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Understanding the behavior of vacancies in metals is crucial for materials science, especially when
analyzing high-temperature properties, diffusion processes, and mechanical strength. This article
provides a comprehensive guide to calculating the number of vacancies per cubic meter in a metal at
639°C, with a focus on the energy required for vacancy formation. We will explore the fundamental
concepts, formulas, and step-by-step calculations to enable a clear understanding of vacancy
concentration at elevated temperatures.

Introduction to Vacancies in Metals

Vacancies are point defects in a crystal lattice where an atom is missing from its regular position.
They are intrinsic defects that naturally occur during the formation and thermal agitation of metals.
The concentration of vacancies significantly influences properties such as diffusion rates, creep, and
electrical conductivity.

Fundamental Concepts in Vacancy Formation

What Is Vacancy Formation Energy?
The vacancy formation energy (E_v) is the energy required to create a vacancy in a crystal lattice. It
represents the energetic cost of removing an atom from its lattice site to the surface or to infinity.
This energy is temperature-dependent and influences the equilibrium vacancy concentration.

Equilibrium Vacancy Concentration
At thermal equilibrium, the number of vacancies in a metal depends on temperature and the vacancy
formation energy, following the Arrhenius law:

\[
C_v = \exp\left( -\frac{E_v}{k T} \right)
\]

where:
- \( C_v \) = ratio of vacancies to atoms (dimensionless)
- \( E_v \) = vacancy formation energy (in joules or eV)



- \( k \) = Boltzmann constant (\( 1.38 \times 10^{-23} \, J/K \))
- \( T \) = absolute temperature in Kelvin (K)

To find the number of vacancies per cubic meter, this ratio is multiplied by the atomic number density
of the metal.

Calculating Vacancy Concentration at 639°C

Step 1: Convert Temperature to Kelvin
Given temperature: 639°C

\[
T = 639 + 273.15 = 912.15 \, \text{K}
\]

For simplicity, approximate as:

\[
T \approx 912\, \text{K}
\]

Step 2: Determine the Vacancy Formation Energy \(E_v\)
The vacancy formation energy varies among metals; typical values range from 0.8 eV to 2.0 eV. For
this calculation, assume a generic value:

\[
E_v = 1.2 \, \text{eV}
\]

Convert to joules:

\[
E_v = 1.2 \times 1.602 \times 10^{-19} = 1.922 \times 10^{-19} \, J
\]

Step 3: Calculate Vacancy Concentration Ratio \( C_v \)
Using the Arrhenius equation:

\[
C_v = \exp\left( -\frac{E_v}{k T} \right)
\]

Calculate the exponent:



\[
\frac{E_v}{k T} = \frac{1.922 \times 10^{-19}}{(1.38 \times 10^{-23}) \times 912} \approx
\frac{1.922 \times 10^{-19}}{1.260 \times 10^{-20}} \approx 15.26
\]

Now, compute the exponential:

\[
C_v = e^{-15.26} \approx 2.39 \times 10^{-7}
\]

This ratio indicates that approximately 1 in 4 million lattice sites is vacant at this temperature.

Step 4: Find Atomic Number Density of the Metal

The atomic number density \( N_a \) (atoms per cubic meter) depends on the metal's density and
molar mass.

Example: Iron (Fe)
- Density: \( 7.87 \, g/cm^3 \)
- Molar mass: \( 55.85 \, g/mol \)

Convert density to kg/m³:

\[
7.87 \, g/cm^3 = 7870 \, kg/m^3
\]

Calculate number of moles per m³:

\[
\text{Moles per m}^3 = \frac{7870}{55.85} \approx 141 \, \text{mol}
\]

Number of atoms per mole (Avogadro's number):

\[
N_A = 6.022 \times 10^{23}
\]

Therefore, atomic number density:

\[
N_a = 141 \times 6.022 \times 10^{23} \approx 8.49 \times 10^{25} \, \text{atoms/m}^3
\]

Note: Adjust for the specific metal if different.



