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Abstract 

The morphologies and growth rates of ice cryst als have been observed and documented 

using a novel experiment, with the goal of investigating the overarching principles of 

the molecular dynamics of ice cryst al growt h. The experimental set-up consists of two 

side-by-side temperature-regulated diffusion chambers. Thin ice needles , up to several 

millimeters in length and a few microns in diamet er , are grown in the first chamber 

off of a met al wire through nucleation caused by the application of a high voltage. 

These electric needles are then transferred t o the second chamber wit h a controllable 

internal water vapor supersaturation level, and subsequent growth of the ice crystals 

is observed. The crystal morphology is captured digitally via optical microscopy and 

is analyzed in the form of t ime-st amped images. 

Varying the supersaturation and overall temperature affects the cryst al morphol­

ogy as well as growth rate and yields insights into the basic physical principles gov­

erning cryst al growth. A theory that proposes t o explain the result ing morphology of 

ice crystals due t o variations in temperature and supersaturation conditions suggests 

that relative growth rat es of the principal facets of a cryst al depend on the current 

morphology of t he crystal and on an instability. Computer simulations of this pro­

posed theory called the Structure-Dependent Attachment Kinetics model are tested 

against real ice crystals to determine the accuracy of t he proposed theory. 
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1 Introduction 

Formation of crystalline structures m freezing water yields a vast variety of mor­

phologies and growth rates . Processes at the interface of non-equilibrium surfaces 

on the molecular level yield large morphological differences in the resulting crystal 

structure. Understanding the processes governing t he formation of ice crystals may 

give insight into the crystal structures of other materials. Many questions about ice 

crystal growth remain unanswered [1] . For instance, there is no definitive explanation 

of why under some conditions t he crystals are cylindrical and under others they are 

plate-like. It is also unknown what governs the pattern of the attachment of water 

vapor particles to a growing ice crystal. 

Studies of ice crystal format ion from water vapor dating as far back as the 1930 's 

have yielded the N akaya morphology diagram showing t he complex behavior of crys­

tal formation under varying temperature and saturation conditions [?] . However 

explanations of the morphological transitions seen in the diagram are not thorough . 
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Figure 1: The Nakaya morphology diagram demonstrates the variation of ice 

crystal morphology with water vapor supersaturation and with temperature. The 

transitions between plate and column morphologies appear very apparent. These 

sharp transitions are indicative of an instability that may be very sensitive to 

specific physical conditions and may be related to more than the supersaturation 

and temperature. 
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For instance, there is a very short transition from columnar crystals to plate-like 

crystals at -10°C [7, 3, 4, 5]. Such a radical morphological transition is indicative of 

an instability. 

We endeavored to understand the governing physical principles that define the 

diagram by studying the resulting morphologies and growth rates. We focused on the 

region of -15°C in the transit ion between t he low and high supersaturation of the 

surrounding air. 

2 SDAK Theory 

2.1 Basic Intrinsic Growth 

The basic unit of an ice crystal is a hexagonal pillbox shape pictured below. It has 

six prism faces and two basal faces, with the c-axis defined to be perpendicular to the 

basal faces. 

A growing unit can grow in two directions: the basal direction perpendicular to 

the basal planes and the prism direction perpendicular to the prism planes. These 

two growth directions have their corresponding growth velocities which we call Vbasa l 

and Vprism· If Vbasal > Vprism then the resulting crystal shape with be columnar. If 

Vbasa l < Vprism t hen the resulting shape will be plate-like. 

The intrinsic growth velocity of a facet can be parameterized as 

V = a · Vkinet ic · O" surface (1) 

where vkinetic is the temperature-dependent velocity derived purely from statistical 

mechanics and O" surface is the water vapor supersaturation relative to the growing ice 

surface. 

The attachment coefficient a(O", T) encapsulates all other dependencies of the in­

trinsic growth velocity and accounts for the molecular dynamics governing crystal 

growth at the interface between the ice surface and the surrounding water vapor. We 

call this coefficient the intrinsic attachment coefficient . It is parameterized as 

(2) 

5 



caxls 
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Figure 2: The basic unit of an ice crystal is a pillbox-like hexagonal unit. The 

c-axis is defined as the axis passing through the centers of the two opposite 

hexagonal facets. These facets are called the basal facets. The other six rectan­

gular facets are called the prism facets. A crystal can grow in the basal direction 

(upwards, parallel to the c-axis) , or in the prism direction (outwards , perpen­

dicular to the c-axis). The direction in which the prism grows faster determines 

the final shape of the crystal (columnar if growth is greater in the basal direction 

and plate-like if growth is greater in the prism direction). 

