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The research reported herein was conducted by Southwest Research

Institute of San Antonio, Texas, under Contract N00014—78—C—0674. The

report summarizes work accomplished during the period August 1978

through July 1979. Dr. Bruce MacDonald was the ONR Program Manager.

The work was conducted under the general supervision of Dr. Gerald R.

Leverant, SwRI Project Manager, with assistance from Mr. John E. HacL~

~ho acted as Principal Engineer. Special acknowledgement is due to

Dr. David L. Davidson, who conducted the in—situ loading experiments

in the SwRI SEM and, along with Dr. James Lankford, offered many per—

tinent suggestions. The assistance of Messrs. James Barbee and Ronald

Mclnnis in the x—ray stress measurements and in sample preparation was
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I. INTRODUCTION

Fatigue cracks in metals generally nucleate at or near a free surface.

Since initial growth rates of microcracks are very low (.~ iO~~ in./cycle), -

fatigue cracks spend a significant portion of their lifetime in the near—

surface region. Thus, the residual stress state at the surface produced

by comaon mechanical and thermal processing can have a marked effect on

the fatigue behavior of a material. This report details the initial re—

suits from an ongoing program to quantify the relationship between surface

condition and fatigue microcrack growth.

The aim of the current research Is to relate the effects of surface

residual stresses to surface crack opening displacement (SCOD) behavior.

Since COD is directly related to crack growth rate0-’2) , this data can

be used to correlate surface residual stress state and fatigue behavior.

A unique loading stage which operates in—situ in an SEN is being used to -

generate SCOD vs. load data for microcracks in Ti—6A1—4V . Preliminary re—

suits of experimental observations are presented herein. In addition, the

initial results of an analytical model of SCOD vs load behavior, based on

crack tip stress intensity, are also presented .

~

-_ --. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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II. DIRECT OBSERVATION OF SCOD VS. LOAD BEHAVIOR

A. Experimental Procedure

The Ti—6Al—4V material used in this study was machined from the rim

portion of a pancake forging that was forged at 1241 K in the a/B phase

f ield , annealed for one hour at 1227 K, water quenched and then aged at

977 K for two hours. The resultant microstructure, shown in Figure 1,

consisted of primary a particles embedded in a matrix of transformed B

(Widmanstatten a) with an a particle size of approximately l4pm. The

alloy composition is summarized in Table I.

A cantilever beam fatigue specimen was designed to ensure surface

crack initiation. Figure 2 shows the tapered gage section which yields

a constant stress over the entire gage length. It can be seen from the

figure that slots are incorporated in the grip sections to allow for f ix—

turing the specimen into the SEN loading stage after the initiation of

• cracks in a bending rig.

The SEN loading stage , developed at SwRI(3) , is shown in Figure 3.

The stage is capable of cyclically loading a sample in tension—tension

at loads up to 3780 Newtons at frequencies ranging from 0—5 Hz while

maintaining the area of interest within the viewing screen of the SEN

and in focus. Crack behavior can be videotaped and replayed for analysis

of crack opening displacement response. In addition, samples can be

statically loaded in tension at loads up to 4895 Newtons.

Samples were machined and treated to various surface conditions rep—

resenting electropolishing, single point tool machining, shot—peening to

various Intensities, and abusive grinding. The non—shot—peened specimens

were subsequently shot peened everywhere but in the gage length to promote

— _.. - •‘••~•~~~~~~ ~~~~~~~~~ 
- - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIGURE 1. THE MICROSTRUCTURE OF THE Ti-6Al-4V MATERIAL USED IN THIS
STUDY. The microstructure was developed by forging at

- l24 1°K , annea ling for  one hour at 1227° K , water quenching
- and ag ing for 2 hours at 977° K.
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TABLE I

- - 
RANGE OF ANALYZED COMPOSITIONS FOR Ti—6Al—4V MATERIAL

Element Wt. Pct.

