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Understanding thermal stress is crucial in engineering and material science, especially when dealing
with materials subjected to temperature variations. In this article, we will explore how to estimate
the thermal stress in a copper bar when it is heated to a temperature of 50°C from a lower
temperature. We will delve into the fundamental concepts of thermal expansion, the calculation of
thermal strain, and the resulting thermal stress, providing a comprehensive guide suitable for
students, engineers, and anyone interested in material behavior under thermal loads.

Fundamentals of Thermal Expansion

What Is Thermal Expansion?

Thermal expansion refers to the tendency of matter to change in volume in response to a change in
temperature. When a material is heated, its particles move more vigorously, causing the material to
expand. Conversely, cooling causes contraction.

Coefficient of Linear Expansion

The key parameter in thermal expansion calculations is the coefficient of linear expansion («), which
quantifies how much a material expands per unit length per degree Celsius. For copper, the typical
value of a is approximately:

- o (Copper) = 16.5 x 10-6 /°C

This value indicates that for each degree Celsius increase in temperature, a unit length of copper
will expand by 16.5 micro-meters per meter length.

Calculating Thermal Strain



What Is Thermal Strain?

Thermal strain (ethermal) is the measure of deformation due to temperature change, expressed as a
dimensionless ratio or microstrain. It is given by:

\[ \varepsilon {thermal} = \alpha \times \Delta T \]
where:

- « is the coefficient of linear expansion,
- AT is the change in temperature.

Applying the Formula

Suppose the copper bar is initially at a temperature Tinitial and is heated to Tfinal = Tinitial + 50°C.
The thermal strain is:

\[ \varepsilon {thermal} = \alpha \times 50°C \]
Using the known value for copper:

\[ \varepsilon {thermal} = 16.5 \times 10~ {-6} /°C \times 50°C = 825 \times 10"~ {-6} = 8.25 \times
10~ {-4}\]

This means the bar experiences approximately 0.0825% strain due to heating.

Thermal Stress in a Copper Bar

What Causes Thermal Stress?

Thermal stress occurs when a material is constrained and cannot freely expand or contract in
response to temperature changes. If the copper bar is free to expand, no stress develops. However,
if it is fixed or constrained, the expansion leads to internal stresses.

Stress Calculation in Constrained Conditions
When the copper bar cannot expand freely, the thermal strain induces stress. The thermal stress
(othermal) can be calculated using Hooke’s law:

\[ \sigma_ {thermal} = E \times \varepsilon {thermal} \]

where:
- E is the Young’s modulus of copper,
- ethermal is the thermal strain.



For copper:
-E = 110 GPa (Gigapascals)

Converting to consistent units:
\[ \sigma {thermal} = 110 \times 10~{9} \, \text{Pa} \times 8.25 \times 10"~ {-4} \]

\[ \sigma_{thermal} = 110 \times 10" {9} \times 8.25 \times 10"~ {-4} \]
\[ \sigma_{thermal} = 90.75 \times 10~{6} \, \text{Pa} \]
\[ \sigma {thermal} = 90.75\, \text{MPa} \]

Thus, the thermal stress in the copper bar is approximately 90.75 MPa under constrained conditions.

Factors Affecting Thermal Stress

Material Properties

- Coefficient of Expansion (a): Different materials expand at different rates, influencing the thermal
stress.
- Young’s Modulus (E): Materials with higher E values develop higher stresses for the same strain.

Boundary Conditions

- Free Expansion: No stress develops if the bar is free to expand.
- Fixed or Constrained: Significant stresses develop if the bar is fixed or restrained, leading to
potential material failure if the stress exceeds yield strength.

Temperature Range

- Larger temperature changes result in higher strains and stresses.
- The rate of heating can also influence the development of thermal stresses, especially if the process
is rapid.

Practical Applications and Considerations

Designing for Thermal Stress

Engineers must account for thermal stresses in structures where temperature fluctuations are
common, such as in bridges, pipelines, and electronic components. Proper allowances, expansion



joints, and flexible connections help mitigate these stresses.

Material Selection

Choosing materials with compatible thermal expansion coefficients can reduce the risk of thermal
stress-related failures.

Safety Margins

Designs often incorporate safety margins by ensuring the anticipated thermal stresses do not exceed
the material’s yield or fracture strength.

Summary and Key Takeaways

- The coefficient of linear expansion for copper is approximately 16.5 x 10-6 /°C.

- Heating a copper bar by 50°C causes an approximate thermal strain of 8.25 x 10-4.

- If the copper bar is constrained and cannot expand freely, the resulting thermal stress is
approximately 90.75 MPa.

- Proper design considerations and material choices are essential to prevent damage due to thermal
stresses in engineering applications.

