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ABSTRACT

FINITE ELEMENT ANALYSIS OF NOTCHED SPECIMENS

WITH ESPERIMENTAL VERIFICATION AT ROOM

AND ELEVATED TEMPERATURES

By

Matthew E. Melis

The reliability of finite element relations that include elas-

tic, plastic, and creep solutions at room temperature and 1.2000 F were

observed under cyclic load conditions with hold times. Strains were

measured at both local and remote regions of circular and elliptically

notched specimens of cyclically stabilized Hastelloy X and local

stress-strain response was predicted with good accuracy using smooth

specimen simulation techniques. Load histories were reproduced on the

computer for finite element analysis. Finite element analyses gave

highly accurate results in predicting the stress and strain response at

the notch of the notched members at room temperatures, however. a signi-

ficant variance between experimental and analytical data was observed

with results at 1.200° F.
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CHAPTER 1

INTRODUCTION

Recent trends in the Aero-aircraft industries have been aimed

towards developing more energy efficient propulsion systems. Increased

efficiency results in higher operating temperatures. higher stresses.

and more severe thermal gradients in the hot section components than

ever before (1).. These components such as turbine blades. vanes. and

combustor liners would be typically fabricated from a high temperature

super alloy such as the alloy Hastelloy X. In an effort to better

understand the problems associated with material behavior in high tem-

perature environments. experimental data have been collected in ord-

er to develop more reliable theoretical models for these materials.

Accurate data of this type are not readily availible.

A major part of this research has involved the turbine combustor

(2,3). The liner of this combustor consists of multiple sheet metal

louvers welded together to form a cylindrical structure. The combus-

tor is cooled by air flow made possible by the inclusion of many holes

in the liner so as to allow air to pass freely. These holes produce

high stress concentrations at the notch which can ultimately result in

crack initiation. Several constitutive relations have been develOped

to predict stress-strain response near these holes (1.4). The scape

 

‘Numbers in parenthesis refer to references listed in the reference

table. Numbers in brackets refer to equations.

1
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of this thesis is to utilize one of these methods. a nonlinear finite

model (ANSYS). and the apprOpriate constitutive relations to predict

the local stress-strain behavior in notched specimens of Hastelloy X.

These predictions will then be compared to experimental data to deter-

mine the accuracy of the method.

‘The finite element method has played an important role in the

analysis of hot section components in turbine engines (1-5). Finite

elements were first initiated by an engineering group from the Boeing

Corporation in attempts to develOp a more advanced technique for the

analysis of aircraft structures. Since then. the finite element

method has evolved to the point where it can now be applied to a wide

variety of engineering problems. The basic premise of this method is

to make a discrete geometric model of the object being studied by

creating a grid of elements and nodes to resemble the object itself.

Boundary conditions are then imposed to simulate actual loading condi-

tions and numerical integration techniques used within the computer

program solve the problem.

Several finite element codes have been develOped to date and are

available on the commercial market such as NASTRAN, MMRC. and ANSYS

which was the code used for this study. Elasticity. plasticity and

creep laws utilized within ANSYS are applied to elliptical and

circular notch geometries.

Experimental data generated for comparison.with the finite ele-

ment results were obtained using a laser based interferometric strain

gage (186). The ISG. deve10ped by Dr. William Sharpe (6-9). was used

throughout this study to measure notch root and remote strains on the

notched specimens at both room temperature and 1.2000 F.
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Only strains can be directly measured in a notched plate.

Stresses cannot be determined directly. Several researchers indicated

that a smooth specimen could simulate the stress response in a notched

member (10-13). This smooth specimen simulation was used in this work

to estimate notch stress behavior.



CHAPTER 2

NOTCH GEOMETRIES AND MATERIAL

2.1 SPECIMEN (XINFIGURATIONS

Members of constant cross section under load display uniformly

stressed areas with a gradual change in stress contours. These configu-

rations rarely exist however. in actual structural applications. The

presence of notches and holes cause stress distributions resulting in

high localized stresses. These areas are termed stress concentrations

and are quantified by the stress concentration factor Kt- It is a

theoretical or experimental value based on assumptions used in the theo-

ry of elasticity (14).

