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SUMMARY 

Stress analyses and developmental tests of capsules fabricated from 

thick-walled tubing were performed for an external pressure design condition. 

In the design procedure no credit was taken for the expected margin in 

pressure between yielding of the capsule wall and catastrophic collapse or 

flattening. In tests of AISI-1018 low carbon steel capsules,a significant 

margin was seen between yield and collapse pressure. However, the 

experimental yield pressures were significantly below predictions, 

essentially eliminating the safety margin present in the conservative 

design approach. 

The differences between predictions and test results are attributed 

to deficiencies in the plasticity theories comnonly in use for engineering 

stress analyses. The results of this study show that the von Mises yield 

condition does not accurately describe the yield behavior of the AISI-1018 

steel tubing material for the triaxial stress conditions of interest. 

Finite element stress analyses successfully predicted the transition 

between uniform inward plastic deformation and ovalization that leads to 

catastrophic collapse. After adjustments to correct for the unexpected 

yield behavior of the tube material, the predicted pressure-deflection 

trends were found to follow the experimental data. 
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COLLAPSE OF EXPERIMENTAL CAPSULES UNDER 

EXTERNAL PRESSURE 

INTRODUCTION 

Pacific Northwest Laboratories (PNL), under sponsorship of the U.S. 

Department of Energy, is developing an outer capsule for an isotope 

powered heat source. The structural design and stress analysis of the 

capsule are discussed by Simonen (1979). Nuclear Regulatory Commission 

regulations require that the capsule sustain an external pressure of 

1000 bars (14,500 psi). The capsule wall thickness must be selected to 

meet this pressure requirement. This report describes studies conducted 

by PNL to predict and determine experimental collapse pressures of 

thick-walled capsules designed for the described application. 

The collapse behavior of thick-walled tubes has been reviewed by 

Heise and Esztergar (1979). Under external pressure, the inside diameter 

of a thick-walled tube will experience the highest stress, and the tube 

wall will first yield at this location. Under increasing pressure, the 

yielded region of the tube wall will continue to expand toward the outside 

diameter until the entire wall thickness of the tube is plastically 

deformed. 

Once the cross section of a thick-walled tube is fully yielded, 

increasing pressure will at first collapse the tube uniformly inward. 

However, small nonuniformities in the tube (initial ovalization of the 

cross section, wall thickness variations, or variations in material 

properties) will cause the tube to begin to ovalize or flatten. In 

general, the thicker the tube wall (relative to its diameter) and the 

higher the rate of strain hardening in the material, the greater will 

be the resistance of the tube to such ovalization. In contrast for thin-

wall tubing, ovalization and collapse can occur as a result of an elastic 

instability prior to yielding of the tube wall. For thin-wall tubes such 

instabilities are yery sensitive to initial manufacturing imperfections 
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in shape of the tube cross section. Data reported in the literature for 

tube thicknesses used in this study indicate that the collapse of such tubes 

is not sensitive to small imperfections. 

Analyses and experiments were performed in this study for capsules of 

AISI-1018 carbon steel. This material was selected as a stand-in for a 

prototype capsule of Hastelloy S® which, in an aged condition, will have 

a similar yield strength of 40,000 psi. The objective of this report is 

to document the observed trends so that comparisons with similar tests and 

alternative prediction methods can be made in future studies at PNL and 

elsewhere. 

In this report, the results of the collapse experiments for the 

AISI-1018 capsules are first presented. Then, predictions by various 

experimental methods are described. Finally, the experimental results 

and predictions are compared and reasons for lack of agreement are 

discussed. 

Trade name of Stellite Division of Cabot Corporation. 
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MATERIAL 

Test capsules were fabricated of AISI-1018 commercial steel tubing. 

The tubing was purchased with a finished inside diameter of 2.375 inches 

and an outside diameter of 3.750 inches. Final outside diameters of the 

test capsules were obtained by machining to size. 

The fabrication process for the tubing was not known. Such tubing 

would, however, be typically extruded or pierced, or both. All material 

used in capsule pressure tests and mechanical property tests was annealed 

at 1500°F for 1 hour and furnace-cooled. No chemical analyses of 

metallographic characterization were performed. 