Conclusion

Estimating the thermal stress in a copper bar subjected to heating involves understanding the
principles of thermal expansion, calculating the resulting strain, and applying Hooke’s law to
determine the stress. Recognizing whether the material is free to expand or constrained significantly
influences the stress development. By mastering these concepts, engineers can design safer and
more reliable structures that withstand thermal variations effectively.

FAQs

What is the maximum thermal stress copper can handle?

Copper’s yield strength is typically around 70-200 MPa, depending on purity and treatment. The
calculated thermal stress of approximately 90.75 MPa approaches or exceeds the lower end of this
range, indicating potential plastic deformation if constrained.



How can thermal stress be minimized in practical
applications?

- Use expansion joints or flexible supports.

- Select materials with compatible thermal expansion coefficients.
- Allow for free expansion where possible.

- Implement gradual heating and cooling procedures.

Does the initial temperature affect the thermal stress?

Yes. The initial temperature sets the baseline; the greater the temperature change, the higher the
thermal strain and stress, especially when constrained.

Understanding thermal stresses in materials like copper is essential for safe and efficient
engineering design. By accurately estimating these stresses, engineers can prevent structural
failures and ensure longevity in various thermal environments.

Frequently Asked Questions

What is the formula to estimate thermal stress in a copper bar
when heated?

The thermal stress can be estimated using o0 = E a AT, where E is the Young's modulus, « is the
coefficient of linear expansion, and AT is the temperature change.

What parameters are needed to calculate the thermal stress in
a copper bar heated from a certain temperature?

You need the Young's modulus of copper, the coefficient of linear expansion for copper, and the
temperature difference (AT) between the initial and final temperatures.

How does the temperature increase affect the thermal stress
in a copper bar?

An increase in temperature causes thermal expansion, which can induce stress if the expansion is
constrained; this stress is proportional to the temperature change and material properties.

What is the coefficient of linear expansion for copper?

The coefficient of linear expansion for copper is approximately 16.5 x 10-¢ per °C.



What is the Young's modulus of copper used in thermal stress
calculations?

The Young's modulus of copper is approximately 110 GPa (gigapascals).

If a copper bar is free to expand, does it experience thermal
stress when heated?

No, if the copper bar is free to expand without constraints, it does not develop thermal stress despite
temperature changes.

How can thermal stress be minimized in copper structures
subjected to temperature changes?

Thermal stress can be minimized by designing for free expansion, using expansion joints, or
selecting materials with compatible thermal properties.

What practical applications require estimating thermal stress
in copper components?

Estimating thermal stress is important in electrical wiring, heat exchangers, and structural
components to prevent failure due to thermal expansion and contraction.

Additional Resources

Thermal Stress: An In-Depth Analysis of Stress in Copper Bars During Heating

Introduction

Understanding the behavior of materials under thermal variations is crucial in engineering,
manufacturing, and structural design. Among these, copper—a highly conductive and ductile
metal—serves as an essential component in electrical wiring, heat exchangers, and various industrial
applications. A common concern when working with copper is the thermal stress generated during
temperature changes, which can influence the integrity and longevity of components.

This article provides an exhaustive exploration of how to estimate the thermal stress in a copper bar
when it is heated to a temperature of 50°C from an initial state, such as room temperature. We will

dissect the fundamental principles, introduce relevant formulas, examine material properties, and
walk through detailed calculations, all presented in an accessible yet comprehensive manner.

Understanding Thermal Stress: Core Concepts

What Is Thermal Stress?



Thermal stress is the internal force per unit area developed in a material due to temperature-
induced expansion or contraction, especially when the material's deformation is constrained. When a
material expands upon heating, but is restricted from doing so freely—either by boundary
conditions, supports, or other constraints—stress develops internally.

Key points:

- It occurs in solids subjected to temperature changes.
- It depends on the degree of expansion and constraints.
- Excessive thermal stress can cause deformation, cracks, or failure.

Why Focus on Copper?
Copper's properties make it particularly interesting for thermal stress analysis:

- High thermal conductivity ensures rapid and uniform temperature changes.

- Ductility allows it to undergo significant deformation without fracturing.

- Coefficient of linear expansion is relatively high (~16.5 x 10™(-6) /°C), meaning it expands
noticeably with temperature increases.

Fundamental Principles of Thermal Stress Estimation
Theoretical Background

The primary relation governing thermal stress in constrained materials is derived from the theory of
linear elasticity:

\[
\sigma = E \times \alpha \times \Delta T
\]

Where:

- 0 = thermal stress (Pa or N/m?)

- E = Young’s modulus of the material (Pa)

- o = coefficient of linear expansion (per °C)
- AT = change in temperature (°C)

This relation assumes that:

- The material is constrained, preventing free expansion.

- The temperature change is uniform throughout the material.
- The deformations are within elastic limits.

Conditions for the Formula Application

- The analysis is valid for small strains and elastic deformation.