Al 6.3 — 6.4

V 4.3

Fe 0.10 — 0.18

0 0.17 — 0.18

N 0.013 — 0.015

H 0.005 — 0.006

• TABLE II

COMPARISON OF INDEPENDENT X-RAY STRESS MEASUREMENTS ON
A SAMPLE WITH A SLIGHTLY COMPRESSIVE SURFACE RESIDUAL STRESS

1st Run 2nd Run

Measured Quantity Cu Ka1 Peak Cu Ka2 Peak Cu 
~~~ 

Peak Cu I<c52 Peak

~~0° Peak Position
(°20) 141.96 142.77 141.94 142 .75

~j i—4 5° Peak Position
(°2e) 142.16 142.93 142.12 142.90

Residual Stress
(MPa) —108.33 —91.77 —98.24 —87.99

_ _ _ _ _ _  - _ - . .  - - _ -- ~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --—a _ _ _ _ _ _ _ _
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FIGURE 3. IN-SITU LOADING STAGE FOR SEN.
Carbon/Carbon composite speci—
men is shown loaded in stage . 
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crack initiation in the gage section. An abusively—ground specimen, Sample

8, was peened over everywhere but a small “window” area approximately 1/8 in.

square.

The two exposure x—ray technique (4) was used to measure the surface

residual stress on all the samples. A computer program was developed to

perform a second degree curve fit on the intensity vs. 20 data obtained

from the x—ray measurements. Enough points are used to define the peaks

of interest at 
~ 

= 0 and 45° , then the peak positions, peak shift, and

residual stress are calculated . A comparison of measurements on a sample

with a slight amount of compressive residual stress, Sample 9, taken at dif-

ferent times under similar conditions showed that the technique was repro-

ducible to within ± 0.015° for peak positions and ± 5.06 MPa in residual

stress (Table II). This is well within the predicted accuracy of the

technique. (4)

Cu Ka radiation was used for all measurements in conjunction with a

0.2° receiving slit and a 3° primary beam slit. The 3° prImary beam slit

was masked with a 127 p thick a brass foil to restrict the height of the

beam impinging on the sample surface to within the thickness of the gage

section. No Soller slits were used and the measurements for all peaks

were performed with the detector at the focus position for each peak. A

Ni filter was used to ensure a strong Cu Ka peak. The [213J plane of a

titanium was chosen for the diffracting plane which has a peak at approxi-

mately 20 = 141°. The stress constant for these conditions Is 5.51 MPa/

0.010 ~2e.

Results of x—ray residual stress measurements on the gage sections

of the prepared specimens are presented in Table III. These values are

—__—--  .—-- - --- —-~--_--_
~
--- - - - ___

~s_s___ - . - ——- - _ __a_ .———- •-------__s___ — ---
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uncorrected for beam penetration at the present time. As would be expected,

the shot—peened specimens show the highest level of compressive residual

stress, while the electropolished specimen has essentially zero surface

residual stress. It is believed that the ground ~.trface shows a slight

compressive stress because the small window area is surrounded by a much

larger area under the compressive residual stress field due to the peening

operation. The use of such a small window has been discontinued . Prelim—

m ary stress measurements on an abusively—ground specimen with the entire

gage section in the as—ground condition indicate a slight tensile residual

stress in the specimen.

Samples 6, 7, and 8 were precracked in bending within the strain

limits of 0.3 ± 0.5% at 1 Hz. All testing was performed at room tempera-

ture. Prior to examination of the SCOD behavior, the samples were “shaken

down” by several hundred cycles under load control In axial tension in the

SEN loading stage. Load limits used were 100—690 MPa applied at 3 Hz.

Both static and dynamic measurements of the SCOD vs. load behavior were

performed on the three specimens.

Dynamic observations of the cyclic loading were videotaped for real 
-

time measurement of SCOD. However, in the case of Sample 6, motion due to

a poor fit in the grips of the loading stage precluded accurate measurements.

The sample design was slightly altered to that in FIgure 2 for subsequent

specimens to avoid this problem.

B. Results and Discussion

Static observations on Sample 6 (zero residual stress) yielded excel—

lent results. Scanning electron micrographa of the SCOD of a 200 pm long

crack at several load steps are presented in Figures 4—8. Measurements of

- - - -———~~~~
- - -
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FICURE 4. SEM MICROCRAPH OF SCOt) OF SURFACE MICROCR.ACK IN SAMPLE 6 @

34 MPa (l000X)

—~ •-
,~~-

FIGURE 5. SEN MICROGR.APH OF SCOt) OF SURFACE MICROCRACK IN SAMPLE 6 @

276~~~a (1aOoX)
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FIGURE 6. SEN MICROGRAPH OF SCOD OF SURFACE MICROCRACK IN SAMPLE 6 @

551 MPa (l000X)

FIGURE 7 • SEN MICROGRAPH OF SCOD OF SURFACE MICROCRAC K IN SAMPLE 6 @

792 MPa (l000x)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - -- -- -- - -- •-— ~- - --
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FIGURE 8. SEN MICROGRAPH OF HYSTERESIS IN SCOD OF SURFACE MICROCRACK
- IN SAMPLE 6 @ 551 MPa IN UNLOAD CYCLE . Compare with Fig—

ures 6 and 9 (1000X) .

- 
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SCOt) were taken from the micrographs, and the results are plotted against

the applied stress in Figure 9. As can be seen from the figure, the SCOD

behaves linearly with stress up to approximately 100 ksi and increases

rapidly with stress above this level. The unloading plot is also linear

with respect to stress and is parallel to the linear portion of the load—

ing curve. No surface crack extension was observed at any time during the

course of the SCOD measurements. Thus the method utilized here appears

particularly well suited for direct measurements of SCOD under load.

Several points about the plot in Figure 9 are worthy of mention. The

- 
- first is the rapid rise in SCOD at stress levels above 690 MPa. Room tem-

perature creep of Ti alloys is an established phenomena at high fractions

of the yield stress.(~’
6) Since the yield stress of a/B forged Ti—6Al—4V

