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are used in thealgorithm.A surfaceof » D constantand ³ D constant
cell faces is tagged for » line insertion if the average divergence
exceeds a speci� ed tolerance:

1
jmax

jmaxX

j D 1

.1/ j > ¯avg (4)

Similarly, a surface of » D constant and ³ D constant cell faces is
tagged for » line insertion if the maximum divergence exceeds a
speci� ed tolerance:

max
j

.1/ j > ¯max (5)

where ¯max > ¯avg . The line insertion occurs at the midpoints of the
cell faces.

Sample Grids
We now include two sample grids to illustrate the general proper-

ties of the method. Figure 2 shows the symmetry plane and a span-
wise surfacefor a gridgeneratedaroundanM6 wing.Figure3 shows
surfacesof a gridgeneratedfor an “X-38-like”con� guration.In both
cases linedeletionproducesa transitionfroma relativelydensebody
grid to a much coarser,more isotropicgrid at the boundarieswithout

Fig. 2 Symmetry plane and spanwise surface of grid for M6 wing.

Fig. 3 Symmetry plane and exit surface of grid for X-38-like body.

the clustering of grid lines emanating from concave regions that is
characteristicof grids generated using marching methods.

Conclusions
The capability to generate semistructured, three-dimensional,

hexahedral-dominantgridshas beendemonstrated.The method was
shown to generate quality volume grids for surfaces with concave
and convexregions.Althoughtheparabolicmarchingmethodgener-
ates the grid in structured layers, this structure is lost at the interface
between layers where a line-deletion/insertion algorithm based on
cell aspect ratio and grid line divergence was applied. This strat-
egy is not unique, and great � exibility exists in the de� nition of the
deletion/insertion algorithm.
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Evaluation of Finite Element
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Introduction

D EPENDING on the bonded system, manufacturing-induced
bondline residual stresses can have a signi� cant in� uence on

the integrityof the system.There is a need for accurateand veri� able
analytical techniques that can be used in the evaluation of bondline
residual stresses. This Note will cover the testing and analyses that
have been done with an analog cone residual stress specimen. The
goal of this Note is to show that analytical predictions of bondline
residual stress failures can be made with accuracy. To show the
validity of the analyses, comparisons of the predicted failure times
with the actual failure times are made.

This effort was initiated because signi� cant work has been re-
centlyconductedto understandthe effectsof residualstresseson the
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Table 1 Predicted times to failure

Actual Actual Finite element Finite element
Specimen Bond load, temperature, failure predicted predicted
no. kN ±C times stress, MPa failure time

1 44.5 32 2–3 min 14.5 2.5 min
2 40.0 34 20–60 min 13.0 2.3 min
3 35.6 32 2–8 h 11.6 19 min
4 26.7 33 2–4 h 8.69 3.6 h
5 17.8 38 8–10 days 5.72 1.6 days
6 17.8 41 1–2 h 5.72 13 h
7 44.5 22 1–2 h 17.4 50 min

Fig. 1 Analog residual stress specimen geometry.

Fig. 2 Analog residual stress specimen instrumentation.

integrityof bondlinesin the space shuttle’s reusablesolid rocketmo-
tor (RSRM) nozzles.For this program,several techniqueshavebeen
developedfor theanalysisof bondlineresidualstresses.1 These anal-
ysis techniquescanbegeneralizedfor many otherbondedstructures.

These bondline residual stress analyses, however, have not been
trivial due to several complexities.Of particulardif� culty is that the
constitutive and failure properties of the RSRM nozzle adhesives
(and many other adhesives) are time and temperature dependent.2;3

The strength of the RSRM adhesive under a sustained load is much
less than that under standard test conditions and is very sensitive to
small changes in temperature.Depending on the load source, these
residual stresses can be three dimensional in nature.