- The constraints prevent the natural expansion of the material.
- The temperature change is steady and uniform.



Material Properties of Copper Relevant to Thermal Stress Calculation
Before calculating, it’s crucial to understand the specific properties of copper:

| Property | Typical Values | Units | Notes |

| | | | |

| Coefficient of linear expansion | 16.5 X 10™(-6) | /°C | For pure copper at room temperature |
| Young’s modulus | 110 GPa | Pa | Elastic modulus |

| Yield strength | 70-210 MPa | Pa | For ductility considerations |

| Melting point | 1085°C | °C | Not directly relevant here |

Note: Values can vary slightly depending on purity, temperature, and processing history.

Step-by-Step Estimation Procedure
1. Define the Known Parameters

- Initial temperature (T1): Typically ambient (~20°C)

- Final temperature (T2): 50°C

- Temperature change (AT): T2 - T1 = 50°C - 20°C = 30°C
- Material properties:

-E: 110 GPa =110 x 10™9 Pa

-o: 16.5 x 107(-6) /°C

2. Identify Constraints

- Assumption: The copper bar is constrained such that it cannot freely expand or contract during
heating. For example, it may be fixed at both ends or embedded in a structure that prevents thermal
expansion.

3. Calculate the Thermal Stress
Applying the fundamental formula:

\[
\sigma = E \times \alpha \times \Delta T

\]

Substituting values:

\[

\sigma = (110 \times 1079\, \text{Pa}) \times (16.5 \times 10" {-6}\, \text{per} ~\circ C) \times
30" \circ C

\]

Calculating step-by-step:



- First, multiply E and a:

\[

110 \times 10"~{9} \times 16.5 \times 10"~{-6} = (110 \times 16.5) \times 10™{9 - 6} = 1,815 \times
10~{3} = 1,815,000\, \text{Pa}

\]

- Then, multiply by AT:

\[

1,815,000\, \text{Pa} \times 30 = 54,450,000\, \text{Pa}
\]

Expressed in MPa:

\[
\sigma \approx \boxed{54.45\, \text{MPa}}
\]

4. Interpretation of Results

The estimated thermal stress in the copper bar when heated to 50°C from 20°C under constraints is
approximately 54.45 MPa.

Additional Considerations and Real-World Implications

Elastic Limits and Safety Margins

- The yield strength of copper varies but is typically between 70 MPa and 210 MPa.

- The estimated thermal stress (54.45 MPa) is below the lower bound of yield strength, indicating
that, under ideal elastic conditions, the copper would not undergo permanent deformation.
However:

- Repeated thermal cycling can cause fatigue.

- Non-uniform heating might induce additional stresses.

- Constraints might be more complex, leading to tensile or shear stresses beyond simple estimates.
Effect of Larger Temperature Changes

If the temperature change is larger, say 100°C, the thermal stress doubles:

\[
\sigma_ {100°C} \approx 108.9\, \text{MPa}
\]

which approaches the yield strength, emphasizing the importance of designing for thermal
expansion.



Practical Applications

- Design of electrical conductors: Ensuring that copper wires or bars can withstand thermal stresses
without cracking.

- Structural components: Accounting for thermal expansion to prevent failure.

- Heat exchangers: Managing thermal stresses to avoid deformation or rupture.

Practical Tips for Engineers and Designers

- Always consider constraints and boundary conditions in thermal stress calculations.

- Use safety factors when the estimated stress approaches the material’s yield strength.
- Incorporate expansion allowances in design, such as flexible joints or sliding supports.
- Monitor temperature variations during operation to prevent unexpected stress buildup.

Advanced Topics and Complex Scenarios
Non-Uniform Heating

In real-world applications, temperature gradients can induce thermal gradients, leading to complex
stress patterns. Finite element analysis (FEA) can model these effects accurately.

Plastic Deformation and Creep

At high temperatures or over extended periods, copper may undergo creep or plastic deformation,
reducing the validity of elastic-based estimates.

Residual Stresses

Manufacturing processes, such as welding or machining, can introduce residual stresses that
interact with thermal stresses.

Conclusion

Estimating the thermal stress in a copper bar subjected to heating is a fundamental task in materials
engineering. By leveraging the basic relation \(\sigma = E \alpha \Delta T\), engineers can predict
whether the induced stress remains within safe elastic limits, thereby preventing failure or
deformation in practical applications.

In the specific scenario of heating a copper bar from 20°C to 50°C, the thermal stress is
approximately 54.45 MPa, safely below typical yield strengths, assuming ideal conditions.
Nevertheless, real-world situations demand comprehensive consideration of constraints, cyclic
effects, and material imperfections to ensure structural integrity and longevity.

Understanding these principles equips engineers with the tools necessary to design safer, more
reliable systems where thermal effects are inevitable.
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