For members having holes. Peterson gives two types of stress

concentration factors:

K /o [1]
tg=°max

where: th =stress concentration factor based on gross stress

”max =maximum stress. at edge of hole

a =applied stress. distant from hole

and



K [2]tn=amaxlanom

where: K =stress concentration factor based on net (nominal) stress
tn

“non =nominal (net) stress = o/(2-a/w)

where: a=hole diameter

w=width of plate

As a result of high stresses near a hole. plastic deformation lead-

ing to crack initiation usually occurs in this reigon. This presents a

significant problem for structural members containing holes.

A combustor for a turbine engine is such a structure. It has many

holes in its liner to allow for the passage of air and gasses. To study

the stress-strain occuring at this type of notch. thin plates with

either a circular or elliptical centered notch were used to study this

problem. From Peterson. theoretical elastic stress concentration fac-

tors were determined for the two notched geometries. [ta [1] was given

as 3.32 for the circular notch and 5.30 for the elliptical notch. These

will be discussed in more detail in Chapter 4. Axial specimens were

used to determine material properties and perform smooth specimen notch

root stress simulation. Figures 1 through 4 show specimen drawings and

photographs. All specimens were supplied by NASA and were made of Has-

telloy x.
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2.2 MATERIAL

Hastelloy X is a cyclicly hardening nickel base super alloy used

for high temperature applications in furnaces. jet engines. and rocket

motor parts. This metal has exceptional durability and possesses a

strong oxidation resistance (up to 2.200° F) which makes it a good

material for hot section applications. Material pr0p0rties pertinent to

this project are given in Table 1. A more complete set of data of Has-

telloy X pr0p0rties are given in reference (15).
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Igble 1. ‘Material Properties

 
   

 
   

Test Modulus Poisson's ANSYS

Temperature of Elasticity Ratio Yield Stress

°c [°F] ‘MPa 1k31*1o3] MPa [ksi]

25 [76] 182,718 [26.5] .32 483 [70.0]

649 [1,200] 152,586 [22.1] .34 403 [58.5]



CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 STRAIN MEASUREMENT‘!!!§_;§§11§§

Among the most recently developed high temperature testing instru-

ments is the ISG. The two major advantages this technique has over

conventional gages are the non-contacting nature of the device. and its

ability to measure strains over a gage length of 50-100 microns. virtu-

ally measuring the strain at a point. The result is an accurate method

of measuring strain response in non-uniform geometries.

The basic theory of the ISG involves creating a set of interference

fringes by reflecting a laser beam off of two small pyramidal indenta-

tions put into the specimen with a vickers hardness tester. The

indentations measure about 25 microns to a side and have been spaced 100

microns apart from center to center. The fringes are swept across a

photomultiplier tube arrangement via a set of oscillating servo mirrors.

Analog signals from the photomultiplier tubes are converted to digital

signals and manipulated in a mini computer resulting in analog strain

output. ISG calibration and experimental procedures that were used in

this study can be found in Lucas (16). and Bofferding (17). All tests

were performed on either an 11 Kip or a 55 Kip MTS closed loop test sys-

tem. The specimens were mounted with a woods metal arrangement to avoid

unwanted stresses that could result from the mounting procedure.

12
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3.2 ROOM TEMPERATURE TESTS

Hastelloy X cyclically hardens but stabilizes very rapidly. This

work was only concerned with stable cyclic response of the material.

Each specimen was cycled untill its stable condition was attained before

notch strain measurements were taken.

Smooth specimen tests at room temperature were performed on axial

specimens with a straight gage section. A 0.3 inch MTS extensometer was

used to determine pertinent material properties needed for the finite

element model such as the modulus of elasticity and the strain hardening

exponent. Some creep effects were observed at room temperature;

however. they were not significant enough to be included in the model.

The next sequence of tests were run using the ISG to determine the

elastic strain profiles along the notched section of both the elliptical

and circular geometries for comparison to the finite element results.

Being careful to stress the specimens only in the elastic range. read-

ings were taken at five different points along the midspan of each

specimen to determine the elastic strain response.

Testing done in the plastic range was performed under load control

using a ramp function of 2.5x10"2 Hz. Maximum load being 3.5 Kips and

2.5 Kips for the circular and elliptical notched specimens respectively.

Figure 5 depicts how the imposed load and the resulting strain response

were recorded using a dual pen X-Y plotter on a time base sweep.

