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Understanding the phase transitions of water, especially the transformation of ice under various
pressure conditions, is fundamental in fields ranging from cryogenics and glaciology to materials
science and planetary geology. When considering the isothermal compression of ice initially at -5°C
and 1 atm, a key question arises: what pressure must be applied to induce a phase change from ice
to a denser phase without changing the temperature? This article provides a comprehensive
exploration of the thermodynamics involved, the phase diagram of water, and the calculations

necessary to determine the required pressure for such a phase transition.

Introduction to Phase Transitions of Water

Water exhibits a complex phase diagram with multiple solid phases (known as ice polymorphs), liquid
states, and vapor states. The phase behavior of ice is highly sensitive to pressure and temperature,

leading to various forms of ice (Ice |, Ice Il, Ice lll, etc.) at different conditions.

- Ice | (Hexagonal Ice): The common form of ice at atmospheric pressure and below 0°C.
- High-Pressure Ice Phases: Formed when ice is subjected to high pressures, these include Ice I, I,

V, VI, VII, etc., each stable under specific pressure-temperature conditions.

Key Point: To induce a phase change of ice through isothermal compression at -5°C (268.15 K), we

need to identify the phase boundary in the phase diagram where ice transitions from Ice | to another



dense phase.

Understanding the Ice Phase Diagram

The phase diagram of water illustrates the stability regions of different phases as functions of

temperature and pressure. For our case:

- Initial State: Ice | at -5°C and 1 atm.
- Goal: Increase pressure at constant temperature to reach the boundary where ice transforms into a

denser phase.

Main features relevant to our problem:

- The melting point of ice at 1 atm is 0°C.

- The boundary between Ice | and other phases (e.g., Ice Il, Ice Ill, Ice V) shifts with pressure.

- The phase transition occurs along lines called phase boundaries, which are characterized by specific

pressure and temperature conditions.

Visualizing the phase diagram helps to understand the pressure required for phase change at a fixed

temperature.

Thermodynamics of Isothermal Compression

The process involves compressing ice at a constant temperature, which requires understanding the

thermodynamic principles involved:

- Gibbs Free Energy (G): The phase with the lowest G at given P and T is thermodynamically stable.

- Clausius-Clapeyron Equation: Describes the slope of the phase boundary line in the P-T diagram:



\[

\frac{dPH{dT} = \frac{\Delta H_{transition}}{T \Delta V}

\

Where:

- \(\Delta H_{transition}\) is the enthalpy change during the phase transition.
- \(\Delta W) is the change in volume during the transition.

- \(T\) is the absolute temperature.

For an isothermal process, the focus is on moving along the phase boundary line in the phase diagram

by increasing pressure at constant temperature.

Determining the Pressure Needed for Phase Transition

To find the pressure required, the key is identifying the phase boundary line between Ice | and the
higher-pressure phase at -5°C. Since the phase boundary is not straightforward at all temperatures,
approximate values and known data points are used.

Step 1: Locate Initial Conditions

- Temperature: \(T = 268.15\,K\) (-5°C)
- Initial pressure: \(P_1 = 1\,atm = 101.325\,kPa\)

Step 2: Find the Phase Boundary at -5°C
From experimental phase diagrams:

- At temperatures below 0°C, Ice | is stable at low pressures.

- As pressure increases, ice can transform into Ice Il or Ice Ill, which are denser.



Step 3: Use the Clausius-Clapeyron Equation

The exact calculation requires data for \(\Delta H\) and \(\Delta W\) for the specific phase transition. For
example, the transition from Ice | to Ice Il occurs at around -20°C under a pressure of approximately
300 MPa (~3,000 atm). Since our initial temperature (-5°C) is higher, the phase boundary at -5°C
would be at a certain pressure between atmospheric and these high pressures.

Step 4: Approximate the Required Pressure

Based on phase diagrams and experimental data:

- To transition from Ice | to Ice Il at around -5°C, pressures on the order of several hundred

megapascals are needed.

For a rough estimate:

\[

P_{transition} \approx P_{initial} + \text{pressure increase needed}

\

Given that at -20°C, Ice lll is stable at about 300 MPa, and at -5°C, the boundary is likely at a

somewhat lower pressure, perhaps around 150-200 MPa.

Practical Calculation Example

Suppose the phase boundary at -5°C is approximately at 180 MPa (about 1,800 atmospheres). Then:

\[
\boxed{
\text{Pressure needed} \approx 180\\text{MPa} \quad (\sim 1,800\ \text{atm})



\
This is a rough estimate based on available phase diagram data.