— is approximately 860 MPa, it is probable that creep localized at the micro—

crack, or creep combined with extensive local plasticity, is responsible

for the hysteresis loop in the SCOD stress behavior. Subsequent experi-

ments were run with a maximum stress of 690 MPa with the result that the

deviation from linearity was insignificant.

A second interesting characteristic apparent in Figure 9 is that the

SCOt) is not zero at zero load even though there was essentially zero resid-

ual stress present in the electropolished sample. The lowest stress point

measured on the curve was at approximately a 35 MPa preload to avoid putting

certain components of the loading stage in tension. Initially, it was not

known whether a residual opening was introduced by plastic deformation dur-

ing the bending cycles or if the crack was wedged open below the surface as

a result of mixed mode deformation due to the crystallographic nature of

the crack. Subsequent experiments on Samples 7 and 8 indicate that the

- large residual opening is indeed introduced during the bending cycles.

I -- - - - 
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FIGURE 9. MEASURED SCOD VS. a RESPONSE FOR MICROCRACK IN
SAMPLE 6
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The linear behavior of the SCOD responses in these experiments appears to

preclude any contribution from closure phenomena and shows that the open— -

ing is most likely associated with the large strain range employed. The

strain range will be reduced in future experiments to lessen this effect.

• Similar measurements were performed on five cracks in Sample 7. This

sample had been shot—peened to an OllA intensity and subsequently mechan i-

cally and electrochemically polished to a smooth finish before precracking. -

The surface residual stress, as indicated in Table III, was approximately

207 MPa. The cracks used for the measurements are shown in Figures 10—12.

As can be seen from the figures, the cracks range in length from 7—125 p.

The residual opening prior to loading in the SEN stage is apparent. Fig-

ure 13 is a plot of SCOD vs. load for the three sets of cracks. The three

small cracks of Figure 12 are shown in one line because their response was -

extremely similar. The curves are also normalized to zero by subtracting

out the residual opening. Measurements taken from videotaped sequences of

- 
. 

cyclic loading agreed very well with static measurements. The curves ap-

pear to show a decrease in opening with crack length at a given load. How-

ever, the aspect ratios (crack depth/half—crack length) for these cracks

are in the process of being determined, so no significance can be attached

to the magnitude of the shift at this time.

SCOt) measurements have also been performed on several cracks in -

Sample 8. The cracks on the surface of this specimen are shown in Fig—

ures 14—18. Presently, the data are not yet fully analyzed for this case.

_

J 

It should be noted that in all samples many cracks were present. Except —

in the cases of the cracks shown in Figures 12 and 14, only cracks which

were isolated by many crack lengths from other cracks were utilized in

-

-
_ - - - - _ - _ _ - - - -~~~- -—- ~~— .---~- _ -~~ -- —- .
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FIGURE 10. SEN MICROGRAPH OF 125 pm LONG SURFACE NICROCRACK USED IN SCOD
- MEASUREMENTS ON SAMPLE 7 (l000X)
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FIGURE 11. SEN MICROGEAPH OF 90 pm LONG SURFACE MICROCRACK USED IN SCOt)
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FIGURE 12. SEN MICROGRAPH OF GROUP OF CRACKS IN THE RANGE OF 7 pm LONG
U SED IN SCOD MEASUREMENT S ON SAMPLE 7 (l000X) .
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FIGURE 14. SEN MICROGRAPH OF SURFACE MICROCRACKS USED IN SCOD MEASURE-
MENTS ON SAMPLE 8. Labeled Crack 2 (1000X) .
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FIGURE 15. SEN MICROGRAPH OF SURFACE MICRO CRACK USED IN SCOD MEASURE-

L 

MENTS ON SAMPLE 8. Labeled Crack 4 (1000X) .
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FIGURE 16. SEN MICROGRAPH OF SURFACE M1CROCRACK USED IN SCOt) MEASURE-
• MENTS ON SAMPLE 8. Labeled Crack 5 (1000X) .
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FIGURE 17. SEN MICROGRAPH OF SURFACE MICROCRACK USED IN SCOD MEASURE-
MENTS ON SAMPLE 8. Labeled Crack 6 (l000X) . 
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FIGURE 18. SEN MICROGRAPH OF SURFACE MICROCRACK USED IN SCOD MEASURE—
MENT S ON SAMPLE 8. Labeled Crack 7 (1000X) .
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taking measurements. Also, the largest cracks observed in each case were

measured. This was to ensure that the data obtained were a true measure—

- ment of SCOt) as affected only by load and crack aspect ratio without inter— -

ference from stress fields from other cracks in the sample.

S
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III. PREDICTION OF SCOD VS. LOAD BEHAVIOR

A. Analytical Approach

Concurrent with the experimental observations described in the previous

section, the development of an analytical model was initiated to allow for
a

the prediction of SCOD behavior under the influence of residual stress. The

approach chosen is based on the stress intensity at the surface and subsur-

face crack tips. Gray (8) gave the closed form stress intensity factors for

these two points along the crack front as:

KIsur = a/~~ [1+ 0.12 
(l_ ~~)J [l_O.6l9~~ 1

1
~
2

(1)
— KIsub = a V’~~ [1+0.12 (l~~.!)] -~~~ [1_O.619]]1’2

where: KISUr = surface stress intensity in Mode I

KIsub = subsurface stress intensity in Node I

a = crack depth

c = half crack length

as illustrated in Figure 19. The accuracy of these solutions was given by

Paris and Sih(9) as +l5%/—2.5Z. In order to obtain the SCOD at the cen—

• ter of the crack, the8e expressions were combined with the expression given

by Broek(~0) for the displacement at a Mode I crack in a direction perpen-

dicular to the crack plane:

v 2(1+v) ~~~/~~~sin ~~
- [2—2v - cos2 