According to classical nucleation theory, O"o must be related to the step energy f3 

which in turn is related to the edge of a molecule-thick terrace forming near the edge 

of a growing ice crystal. The coefficient A is likely related to surface melting effects 

which reflect the temperature T. Therefore, until now it has been accepted that 

the attachment coefficient a is a function only of supersaturation and temperature. 

Presently, no theory that exists is thorough enough to explain this dependence fully, 

so we must accept measured values of these parameters as given. 

2.2 A Disagreement and a Resolution 

Physical measurements of Vbasal and Vprism on crystals grown in the laboratory have 

yielded measurements for a in terms of A and O"o in a temperature range from -2°C 

to -40°C, and the results are shown below. 

6 



10 t 

~ c 
I~ 

Q) r-1) ~ 
Cl> 
.9: 

0 
tl 

0.1 r( 
I 

0.01 !,,-1 

0.1 

10 

- Temperature (C) 

Figure 3: The measured intrinsic growth rates of the basal and prism facets of 

ice crystals have yielded values for CTo and A which parameterize the attachment 

coefficient a = Ae-"0 /"surface and the velocity of the growth of a facet is v = 

avkineticCT surface. Solid points are values for the basal facets and the open points 

are for the prism facets . 

From these results we see that at - 15°C, Abasal = Aprism and <Jo ,basal < <Jo,prism· 

Therefore from ( 1) and ( 2), 

O'.prism < O'.basal ::::} Vprism < Vbasal (3) 

from which we can infer that columns should form instead of plates. However , 

all experimental results indicate that plate-like crystals form at - 15°C, as seen m 

Figure l. Therefore, we are led to propose that a does not depend only on supersat­

uration and temperature, but on another parameter which would cause the relation­

ship between aprism and abasal to invert under the same physical conditions so that 

O'.prism > abasal ::::} Vprism > Vbasal and thus yield plate-like growth at -15°C. 

This disparity in expected crystal shape suggests that attachment kinetics de-

7 



pends on more than temperature and supersaturation. It may also depend on the 

morphology of the growing crystal: the current morphology may have an effect on t he 

subsequent growth of its facets by affecting the attachment kinetics represented by the 

attachment coefficient a. This theory is called the Structure-Dependent Attachment 

Kinetics model, or "SDAK" for short [8] . 

2.3 Structure-Dependent Attachment Kinetics (SDAK) 

The SDAK model predicts that relative facet growth rates are determined by an 

instability at the edge of a growing crystal. The growth at this edge is dominated by 

the nucleation of terraces of the basal and prism facets. If the basal nucleation rate 

increases as the prism rate decreases, then the crystal will grow into a columnar shape. 

If the prism nucleation rate increases as the basal rate decreases , then the crystal 

will grow into a plate-like shape. The nucleation rate depends on the water vapor 

supersaturation level at the surface of the crystal, as well as on other parameters. This 

surface supersaturation varies between the basal and prism facet, and this variation 

may lead to the strong differentiation between the two morphologies. Understanding 

what causes this distinct variation in supersaturation may explain the nature of the 

instability that determines the morphology of the growing crystal. The competition 

between the initial basal and prism growths may be due to an instability at the 

edge of an initially isometric crystal. This may explain the abrupt changes between 

morphology types seen in the morphology diagram. 

The SDAK model suggests that the attachment coefficient a depends not only on 

supersaturat ion but also on the morphological structure of the ice crystal. At the 

temperature of -15°C, the model suggests that for a thin plate, the actual attach­

ment coefficient O'.prism is larger than the intrinsic O'.prism for a large faceted surface. 

This would reverse the relationship between the basal and prism coefficients so that 

O'.prism > O'.basal · This would explain the disagreement between the inequality (3) 

which implies that plates should form instead of columns, and the physical results 

which consistently yield plates at -15°C. 