Test Specimen
The tests described in this Note were accomplished using the

conical specimen geometry with two aluminum adherends as seen
in Fig. 1, with the strain gauge instrumentation noted in Fig. 2.
The strain gauges were placed on the specimen in locations such
that indications of failure could best be obtained. The locations of
these strain gauges were determined by evaluating axisymmetric
� nite element analysis predictionsof changes in strain with generic
axisymmetric unbonds (techniques similar to those described in

subsequent paragraphs). Gauges were placed in regions of both
high- and low-strain gradients, so that the maximum effect of un-
bonding could be noted (regions of high-strain gradient) and so
that the general response could be evaluated (regions of low-strain
gradient).

Test Description
The bondingand testing of the conical specimenswere conducted

together in a continuous series of steps in a single environmental
chamber. A hydraulic load press was placed inside the chamber for
use during the mating of the adherends in the bonding process. The
environmental chamber was used to control the cure temperature
(40±C). After cure, the load that had been imposed on the specimen
during cure was removed. The temperature of the environmental
chamber was also changed from the cure temperature to the � nal
constant test temperature.The bond loads used during cure and � nal
test temperaturesused after cure for the test program can be seen in
Table 1.

Before bonding, the bond surfaceswere cleaned, and primer was
applied. After the primer had dried, adhesive shims were carefully
bonded to the male half of the conical specimens in the locations
speci� ed in Fig. 2. The precured shims were used in the bonding
process to ensure that a bond gap between adherendswas obtained.
The male half of the test specimen was placed on the load � xture,
and the bond surfaces of the male and female specimens were � rst
whetted with the adhesive EA946.

After attaching the female half of the specimen to the load � x-
ture, the two halves were mated with a prescribedbonding load. As
the parts were mated, the housings de� ected both near the precured
shims and near the load point. Next, each specimen was heated
to the cure temperature (40±C). The cure temperature was main-
tained throughout the required cure time. The mating load was
not released before or during the adhesive cure process; therefore,
the specimens were cured with the adherends in this de� ected (or
prestressed) state. After the adhesive was cured, the temperature
of the specimens was changed from the cure temperature (40±C)
to the � nal test temperature (Table 1). Next, all constraints and
the mating load were removed so that the adherends were al-
lowed to spring back toward their unstressed condition. Because
of the presence of the cured adhesive, the adherends could only
spring to an intermediate position that was in an equilibrium con-
dition with the adhesive. This spring-back action is what induced
the residual stresses in the specimen bondlines. After release, the
test specimens were maintained at the test temperature for several
days so that the specimens would have time to experience resid-
ual stress-inducedbondline failures. Strain gauges were monitored
continuously.

Failure Identi� cation
Strain gauges were used as the primary indicator of the bondline

failure initiation time in the test specimens.As mentioned,the strain
gauge locations (Fig. 2) were chosen to provide the best indications
of failure. Because of the viscoelasticity of the adhesive, the strain
gaugesshowedchangesin measurementswith time.Times when the
trends of these strain changes altered unexpectedly were assumed
to indicate failure. According to the viscoelastic material model,
the adhesive reaches equilibriumwithin approximately1 h at 30±C.
Thus, signi� cant strain movement after 1 h was also noted as an
indicationof failure.Ultrasonicscanswere used to verify that failure
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Fig. 3 Strain gauge data for specimen 3.

Fig. 4 Ultrasonic inspection of specimen 3.

occurred in the specimens and to evaluate the general location of
the predicted unbonds.

An example of how the time of initiation of failure was deter-
mined can be seen in Fig. 3 for specimen 3. Note that at about
1.98 days from the initiation of the bonding process the specimen
is released from the bond load. As would be expected, the strains
in the housing change with time due to the viscoelastic nature of
the adhesive (and/or failure). The three arrows in Fig. 3 mark as-
sumed indications of failure. Note the change in strain from mov-
ing toward compression to moving toward tension for the 240- and
300-deg gauges and the abrupt change in strain magnitude for the
0-deg gauge (this 0-deg indication is possibly not an indication of
failure but an artifact of unbonds at 300 deg). Given these indica-
tions, failure is assumed to have occurred at the angular locations
between 240 and 360 deg with failure times between approximately
2 h (0-deg gauge) and approximately8 h (240-deg gauge) after load
release. Ultrasonic inspections were used to verify the presence of
unbonds (Fig. 4).