Figure 1 shows the result of a tensile test performed at PNL, which 

gives a representative tensile stress-strain curve for the steel tubing 

used. Yield strengths in tension and compression are given in Table 1. 

Two tensile yield strengths are given; both specimens received the same 

nominal annealing treatment. Tensile strengths were determined from two 

specimens cut to measure properties in the longitudinal direction of the 
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FIGURE 1. Typical Tensile Stress-Strain Curve for AISI-1018 
Carbon Steel Tubing 
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TABLE 1. Yield Strengths of AISI-1018 
Carbon Steel Tubing Material 

Yield Strength, psi 

Longitudinal Circumferential Radial 

Tension Test - Annealed Sample 
of Tubing 41,350 

Tension Test - 0.6-in. Wall 
Capsule 40,400 

Compression Test - 0.6-in. Wall 
Capsule 37,800 39,400 33,900 

capsule. The first specimen was cut from an extra piece of the tubing 

material. The second test specimen was cut from the 0.6-inch wall test 

capsule after external pressure testing had caused some plastic deforma

tion (on the order of 4 percent). 

Three miniature compression test specimens were cut from the 0.6-inch 

wall test capsule to measure directional yield strengths. Specimen 

dimensions were 0.5-inch long by 0.2-inch diameter. Table 1 lists yield 

strengths in the longitudinal, circumferential, and radial directions of 

the tubing material. Except for the radial compressive yield strength of 

33,900 psi, the compressive strengths were comparable to the measured 

longitudinal tensile strength. The yield strengths may have been affected 

by the previous plastic deformation of capsule material in the external 

pressure test. However, this effect is thought to be minimal for the 

compression specimens because they were cut from the capsule wall near 

the end caps, where restraining effects of the ends essentially prevented 

plastic deformation of the wall. 
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CAPSULE COLLAPSE TEST CONDITIONS 

Three test capsules as shown in Figures 2 and 3 were fabricated from 

the AISI-1018 carbon steel. Table 2 surmarizes the initial physical 

dimensions of the test capsules. As noted, all capsules had the same 

inside diameter (2.375 inches). 

TABLE 2. 

Inside Diameter, inch 

Outside Diameter, inch 

Measured Bore Eccentr ic i ty , 
inch 

Capsule Dimensions 

0.4-Inch 
Wall 

2.375 

3.175 

0.005 

0.5-Inch 
Wall 

2.375 

3.375 

0.011 

0.6-Inch 
Wall 

2.375 

3.575 

0.0045 

External pressure tests were performed at the Civil Engineering Labora

tory, U.S. Naval Construction Battalion Center, Port Hueneme, California. 

A 9-inch vessel rated at 20,000 psi was pressurized with water at room 

temperature. Pressures were monitored and recorded from two independent 

pressure gages. All tests were conducted in the presence of PNL staff. 

Each capsule was pressurized in 1000-psi increments starting at 

10,000 psi. After each pressurization, the capsules were removed from 

the vessel and the permanent diameter changes were measured using a 

micrometer. Diameters were measured at 45° increments to observe the 

onset of ovalization of the capsule cross sections. The pressure was 

increased incrementally to 20,000 psi or until the capsules experienced 

total collapse in the form of flattening. 

All capsules were checked after testing with a helium system capable 

of detecting leaks of less than 1 x 10"^ cc/sec. No leaks were detected. 
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FIGURE 3. Outer Capsule Components and Completed AISI-1018 
Steel Outer Capsule Ready for Pressure Testing 
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CAPSULE COLLAPSE TEST RESULTS 

The capsules after external pressure testing are shown in Figure 4. 

An electrochemically etched grid used to measure external surface strains 

is visible on the capsule surfaces. 

Maximum and minimum diameters of the capsules were measured at 1000-psi 

increments in pressure using a micrometer. Figures 5 and 6 show the 

measured average diameter change and the differential diameter change 

(a measure of ovalization). 

A permanent average diameter change of 0.010 inch was selected as the 

criterion for full yielding of the capsule wall. This deformation level 

was well above the yield strain (yield strength/elastic modulus) for the 

material, and was consistent with trends of finite element calculations 

for full yielding in the capsule wall. 