Step 5: Calculate Number of Vacancies per Cubic Meter

Total vacancies per cubic meter:

\[
N_v = C_v \times N_a
\]

Substitute the values:

\[
N_v = 2.39 \times 10^{-7} \times 8.49 \times 10^{25} \approx 2.03 \times 10^{19} \,
\text{vacancies/m}^3
\]

Final Result:
In this example, at 639°C, there are approximately \(2.03 \times 10^{19}\) vacancies per cubic meter
in the iron sample.

Factors Affecting Vacancy Concentration

Vacancy concentration is influenced by several factors:
- Temperature: Higher temperatures increase vacancy concentration exponentially.
- Vacancy Formation Energy: Metals with lower \( E_v \) have higher vacancy concentrations at the
same temperature.
- Alloying Elements: Additions can alter the vacancy formation energy and lattice structure.
- Mechanical Stress: Strain can influence vacancy formation and migration.

Implications of Vacancy Concentration in Metals

Understanding vacancy concentrations is essential for:
- Diffusion Processes: Vacancies facilitate atomic movement.
- Creep Resistance: Vacancies contribute to deformation at high temperatures.
- Material Strength: Vacancy accumulation can lead to void formation and failure.
- Thermal Conductivity: Vacancies scatter electrons and phonons, affecting conductivity.

Summary of Calculation Steps
To summarize, calculating the number of vacancies per cubic meter involves:
1. Converting the temperature to Kelvin.
2. Estimating or obtaining the vacancy formation energy.
3. Applying the Arrhenius equation to find the vacancy concentration ratio.
4. Calculating the atomic number density based on material properties.
5. Multiplying the ratio by atomic density to get vacancies per cubic meter.



Conclusion

Calculating the number of vacancies in metals at elevated temperatures provides vital insights into
their high-temperature behavior and durability. By understanding the fundamental principles—such as
vacancy formation energy, temperature dependence, and atomic density—materials engineers and
scientists can predict and tailor properties for various industrial applications. This comprehensive
approach ensures accurate assessments of vacancy concentrations, aiding in the development of
more resilient and efficient materials.

---
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Frequently Asked Questions

How do you calculate the number of vacancies per cubic
meter in a metal at 639°C?
The number of vacancies per cubic meter can be calculated using the equation N_v = N exp(-Q_v / (k
T)), where N is the atomic density, Q_v is the vacancy formation energy, k is Boltzmann's constant,
and T is the temperature in Kelvin.

What is the significance of vacancy formation energy in
determining vacancy concentration?
Vacancy formation energy (Q_v) represents the energy required to create a vacancy; higher Q_v
results in fewer vacancies at a given temperature, directly affecting vacancy concentration
calculations.

How do you convert 639°C to Kelvin for vacancy calculations?
Add 273.15 to convert Celsius to Kelvin: 639°C + 273.15 ≈ 912.15 K, which is used in vacancy
calculations.

What role does atomic density play in calculating vacancies
per cubic meter?
Atomic density (N) indicates the number of atoms per unit volume; it is used as a baseline in
calculating the number of vacancies per cubic meter at a given temperature.



Which constants are essential for calculating vacancy
concentration in metals?
Constants include Boltzmann's constant (k ≈ 8.617 x 10^-5 eV/K), vacancy formation energy (Q_v),
and atomic density (N) of the metal.

Why is it important to understand vacancy concentration at
high temperatures like 639°C?
Vacancy concentration influences diffusion, creep, and other high-temperature properties of metals,
impacting material strength and durability.

Can the vacancy concentration be estimated without knowing
the vacancy formation energy?
No, the vacancy formation energy is essential; without it, accurate estimation of vacancy
concentration at a given temperature is not possible.

How does increasing temperature affect the number of
vacancies in a metal?
Increasing temperature raises the exponential term in the vacancy equation, leading to a significant
increase in the number of vacancies per cubic meter.

What assumptions are made in calculating vacancy
concentration using the exponential model?
Assumptions include equilibrium conditions, uniform temperature, and that vacancy formation energy
remains constant over the temperature range.