Further, the SDAK model suggests that a reduction of the nucleation energy at 

the edge of a thin plate causes O'.prism to increase. The reduction of the nucleation 
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energy is directly related to the reduction of CTo ,prism· Therefore, the theory proposes 

that for a thin plate, the supersaturation CTo ,prism decreases in correlation with the 

decrease of the width of the outermost molecular surface on the prism facet. 

The same predictions apply for growth in the basal direction with the basal param­

eters. Therefore, the SDAK theory predicts a positive feedback: an initial plate-like 

shape will grow to become increasingly thin-plate-like and an initially columnar-like 

shape will grow to become increasingly columnar. The relative importance of the 

SDAK effect in the basal and prism directions depends on the specific surface dy­

namics [9]. 

Figure 4: An illustration of the SDAK model instability. An instability is ampli­

fied through higher growth rates at sharper edges so the initial growth direction 

determines subsequent shape. the growth at a corner is dominated by the nu­

cleation rate of terraces growing on the basal and prism facets , so the relative 

rate of nucleation at the two facets determines the overall direction of growth. 

As an edge grows in one direction, the edge gets sharper and grows yet faster, 

creating a positive f eedback loop . 

The SDAK theory can be tested against physical crystals by using a computer 

model that predicted the growth of an ice crystal, given initial parameters, by using 

an algorithm that simulated SDAK mechanisms. The model generated an image of 

the predicted profile of the resulting ice crystal and a set of data points specifying the 
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predicted radius of tip of the crystal and the radius of the base of the cryst al, 50µm 

from the tip at progressing time values. 

In order to t est the SDAK theory, we first needed to have real ice crystals to 

compare their growth rat es with those predicted by the SDAK theory. We chose to 

focus on growing cryst als at a fixed temperature of -15°C and at varied wat er vapor 

supersaturations. All of these crystals had plate-like morphologies , as predicted by 

the morphology diagrams. 

3 Experiment 

The physical experiment set-up is worth a brief description. It is a dual-chamber 

construction. The chambers are thermally insulated and share one wall. This wall 

has a double sliding door to allow passage between the chambers with minimal per­

turbation to each chamber 's conditions. The first chamber prepares in ice crystal 

base whose subsequent growth is studied in the second chamber. 

3.1 Dual Chamber 1 

The purpose of t he first first chamber , "DC l ", is to create a very high water vapor 

supersaturation at the location where ice needles grow. The supersaturation needs 

to be high so that ice needles grow quickly (the ice grown here is not the structure to 

be studied) . 

The bottom wall and and lower parts of the side walls are made of aluminum 

while the top wall and top parts of the side walls are made of copper. Hanging off 

of the top walls is a copper well that contains water. The bottom of t he chamber is 

cooled while the top is heated , so that water vapor comes off of t he water well and 

travels downward to the colder t emperature, creating a water supersaturation within 

the chamber. 

There are several moving parts in DC 1. A horizontal shutter is connected at 

the top wall by a vertical rod with a handle on the outside of the chamber. This 

shutter can rotate and cover the cent ral area of the chamber where t he ice needles 

are growing. While t he ice is growing, the shut ter is kept to the side. However 
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Figure 5: A schematic of the dual chamber experimental set-up. The fi rst cham­

ber DC1 has a very high water vapor superaturation in which ice needles grow 

rapidly along their c-axes. The temperature and supersaturation of the second 

chamber DC2 are controlled or observe the resulting crystal growth at the tips 

of the ice needles grown in DC1. 

once the needles have reached a desired length , the shutter is useful in lowering the 

supersaturation around the ice to prevent it from growing further and shelters the ice 

as it is transferred to the next chamber. 

There is also a clapper hanging from the top wall. It is a small weight , hanging 

so that it can hit the metal wire off of which the ice needles grow. When the clapper 

hits the wire , it not only cleans the wire of any accumulated ice, but it also lowers 

the wire 's temperature. 

A narrow tube enters the chamber near its bottom. This tube is what caulk vapor 

is passed through. 

Finally, the arm which holds the base off of which the ice needles grow enters DC 

1 from the bottom left. This arm is mobile and goes through both cold chambers. 

The walls shared by DCl and DC2 are connected by a double door that can open 

to let the base attached to the arm fit through when the arm is being entered and 
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retracted from the chambers. 

