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ABSTRACT 

E l e c t r i c a l  p o t e n t i a l  methods have been used i n  the past  p r i m a r i l y  t o  moni- 
t o r  crack length  i n  long-crack specimens subjected to  f a t i g u e  loading.  I n  
t h i s  study an at tempt was made t o  develop t e s t  procedures f o r  mon i to r ing  the 
fa t igue crack i n i t i a t i o n  and the  growth o f  s h o r t  f a t l g u e  cracks i n  a t u r b i n e  
d i s k  a1 l o y  w i t h  the  e l e c t r i c a l  p o t e n t i a l  drop technique (EPDT). I n  add i t i on ,  
the EPDT was a l s o  app l i ed  t o  moni tor  the f a t i g u e  crack growth i n  long-crack 
specimens o f  the same a l l o y .  The exper imental  program was conducted as p a r t  - - of an AGARD-sponsored roundrobin program on t i t a n i u m  a l l o y  engine d i s k  mate- 

,- d r i a l .  The r e s o l u t i o n  o f  the EPDT f o r  d i f f e r e n t  specimen geometries was deter-  
u1 I mined. Factors i n f l u e n c i n g  the  EPDT are  i d e n t i f i e d  and the a p p l i c a b i l i t y  of 

EPDT i n  implementing damage-tolerant design concepts for  t u r b i n e  d i s k  ma te r ia l s  
i s  discussed. The experimental procedure adopted and the  r e s u l t s  obta ined are  
presented. No subs tan t i a l  d i f f e rences  were observed between the  f a t i g u e  crack 
growth data o f  shor t -  and long-crack specimens. 

INTRODUCTION 

Dur ing the l a s t  10 years the  e l e c t r i c a l  p o t e n t i a l  drop technique (EPDT) 
has gained a subs tan t i a l  l e v e l  o f  acceptance as a t o o l  t o  measure f a t i g u e  
crack growth (FCG) r a t e s  o f  long-crack specimens. This technique i s  based on 
the changing d i rec t - cu r ren t  p o t e n t i a l  as a f u n c t i o n  o f  crack l eng th  ( r e f s .  1 
to 5). The two main advantages o f  the  EPDT over o p t i c a l  sur face measurements 
are ( 1 )  the technique lends i t s e l f  t o  f u l l  automation and (2) the crack length  
data measured by the EPDT r e f l e c t  the average crack p r o f i l e  through the  e n t i r e  
th ickness o f  the specimen whereas the o p t i c a l  crack length  measurement tech- 
nique measures o n l y  the i n t e r s e c t i o n  o f  the  crack f r o n t  w i t h  the  specimen 
surface. 

The use o f  the EPDT has been almost e x c l u s i v e l y  l i m i t e d  t o  FCG t e s t i n g  of 
long-crack specimens. However, o the r  f a t i g u e  research ar*eas might  b e n e f i t  from 
the use o f  t h i s  technique, i f  proper methodology for i t s  a p p l i c a t i o n  can be 
i d e n t i f i e d .  The areas o f  research t h a t  cou ld  b e n e f i t  f rom the a p p l i c a t i o n  o f  
the EPDT a re  as fo l l ows :  ( 1 )  f a t i g u e  crack growth o f  sho r t  cracks,  ( 2 )  crack 
i n i t i a t i o n  under low cyc le  f a t i g u e ,  and (3) measurement o f  damage under creep 



at elevated temperatures. 
tive enough to be used in these applications. If the answer to this question 
is affirmative, then development of procedures for optimizing data generation 
with EPDT i s needed. 

