses in the volume of the tested samples was then demon-
strated by the observed split of (002) and (100) diffraction maxima of ice. The corresponding
effective radial stress values are calculated. Only compressive stress was obtained for pure
D2O samples; both tensile and compressive effective stresses components then appeared in
case of mixed samples.
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