~~~] 
(2)

where: v the displacement in the Y direction

v — Poisson’s ratio

K1 the Mode I stress intensity factor

~~iI• ~~~~~ ~~ . ~~~~~~~~~~~~~~~~~~~ -- ~~~
. 
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FIGURE 19. CRACK GEOMETRY USED IN ANALYTICAL APPROACH
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r = distance to point being analyzed

0 = angle between crack plane and point being
analyzed with the crack tip as the vertex.

• The coordinate system is shown in Figure 20.

It is recognized that Equation (2) is only applicable at distances
4-.

r small in comparison to the crack length, and that higher order terms

must be included if r becomes large. However, the expression will be

used to obtain a first approximation to SCODvs. load behavior for surface

cracks and, as will be seen, predictions using such an approach are quite

accurate for inacrocracks. Solving Equation (2) with r=a (subsurface crack

tip) or r= c (surface crack tip) and using the appropriate K1 from Equation

(1), one obtains

v = 2v’~~(l— v
2) aa [1+ .12 (l— ~~-)) -�c— .619 - (3)

for the displacement at the center of the crack (0- 180°). The COD is

simply twice the displacement or

COD = 
4,~i (1— ~2) aa [1+ .12 (1—~~)] 11— .619 -

~~~ . (4)

B. Results and Discussion

As can be seen from Equation (4), COD behavior for a given material is

dependent on the applied stress state and crack geometry. Predictions based

on this expression were compared to independent data on macrocracks in

Ti—6A1—4V gathered by coiiipriest.~
1
~~ In his work, Collipriest initiated

surface cracks in samples and measured SCOD vs. load until the behavior be—

-
• 

came extremely nonlinear (i.e., gross plasticity and extension of the crack).

Then he fatigued the sample for a short time to mark the end of the first

. crack extension and repeated his measurements. Table IV summarizes a 

~~~~~~---- ~~~~~~~~~~ -•~~ ~~~~~~~~~~~~~~~ —~~~~~~~ -~~~~~~~ -- -— -. • -— - ••
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TABLE IV