The question arises as to whether the EPDT is sensi- 

The need to understand FCG of short cracks as well as early crack detec- 
tion under low cycle fatigue (LCF) is driven by recent efforts to implement 
the damage-tolerant design concept for turbine engine components. The damage 
tolerance philosophy is based on the assumption that crack-like defects exist 
at every critical location and that the gro th of these defects under actual 
operating conditions can be predicted. Inspection at regular intervals will 
screen out the components that have insufficient remaining lffe. The inspec- 
tion interval is a function o f  the maximum allowable crack size, the minimum 
reliably detectable crack size, and the available crack growth data base. 
Since most o f  the critical engine components are subjected to high stresses, 
only very small cracks can be tolerated before the fracture toughness of the 
material is reached. Thus, understanding of crack initiation and the early 
stages of crack growth is needed before damage tolerance methodology can be 
fully implemented. At present, application of this methodology is hindered by 
the inability to reliably predict the FCG behavior of short cracks. 
on short-crack behavior as well as on crack initiation i s  considerably hindered 
by labor-intensive data collection methods, such as replication. A successful 
application of the easily automatable EPDT to study both crack initiation and 
short-crack growth behavior would provide a substantial impetus to the imple- 
mentation of the damage tolerance methodology for the design of engine 
components. 

Research 

A test program was conducted to determine the feasibility of using EPDT 
to study crack initiation and short-crack growth behavior o f  T1-6A1-4V turbine 
disk forgings. This program was conducted as part of a cooperative roundrobin 
program sponsored by AGARD (refs. 6 to 8). 

EXPERIMENTAL PROCEDURE AND RESULTS 

The material properties o f  the Ti-6A1-4V alloy turblne disk forging used 
A representative micrograph of the alloy in this study are shown in table I .  

is shown in figure 1. The microstructure consists o f  equiaxed a grains 
(light) in a transformed 13 matrix (dark) containing coarse acicular a. The 
average size o f  the cc gralns is approximately 25 pm. 

The test program consisted o f  four types of experiments, each using a dif- 
ferent specimen machined from the turbine disk forging. The geometry of each 
of the four types of speclmens is illustrated in figure 2. The specimens were 
supplied by Rolls Royce Ltd. Low-cycle fatigue and crack in’ltiation data were 
generated by using smooth cylindrical and flat double-edge-notched specimens, 
respectively. FCG data in the short and long crack regimes were obtained by 
using corner crack specimens and ASTM compact tension specimens, respectively. 
The test matrix used in the program i s  shown in table 11. The EPDT was used 
to monitor crack initiation and propagation for all types of testing with the 
exception of low-cycle fatigue experiments, which were conducted to obtain 
baseline fatigue life data. 

All the experiments were conducted at room temperature in the ambient 
environment on servohydraullc fatigue testing machines. A trapezoidal load 
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waveform with R = (minimum load/maximum load) = 0.1 was used in each of the 
experiments. A schematic illustration of the load waveform is shown in 
figure 3. The frequency of the load waveform was 0.25 Hz unless indicated 
otherwise. The experimental procedure and the results of each type of test 
are presented in the following sections. 

Low-Cycle Fatigue Experiments 

Smooth cylindrical specimens (fig. 2(a)> were used t o  conduct the LCF 
experiments. No attempt was made to monitor crack initiation o r  propagation in 
these experiments. 
measured t o  be less than 2 percent. Tests were conducted under load control. 
Axial strain was monitored with a 12.7-mm-gage-length extensometer. Stress- 
strain hysteresis loops as well as load and strain versus time data were 
recorded throughout each LCF test on X-Y recorders and strip charts, respec- 
tively. Tensile strain ratchetting was observed in all of the experiments. 
The LCF data are tabulated in table 111 and plotted in figure 4. The solid 
line represents the least-squares fit t o  the data points. 

Prior to testing, the bending strains of the test rig were 

Crack Initiation Experlments 

Flat double-edge-notched specimens (fig. 2(b)) with a nominal stress con- 
centration factor Kt of 2.2 were used in these experiments. The deviation 
from the loading axiality was measured under elastic conditions t o  be 3.7 per- 
cent, which was less than maximum allowable value of 5 percent (ref. 7) and 
hence was considered acceptable. EPDT was used t o  establish crack initiation. 
One set of potential probes (0.5-mm-diameter titanium wire) was welded diagon- 
ally at opposite corners of each notch. The reference voltage was generated by 
welding titanium wire reference leads across the notch of an identical double- 
edge-notched specimen made of Ti-6A1-4V alloy. This procedure ensured that the 
reference voltage signal was approximately equal t o  the notch voltage signal. 
The instrumented double-edge-notched specimen is shown in figure 5. The elec- 
trical current was supplied t o  the specimen by a constant dc current source. 