Figure 6 shows that the ovalization developed gradually with increasing 

pressure. In the final collapse, complete flattening of the circular cross 

section occurred with opposite sides of the capsule coming into contact. 

The 0.6-inch wall did not fully flatten at the 20,000-psi maximum pressure 

rating of the test vessel. The collapse pressure of 20,500 was estimated 

on the basis of the trend of the ovalization curve. For the two thinner 

capsules, collapse was noted during the test by a sudden drop in the 

pressure gage readings; the pumping apparatus could not sustain pressure 

while the capsule volume decreased. The 0.4-inch capsule collapsed 

violently. A sharp metallic sound was heard as the sides of the capsule 

impacted. Collapse of the 0.5-inch wall capsule proceeded in a more 

stable manner. 

Figure 7 and Table 3 give the experimental pressures for both a fully 

plastic wall and for catastrophic collapse as a function of wall thickness. 

Both pressures, as expected, increased with increasing wall thickness. The 

margin between full-wall plasticity and catastrophic collapse showed a 

particularly significant increase with wall thickness. This is attributed 

to the fact that the bending stiffness of the capsule wall is a function of 

DOE Richland, WA 9 



FIGURE 4. Steel Capsules After Pressure Testing 
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TABLE 3. Capsule Experimental Failure Pressures 

0.4-Inch 0.5-Inch 0.6-Inch 
Wall Wall Wall 

Pressure for Ful ly Plast ic 
Wall of Capsule, psi 9,000 10,500 12,500 

Pressure for Collapse (Cat
astrophic Oval izat ion) , psi 11,200 15,900 20,500 

the square of the wall thickness; thus, the thicker-wal led capsules had 

a disproport ionately enhanced resistance to oval izat ion. 

Figure 8 shows s t ra in data obtained from the electrochemically etched 

grids on the outside surface of the 0.5-inch wall capsule. Changes in the 

etched 0.1-inch diameter c i rc les were measured on a circumferential trace 

and along two longitudinal l i nes . As indicated, axial strains were small 

compared to the measured hoop s t ra ins . Compressive strains were as high as 

50 percent while tens i le strains showed a peak of 30 percent. For these 

st ra in levels i t is l i k e l y that rupture of the capsule wall would have 

occurred had the capsule material been in an embrit t led condition and 

lacked d u c t i l i t y . Such an embri t t led condit ion w i l l exist f o r the prototype 

capsule of Hastelloy S, due to metal lurgical changes that occur with 

thermal aging. 
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STRESS ANALYSIS 

Stresses in the test capsules were calculated to estimate the pressures 

required to make the full wall of each capsule yield. Both a finite element 

computer code and approximate equations were utilized. The finite element 

code ADINA (Bathe 1976) was used to model the capsule geometries including 

end caps. Incremental elastic plastic analyses were performed based on the 

von Mises yield criterion with isotropic strain hardening. These finite 

element calculations were considered more rigorous than the approximate 

equations, and were expected to agree best with the experimental results. 

Equations for average stresses through the capsule wall were formulated 

in terms of the wall thickness, t, outside diameter, D , the inside diameter, 

D., and the external pressure, P , as follows: 

a = radial stress = -P /2 
r 0 

a = hoop stress = -P D /2t 

a^ = axial stress = -^Q^^^/i^J' - D.^) 

Effective stresses to evaluate pressures that produce plastic conditions in 

the capsule are defined as: 

— 2 2 2 2 
• von Mises stress -2a = (a„ - a.) + (a^ - a) + (a. - a) 

r o r z D z 

• Tresca stress - a = a^ - a 
0 r 

Yield in the full wall of the capsule was taken to occur when the pressure 

was sufficient to increase the effective stress a to the material yield 

strength. 

Critical pressures for tube collapse in the form of ovalization in 

the plastic range can be estimated using the equation suggested in 

Timoshenko and Gere (1961): 

-cr = 7 - ^ (^/2R)2 
I - V 

where the stress a can be calculated using the above equation for hoop 
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stress. The parameter E. is the slope of stress strain curve in the plastic 

range. Poisson's ratio v may be taken as 0.5 in the plastic range, and the 

radius R can be interpreted as the mean radius of the tube. The above 

stability criterion is based on thin wall considerations. For the capsule 

thicknesses tested here, the equation indicates the important material and 

geometric parameters governing ovalization. However, numerical predictions 

of collapse pressures are likely to be approximate. 
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PREDICTED VERSUS EXPERIMENTAL COLLAPSE 

Two failure pressures have been defined. The first corresponds to a 

fully plastic condition in the capsule wall. The second pressure limit 

was unstable ovalization and catastrophic flattening. For the capsule wall 

thicknesses of interest, the fully plastic condition must first be present 

for flattening to occur. Therefore, emphasis has been placed on the 

capability of analysis methods to predict the fully plastic condition. 