Analysis Approach
The � nite element evaluationof these analog cone test specimens

was conductedwith one analysis computer run using several differ-
ent steps. Analytical techniques used in the analyses were similar
to those used for analyses of the RSRM nozzle bondlines.1 The
following is a brief discussion of the approach that was used:

1) In the � rst analysis step, the female half of the specimen was
forced with a generic bond load (27 kN) onto the precuredadhesive
shims on the male half of the specimen, forcing deformations of
the adherends. This loading was applied at the cure temperature.
The adhesive elements were forced to remain in a stress-free and
strain-free condition during this step (using options available in the
� nite element code).

Fig. 5 Three-dimensional � nite element grid for the residual stress
specimen.

2) The parts were released to the � nal test temperature in the
second step and subsequent steps. Final temperatures ranged from
20 to 40±C, depending on the test. The adhesive was locked to the
housings, allowing residual stresses to be induced into the bond-
line as the adherends attempted to spring back to their stress-free
condition.

On completion of the analyses, the resulting stresses and strains
were scaled and interpolatedas necessary to match the different test
conditions(both load and temperature). Interpolationbetween anal-
yses of different load and temperature combinations was assumed
to be accurate for this evaluation.

Finite Element Model
All analyses were accomplished using the ABAQUS � nite el-

ement code. The test specimens were modeled using the three-
dimensional � nite element model seen in Fig. 5. To simplify the
model, symmetry was used. A � nite element grid of only a 60-deg
slice of the test specimen was created.

Linear solid elements were used to model the components of the
test specimen. Because the housing slides along the shim surface
during mating, gap elements were required to be used to model
the interface between the shims and the bond surface of the female
adherend (the shim was attached to the male adherend).

Material Model
The bondline adhesive (EA946) has been shown to have

time- and temperature-dependent constitutive and failure prop-
erties. Analytical models of bond systems can be very com-
plex. These models can be costly and require an unacceptably
large amount of run time if the aforementioned material prop-
erty time dependencies are included in the analyses. To simplify
analyses of the RSRM nozzle bondline residual stresses, the ad-
hesive was modeled using the equilibrium modulus (6.2 MPa)
and a constant bulk modulus (1380 MPa). For this study, the
adhesive was also modeled with these equilibrium material prop-
erties. This approximation is assumed adequate for analyses of the
RSRM nozzle because the time of interest is well past the time
required to reach equilibrium. For the analog specimens, this ap-
proximation is fair given that the majority of the analog tests were
conducted at 30±C or higher. This is one of the major assumptions
that required evaluation through the test data.

To provide a debonding failure model for the adhesive,extensive
testing was also conducted to determine the time- and temperature-
dependent nature of the failure properties of the adhesive EA946.
Details of the failure model and the test data are not within the scope
of this Note. A brief summary of key characteristics of the failure
model and the testing is providedhere so that a better understanding
of the testing and analyses may be had. In some instances the capa-
bility of the adhesiveunder sustained loads can be less than half that
seen in standard tensile tests. Because the glass transition temper-
ature of the adhesive is so low, small changes in temperature lead
to signi� cant changes in capability in normal ambient temperature
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Fig. 6 Predicted vs measured hoop strain.

conditions (20–40±C). The model is also very sensitive to small
changes in loading conditions. A simple power law model was de-
veloped to describe failure. The time/temperature shift is modeled
with a Williams–Landel–Ferry-type (see Ref. 4) formula:

¾ f D N¯ .t f =aT /¡0:0986 (1)

log10.aT / D
¡C1.T ¡ T0/

C2 C .T ¡ T0/
(2)

where ¾ f is failure stress (� t to average failure data), t f is fail-
ure time, N¯ D 27:3 MPa, aT is the temperature/time shift fac-
tor, C1 D 36, C2 D 252, T is temperature, and T0 D 21±C (reference
temperature).