The reference voltage Vref and the notch voltages Vn1 and Vn2 were 
recorded throughout each test o n  strip chart recorders. 
was defined in the AGARD roundrobin (ref. 7) as the number of cycles Nix at 
which the normalized notch voltage Vn/Vref was 1 percent above the initial 
value. The normalized notch voltage versus number of cycles was plotted for 
the notch that exhibited a more rapid increase in the voltage with cycles. A 
typical normalized voltage versus cycles plot is depicted in figure 6. It is 
evident from this figure that fatlgue damage had actually started well before 
the normalized notch voltage increased by 1 percent. The experimental data 
generated by using the double-edge-notched specimens are tabulated in table IV. 
The dashed and solid lines in figure 7 represent least-squares fits t o  the 
crack initiation and failure data, respectively. The crack initiation life 
determined by the €POT for the 1 percent normalized voltage increase criterion 
was typically about 92 percent of the failure life of the double-edge-notched 
specimen. 

Crack initiation life 
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Fatigue Crack Growth of Short Cracks 

The fatigue crack growth behavior of short cracks was investigated with 
corner crack specimens (fig. 2(c>). The crack growth was monitored both by an 
optical traveling microscope and EPDT. Electrical potential across the corner 
crack was calibrated by using surface crack length as measured with the trav- 
e 1 i ng opt i cal ml croscope . 

Two electrical titanium wire probes (0.05-mm diameter) were spot welded on 
either side of the corner crack. The details of an instrumented corner crack 
specimen are shown in figure 8. Because of the strong influence of the loca- 
tion o f  probes on the calibration, caution was taken in locating the probes 
right on the edges of the corner notch. The influence of the distance between 
the electrical probes o n  the crack length calibration i s  illustrated in figure 
9 (from ref. 7 ) .  The reference voltage was provided by welding a separate set 
of electrical probes on another corner crack specimen. A dc current of 10 A 
was supplied in series t o  the reference specimen as well as to the FCG corner 
crack specimen. A fatigue crack was initiated in the corner crack specimen at 
a frequency of 5 Hz. The actual crack propagation test was conducted at 
0.25 Hz uslng the waveform shown in figure 3. The stress intensity factor was 
calculated by the formula shown in appendix A .  

The crack length at the specimen surface as was monitored throughout the 
experiment with the optical traveling microscope. Both the corner crack volt- 
age V, and the reference voltage were recorded throughout the experiment on 
strip chart recorders. The final average crack length was obtained by averag- 
ing five radlal measurements taken at Oo, 22.5O, 4S0, 67.SQ, and 90° from the 
crack corner. The average calculated crack length a was 1.078 times as. A 
master calibration curve was first generated for the corner crack specimens by 
plotting the optically measured surface crack length a, against the parameter 
Vc/VrefW at several different crack lengths, where w is the width of the 
specimen. The master calibration curve for the corner crack specimens is shown 
i n  figure 10. 
bration curve was used t o  normalize the obtained test data. This normalization 
was necessary t o  account for small variations in the distance between the elec- 
trical probes of the corner crack specimens. 
this procedure as well as the equation fitting the data are shown in figure 1 1 .  

I n subsequent corner crack growth experiments the master cali- 

The FCG data obtalned through 

Representative fractographs of a corner crack specimen at the early and 
intermediate stages of the FCG curve are shown in figure 12. In the low AK 
(stress intensity range) region, when the crack was short, the failure had a 
crystallographic appearance (fig. 12(a)>. In the intermedlate AK region the 
failure occurred mostly through a striation-forming process (fig. 12(b)). 

Fatigue Crack Growth o f  Long Cracks 

Fatigue crack growth investigation of long cracks was performed with com- 
pact tension (CT) specimens (fig. 2(d>>. In order t o  provide current input to 
the specimen, two holes were drilled and tapped on the top and bottom surfaces 
of the specimen (fig. 13). Two electrical potential probes (0.5-mm-diameter 
titanium wire) were welded to the notch edge at diagonally opposite corners as 
indicated in figure 13. An identical compact tension specimen also made of 
Ti-6A1-4V alloy was used t o  provide the reference voltage. Direct electric 
current was supplled t o  the CT specimen and the reference specimen in series. 
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A l l  the CT specimens were precracked a t  a frequency of 5 Hz. 
gat ion ,  however, was conducted a t  0.25 Hz by us ing  the t rapezo ida l  waveform 
shown i n  f i g u r e  3 .  
l a t e d  per ASTM E647 ( r e f .  9 ) .  