3.2 Dual Chamber 2 

The second cold chamber , "DC 2", requires more precision because this is where the 

growth of ice crystals is observed under specific physical conditions. The bottom 

and top "caps" of the chamber are make of aluminum. During crystal growth , the 

bottom is cooled and the top is heated to create a temperature gradient throughout 

the chamber. These temperatures are controlled with high precision. To restrict the 

temperature gradient to the vertical direction, stainless steel plates connect the top 

and bottom aluminum faces of DC 2. If the temperature also varies horizontally, 

t hen convection currents arise and this creates a non-uniform supersaturation in the 

chamber. 

Thus the only significant perturbation to the supersaturation is the stem of the 

arm off of which the ice is growing, as well as the ice itself. It occur several times that 

a taller ice cryst al shielded a shorter one, creating an area of lower supersaturation 

for the lower crystal and the effects were noticeable in the morphology differences 

between the two crystals. 

4 Experimental Preparation 

4.1 Preparing the Ice 

In t he first chamber , ice needles were grown off of a metal wire by turning on a voltage 

which caused nucleation. Needles that grew along their c-axis produced a well-defined 

perpendicular surface at their t ip were called electric needle, or e-needles for short . 

Such needles were desirable for the experiment . If transferred to an environment 

with a different supersaturation and in the absence of an applied voltage, most of the 

subsequent crystal growth took place on the tips of the e-needles and the geometries 

of these t ip growths were based on the e-needle's c-axis. It is these growths on the 

tips of thee-needles that we studied for comparison with the predictions of the SDAK 

theory. 
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4.2 Recording Ice Growth 

The e-needles were transferred to the adj acent second chamber along with the wire 

that they were growing off of. There the subsequent growth off the ice crystals on 

the ends of the e-needles were observed. 

Time-stamped images of the growing crystals were recorded by a camera aimed 

into the second chamber for analysis. The temperatures of both chambers were con­

trolled by setting their top and bottom faces to desired temperatures. This created a 

temperature gradient within the chambers, which affected the supersaturation level. 

The supersaturation of the chamber was measured in terms of the temperature dif­

ference 6.T between the chamber 's top and bottom faces. 

4.3 System Adjustments and Fine Tuning 

By taking a temperature profile using a thermistor , we verified that along the cen­

tral vertical axis of the chamber , the temperature changed linearly with height. The 

greater 6.T, the greater t he supersaturation. Finding the exact relation between 6.T 

and the supersaturation remains a challenge that involves modeling of the tempera­

ture distribution within the chamber. 

It was crucial to perfect the experimental set-up and data processing procedures in 

order to have more authoritative results. The images had to be made clearer so that 

morphological measurements would be more accurate. Here, the first issue was that 

the exposure time was long enough to catch shakes and vibrations in the ice crystals. 

To eliminate this problem, the exposure time had to be decreased. To compensate for 

this , we installed a very bright lamp that looks into the second chamber and provides 

a strong backlight for the ice crystal. 

The next problem was that the lamp was so strong that it slightly affected the 

crystal growth as the ice absorbed t he light. To solve this problem, we installed a 

switch to turn the light on only long enough to capture an image of the crystal. 

Next, to ensure that the electric needles were dependably c-axis , we adjust ed 

vapor levels in the first chamber. It was observed that letting caulk vapor into the 

first chamber improved the quality of e-needles. However , the system turned out to 

be fairly sensitive to the amount of caulk vapor and through trial and error , we found 
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that we needed many times less caulk vapor in the chamber than what we had been 

using. We've found the minimum amount of vapor needed to grow good needles and 

used only that amount , to prevent pollution within the chamber. 

The second chamber also seemed to be getting slightly polluted so we created a 

clean air flow through it. Clean nitrogen gas entered at a slow enough rate to not 

physically affect the ice crystals growing inside but substant ial enough to keep the 

chamber clean . 

5 Analysis 

In order to test the proposed SDAK Theory, we compared physical ice cryst als t hat 

we grew in t he laboratory with the results of a computer model written in agreement 

with SDAK predictions. 