3.3 ELEVATED TEMPERATURE TESTS

Similar tests as described in section 3.2 were performed on speci-

mens at 1.200° F taking note to observe time dependent effects at the

higher temperature. It has been demonstrated that the ISG can measure
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strains at temperatures up to 1.500° F; however. problems with surface

oxidation and black body radiation become severe (16). Tb help allevi-

ate this problem. even at 1.200° F. the notched specimens were plated

with a layer of palladium-gold after the indenting procedures were com-

pleted. The palladium-gold coating retained its reflective ability for

a long enough time so that accurate measurements could be taken to study

the creep effects.

The basic setup was essentially the same for the room temperature

and the elevated temperature tests except for some added preparation on

the latter. Mounting the specimens involved careful centering of a

copper induction coil so that no contact was made between the specimen

and the coil and yet insuring the undisturbed passage of the interfer-

ence fringes or the diameteral gage through the coil. A 5 KW induction

heater was used to bring the specimens up to temperature. The tempera-

ture was controlled through a feedback signal via a thermocouple that

was spot welded on the back side of the specimen.

Material properties were determined at 1.2000 F using smooth hour-

glass specimens and a diameteral strain gage. The gage. shown in Figure

6. measures transverse strain which was converted to axial strain with

the use of an analog computer (16). The elevated temperature tests were

essentially the same was before with the exception of the static creep

tests performed. These were done by applying various constant tensile

loads of 40. 50. and 60 Ksi over a 120 second hold time while plotting

strain response versus time.

Notched specimens were subjected to symmetric load patterns with

hold times of 100 seconds and a 20 second ramp between tensile and com-

pressive peaks. Figure 5. Again. load and strain data were recorded on
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a time scale.

3.4 M SPECIMENm SIWLATION

In order to determine the stress reponse from the notch root strain

histories of the notched specimens. the recorded strains were played

back onto smooth specimens. Graphs with the strain data from the

notched specimens were placed on the dual pen recorder with one channel

connected to the strain output of the extensometer. Stress response of

the smooth specimen was hooked to the second channel. The system was

set for strain control and a time sweep was started on the plotter. By

manually following the strain history of the notched members. the stress

response was determined and plotted out. On a second X-Y recorder.

stress versus strain plots were also taken. Lucas (16) discusses this

method in more detail.

 



CHAPTER 4

ANALYSIS

4-1 WM

Analytical methods used in this study employed a finite element

analysis with ANSYS. which is a large scale general purpose program.

ANSYS. designed for use on the digitial computer. has been deve10ped.

maintained. and advanced by Swanson Analysis Systems Inc (19). ANSYS

was utilized on a Prime 750 computer system linked to Tektronix interac-

tive graphics terminals.

The objective of this analysis was to first create 2-D geometric

computer models to represent the elliptical and the circular notched

specimens. Because of symmetry. it was possible to reduce the models to

the quarter section representations shown in Figure 7.

A general rule that was followed was to use quadrilateral elements

whenever possible and using triangular elements. when necessary. to

model the transition reigons between fine and coarse grids. Finer grids

were used where high stress gradients prevailed. Triangular elements

have been shown to be less accurate than quadrilaterals of equivalent

size and should not be used in high stressed areas unless used in a fine

mesh (19).

With the extensive capabilities that ANSYS has. enormous amounts of

data were generated for later processsing. The memory required to store

these data increased dramatically as the number of elements in the model

18
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increased thus posing a potential problem to users on smaller systems

such as the Prime 750.

The original models developed consisted of over 300 elements and

gave good theoretical elastic results. However. an analysis taking

plastic effects into account showed that available disk memory was not

sufficient to accomadate even two stress reversals. Because of this.

the models were reduced down to approximately 100 elements. Figure 7.

Modeling for the circular notch was relatively straight forward.

Modeling the ellipse was somewhat more difficult. however. when trying

to maintain reasonable aspect ratios with a limited number of elements.

Triangles that were used in the finer portion of the mesh helped to

alleviate this problem. In order to maintain as much consistiency as

possible, the grids for both geometries were modeled in a very similar

fashion. A simple four element axisymmetric model was also created in

order to look at the predicted stress-strain response of the smooth

axial and hourglass specimens. Figure 8 shows a diagram of the model

along with its boundary conditions imposed.

