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Fully Coupled Thermal Stress Analysis for Abaqus: A Complete Guide

Modern engineering designs increasingly demand rigorous evaluation of how structures respond to combined
mechanical and thermal loads. Whether you're designing a turbine blade that must endure extreme temperature
gradients, or a spacecraft component that experiences rapid heating and cooling, understanding the interplay
between temperature and stress is critical. Fully coupled thermal stress analysis for Abaqusprovides a
powerful framework to capture these interactions accurately, enabling engineers to predict failures, optimize
materials, and reduce costly redesign cycles.

This article delves into the fundamentals, practical steps, and best practices for performing fully coupled thermal
stress analysis in Abaqus. We'll explore the theory behind thermo mechanical coupling, walk through a step by step
workflow, highlight common pitfalls, and share advanced techniques that take your simulations to the next level.

What Is Fully Coupled Thermal Stress Analysis?

In finite element analysis, a coupledsolution means that two or more physics interact directly during the simulation.
For thermal stress problems, the temperature field influences the mechanical response through thermal expansion,
temperature dependent material properties, and heat induced strain. Conversely, mechanical deformation can alter
heat transfer characteristics, especially in problems involving large strains or contact.

A fully coupled thermal stress analysis solves the heat conduction equation and the equilibrium equations
simultaneously, ensuring that temperature and stress fields are consistent with each other at every iteration. This
contrasts with sequential or “one way” coupling, where a temperature field is first solved and then used as a fixed
input for a mechanical analysis.

Why Is Coupling Important?

e Accurate Stress Prediction: Temperature gradients generate thermal strains that can cause significant
stresses, especially in components with high thermal expansion coefficients or stiff materials.

e Non Linear Material Behavior: Many materials exhibit temperature dependent elastic moduli, yield strengths,
and thermal conductivities. Ignoring these effects can lead to under or over estimation of stresses.

* Dynamic Loading: Rapid heating or cooling can induce transient thermal gradients, leading to time dependent
stresses that affect fatigue life.

¢ Design Optimization: Coupled analyses allow designers to evaluate trade offs between material choice,
geometry, and operating conditions in a single simulation.

Abaqus Overview: Tools for Coupled Analysis

Abaqus offers two primary solvers:

* Abaqus/Standard — Suitable for quasi static, linear, and nonlinear problems with detailed convergence controls.
¢ Abaqus/Explicit — Ideal for dynamic, impact, and highly nonlinear problems where time integration is explicit.

Both solvers support fully coupled thermal mechanical analyses. The choice depends on the problem’s nature:



steady state thermal loads with static mechanical response usually use Abaqus/Standard, while transient thermal
shocks or impact events often require Abaqus/Explicit.

Key Features for Coupled Analysis

* Temperature Dependent Material Properties — Define elastic modulus, Poisson’s ratio, thermal conductivity,
coefficient of thermal expansion (CTE), and specific heat as functions of temperature.

e Thermal Boundary Conditions — Apply temperature, heat flux, convection, or radiation to model realistic heat
transfer.

* Mechanical Boundary Conditions — Constrain displacements, apply loads, and define contact interactions.

e Coupling Options — Choose between direct coupling (solve both equations together) or sequential coupling
(solve heat transfer first, then mechanics).

* Time Dependent Analysis — Specify time increments, loading steps, and convergence criteria for transient
problems.

Step by Step Workflow for Fully Coupled Analysis

The following workflow outlines the typical sequence for setting up a fully coupled thermal stress analysis in Abaqus/
Standard. Adapt the steps as needed for Abaqus/Explicit or specialized applications.

1. Geometry and Mesh Preparation

Start with a clean, well defined CAD model. Simplify geometry where possible without compromising critical
features. Mesh quality is paramount:

¢ Use quadratic elements for better stress resolution.
¢ Refine mesh in regions with high temperature gradients or expected stress concentrations.
¢ Ensure mesh compatibility across material interfaces to avoid numerical artifacts.
2. Material Definition
Define material properties for each part. For fully coupled analysis, include temperature dependent data:
1. Elasticity: Elastic modulus E(T) and Poisson’s ratio ;O...B'a
2. Thermal: Thermal conductivity k(T), specific heat Cp(T), and density < ...B’a

3. Thermal Expansion: Coefficient of thermal expansion ; ...B'a
4. Plasticity (optional): Temperature dependent yield stress and hardening curves.

Use Abaqus material editor or import data from spreadsheets. For complex temperature dependencies, create
tabular or piecewise linear functions.

3. Assembly and Part Interaction

Place components in the assembly. Define interactions such as:

e Contact pairs with friction or frictionless behavior.
 Tie constraints for bonded interfaces.
e Separation or sliding conditions for thermal contact.