Additional Resources
Calculate The Number Of Vacancies Per Cubic Meter In Some Metal At 639°C. The Energy For Vacancy
Formation is a classic problem in materials science and solid-state physics, providing insight into the
atomic-level behavior of metals at elevated temperatures. Understanding vacancy concentrations is
essential for predicting material properties such as diffusion rates, mechanical strength, and thermal
stability. This guide aims to walk you through the process of calculating the number of vacancies per
cubic meter in a metal at 639°C, emphasizing the key concepts, formulas, and assumptions involved
in the calculation.

---

Introduction to Vacancy Formation in Metals

Vacancies are point defects in a crystal lattice where an atom site is unoccupied. They play a crucial
role in diffusion, creep, and other thermally activated processes in metals. As temperature increases,



the equilibrium concentration of vacancies also increases, following thermodynamic principles.

Why Calculate Vacancy Concentration?

- Diffusion Analysis: Vacancies facilitate atomic movement; knowing their concentration helps
estimate diffusion coefficients.
- Mechanical Properties: Vacancy concentrations influence yield strength, ductility, and creep
resistance.
- Material Design: Engineers can predict how materials will behave under operating conditions,
especially at high temperatures.

---

Fundamental Concepts and Assumptions

Before diving into calculations, familiarize yourself with these core ideas:

- Equilibrium Vacancy Concentration: The number of vacancies at thermodynamic equilibrium
depends on temperature and the vacancy formation energy.
- Arrhenius Behavior: Vacancy formation follows an Arrhenius-type relation, reflecting the thermal
activation process.
- Material Parameters: Atomic volume, vacancy formation energy, Boltzmann constant, and
temperature are key inputs.

---

Step 1: Gather Necessary Data and Constants

Material Properties

- Atomic weight (A): e.g., for iron, A ≈ 55.845 g/mol
- Density (ρ): e.g., for iron, ρ ≈ 7.87 g/cm³
- Crystal structure: e.g., BCC or FCC, which affects atomic packing and volume
- Lattice parameter (a): derived from crystal structure
- Vacancy formation energy (Qv): energy required to create a vacancy (in eV or J)

Physical Constants

- Boltzmann constant (k): 1.380649 × 10⁻²³ J/K
- Temperature (T): Convert from Celsius to Kelvin (°C + 273.15)

Example Data for Iron (Fe)

| Property | Value |
|---------------------------|--------------------------------|
| Atomic weight (A) | 55.845 g/mol |
| Density (ρ) | 7.87 g/cm³ |
| Crystal structure | BCC |
| Lattice parameter (a) | ~2.87 Å (2.87 × 10⁻10 m) |
| Vacancy formation energy (Qv) | ~1.6 eV (typical for Fe) |



---

Step 2: Calculate Atomic Volume

Atomic volume (Ω) is the volume occupied by one atom in the crystal lattice.

For a BCC structure:

- Number of atoms per unit cell: 2
- Unit cell volume: \( V_{cell} = a^3 \)

Calculations:

1. Convert lattice parameter to meters:
\( a = 2.87 \times 10^{-10} \, \text{m} \)

2. Calculate unit cell volume:
\( V_{cell} = a^3 = (2.87 \times 10^{-10} \text{ m})^3 \)

3. Atomic volume (Ω):
\( \Omega = \frac{V_{cell}}{\text{number of atoms per cell}} = \frac{a^3}{2} \)

Numerical example:

- \( V_{cell} = (2.87 \times 10^{-10})^3 = 2.36 \times 10^{-29} \text{ m}^3 \)
- \( \Omega = \frac{2.36 \times 10^{-29}}{2} = 1.18 \times 10^{-29} \text{ m}^3 \)

---

Step 3: Determine Vacancy Formation Energy in Joules

Since energies are often given in eV, convert to Joules:

\[
Q_v (\text{J}) = Q_v (\text{eV}) \times 1.602 \times 10^{-19}
\]

For Qv ≈ 1.6 eV:

\[
Q_v = 1.6 \times 1.602 \times 10^{-19} \approx 2.563 \times 10^{-19} \text{ J}
\]

---

Step 4: Apply the Vacancy Concentration Formula

The equilibrium vacancy concentration \( C_v \) (number of vacancies per atom) at temperature T is
given by:

\[



C_v = \exp \left( - \frac{Q_v}{k T} \right)
\]

- Note: This is the ratio of vacancies to atoms; to find the number of vacancies per unit volume,
multiply by the atomic density.