COMPARISON OF PREDICTED SCOD VALUES VS. INDEPENDENT MEASUREMENTS
FOR A SURFACE MACROCRACK IN Ti-6Al-4V

4
Stress SCOt) (calc.) SCOt) (plas.) SCOD (meas.)
(IlPa) (pm) (pm) (pm)

68.9 3.89 3.89 3.81

137.8 7.77 7.80 6.35

206.7 11.66 11.73 10.16

275.6 15.54 15.72 13.97

344.5 19.43 19.76 17.78 -

413.4 23.32 23.88 20.83

482.3 27.18 28.19 
- 

24.89

551.2 30.99 32.51 29.46
‘4 -

599.43 33.81 35.54 34.54

606.32 34.20 35.97 44.70

I 
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- 5 —  - —--—----~ - - •--- ‘-— -— ~~-~~~~~~~~

__- - _•‘______ •_S____________----____~____________z___  -



~~~~~~~~~~~~~ S ~_ ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -* -~~~~~~~~ •~~~_..;---

~

a

-

• 

27

comparison of SCOD as calculated in the present study [SCOD (calc.)] to

* 
that measured by Collipriest [SCOD (meas.)]. As can be seen from the

table, the agreement is excellent up to the point where the measured be-

havior becomes nonlinear.

Equation (4) is totally based on an elastic analysis. As a first

approximation for plastic effects, the Irwin plastic zone corrections(12)

were applied to Equation (4). With these corrections, a and c were re-

placed with a and c , respectively, with

- 
(K5~b)

2
a a+

4w ,/2

(5)

= ~ +
2wa y

2

where = yield stress of the material. These corrections allow for

plane strain conditions at the subsurface crack tip and plane stress con-

ditions at the surface crack tip.

Predictions based on these corrections are also presented in Table IV

as SCOD (plas.). It is obvious that the corrections do not completely make

up the difference in the divergence between the calculated and measured

results. This is most likely due to the fact that during Collipriest’s

measurements, crack extension was concurrent with the onset of plasticity.

Thus the a/c ratio was increasing while c remained essentially constant

(i.e., the parameters in Expression (4) were changing with time after the

onset of nonlinear behavior).

Comparison of predicted to measured values after the first crack ex—

tension showed good correlation but not as good as with the initial response
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shown in Table IV. This is believed to be due to the large amount of

plastic strain in the material after the first crack extension. Such

data indicates that the proposed model would stand a better chance for

success in the present study if the strain and stress ranges used in

• the precracking and measurement phases of the experimental work are

kept well within the elastic range.

No direct comparison of predicted SCOD behavior has been made

with actual data generated on this program due to a lack of a/c data

on the measured cracks. The determination of these values is in prog-

ress and a comparison will be made as soon as they are available. A

computer program was written to use Equations (4) and (5) to predict

the elastic and plastic SCOD response of the Ti—6Al—4V material used

in this program under a variety of combinations of crack length, crack

depth, a/c ratio, and stress. For the purposes of the calculations,

v was taken as 0.35, E was set equal to 114 GPa, and was taken as

861 MPa. A small part of these data is presented graphically in Fig-

ures 21—23. Generally, the figures show that, for a given half—crack

length and load, SCOt) increases as a/c increases (Figure 22); for a

given a/c ratio and load, SCOD increases as crack length increases

(Figure 23); and for a given a/c ratio and load, SCOD increases as the

crack depth increases (Figure 24). Thus, as would be expected, any-

thing which tends to make the crack physically larger also increases the

SCOt) at a given load. It should be noted that the effect of plasticity

in every case is to increase the SCOD over that predicted from a purely

elastic analysis. This is due to the increase in effective crack size

from the plasticity corrections.
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FIGURE 21. PREDICTED SCOD VALUES AS A FUNCTION OF a/c
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IV. CONCLUSIONS

1. The use of the in—s1~u loading stage described herein has proven

extremely useful for the direct observation of the SCOD behavior

of microcracks (
~~~ 
200 pm).

2. Preliminary results indicate that SCOt) vs. load responses of micro—

* cracks in the Ti—6A 1—4V used in this study are linear from zero

— load until the onset of plastic deformation without any apparent

crack closure phenomena occurring.

3. The simple analytical approach developed in this study appears

successful in the prediction of the SCOD response of surface

inacrocracks.
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