For thermal coupling, ensure that contact surfaces share temperature nodes or use thermal contact features.

4. Boundary and Loading Conditions

Apply mechanical and thermal boundary conditions simultaneously. Typical settings include:

¢ Mechanical: Fixations, supports, symmetry planes, or prescribed displacements.
e Thermal: Fixed temperatures, heat fluxes, convection coefficients, or radiation settings.



Use step controlsto introduce loads gradually, preventing convergence issues. For transient problems, define time
increments and loading schedules.

5. Coupling Setup

In the analysis step, set the coupling type:

« Direct Coupling: Select “Thermo Mechanical” as the coupling type. Abaqus solves the thermal and mechanical
equations in a single system.

¢ Sequential Coupling (if desired): Solve the thermal step first, then use the resulting temperature field as a
fixed input for the mechanical step.

Direct coupling is recommended for most fully coupled problems, as it captures the mutual influence of temperature
and stress accurately.

6. Solver Settings and Convergence

Configure solver parameters for robust convergence:

e Set appropriate incremental controls (initial, minimum, maximum increments).
« Enable automatic time stepping for transient analyses.

¢ Use nonlinear geometry (NLGEOM) if large deformations are expected.

* Apply automatic stabilization for highly nonlinear contact problems.

Monitor residuals and convergence history to adjust settings if necessary.

7. Run the Analysis

Submit the job and wait for Abaqus to complete the calculation. For large models, consider using the parallel
solver to speed up computation.

8. Post Processing

Analyze results using Abaqus/Viewer or other visualization tools. Key outputs include:

« Temperature Field: Identify hot spots, temperature gradients, and verify thermal boundary conditions.
e Stress and Strain Fields: Inspect von Mises stresses, principal stresses, and thermal strains.

¢ Displacement Field: Check for excessive deformations or buckling.

* Energy Dissipation: Evaluate heat generation due to plastic deformation if plasticity is modeled.

Export data for reporting or further analysis. Use contour plots, vector plots, and cross section views to
communicate findings effectively.

Case Study: Thermal Stress in a High Temperature Turbine Blade

Consider a turbine blade operating at 1200 °C on the hot side and 300 °C on the cold side. The blade is made of a
nickel based superalloy with significant temperature dependent properties. A fully coupled analysis in Abaqus
reveals:

e Temperature gradient of 900 /°C across the blade thickness.

e Thermal strain causing a 1.2 /% elongation on the hot side.

« Von Mises stress reaching 450 /MPa near the root, exceeding the yield strength at 1200 /°C.
« Localized high stresses at the leading edge due to geometric discontinuity.

By iteratively adjusting the blade geometry (e.g., adding a fillet at the root) and material selection, the design can
be refined to keep stresses within safe limits.



Best Practices for Reliable Coupled Analysis

¢ Validate Material Data: Ensure temperature dependent properties are accurate and sourced from reputable
experiments or manufacturer specifications.

¢ Mesh Sensitivity Study: Perform convergence tests by refining the mesh in critical areas to confirm that
stresses and temperatures converge.

e Use Symmetry: Exploit symmetry planes to reduce model size and computational cost.

¢ Check Contact Conditions: Verify that contact surfaces are correctly defined and that thermal contact is
enabled if heat transfer across interfaces is expected.

e Monitor Solver History: Pay attention to convergence logs; if the solver fails, reduce load increments or enable
additional stabilization.

« Document Assumptions: Record all assumptions, boundary conditions, and material models for traceability
and future reference.

Common Pitfalls and How to Avoid Them

« Inaccurate Temperature Dependent Properties: Using constant material properties can lead to significant
errors. Always define temperature dependence for critical parameters.

« Improper Mesh Alignment: Mismatched meshes at material interfaces can create artificial discontinuities. Use
mesh matching tools.

« Neglecting Thermal Contact: If heat transfer across a contact surface is significant, enable thermal contact in
Abagqus; otherwise, the temperature field may be unrealistic.

« Ignoring Non Linear Geometry: Large deformations can invalidate the assumption of small strains, causing
convergence issues.

* Overlooking Convergence Controls: Setting too large increments or insufficient stabilization can cause solver
divergence.

Advanced Topics in Fully Coupled Thermal Stress Analysis

1.Transient Thermal Mechanical Coupling
For problems involving rapid heating or cooling (e.g., laser welding, explosive loading), transient analysis captures

time dependent temperature gradients and resulting stresses. In Abaqus, set up multiple steps with temperature
and mechanical loads varying over time. Use dynamic explicit if the process is highly nonlinear and fast.

2.Thermo Plasticity and Damage Modeling
When
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