The crack propa- 

The s t ress  i n t e n s i t y  f a c t o r  for  the CT specimens was calcu- 

The notch and re fe rence p o t e n t i a l  values were recorded throughout the  
experiment on s t r i p  c h a r t  recorders .  The crack was propagated under c y c l i c  
load ing  u n t i l  a/w was approximately equal t o  0.65. A t  t h i s  stage the  speci- 
men was separated i n t o  two pieces and the  f i n a l  crack length  before f r a c t u r e  
was measured o p t i c a l l y .  The f i n a l  average crack length  was determined by aver- 
aging f i v e  measurements taken a t  0, 25, 50, 75, and 100 percent  of  the specimen 
width.  The c a l i b r a t i o n  equat ions used to  c a l c u l a t e  the crack lengths are shown 
i n  appendlx B. The da/dM versus AK p l o t  for  the compact tens ion  specimen 
i s  shown i n  f i g u r e  14. The FCG da ta  appear t o  f a l l  i n t o  two regimes. As  a 
r e s u l t ,  two equat lons were used t o  f i t  the data.  

DISCUSSIOl4 

The d r i v i n g  f o r c e  behind t h i s  work i s  the  need for a t e s t  methodology t o  
be used i n  con junc t ion  w i t h  the  implementat ion o f  damage-tolerant design con- 
cepts for  t u r b i n e  engine components. I n  p a r t i c u l a r ,  screening t e s t s  a re  
requ i red  for  s tudy ing  crack I n i t i a t i o n  and short-crack propagat ion i n  the  can- 
d ida te  ma te r ia l s .  
t e s t i n g  methodology have s u f f i c i e n t  r e s o l u t i o n  for  the de tec t i on  and study of 
small f laws.  

These p a r t i c u l a r  requirements make i t  imperat ive t h a t  the 

Reso lu t ion  

Resolut ion i s  de f ined as the smal les t  increment i n  the  crack l eng th  t h a t  
can be accura te ly  measured w i t h  a g iven crack l eng th  measurement technique. 
The r e s u l t s  of t h i s  work show t h a t  the  r e s o l u t i o n  o f  the EPDT depends on the  
fo l l ow ing  parameters: ( 1 )  the  magnitude o f  the dc cu r ren t  used, (2 )  the  geome- 
t r y  o f  the  specimen, and ( 3 )  the  d ls tance between the  e l e c t r i c a l  p o t e n t i a l  
probes. I n  general the  r e s o l u t i o n  o f  the  EPDT increases w i t h  an increase i n  
the dc cu r ren t .  However, l a r g e  dc cu r ren ts  can a l s o  induce undesi rab le speci- 
men heat ing.  This phenomenon l i m i t s  the  ex ten t  t o  which the  dc c u r r e n t  can be 
increased and hence the  r e s o l u t i o n .  I n  t h i s  program, a t  a dc cu r ren t  o f  10 A, 
c rack length  r e s o l u t i o n s  o f  0.025 and 0.020 mm were obta ined for the corner 
crack and compact tens ion  specimens, r e s p e c t i v e l y .  The in f l uence  o f  the  loca- 
t i o n  o f  p o t e n t i a l  probes on the  c a l i b r a t i o n  for  a corner crack specimen 
( f i g .  9) i nd i ca tes  t h a t  r e s o l u t i o n  o f  the  crack l eng th  measurement depends on 
the d is tance between the probes. 