The two dimenional isoparametric solid element that was employed

here is shown in Figure 9. This element is used for 2-D modeling of

solid structures and is capable of being used as a biaxial plane element

(plane stress). Both four node and eight node options were available

for this element however it was suggested that nonlinear problems could

be better solved with a fine mesh that was made of simpler elements as

opposed to a more coarse mesh made of higher order elements (19).

ANSYS has an Option to include extra displacment shape functions

that permits the elements to deform in a parabolic fashion. This is

usually a desired effect however interelement incompatability can result
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at the adjoining edges of different element types such as a gap opening

up. Triangular elements cannot accommodate higher order displacements.

Because the grids were made up of both triangular and quadrilateral ele-

ments. the extra shape option was excluded to avoid incompatability

problems. It is also suggested that if the user knows that the element

edge deforms linearly. no advantage results from the use of the extra

shapes (19).

4.1.1 ELASTIC ANALYSIS

After develOping the grids for each of the notch configurations.

analyses were made considering only elastic deformation. The results

were compared with Peterson (14) for the stress concentrations “at the

notch. Boundary conditions were imposed on the models by constraining

the nodes lying on midchord and midspan lines to deform only along those

respective lines. A uniform tensile stress of 10 Ksi was applied along

the top horizontal edge of each model in the positive y direction.

After computer implementation. the maximum stress resulting at the notch

was then compared to Peterson's theoretical values by taking K to be

t!

“max/10 ksi. Post processing of the solution data gave tabulated nodal

stresses and displacments as well as interactive graphics plots. Figure

10 shows the “y contour plots and Figure 11 shows the displacement plots

for the notched models.

For the circular notch, ANSYS showed a xtg of 3.19 which was within

4.0 percent of Petersons' value and the elliptical analysis gave a value

0f 5.10 for Kts being within 3.9 percent of Peterson. More accuracy

could have been attained had finer grid patterns been used however ear-

lier work with this problem showed that disk storage became a problem
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when using ANSYS in the plastic region due to the large number of itera-

tions required for the solution. For this reason. coarser grids than

may have been desired had to be used to facilitate use of ANSYS on the

Prime 750. Nevertheless. the values were relatively close for the

theoretical comparisons but it must be noted that the results in the

plasticity and creep solutions might not be as accurate due to the com-

plexity of the solution process within ANSYS.

4.1.2 PLASTIC ANALYSIS

ANSYS uses the initial stress method to analyze plasticity effects.

Yielding is governed by the von Mises yield criterion and multiaxial

effects are based on the Prandtl-Reuss flow equations (18). Plastic

solutions are restricted to isotr0pic behavior (20).

ANSYS has several hardening rules that are available to the user.

It is recommended and has been shown that a bilinear kinematic hardening

model gives results that are most consistient with experimental data

(5.19.20). This model assumes a total stress range of twice the yield

stress (26y) as shown in Figure 12. This was used for all of the plas-

tic analyses.

Plastic analysis with finite elements requires that some

experimental data be input as part of the program. ANSYS theory uses

physical data that can be generated from a simple uniaxial tension test.

Input data consisted of reference temperatures. corresponding modulii of

elasticity. yield stresses. and the slopes of the plastic portions of

the stress strain curves. Figure 13. If the user is working with sever-

al temperatures. ANSYS will use interpolation techniques to obtain

results at temperatures other than those specified in the data deck. Up



27

$
0

20

 

 

 
FIGURE 12 BILINEAR KINEMATIC HARDENING MODEL

€
>
>
o

 

 
 

FIGURE 13 BILINEAR FORM OF STRESS-STRAIN RESPONSE



28

to five temperatures with respective material properties can be entered.

Because this study only deals with two temperatures. these interpolation

capabilities were not used and separate data decks were made up for only

these temperatures.

In order to maintain a more controlled experimental environment.

most of the material properties for ANSYS were determined directly from

experimental data generated within this program. Material properties

can vary slightly with different batches thus by using data taken from

the actual material that was used. this chance of error was reduced.

Procedures used to gather these data were discussed in more detail in

Chapter 3.

