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ABSTRACT 

Welded cylindrical containers are susceptible to stress corrosion cracking (SCC) in the closure- 

weld area. An induction coil heating technique may be used to relieve the residual stresses in the 

closure-weld. This technique involves localized heating of the material by the surrounding coils. 

The material is then cooled to room temperature by quenching. A two-dimensional axisymmetric 

finite element model is developed to study the effects of induction coil heating and subsequent 

quenching. The finite element results are validated through an experimental test. The parameters 

of the design are tuned to maximize the compressive stress from the outer surface to a depth that 
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is equal to the long-term general corrosion rate of Alloy 22 (Appendix A) multiplied by the 

desired container lifetime. The problem is subject to geometrical and stress constraints. Two 

different solution methods are implemented for this purpose. First, off-the-shelf optimization 
* 

software is used to obtain an optimum solution. These results are not satisfactory because of the 

highly nonlinear nature of the problem. The paper proposes a novel alternative: the Successive 

Heuristic Quadratic Approximation (SHQA) technique. This algorithm combines successive 

quadratic approximation with an adaptive random search. Examples and discussion are included. 

1. INTRODUCTION 

This paper describes the design process for containers that should remain leak-tight for an 

extended period of time. Stress corrosion cracking of containers in the region of their closure- 

welds presents an important design issue in this case due to the weld residual stresses. Three 

elements affect SCC problems: environment, material, and tensile stress. The objective of this 

research is to reduce stress levels to inhibit initiation of SCC in the container. A heat-treatment 

technique called “induction coil heating,” Avallone and Baumeister (1 986), can be used to relieve 

the residual stresses of the closure-weld region. This technique involves localized heating of the 

material by surrounding coils. The material is then cooled to room temperature by quenching. 

This process ensures that the container outer surfaces will remain in a state of compressive stress 

and, therefore, the container will not be breached due to SCC during its expected design-life. 

The research study of this paper is included in a Ph.D. dissertation by Ceylan (2001). The 

following is a brief literature review of the work done in studying stresses in welded structures 

and optimization of their design for this purpose. Umemoto et al. (1980) investigated a method to 
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improve residual stresses in a pipe weld by means of induction-heating a pre-flawed pipe. Their 

results showed that induction-heating successhlly reduced the residual stress at the crack tip. 

Chien et al. (1989) used inherent strains to estimate the weld residual stresses. This paper made 

use of a semi-analytic method that combined the successive quadratic optimization technique, the 

finite element method (FEM), and the experimental data. Wilkening (1993) presented an analysis 

procedure for the welding-induced residual stresses. The numerical procedure used in this paper 

provided an effective method for selecting the welded joint design that minimized the potential for 

SCC failure by minimizing the tensile stress level on the wetted surface of pipes. 

Schramm et al. (1993) provided a geometry-based approach for coupling computer-aided design 

(CAD) with finite element method. Gotsis (1994) worked on structural optimization of thin shell 

structures that were subjected to stress and displacement constraints. The results showed that 

their method of solution improved the accuracy and efficiency of an off-the-shelf optimization 

software program. Hardee et al. (1 999) presented a CAD-based design sensitivity analysis and 

optimization method for shape design of structural components. 

The objective ofthis research is to lower the potential for SCC and brittle fracture in cylindrical 

containers designed for a long-term service life by mitigating weld residual stresses. Section 2 

presents the finite element model of the container. Section 3 includes an experimental verification 

of the model. Optimization of the shape of the container to maximize its compressive hoop stress 

is presented in Section 4. Conclusions and discussion for future work are presented in Section 5. 





surface of the container. Therefore, the problem is axisymmetric. A 2-D axisymmetric finite 

element model was developed. This model uses the "direct method," which involves one type of 

analysis that used coupled-field element type containing all necessary degrees of freedom for the 

heat transfer and the stress analysis. 

One-half symmetry is also used along the container length since the container is essentially 

symmetric about its mid-length. Although the thermal loading is not symmetric along the length of 

the container, the use of the half-length of the container is appropriate since the heat-affected 

zone is only a small part of the container in the region of the closure-weld and the displacements 

are almost zero at the mid-length of the container. The structural boundary conditions are such 

that zero-displacement constraints are applied in the perpendicular direction to the symmetry 

planes. 