Besides the l o c a t i o n  of the leads, o the r  f a c t o r s  can have a subs tan t i a l  
e f f e c t  on the EPDT ou tpu t .  Subs tan t i a l  e f f e c t s  on the crack l eng th  r e s o l u t i o n  
were caused by small d r i f t s  in the  c u r r e n t  supp l ied  t o  the  specimens. These 
small d r i f t s  would have no apprec iab le e f f e c t  on long-crack specimens, b u t  for 
the double-edge-notched and corner  crack specimens the small d r i f t s  r e s u l t  i n  
changes i n  the ou tpu t  vo l tage t h a t  can mask the c r u c i a l  i n i t i a l  f a t i g u e  damage. 
The use o f  a reference specimen complete ly  compensated f o r  the small d r i f t s  i n  
the dc cur ren t ,  thus s i g n i f i c a n t l y  improv ing the r e s o l u t i o n  o f  the system. 
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Addi t l o n a l  Factors  A f f e c t i n g  EPDT 

Hartman and Johnson ( r e f .  10) i d e n t i f i e d  th ree  a d d i t i o n a l  f a c t o r s  t h a t  
can in f l uence  the dc e l e c t r i c a l  p o t e n t l a l  read'ing: ( 1  1 ma te r ia l  r e s i s t i v i t y ,  
(2) thermal ly  induced e l e c t r i c  p o t e n t i a l ,  and ( 3 )  crack c losure .  

The r e s i s t i v i t y  o f  the  t e s t  speefmen mate r la l  can change as a r e s u l t  o f  
e i t h e r  p l a s t i c  deformation a t  the  c rack  t i p  or a change i n  the  t e s t  specimen 
temperature dur ing  the f a t f g u e  crack growth t e s t .  I f  la rge  p l a s t i c  deforma- 
t i o n s  occur a t  the crack t l p ,  the  e l e c t r i c a l  p o t e n t i a l  readings cou ld  lead t o  
erroneous crack length  measurements. However, t h l s  problem can be minimized by 
p roper l y  designing the t e s t  specimen geometry. Thermal ly induced r e s i s t i v i t y  
changes i n  the t e s t  specimen can be minimized by c a r e f u l l y  c o n t r o l l i n g  the  tem- 
pera ture  o f  the t e s t i n g  environment. 

I n  general ,  the probes used i n  the  p o t e n t l a l  drop measurements a re  made o f  
a d i f f e r e n t  mater ia l  than the  t e s t  specimen i t s e l f .  A s  a r e s u l t ,  a the rma l l y  
induced p o t e n t i a l  (due to  a thermocouple e f f e c t )  can e x i s t  between the  e l e c t r i -  
ca l  p o t e n t i a l  probes ( r e f .  10). This  the rma l l y  induced p o t e n t i a l  can a f f e c t  
the change i n  p o t e n t i a l  a r ' l s fng  from the  growth o f  the  f a t i g u e  crack.  However, 
the thermal ly  induced p o t e n t f a l  can be minimized by ma in ta in ing  the j u n c t i o n s  
o f  the two d i f f e r e n t  meta ls  a t  the  same temperature ( f i g .  5(b)) .  

Fat lgue crack c losu re  can a l s o  a f f e c t  t he  dc p o t e n t i a l  measured by the  
probes. 
faces o f  the crack and lower the  res i s tance  o f  the  specimen. When the  c u r r e n t  
i s  constant,  lower res i s tance  can reduce the  e l e c t r i c a l  p o t e n t i a l  measured by 
the e l e c t r i c a l  probes. Hence, c rack  c losu re  can lead t o  p e r i o d i c  f l u c t u a t i o n s  
i n  the e l e c t r i c a l  p o t e n t i a l  measured by the  probes under c y c l i c  loadlngs.  How- 
ever,  e lec t r ' i ca l  p o t e n t i a l  corresponding to  the  ac tua l  crack l eng th  can be 
obta ined by measuring the  p o t e n t l a l  a t  the  peak t e n s i l e  load, where the re  i s  no 
crack c losure  ( r e f s .  1 and 10). The e f f e c t  o f  c rack  c losure  on the measured 
e l e c t r i c  p o t e n t i a l  has been observed t o  be more pronounced Sn vacuum than i n  
a i r  because o f  the l a c k  o f  nonconductlng ox lde  l a y e r  fo rmat ton  i n  vacuum 
( r e f .  1 1 ) .  