This prediction should also be more straightforward and accurate than 

predictions of unstable ovalization. 

Figure 9 shows the predicted pressures for gross yield of the capsule 

wall along with the corresponding experimental data. All predictions give 

higher failure pressures than observed in the tests. It was initially 

believed that the finite element analysis would give the most realistic 

predictions. However, the correlation with the finite element predictions 

was the least satisfactory with experimental pressures being about 60 

percent of the predicted pressures. 

Approximate stress formulas were applied in connection with different 

yield criteria. The von Mises yield criterion applied in this manner to 

average wall stresses was about 6 percent below the corresponding finite 

element solutions. The Tresca (or maximum shear stress) criterion agreed 

better with the experimental trends, but the experimental pressures were 

still only about 75 percent of the failure pressure predicted by the Tresca 

criterion. 

The final prediction assumed that yield occurred once the mean hoop 

stress in the capsule wall equaled the material yield strength. This 

method of prediction neglects the effects of the triaxial stress state in 

the capsule wall and is contrary to accepted theories of plasticity and the 

mainstream of experimental data. Nevertheless, the prediction agrees 

within about 15 percent with the experimental data, which is within 

characteristic accuracy limits of plasticity theories. 

17 



22,000 

20,000 

18,000 

16,000 

•3; HOOO 

S 12,000 
a. 

:$ 10,000 
_ i a. 
>-

8000 

6000 

4000 

2000 

— • EXPERIMENTAL 
— A PREDICTED (Oy= 41,350 psi) 

FINITE ELEMENT CODE ADINA 

VON MISES STRESS 

TRESCA STRESS 

HOOP STRESS 

EXPERIMENTAL 

0.3 0.4 0.5 

WALL THICKNESS, inch 

0.6 0.7 

FIGURE 9 . Compar ison o f P r e d i c t e d and Measured Y i e l d P r e s s u r e s 
f o r AISI-1018 Steel Test Capsules 

18 



The effect of directional yield strength (due to anisotropy of the 

tubing material as given in Table 1) was not considered in the correlations 

shown in Figure 9. A compressive yield of 33,900 psi in the radial direc

tion was the lowest yield strength measured. Because the radial stress 

component was the lowest of the principal stresses, the 33,900-psi yield 

should be of secondary importance relative to the overall plastic behavior 

of the test capsules. Nevertheless, if the low radial yield strength is 

arbitrarily used in connection with the Tresca yield criteria, good agree

ment with the experimental data can be obtained. This suggests that a 

slip system related to the low radial yield strength of the AISI-1018 

carbon steel may have governed capsule response. 

In summary, the correlation between the experimental results and 

analytical predictions is disappointing. A further disturbing feature is 

that the correlation is better for the simplistic methods than for the 

more sophisticated finite element calculations. It appears that classical 

plasticity theory simply performs poorly for the low carbon steel capsule 

material under the triaxial compressive stress states present in the 

external pressure tests. 

Both the experimental and finite element results can be normalized 

with respect to the (measured or predicted) full wall yield pressure, and 

the results can then be made to correlate quite well. In Figures 10 and 

11 finite element results for the 0.5-inch wall capsule are compared with 

the test data. The calculations for the 0.4-inch wall were continued into 

the post-yield region. The finite element model included initial geometric 

imperfections as determined from capsule measurements. The imperfection 

was a nonconcentricity of the capsule bore relative to the outside diameter 

by an offset of 0.005 inch. This offset was inferred from ultrasonic 

measurements of wall thickness variations. The finite element model 

consisted of a 180° arc of the capsule cross section, which was analyzed 

using the plane strain option of the computer code ADINA. The total 

Lagrangian formulation for geometric (large deflection) effects was 

selected, and the external pressure loading was applied as a "follower 

force" to the capsule surface. The stress-strain curve in Figure 1 was 

19 



converted to a true-stress versus true-strain format, and then curve-

fitted for the numerical analysis. 