The heat treatment for induction annealing is simulated using temperature boundary conditions at 

specific nodes in the finite element model. The container is initially set at room temperature (20 

"C). Then, the temperature in the region (volume) of induction annealing is linearly increased to a 

maximum of 1120 "C, which is the annealing temperature of the container material, in 35 seconds. 

The maximum temperature is set at 1120 "C at the top surface while the minimum was 20 "C at 

the bottom of the induction annealing region. The temperature distribution between the two is 

linearly decreasing from the top to the bottom. After annealing, the container outer surface in the 

region of induction annealing is quenched to room temperature in 30 seconds by assuming a linear 

fast cooling on the outer surface. Temperature-dependent material characteristics are used in this 

model. The finite element solutions include elastic and plastic deformations for all materials. 



When the materials are in the plastic range, the slope of the stress-strain curve continuously 

changes. A straight-line segment approximation is used to connect the yield point to the ultimate 

tensile strength point of the material 

If a component of stress is in tension, there will be a potential for a crack to propagate through 

the wall thickness in a direction perpendicular to this stress component. Stress plots reveal that 

the radial and axial components of stress are not large enough to cause crack propagation. On the 

other hand, hoop stress magnitudes are sufficiently large to initiate such cracks. Therefore, the 

single component of stress important to this study is the hoop stress. 

At the end of the simulation, the residual stress distribution is evaluated, Figure 2. Hoop stress is 

in compression on the outer surface and in tension on the inner sections of the material, which is 

an indication of the fact that the induction annealing process can be used to reduce tensile stresses 

and to generate compressive stresses and, subsequently, prevent any potential stress corrosion 

cracking in the container. The results show that this design is acceptable since the outer surface is 

in a state of compressive stress. Section 4 investigates the possibilities of improving the design. 





‘15’’ 
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SECTION A-A 

ALL DIMENSIONS ARE IN INCHES 

Figure 3. Sketch of Cylindrical Container Mock-up 

’ ! Note: Dimensions in inches 

Figure 4. Cylindrical Container Mock-up Strain Rosette Locations 
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Average 
Difference 

4. DESIGN OPTIMIZATION OF THE CONTAINER 

I I I -48 

0% 8 %  11 % 
-45 -45 -53 -49 -45 -40 

The container design of Section 2 is acceptable in terms of the maximum stresses; however, the 

design may be optimized to further improve (maximize) compressive stress on its outer surface. 

The objective for the container optimization problem is defined as follows: minimize maximum 

hoop stress on the outer surface of the closure-weld region. The general corrosion rate of Alloy 

22 is so small that recording the hoop stress at the nodes of the outer surface and choosing the 

maximum value of them as the objective function is sufficient to achieve the necessary 

compressive stress layer from the outer surface. Figure 1 shows the seven independent design 

variables of the problem. The lower and upper limits for these design variables are shown in Table 

11. The values are estimated based on the design geometry and the available plate sizes that can be 

ordered from the manufacturers. The effect of the cooling rate on the residual stresses is 

determined using seven independent design variables. Five different cooling time periods are 

considered for this problem: 300 seconds, 90 seconds, 60 seconds, 35 seconds, and 30 seconds, 

respectively. The results of the finite element solutions indicate that the faster cooling rate results 

in lower hoop stress. Therefore, a minimum practically possible cooling time of 30 seconds is 

selected for the heat treatment process. 
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Variable 
L,(mm) 
Uj(mm) 

This section presents two approaches: the first uses an off-the-shelf optimization software 

program. The second approach is based on a novel method that is developed to address the 

particular needs of this problem. 

V1 V2 V3 V4 V5 V6 V7 
85 10 30 10 10 10 10 
150 25 60 60 50 80 80 

4.1 Optimization Using an Off-the-shelf Optimization Software Program 

The problem of optimization was first solved using an off-the-shelf optimization software 

program, which implements what is referred to as the “sub-problem approximation” method. This 

technique is a zero-order method, which requires only the values of the dependent variables. 

The original design without optimization resulted in 70 MPa in compression. The results of the 

design shape optimization using the off-the-shelf optimization software (Table 111) show that the 

compressive stress can be improved to 130 m a ,  Figure 5 .  This solution improved the resultant 

compressive hoop stress by 86% compared to the original design. 