Note: Precise calculations require detailed thermodynamic data and phase boundary equations, which

are often obtained experimentally or from detailed thermodynamic tables.

Implications and Real-World Considerations

- High-Pressure Equipment: Achieving pressures above 100 MPa requires specialized high-pressure
vessels and safety protocols.

- Temperature Stability: Maintaining the temperature at -5°C during compression is essential; any
temperature fluctuations can alter the phase boundary location.

- Kinetics of Phase Transition: Actual phase change may require nucleation and may be influenced by

impurities or defects in the ice.

Summary and Conclusion

- To isothermally compress ice initially at -5°C and 1 atm so that it transitions to a denser phase,
significant pressure increase is necessary.

- Based on phase diagram data, pressures on the order of 150-200 MPa (roughly 1,500-2,000
atmospheres) are typically required to induce a phase change from Ice | to Ice lll at -5°C.

- Precise pressure depends on exact phase boundary data, which can be obtained from detailed
thermodynamic tables or experimental measurements.

- This process has practical applications in creating high-pressure phases of ice for scientific research,

understanding planetary interiors, and materials science.



Final Note: Always consult detailed phase diagrams and thermodynamic data when performing such

calculations for precise and safe experimental planning.
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Frequently Asked Questions

What pressure is required to isothermally compress ice initially at
-5°C and 1 atm to induce a phase change?

To induce a phase change of ice at -5°C under isothermal conditions, the pressure must be increased
to approximately 210 MPa (around 2,100 bar), which is near the ice-VI or ice-VIl formation pressures.

This high pressure transforms ice into denser phases without changing the temperature.

How does pressure influence the phase transition of ice at sub-zero
temperatures like -5°C?

Applying high pressure to ice at -5°C can force it into different crystalline phases such as ice-VI or ice-
VII, which are stable under high-pressure conditions. The required pressure depends on the specific

phase boundary but generally reaches several hundred megapascals to achieve the transition.

Is it possible to convert ice into a different phase by applying pressure
at constant temperature, and what is the typical pressure needed?

Yes, applying pressure at constant temperature can transform ice into denser phases like ice-VI or ice-

VII. For ice initially at -5°C and 1 atm, the pressure needed typically exceeds 200 MPa, depending on



the specific phase boundary and experimental conditions.

What phase of ice forms when high pressure is applied at
temperatures below freezing, such as -5°C?

When high pressure is applied to ice at -5°C, it can transform into high-pressure ice phases such as

ice-VI or ice-VII, which are denser crystalline structures stable under extreme pressure conditions.

How does the phase diagram of water help determine the pressure
needed to change ice phase at -5°C?

The phase diagram of water indicates that at -5°C, increasing pressure beyond approximately 200
MPa will transition ice into high-pressure phases like ice-VI or ice-VIIl. This helps predict the pressure

required for phase change under isothermal conditions.

Additional Resources

Understanding the Pressure Requirements for Isothermal Compression of Ice at -5°C

When exploring phase transitions of water, particularly the compression of ice at sub-zero
temperatures, a fundamental question arises: What pressure is necessary to induce an isothermal
phase change of ice initially at -5°C and 1 atm? This inquiry is not only academically intriguing but also
critical for fields such as cryogenics, planetary science, and material engineering. To comprehend the
pressure needed for such a phase change, we must delve into the thermodynamics of water's phase
diagram, the properties of ice, and the principles governing phase equilibrium under constant

temperature conditions.



Fundamentals of Ice and Water Phase Equilibrium

Phase Diagram of Water

Water’s phase diagram is a graphical representation illustrating the states of water (solid, liquid, vapor)

under varying temperature and pressure conditions. Key features include:

- Triple Point: The unique combination of temperature (~0.01°C) and pressure (~611.7 Pa or 0.006
atm) where ice, liquid water, and vapor coexist in equilibrium.

- Ice Ih (Hexagonal Ice): The most common crystalline form of ice under atmospheric pressure.

- Melting Curve: The boundary separating ice and liquid water; its slope is crucial for understanding

how pressure influences melting.
The phase diagram reveals that:

- Increasing pressure at temperatures below 0°C can lead to melting (pressure-induced phase
change).
- The melting curve’s slope and position determine the pressure needed to transform ice at a specific

temperature.

Properties of Ice at -5°C and 1 atm

- Initial State: Ice |h at -5°C and 1 atm (approximately 101.3 kPa).