5.1 Procedure 

We grew ice cryst als m the dual-chamber setting described in det ail above. We 

observed the ice crystals through an opt ical lens and recorded t ime-stamped high­

resolut ion images. The conditions of the chamber in which we were observing the 

crystal growth were two-dimensional: we cont rolled the temperature and the water 

vapor supersaturation level in the atmosphere surrounding the cryst als. After growing 

the cryst als, we analyzed t he images and recorded the growing crystals' dimensions 

along wit h the time at which each image was t aken. In this way, we was able to 

identify the geometry of the cryst als and to quantify the crystal dimensions and the 

growth rates of each dimension , all as functions of the t emperature and water vapor 

supersaturations of the immediate surroundings. 
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Figure 6: A photo taken of a plate grown in DC2. The view is from below with 

a sharp fo cus on the plate, so the base needle is out of fo cus. 

Figure 7: Anoth photo taken of a plate grown in DC2. This time the view is 

from the side and shows the same profile as the one generated by the SDAK 

computer simulation. 

We then modeled crystal growth at -15°C using the computer model. This model 

took the t emperature and the water vapor supersaturations at the prism and basal 

faces as its primary parameters and modeled the resulting ice crystal shape in a 

step-wise fashion. 
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5 .2 Modeling 

W ith each timestep , the computer model generated a data entry of the crystal dimen­

sions and updated a profile image of the crystal being modeled. Below is a composite 

image of the progression of the best fit model. 

Figure 8: A composite image of the images generated by the SDAK simulation 

at different points in time. This is the image generated by the best fit model and 

the growth rates indeed match physical measurements closely. 

Using the intrinsic values of <Jo ,prism and <Jo ,basal as guides for the actual values of 

t he parameters, we found a good fit of the model predictions to experimental data 

that we had obtained. We compared the growth of the plate radius and of the base 

needle radius, located roughly 50 microns below the plate . 

The supersaturations for this model were <Jo ,prism = 3% and <Jo ,basal = 2%. These 

are of the same order as the measured intrinsic values of roughly <Jprism ~ 7% and 

<7basal ~ 4%, according to figure 3. 
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Figure 9: A plot of the SDAK model simulation and physical measurements of 

a crystal grown in the laboratory. For <Jo ,prism = 33 and <Jo ,basal = 23, the 

model fits the experimental data well. The two dimensions plotted are the plate 

radius and the base needle radius 50 microns below the plate tip. 

In order to get a sense of the sensitivity to the supersaturations and thus an idea of 

the variance of the parameters, we've plotted the experimental results against model 

with various inputs. In each comparison , we varied either the basal or the prism 

supersaturation and kept all other parameters the same as in the best fit model. 

From the resulting plots, we see that the growth of the base is very insensitive to 

changes in the supersaturations because the plots almost completely overlap . The 

high sensitivity to <Jo ,prism corresponds to the SDAK effect of the prism parameters 

having a greater effect than the basal parameter sat -15°C and therefore causing 

plates to form instead of columns at this temperature. 
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The close agreement of the experimental measurements and those predicted by 

the model suggests that the SDAK Theory is valid. Not only did the overall thin plate 

morphology agree with experimental measurements , but the dimensions and growth 

rates also agreed. 

The supersaturations used in the model were of the same order as the measured 

intrinsic values which suggests that the SDAK model is indeed valid and the relation 

between the int rinsic values and the modeled values is a direct result of the SDAK 

effect. Just as the SDAK model proposes, the intrinsic value of <Jo ,prism is decreased 

from 73 to 33 which would increase O:prism· The basal supersaturation also decreased 

from 43 to 23 so O:basal also increased. However, the prism supersaturation decreased 

more than the basal supersaturation , so the prism attachment coefficient was greater 

and therefore the prism growth dominated at this temperature, leading to a plate 

morphology. 

At -15°C where all physical experiments yield plates but pre-SDAK theory pre­

dicts columns, the SDAK effect on the prism facet is greater than that on the basal 

facet and this explains the prism morphology. 

The close agreement of experiment with t he SDAK model usmg the modified 

supersaturation parameters is a strong indicator that the SDAK theory is correct. 

The amount by which the supersaturat ions had to be altered in order to yield a good 

fit reflects the SDAK proposal that due to an edge instability, the supersaturations 

at the principal facets of a crystal are altered from their intrinsic values and the 

supersaturation of one facet is favored to drive the subsequent crystal growth . 
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