4.2 Optimization Using Successive Heuristic Quadratic Approximation 

While optimization using the off-the-shelf optimization software, Section 4.1, resulted in a higher 

compressive hoop stress in the close-weld region than the original design, the software provided 

no proof about the optimality of its solution. Additionally, the technique used may not be suitable 

for a highly nonlinear problem as the one presented here, especially with the limited number of 
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fhction evaluations that Table I11 shows. At the other extreme, evolutionary solutions, which 

were used by several researchers, may require a prohibitive number of hnction evaluations. This 

paper attempts to strike a middle ground between these two approaches. The proposed method is 

labeled Successive Heuristic Quadratic Approximation. 
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. XI 

Figure 6 .  Two Dimensional Illustration of Optimization Algorithm 

The following steps summarize the Successive Heuristic Quadratic Approximation method: 

1. At the initial step, upper and lower bounds, U, and Lj, of the previous section are used. Within 

these bounds, rn initial points are generated using s equally-spaced values for the n design 

variables. The finite element solution for these data points is obtained. A quadratic polynomial 

is fitted to these data points. The minimum point of the quadratic surface is found numerically. 

This solution is then input into the finite element software to obtain the actual value of the 

hoop stress for this point. This point is added to the m points already generated. 

2. The K points in the lower half of the hnction value range are identified. New upper and lower 

bounds of the design variables that enclose these points are identified. These bounds are 

expanded by a factor a to avoid over-constraining the search. The minimum fbnction value 

point of the quadratic curve fitting is added if it belongs to the lower half of the function value 

range. Additional rn+I-K data points are randomly generated. The finite element program 

calculates the function values of these points. These rn+l-K data points replace the ones that 

were in the upper half of the fbnction value range of the previous iteration. The following 

termination conditions are checked: 
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a. If the minimum function value recorded in the current loop is less than the function value 

recorded in the previous loop, go to (b). Else, stop. 

b. If the current bounds on the design variable are less than D, go to (c). Else, start a new 

iteration. 

c.  If the maximum number of fhction evaluations, I,,, is reached, go to (d). Else; start a 

new iteration. 

d. If the ratio of the standard deviation of the hnction evaluations to their average value is 

less than E, stop. Else, start a new iteration. 

Figure 7 shows a flowchart of the proposed method. The numerical values of all parameters 

defined for this optimization problem are given in Table IV. 
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Figure 7. Flowchart of the Successive Heuristic Quadratic Approximation (SHQA) 
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Table IV. Numerical Values of Parameters Used in Successive Heuristic Quadrati 
Algorithm 

c Approximation 

Parameter Description Numerical Value 
Number of Initial Data Points, m 
Number of Equal-Size Spaces between Data Points, s 

36 
6 
7 

0.2 
200 

Ratio of the Standard Deviation of the Function Evaluations to 
Their Average Value, E 0.3 

Number of Independent Variables, n 
Factor of Expansion for the Range of Design Variables, a 
Maximum Number of Function Evaluations, I- 

The total number of knction evaluations for this optimization problem is 124. The contribution of 

the successive quadratic approximation to the progress of the solution was limited due to the 

nonlinear nature of the hnction in this case. The final solution is determined to provide a 

maximum compressive hoop stress of 158 MPa. The corresponding dimensions of the design 

variables are given in Table V. Figure 8 shows the distribution of the residual hoop stress for this 

"best" solution. The hoop stress on the outer surface of the induction annealing region is initially 

tensile because of the fast cooling of the outer surface as opposed to the inner section. As the 

cooling of the inner sections of the material takes place, the layer of tensile stress moves away 

fiom the outer surface of the closure-weld into the deep section of the material volume. This 

behavior is explained by the shrinking of the inner sections, and therefore, forming a compressive 

stress layer on the outer surface, later in the cooling process. 