- Density: Around 0.917 g/cm3.

- Enthalpy and Entropy: Known from thermodynamic tables; these influence the energy considerations
during phase change.

- Stability: At -5°C, ice is thermodynamically stable at 1 atm, meaning it requires energy input

(pressure or heat) to change phase.



Thermodynamics of Phase Changes Under Isothermal

Conditions

Gibbs Free Energy and Equilibrium

The fundamental thermodynamic principle governing phase transitions is the minimization of Gibbs free

energy (G). For two phases to coexist at equilibrium:
\[ G_{solid} = G_{liquid} \]

Under isothermal (constant temperature) and isobaric (constant pressure) conditions, the phase with
lower Gibbs free energy is more stable. To induce a phase change, the system must reach conditions

where the Gibbs free energies of ice and water are equal at the same temperature.

Effect of Pressure on Phase Stability

- Clausius-Clapeyron Equation:

\[
\frac{dP}{dT} = \frac{\Delta H_{fusion}}{T \Delta V}
\]

Where:
- \(\Delta H_{fusion}\): Enthalpy of fusion (~333.55 kJ/kg for water).

- \(\Delta V\): Change in volume during melting (~9% increase from ice to water).



- \(T\): Temperature in Kelvin.
This equation shows how the melting point shifts with pressure. For water, the melting point decreases

with increasing pressure because ice has a lower density than liquid water, leading to a negative slope

in the melting curve.

Calculating the Pressure Needed to Isothermally Melt Ice at

-5°C

Applying the Clapeyron Equation

Given:

-\(T\) =-5°C = 268.15 K

- \(\Delta H_{fusion)\) U 6.01 kJ/mol

- \(\Delta W) [l 9% of ice's molar volume
The slope of the melting curve:

\[

\frac{dPH{dT} \approx -29.4 \text{ atm/°C}
\]

This negative slope indicates that increasing pressure lowers the melting point.

Estimating the pressure to induce melting at -5°C:



- The melting point at atmospheric pressure is 0°C.

- To lower the melting point from 0°C to -5°C, the required pressure increase is approximately:

\[
\Delta P = 29.4 \text{ atm/°C} \times 5°C = 147 \text{ atm}
\]

- Total pressure needed:

\[

P_{total} \approx 1 \text{ atm} + 147 \text{ atm} = 148 \text{ atm}
\]

Interpretation:

- Applying approximately 148 atm of pressure at -5°C can bring the melting point down to -5°C,

effectively melting ice isothermally at this temperature.

Key Considerations and Practical Implications

Assumptions and Limitations

- The calculation assumes ideal behavior and neglects impurities, which can significantly influence
phase boundaries.

- Real-world experiments may require slightly higher pressures due to kinetic barriers and non-
idealities.

- The pressure estimate is based on the equilibrium melting curve; actual phase change may involve



hysteresis or supercooling effects.

Phase Transition Pathways

- To isothermally convert ice at -5°C to liquid water, one must apply pressure sufficient to lower the
melting point to -5°C.

- Alternatively, heating the ice above 0°C at constant pressure is simpler but not isothermal
compression.

- Pressure-induced melting is used in geophysics to understand subglacial lakes and planetary

interiors.

Other Ice Phases and High-Pressure Forms

- Under extreme pressures (>200 MPa), ice transforms into other crystalline forms (Ice 11, Ill, V, VI,
etc.).
- These phases have different melting points and stability regions, complicating the phase diagram at

high pressures.

Summary and Final Remarks

- To isothermally compress ice initially at -5°C and 1 atm so that it undergoes a phase change,
pressure must be increased significantly.

- Based on thermodynamic calculations, approximately 150 atm (around 15 MPa) of pressure is
necessary to lower the melting point from 0°C to -5°C, thereby melting the ice at constant temperature.

- This process exemplifies the profound influence of pressure on phase transitions, especially for



water, which exhibits anomalous behavior due to its molecular structure and density differences
between phases.
- Such insights are vital across disciplines, aiding in understanding natural phenomena (e.g., glacial

movements), designing high-pressure experiments, and developing cryogenic technologies.

In conclusion, achieving an isothermal phase change of ice initially at -5°C and 1 atm requires
applying pressures on the order of around 150 atm, leveraging the negative slope of the melting curve
to facilitate melting without changing temperature. This exemplifies the delicate balance of
thermodynamic forces governing phase transitions and highlights the importance of pressure as a tool

for manipulating matter at the molecular level.
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