Strain energy concepts were used to determine the plastic slopes of

the cyclic stress-strain curves. The shape of these curves were esta-

blished so that the area enclosed by the models' curve was equal to that

of an actual cyclic stress strain 100p. Figure 14 (5). With the strain

hardening coefficient.n. being determined experimentally in the lab. the

slopes are found from the following relation:

SLOPE=(o'/a'p)(2n/(1+n)). [3]

It should be noted that this formula does not take into account elastic

strains. Yield stresses were also determined from this method. Figure

14. once the corresponding s10pes were arrived at.

The classical bilinear kinematic model is a simple and crude method

of representing the behavior of a material. Results are highly depen-

dant on the choice of the plastic tangent modulus and the input yield

stress. Maximum stress and strain values must be known prior to the
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analysis in order to obtain reliable results. If these values are not

predetermined. the solution process can become extremely complicated.

4.1.3 CREEP ANALYSIS
 

ANSYS solutions that involve creep effects also assume material

isotropy. There are many constituitive laws in existience to predict

the creep response of materials. Time dependent effects are broken down

into three categories: primary. secondary. and tertiary. Creep tests

were described in Chapter 3. Only secondary creep was taken into

account for this analytical model. Juvinal (21) discusses secondary

creep and gives the following simple equation:

- C

8secondary Tel“ 2t [4]

where: t =elapsed time

o =constant stress applied

Constants C1 and C2 were determined from the s10pes taken from the creep

curves that resulted from isothermal tests performed at three different

stresses. Assuming the constants to be the same for all stresses at a

given temperature. Equation 4 was manipulated into a form such that

linear regression techniques could be used to determine the values for

C1 and C2.

Once the constants were obtained. they were entered into ANSYS in a

time rate form as follows:

A =ClcC2At [51
8secondary
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4.2 COMPUTER IMPLEMENTATION

Uniform stresses were applied at the top horizontal edge of the

ANSYS models to simulate loads actually imposed on the laboratory speci-

mens. Assuming that the stress was constant at a sufficient distance

from. the notch. load schemes were established for the finite element

analysis by simply dividing the applied experimental load by the gross

cross sectional area of the specimen. These stresses were then applied

in several load steps in a gradual manner so as to not allow the ratio

of the change in plastic strain (Aepl) to elastic strain (eel) to exceed

3.0 in any given iteration. Allowing this value to exceed 3.0 can

result in erroneous answers.

ANSYS will iterate within a load stop until the ratio (ASPI/gel)

converges to less than 0.01 unless otherwise specified. This has been

described as a fairly tight limit and it was indicated that it could be

increased to several percent for most practical problems (19). To

reduce computer time and space. all of the ANSYS solutions were run with

an assigned value of 0.05 for the convergence criterion.

Computer problems involving creep were set up much like the room

temperature ones except time values were also assigned to each of the

load steps. These times were determined from the time base load and

strain plots obtained in the lab. ANSYS also has a time step optimiza-

tion option for problems involving creep. The user first selects a

reasonable time step. If the option is activated .this time step will

be automatically increased within the program thus reducing the number

of iterations required for convergence. If the ratio of creep strain to

plastic strain exceeds 0.25 in any given iteration. the program will

halt and the problem must be initiated again using smaller time steps.
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This Option was used for all creep analyses in this report (19).



CHAPTER 5

RESULTS AND DISCUSSION

Analytical and experimental results are presented in three

sections: linear. nonlinear without creep. and high temperature nonli-

near results. For the elastic case. stress distributions across the

entire cross section of the specimens were observed. however. only local

response at the edge of the notch was considered for the remainder of

the report.

5 .1 LINEAR ANALYSIS

Experimental results obtained with the ISG were compared with those

obtained from ANSYS. For this part of the analysis. the notched speci-

mens were only deformed elastically. Values for Its could be directly

computed from the strain response at the various locations on the speci-

mens. Data were also taken from tests performed by Lucas (16). Nodal

stresses along the bottom horizontal edge of the finite element quarter

section models divided by the applied gross section stress gave the ana-

lytical stress concentrations along the cross sections that were

relative to the distance from the edge of the notch.

A theoretical stress distribution for the circular notch was taken

from Savin (22). however the mathematical solution for the stress dis-

tribution in an elliptic notched specimen was somewhat more complicated

and could not be found for our particular geometry. These results were
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then P1°tt°d 38 th versus the distance from the edge of the notch.