Figure 10 shows the predicted average diameter change as a function 

of pressure after normalization with respect to the calculated capsule yield 

pressure. In the normalized format the predicted response falls within 

the scatter of the experimental data. It should be noted that the experi

mental data were not taken in sufficient detail to define the smooth transi

tion between elastic and plastic behavior as is exhibited by the predicted 

curve. Further, at the higher pressures (beyond which point the analysis 

was terminated), the experimental curves show a decreasing slope. This is 

indicative of the increasing ovalization that was developing in the test 

capsules at these pressures. 
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The predicted development of ovalization in the O.-i-inch wall capsule 

is shown in Figure 11. When plotted against normalized pressure, the 

predicted onset of instability agrees well with the experimental results 

for the 0.4-inch wall capsule. The assumed initial bore eccentricity of 

0.005 inch was sufficient to initiate an unstable ovalization mode into 

the finite element calculations. However, as noted before, the analysis 

was unable to accurately predict the actual pressure for full yielding 

of the capsule wall (P ), and this delayed the predicted development of 

ovalization. In summary, the nonlinear finite element analysis has been 

shown to predict instability or ovalization in the plastic range. However, 

accurate prediction requires improved equations to describe yield under 

the types of multiaxial stress states of interest to the thick-walled 

capsules. 
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POSSIBLE SOURCES OF ERROR 

A number of proposed reasons for the lack of correlation between the 

predicted and experimental capsule yield behavior have been evaluated. 

These are discussed below. 

GEOMETRIC IMPERFECTIONS 

It is well known that the collapse of tubes under external pressure is 

often reduced by initial geometric imperfections, particularly the initial 

ovalization of the ideally circular cross section. However, Heise and 

Esztergar (1979) show that sensitivity to imperfections decreases as the 

ratio of tube wall thickness to diameter increases. The wall thickness 

ratios for the capsules tested were large and imperfections should have 

had little effect. 

Detailed measurements of the capsules showed a small variation in wall 

thickness around the circumference of the tubes, which was due to eccentri

cities (on the order of 0.005 to 0.010 inch) of the capsule bores relative 

to the outside diameters. Detailed finite element calculations have 

included these eccentricities, and the predicted effect on capsule yield 

pressure was found to be negligible. 

The experimental capsule behavior showed little evidence of premature 

ovalization due to geometric imperfections or other possible sources such as 

circumferential variations in mechanical properties. All capsules first 

clearly exhibited a period of uniform inward plastic flow, and only later 

began to ovalize. 

ANISOTROPY 

The compression tests showed that the yield strength of the tubing 

material was slightly anisotropic; the radial yield strength was 

approximately 15 percent less than the circumferential yield. As discussed 

above, conventional theories of plastic flow in metal would suggest that 

this difference had only a minor effect on the capsule behavior. 
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INSTRUMENTATION ERRORS 

A faulty or out-of-calibration pressure gage could have invalidated 

the experimental data. However, the official pressure data were recorded 

from a gage that had been calibrated in accordance with the prescribed 

practice at the Port Hueneme Civil Engineering Laboratory. In addition, a 

second gage was present to monitor system hydraulic pressures. The readings 

on this gage were essentially in agreement with the official gage readings. 

HEAT TREATMENT NOT AS SPECIFIED 

The capsules and samples for mechanical property tests were annealed 

prior to tests. If any of the heat treatments had been omitted or done 

improperly, then misleading results could have been obtained. There is no 

reason to suspect improper heat treatment. Furthermore, test specimens, 

including all the compression specimens, were cut from one of the capsules 

(0.6-inch wall) after pressure testing and the measured yield strengths 

were consistent with previous data. 

IDENTIFICATION OF COMPRESSION SPECIMENS 

A low compressive yield strength (i.e., low relative to strengths in 

the axial and circumferential directions of the tube) for the radial 

direction of the tube was measured. Had the low yield been in the circum

ferential direction, the experimental trends would have been far more 

consistent with the stress calculations-. The possibility that the radial 

and circumferential specimens were switched or mislabeled in handling has 

been considered. This appears unlikely. Evidence shows careful record

keeping by the machinist. The specimens were systematically labeled, and 

were clearly identified in subsequent handling. 