Dur ing crack c losu re  e l e c t r i c a l  con tac t  can occur between the two 

FCG o f  Short-Crack Specimens 

A corner crack specimen was used t o  s imu la te  the  f a t i g u e  behavior t h a t  
could occur around the  t u r b l n e  disk b o l t  ho les,  where the  f a t i g u e  cracks a re  
shor t .  I t  has been sho n by researchers (e.g., r e f s .  12 t o  ) t h a t  cracks 
sho r t  enough I n  length  e x h l b i t  acce le ra ted  f a t f g u e  c rack  gro  h r a t e s  when com- 
pared w i t h  long, w e l l  developed cracks a t  equ iva len t  s t r e s s  t e n s l t y .  The 
FCG r e s u l t s  obta ined I n  t h l s  s tudy w i t h  the  EPDT, ho ever, do n o t  e x h i b f t  the  
short-crack e f f e c t  and show no subs tan t i a l  d i f f e rence  from the  long-crack da ta  
( f l g .  15) .  The most ' l i k e l y  exp lanat lon  fo r  t h l s  behavior i s  t h a t  the  shor t -  
crack e f f e c t  i s  u s u a l l y  no t i ceab le  when the  crack l eng th  i s  e i t h e r  smal ler  than 
o r  equal to  the g r a i n  s tze.  I n  t h i s  study the  i n l t l a l  c rack l eng th  fo r  the  
corner crack specimen was 0.25 mm whSle the  g r a l n  s l z e  was 25 pm. Thus the  
crack f r o n t  was e m b e ~ d e ~  i n  many d l f f e r e n t  g ra lns ,  and the  shor t -crack behavior 
was no t  observed. Gang lo f f  ( r e f .  3 1 ,  a l s o  usfng EPDT and specimens con ta in lng  
small i n l t t l a l  f laws,  cou ld  n o t  d e t e c t  a shor t -crack growth regime. I n  t h i s  
instance again, the i n i t i a l  f l a w  mlght  have been l a r g e r  than the  g r a l n  s ize .  
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The corner crack specimen i s  capable o f  cap tu r ing  short-crack e f f e c t s  I n  a 
coarse-grained ma te r ia l  ( r e f .  8). 

As mentioned e a r l i e r ,  the r e s o l u t i o n  o f  the  EPDT sys tem was measured t o  be 
0.025 mm for the corner crack specimens. I t  i s  poss ib le  t o  accu ra te l y  measure 
the e a r l y  stages o f  crack growth I n  corner  c rack  specimens w i t h  such a resolu-  
t i o n .  However, short-crack behavlor can be success fu l l y  s tud led  i n  t h i s  type 
o f  specimen o n l y  i f  the g r a i n  s i z e  o f  the  a l l o y  i s  l a r g e r  than t h e  i n i t l a l  
notch. Another s e t  o f  problems a r i ses  i n  speclmens where the cracks i n i t i a t e  
n a t u r a l l y ,  such as the double-edge-notched specimen. One o f  the  problems I s  
t h a t  the leads are loca ted  f u r t h e r  from the  crack,  thus reducing t h e  system 
reso lu t i on .  Another impor tant  f a c t o r  i s  t h a t  for bo th  the notched and smooth 
specimens a number o f  d i f f e r e n t  cracks can i n l t l a t e .  The r e s u l t i n g  vo l tage 
change i s  then i n d i c a t l v e  o f  the cumulat ive e f f e c t  of  a number o f  cracks and 
thus cannot be used t o  c a l c u l a t e  the l eng th  o f  a g iven crack.  However, the 
EPDT can be used for these types o f  speclmens I n  con junc t ion  w i t h  another tech- 
nique for  measurlng crack length ,  such as r e p l i c a t i o n .  For example, EPDT can 
be used t o  de tec t  crack i n i t i a t i o n  and then r e p l i c a t i o n  can be used t o  measure 
the sur face crack length .  

Damage Tolerance Approach 

The r e s u l t s  presented i n  t h i s  r e p o r t  show t h a t  EPDT can p l a y  a s i g n i f i c a n t  
r o l e  as p a r t  of the  t e s t  methodology needed fo r  implementing damage-tolerant 
design concepts. I n  s p i t e  o f  i t s  shortcomings the  EPDT has a r o l e  as an inex- 
pensive screening t e s t  t o  evaluate the smal l -defect  to le rance o f  candidate 
tu rb ine  engine ma te r ia l s .  Indeed, Van Stone e t  a1 . ( r e f .  4) have used EPDT as 
such a screening tool i n  eva lua t l ng  the  damage to le rance o f  n icke l -base super- 
a l l o y s  for  t u r b i n e  d i s k  a p p l i c a t i o n s .  A t  i t s  p resent  stage the  EPDT i s  n o t  the  
u l t i m a t e  methodology for  the  damage to le rance  approach; however, i t s  inexpen- 
s i ve  cost  as w e l l  as i t s  c o m p a t i b i l i t y  w i t h  o t h e r  techniques makes i t  a very  
use fu l  tool. 