---

Step 5: Calculate Atomic Density

Atomic density \( N_{atoms} \) (atoms per cubic meter):

\[
N_{atoms} = \frac{\text{Number of atoms per unit volume}} = \frac{\rho N_A}{A}
\]

Where:

- \( N_A = 6.022 \times 10^{23} \) mol\(^{-1} \)

Calculations:

\[
N_{atoms} = \frac{7.87 \text{ g/cm}^3 \times 10^{6} \text{ cm}^3/\text{m}^3 \times 6.022
\times 10^{23}}{55.845 \text{ g/mol}}
\]

Simplify:

\[
N_{atoms} = \frac{7.87 \times 10^{6} \times 6.022 \times 10^{23}}{55.845}
\]

\[
N_{atoms} \approx \frac{4.744 \times 10^{30}}{55.845} \approx 8.49 \times 10^{28} \text{
atoms/m}^3
\]

---

Step 6: Calculate Vacancy Concentration at 639°C

Convert Celsius to Kelvin:

\[
T = 639 + 273.15 = 912.15\, \text{K}
\]

Calculate the exponent:

\[



\frac{Q_v}{k T} = \frac{2.563 \times 10^{-19}}{1.380649 \times 10^{-23} \times 912.15}
\]

\[
= \frac{2.563 \times 10^{-19}}{1.260 \times 10^{-20}} \approx 20.36
\]

Calculate \( C_v \):

\[
C_v = \exp(-20.36) \approx 1.37 \times 10^{-9}
\]

This means roughly 1.37 vacancies per billion atoms.

---

Step 7: Find the Number of Vacancies Per Cubic Meter

Multiply vacancy concentration per atom by the atomic density:

\[
N_{vacancies} = C_v \times N_{atoms}
\]

\[
N_{vacancies} = 1.37 \times 10^{-9} \times 8.49 \times 10^{28} \approx 1.16 \times 10^{20}
\text{ vacancies/m}^3
\]

---

Final Result:

At 639°C, the metal (e.g., iron) has approximately 1.16 × 10²⁰ vacancies per cubic meter.

This high vacancy concentration significantly influences diffusion and mechanical behaviors at
elevated temperatures.

---

Additional Considerations

- Material Variability: Different metals have different vacancy formation energies, which drastically
affect vacancy concentrations.
- Non-Equilibrium Conditions: Actual vacancy concentrations can be higher due to processes like
irradiation or rapid cooling.
- Temperature Dependence: As temperature increases, vacancy concentration rises exponentially,
emphasizing the importance of thermal effects.

---



Summary Checklist

- Gather accurate material parameters (atomic weight, density, crystal structure, vacancy formation
energy).
- Calculate atomic volume and atomic density.
- Convert vacancy formation energy into Joules.
- Use the Arrhenius equation to find vacancy concentration per atom.
- Convert to vacancies per cubic meter by multiplying by atomic density.
- Interpret the results within the context of material behavior at high temperatures.

---

Conclusion

Calculating the number of vacancies per cubic meter in a metal at a specific temperature, such as
639°C, provides valuable insight into the thermally activated defect processes governing material
properties. Armed with fundamental thermodynamic principles, accurate material data, and careful
calculations, materials scientists and engineers can predict and optimize the high-temperature
performance of metals in various applications—from structural components to electronic devices.

---

Understanding vacancy formation and concentration is a cornerstone in the field of materials science,
crucial for advancing high-performance materials and ensuring their reliability under demanding
conditions.
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