END CAP EFFECTS 

The presence of end caps on the test capsules tended to prevent 

collapse near the ends of the capsules. If the capsules were sufficiently 

short, this restraining effect could increase the observed collapse pressure 
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of the capsules. However, finite element calculations were performed to 

estimate the extent of end effects, and the results indicate that the center 

portion of the capsules should be essentially unaffected by the end 

restraint. In addition, any such restraint would have increased the pressure 

capability of capsules and improved the apparent correlation between the 

tests and the analytical predictions. 

DETECTION OF YIELDING IN CAPSULES 

The occurrence of yielding through the full thickness of the capsule 

wall was inferred from measurement of the capsule outside diameter. This 

required some arbitrariness in selecting a permanent change in outside 

diameter of 0.010 inch as the criterion for full plasticity. The selected 

criterion did, however, correlate with the rapid decrease in capsule 

diameter with increasing pressure. It was also consistent with the events 

associated with full wall plasticity in the analytical studies. Neverthe

less, there could be some error of perhaps 5 percent in terms of pressure 

in defining the occurrence of fully plastic behavior in the test capsules. 

RESIDUAL STRESSES 

The presence of residual stresses in the walls of the capsules could 

affect the capsule behavior. However, these stresses were probably quite 

low due to the annealing of the capsules before testing. Furthermore, while 

residual stress could affect the first occurrence of local yielding, they 

should have little effect once full plasticity develops in the capsule wall. 

YIELD CRITERIA 

The y i e l d c r i t e r i a used in p l a s t i c i t y theories for the p last ic behavior 

of metals have been shown to reasonably approximate various experimental 

observations. However, fo r biaxial stress states, errors on the order of 

15 percent are not considered unusual. Furthermore, data fo r t r i a x i a l 

stress states, such as were present in the test capsules, are very l im i ted . 

For the par t icu lar AISI-1018 low carbon steel th ick-wal l tubing, no data 
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were available to evaluate the accuracy of conventional yield criteria. 

The results of the capsule tests evidently show that existing yield 

criteria can be in considerable error. The lack of agreement between 

analyses and experiment in this study is attributed mainly to the 

inadequacy of the plasticity theories used in the analysis. 
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DISCUSSION 

Yield and plastic flow in metals under multiaxial stresses in various 

loading histories has been the subject of extensive study in the literature. 

Therefore, data for the materials and stress states relevant to the capsule 

tests were sought. 

Nadai (1950) summarizes much of the classical work on plastic flow in 

metals. Mechanical test data generally show agreement with analytical 

predictions using conventional plasticity theories. Such theories assume 

that the hydrostatic component of stress does not contribute to plastic 

deformation, although generalized theories have been formulated that include 

a pressure dependence of yield. However, experimental data for triaxial 

stress states are so limited that such theories are largely undeveloped 

except as mathematical concepts. 

Two isolated test results have been noted in which tubing has evidently 

sustained plastic collapse at lower pressures than predicted. However, the 

original references were not available to the authors, and details of the 

tests and the significance of the reported trends could not be evaluated. 

In tests of oil well casings, Edwards and Miller (1939) obtained an isolated 

failure well below expected stress levels. The error in prediction was 

comparable to that for the present capsule study. Llorens (1977) has 

analyzed compression data for thick-walled tubes from the classical 

experiments of Bridgeman (1952) and found that theoretical results over

estimated the strength of the tubes in question. However, details of the 

experimental conditions and materials involved were insufficient to draw 

any general conclusions. 

M-ichno and Findley (1975) have conducted extensive experiments on SAE-

1017 steel. All data were generated for biaxial stress states. The data 

show marked changes in the yield surface due to previous plastic deforma

tion (kinematic hardening). Such effects apparently were not important in 

capsule behavior, because the measured tensile and compressive strengths 

were comparable. In Michno and Findley's work, the initial yield surfaces 

27 



for biaxial stress generally fit the von Mises yield criterion. However, 

no triaxial data were presented. 
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