The model was developedby usingpoker chip adhesiontest spec-
imens. Not surprisingly,the test data exhibiteda great deal of scatter
in times to failure for a given load.The scatter is inherent in this type
of test. Failure times in the constant load tests were seen to have full
order of magnitude range of scatter. For example, poker chip spec-
imens subjected to an average stress of 2 MPa and a temperature of
30±C hadfailuretimes rangingfrom30 to 400h. This rangeof scatter
was seen in specimens subjected to many different loads and tem-
peratures.Given the large amount of scatter in the experimentaldata
under thesecontrolledconditions,it was determinedthat predictions
of failure in the analog specimenswould be consideredsuccessful if
the predictionswere within an order of magnitudeof the actual fail-
ure. It is, however, recommended that this scatter in failure times be
taken into accountwhen designingbond systems. In the RSRM pro-
gram statistical methods are used to ensure that a conservativepre-
dictionof failureis made.Becauseof the scatterin thedata,statistical
approacheslead to extreme conservatisms.The intent of this Note is
not to addressthesestatisticalmethods,but to evaluatetheprediction
of averagefailureand to providean evaluationof the analyticaltools.

Results and Discussion
An example of the strain gauge predictionsvs the actual measure-

ments can be seen in Fig. 6. These predictionsare good considering
the size of the gauges and the accuracy of the placement. The � nite
element analysis predicted maximum bondline stresses were used
to make estimates of failure times using Eqs. (1) and (2). It was
assumed that if the actual failure times could be predicted that the
� nite element stress calculations and failure model are both vali-
dated. Table 1 contains a summary of these predicted failure times
compared with the actual observed times to failure indications.

The predicted times to failure for specimens 1, 4, and 7 are very
good.Predictions for specimens2, 3, 5, and 6 are good because they
are within an order of magnitude. These predictions are reasonable
considering scatter in failure test data noted earlier. Samples 5 and
6 give an indication of the high sensitivity to temperature. Small
changes in temperature can lead to signi� cant change in failure
times. The failure model is also very sensitive to small changes in
load. As discussed, these failure time predictions that are within an
order of magnitude are considered good.

Conclusions
As seen earlier, analytical techniques are available for evalua-

tion of bondline residual stresses induced during manufacturing
processes. Signi� cant approximations of time- and temperature-
dependent constitutive and failure properties were utilized to sim-
ulate the approach that would be required for much more complex
geometric structures, for example, analyses of the RSRM nozzle.
The intent of the study was to evaluate the accuracy of these as-
sumptions with an analog specimen and to study the utility of the
analytical techniques for use as a design tool.

The analog cone residual stress test specimens described herein
are valuabletools in providingtest data for evaluationof these resid-
ual stress evaluation techniques. The specimen design provides for
the use of strain gauges to monitor the failure initiation and al-
lows for the use of ultrasonic inspection for validation of failure
indications.

The correlation of test data with analysis predictions seen in this
Note indicates that a good analytical tool has been developed for
predictions of failures caused by residual stresses in analog speci-
mens. Failure predictions can be made with good accuracy (within
an order of magnitude). Failure times in the residual stress analog
specimens (as was noted with samples 5 and 6) and in actualbonded
parts are expected to have a signi� cant amount of scatter given that
scatter in standardtest specimensis great.Thus, careshouldbe taken
when using this EA946 adhesive (or any other similar adhesivewith
a room temperature glass transition temperature).

The analytical tools demonstrated in this Note can be very valu-
able for de� ning methods for controlling residual stresses in manu-
facturing and transportation conditions for actual bonded systems.
These tools have led to vast improvements in RSRM nozzle pro-
cessing. When using these residual stress analytical techniques
in design or for process modi� cations, it is extremely important
to give consideration to this variation in failure time. Statistical
evaluations are required to ensure conservative assessments are
made.
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