Table V. Solution from Successive Heuristic Quadratic Approximation 
Design Variables v1 v 2  v3 v4 V5 V6 v7 
Optimized Values of 107 21 31 57 47 75 10 
Design Variables 
Optimized Objective 

(Maximum Compressive 
Hoop Stress) (MPa) 
Number of Function 124 
Evaliiationn 

Function Value -158 
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other variables fixed. These results show that the most dominant design variables are V4, V5, and 

V6. These variables correspond to the cross section of the heat conduction ring and the thickness 

of the rim of the lid, Figure 1. The effect of varying these design variables on residual stresses is 

significantly larger than that of the rest of the design variables. Therefore, the sensitivity of the 

problem to these specific design variables should be carehlly considered in any potential container 

design changes. A test of the points neighboring the one obtained from the Successive Heuristic 

Quadratic Approximation showed that these points had higher finction values, which indicates 

that this point is a local minimum. 

5. CONCLUSIONS AND DISCUSSION 

This paper presents an approach to reduce stress corrosion cracking effects in cylindrical 

containers by maximizing the compressive stress on the outer surface layer of the closure-weld 

region. Induction coil heating is used to relieve the residual stresses from the closure-weld and to 

induce a state of compression through the outer surface layer. This technique involved localized 

heating of the material by surrounding coils. The material was then cooled to room temperature 

by quenching. 

A two-dimensional axisymmetric nonlinear finite element model of the container that describes the 

effect of induction annealing and subsequent cooling is developed. This model uses the direct 

method and temperature-dependent material characteristics. The finite element results are 

validated using an experimental test of a container mock-up, made of an outer shell and a support 

ring. The mock-up was annealed. At the end of the process, a compressive state of stress 

developed on the shell outer surface. The stresses on the container outer surface were obtained 
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based on the readings of the strain gages that were attached to several points on the mock-up. 

The results of the experimental test were consistent with the finite element solution. 

The parameters of the design are tuned to hrther maximize the compressive stress through the 

outer surface layer. This optimization problem is first solved using off-the-shelf optimization 

software. The optimization results showed that the compressive hoop stress has been improved by 

86%. 

A second method of optimization was developed. This method is labeled, “Successive Heuristic 

Quadratic Approximation (SHQA).” This algorithm combines two ideas: 

1 .  Reducing the search space while randomly generating new points. 

2. Successive quadratic approximation algorithm. 

In this algorithm, a quadratic polynomial is fitted to the data points and the minimum point of this 

quadratic surface is determined. This solution is then input into the FEA software to obtain the 

actual value of the hoop stress. The next domain is generated around a sub-set of the data points 

with lower fbnction value. The point corresponding to the minimum hnction value of the 

quadratic curve fitting is added to the original set of data points if it belongs in the lower half of 

the hnction value range. Additional data points are randomly generated to maintain the number of 

the data points fixed. This process was repeated until one of the termination criteria has been 

satisfied. The results of this method have shown that the resultant compressive hoop stress was 

improved by 126% in comparison to the original design. 
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A sensitivity analysis of the seven design variables showed that the most dominant design 

variables are V4, V5, and V6. These variables correspond to the cross section of the ring and the 

thickness of the rim of the lid. Therefore, any potential design modification should consider the 

sensitivity of these specific design variables. 
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APPENDIX A: CHARACTERISTICS OF ALLOY 22 

Material Property 
Density 
Yield Strength 

Tensile Strength 

% Elongation 

Poisson's Ratio 

Table A 
Value 
8690 kg/m' 
3 10 MPa (20 "C) 
214 MPa (760 "C) 
690 MPa (20 "C) 
524 MPa (760 "C) 
62 (20 "C) 
68 (760 "C) 
0.278 (20 "C) 

Expansion 

, - I  ~~ 

Melting Temperature I 1357°C 
Mean Coetficient of Thermal I 12.4 * m / m K 

(24 "C - 93 "C) 
16.2 * m / m K 
(24 "C - 982 "C) 

Temperature ("0 

Ammican Society for Metals (1980) 
Haynes International (1997) 
Haynes International (1997) , 

Modulus of Elasticity (GPa) 

87 1 154 

Temperature ( O C )  Thermal Conductivity (W / m K) 

Table A.4. Specific Heat for Alloy 22, Haynes International (1997) 

I I Specific Heat (J / kg K) Temperature ("0 
52 414 

400 
500 
600 

._ 

100 I 423 
200 444 

17.5 
19.5 
21.3 

300 
400 
500 t 600 I 5 14 

460 
476 
485 
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