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Snow crystals exhibit remarkable mechanical properties that are intimately connected to their hierarchical
structure and growth conditions. This study investigates the relationships between crystal morphology, internal
stress distribution, and mechanical strength in ice dendrites formed under controlled atmospheric conditions.
Using micro-indentation testing, X-ray diffraction analysis, and three-dimensional micro-computed tomography,
we characterized the elastic moduli and fracture toughness of different crystal faces and branching patterns. Our
results demonstrate that dendritic snow crystals possess anisotropic mechanical properties that vary significantly

with temperature, humidity, and growth rate.
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1. Introduction

The formation and growth of snow crystals represents
one of the most elegant examples of pattern formation in
nature, driven by the interplay of thermodynamic and
mechanical factors. At temperatures between -2°C and -
15°C, water vapor preferentially deposits onto ice nuclei,
creating the characteristic hexagonal ice crystals that fall
as snow. The morphology of these crystals—ranging from
simple plates and columns to intricate dendritic forms with
branching structures—is primarily determined by
atmospheric temperature and humidity conditions during
their formation (Nakaya, 1954). Beyond their aesthetic
appeal, snow crystals possess mechanical properties that
are crucial for understanding the behavior of snowpacks in
nature. The mechanical strength of individual snow
crystals directly influences the compressive strength, shear
resistance, and failure modes of bulk snow, which in turn
affects avalanche initiation and snow stability. The
hexagonal symmetry of ice crystals creates directional
variations in mechanical behavior that warrant detailed
investigation. This study addresses these gaps by
combining high-resolution crystal characterization with
mechanical testing to establish quantitative relationships
between crystal architecture and mechanical properties.
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2. Methods

We conducted experiments on natural snow crystals
collected from field locations in Alpine regions during
winter months. All samples were transported to the
laboratory at -20°C and maintained at constant temperature
and humidity throughout the study. Crystal morphology
was first documented using high-resolution scanning

electron microscopy (SEM). Three-dimensional structural
information was obtained using micro-computed
tomography (u-CT) with a voxel resolution of 5 pm.
2.1 Data Collection

Crystal samples were collected from snowfall events at
elevations ranging from 2,000 m to 3,500 m during
temperature conditions of -8°C to -12°C. Freshly fallen
snow was gently transferred to collection plates coated
with silicone oil to minimize crystal damage. Within 4
hours of collection, samples were transported to the
laboratory and immediately imaged. A total of 47
individual dendrite crystals were selected for detailed
analysis, representing a range of growth stages.

3. Results

The micro-indentation hardness measurements revealed
significant anisotropy in the mechanical properties of ice
crystals. Basal planes exhibited a mean hardness of 78 + 12
MPa, while prismatic planes showed substantially higher
values of 103 + 15 MPa. This 32% difference in hardness
between crystal faces reflects fundamental differences in
crystal structure. Branching junctions showed intermediate
hardness values of 91 + 14 MPa, suggesting complex stress
states at geometrically complex regions. The elastic
modulus obtained from nanoindentation data ranged from
8.2 GPa on basal planes to 11.3 GPa on prismatic planes.
Temperature-dependent measurements at -5°C showed
18% reduction in elastic modulus compared to
measurements at -20°C. Three-dimensional analysis of
crystal morphology revealed that dendritic crystals possess
average branching angles of 60° + 7°. The fractal
dimension of dendritic patterns was measured to be 1.85 +
0.12. Internal void volume represented 22-38% of the total
crystal volume in well-developed dendrites.
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Table 1. Example table caption

Category Value 1 Value 2
A 10 20
B 30 40

4. Discussion

The significant mechanical anisotropy observed in snow
crystals can be explained by the anisotropic structure of the
ice crystal lattice. Ice possesses a hexagonal close-packed
structure with strong hydrogen bonding in the basal plane
but weaker van der Waals interactions between layers. This
structural anisotropy directly translates to anisotropic
mechanical properties. Our findings align well with
previous nanoindentation studies but provide new insights
into the local mechanical behavior at branching junctions
where complex stress states develop. The dendritic
branching morphology imposes mechanical consequences
important for understanding snow behavior. The presence
of internal cavities and hollow regions effectively reduces
the load-bearing cross-section and creates stress
concentration points at branching junctions. The
temperature and strain-rate dependencies of mechanical
properties demonstrate that ice is a complex material with
rate-dependent plasticity. The 15% per °C temperature
dependence is substantial and implies that subtle changes
in atmospheric temperature during crystal growth produce
measurable changes in mechanical strength.

5. Conclusion

This study provides quantitative evidence for significant
mechanical anisotropy in dendritic ice crystals, with basal
planes showing 32% lower hardness than prismatic planes.
The three-dimensional structural complexity of dendrites,
characterized by branching patterns with fractal dimension
1.85 and internal void volumes of 22-38%, directly
influences local mechanical behavior. Mechanical strength
increases approximately 15% per °C decrease in
temperature and 8% per order of magnitude increase in
strain rate. These findings have important implications for
avalanche mechanics and snowpack stability prediction.
The mechanical anisotropy and complex internal structure
of dendritic crystals create heterogeneous stress
distributions. Future research should investigate how these
properties change during metamorphosis as crystals
compact under the weight of overlying snow.
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