Figure 15 shows these results. Note that the solid line represents the

solution by Savin for the circular geometry and the best fit curve from

ANSYS for the elliptical geometry

Correlation of the results between ANSYS and Savin for the circular

geometry are shown to be quite good. The values are very close to one

another near the notch with a maximum difference of about 15% at the

outer edge of the specimen. ISG data. however. proved to have signifi-

cantly lower th values near the notch. At a location 50 microns from

the notch. the ISG th was about 28% lower than Savin and ANSYS. This

variance did reduce however at points that were distant from the notch.

ISG values for the elliptical geometry followed a similar .pattern

as with the circular specimen but showed an even greater difference from

the finite element results. Near the edge of the notch. the error was

about 35%. It was noted that the stress gradient was much steeper near

the notch of the elliptical specimen as compared to the circular one.

Because a theoretical th distribution was not availible for the ellipt-

ical geometry. it is difficult to say just how far off these values are

from being mathematicaly correct.

These results are in agreement with Bofferding (17). His work also

showed the stress concentrations to be experimentally lower for the

notched specimens than what was mathematically predicted. Bofferding's

tests also indicated material properties playing a role in how much the

experimental stress concentrations varied from the theoretical values.
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5.2 NINLINEAR ANALYSIS

The remaining portion of this report consists of analysis of both

smooth and notched specimens experiencing deformation into the plastic

range. Data are presented graphically in the form of strain versus time

and stress versus strain plots. Comparison of analytical and experimen-

tal data are done on the same figure for each respective test. Because

of the simplicity of the bilinear kinematic model. only the peak stress

and strain values are of major interest thus prediction of these peak

values will be the main concern in the following discussion.

5 .2 .1 _R_(_)_0_M TEMPERATURE

The initial results taken from ANSYS examined the stress-strain

predictions of a smooth specimen of Hastelloy X. Figure 16 shows the

room temperature experimental results and compares them to those from

ANSYS. The ANSYS axisymmetric model predicted the response very well

with the maximum tensile and compressive peaks being within 5% of the

experimental peaks.

For notched geometries.the finite element predictions of notch root

strain response versus time was in very good agreement with experimental

values for both elliptical and circular geometries. Figures 17 and 18

show these results. Stress-strain results. Figures 19 and 20. are also

in good agreement. Notch stresses were simulated with smooth specimens.

Chapter 3. Stress values from ANSYS tended to be in more variance from

those observed experimentally.
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5.2.2 ELEVATED TEMPERATURE

As before with the room temperature tests. a simple stress-strain

prediction with the axisymmetric finite element model was performed.

All tests and analyses were for an isothermal temperature of 1.2000 F.

Figure 21 shows results for smooth specimens. Agreement was not as

close as the room temperature results. The tensile peak was in good

agreement however the compressive peak varied about 155. This

non-symmetric behavior of Hastelloy X is much more predominant at higher

temperatures making predictions with a bilinear model. which assumes a

symmetric response. more difficult.

ANSYS creep predictions for a smooth specimen under constant stress

are compared to the experimental curves used to determine the creep con-

stants. Figure 22. Analytical curves were lower for each case due to

the fact that primary creep was not taken into account.

Notch root strain-time prediction gave relatively poor results in

comparison to the room temperature results. As seen in Figure 23. the

general shape of the curves are the same for the strain-time response

but the peaks are significantly lower than those from the experimental

results. Stress-strain predictions. Figure 24. were also poor. however.

the peak stress values were reasonably close to those simulated on

smooth specimens in the lab. Note the nonsymmetric behavior that ANSYS

predicts when a creep model is used in the analysis. Due to the fact

th‘t thO 8‘1038 13380 13 20y. added creep strain causes the model to

deform less in compression than in tension for this particular load his-

tory.
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CHAPTER 6

CONCLUSIONS

Finite element prediction of notch root stress-strain response

behavior using ANSYS gave very good results in comparison to the experi-

mental values for both geometries at room temperature. Strain response.

in particular. was very accurate for these tests.

Analytical values for stress concentration factors in the ,elastic

range were consistently higher than experimental results from both

geometric cases. Variance between theoretical and experimental th

values were greater for the elliptical than the circular notch.

Predicted notch root stress-strain response at 1.200° F for the

circular geometry was poor in comparison to experimental behavior.

Analytical peaks were significantly less in both tension and compression

with maximum error ranging to 40% on the compressive side.
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