CONCLUSIONS 

The EPDT technique was success fu l l y  appl fed I n  determin ing the  f a t l g u e  
crack i n i t i a t l o n  and monf to r ing  the f a t i g u e  c rack  growth i n  two d i f f e r e n t  spec- 
imens o f  Ti-6A1-4V a l l o y .  
observed between the FCG da ta  o f  corner crack and compact tens ion  specimens. 

I n  t h i s  s tudy no subs tan t l a l  d i f f e r e n c e s  were 

The r e s o l u t i o n  o f  the  crack l eng th  ob ta ined a t  a dc c u r r e n t  o f  10 A was 
0.025 mm fo r  a corner crack specimen. 
crack length  r e s o l u t l o n  observed for  a compact tens ion  specimen was 0.020 mm. 
Even though EPDT i s  no t  the  u l t i m a t e  methodology for the damage to le rance  
approach, i t  can be used as an inexpensive screenlng t o o l  t o  assess the  damage 
to le rance o f  t u r b i n e  d i s k  a l l o y s .  

For t he  same magnitude of dc c u r r e n t  t he  
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APPENDIX A 

STRESS INTENSITY CALCULATIONS FOR CORNER CRACK SPECIMEN 

The stress intensity factor KI at the specimen surface was calculated 
for the corner crack specimen by the following formulas (ref. 7): 

KI = 1 . 1 6  ($) Q for a/w < 0.2 

For higher values of a/w the following equation was used: 

KI = [1.12 - 0.13 (i) + 1.84 (Zr + 0.11 (ir + 0.8 (q] ($) u 
where 

a length of crack, m 

u nominal stress, MPa 

L 

w width of specimen, m 

KI stress intensity factor, M P a G  
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APPENDIX B 

CRACK LENGTH CALCULATION FOR COMPACT TENSION SPECIMEN 

The crack l eng th  a o f  the  compact tens ion  specimen was c a l c u l a t e d  from 
the notch vol tage Vn by  us ing  a normal ized c a l i b r a t i o n  curve. Hicks and 
Pickard ( r e f .  2) and Mom ( r e f .  7) repo r ted  such a normalized c a l i b r a t i o n  curve 
( f i g .  16) for a compact tens ion  specimen. The normalized c a l i b r a t l o n  curve, 
developed us ing f i n i t e  element ana lys i s ,  es tab l i shes  a r e l a t i o n s h i p  between 
the crack parameter a/w and t h e  vo l tage  parameter V"/Vr,f. The r e l a t i o n -  
sh ip corresponding to  the  c a l i b r a t i o n  curve can be mathematical ly expressed as 
follows (from r e f .  7): 

- vn = A + Al (i) + A2 (ir + A3 (ir 
vO 

where 

Vn notch vo l tage 

Vo  = Vref reference vo l tage  

and 

A = 0.5766 

A 1  = 1.9169 

A 2  = -1.0712 

A3 = 1.6898 

A 1  t e r n a t i v e l y  

'n - a 9 B + B1 re) + B2 (c) + B3 
W 

where 

B = -0.5051 

B1 = 0.8857 

82 = -0.1398 

B3 = 2.398~10'4 

The f i n a l  value (before the specimen was separated i n t o  two pieces under 
t e n s i l e  loading)  o f  the parameter Vn/Vref was c a l c u l a t e d  from the  measured 
values o f  Vn and Vref f o r  each specimen. The f i n a l  value o f  the same 
parameter was a l s o  c a l c u l a t e d  from the normalized c a l i b r a t i o n  curve (eq. ( B 1 ) )  
by us ing the  measured average f i n a l  crack l eng th .  I n  general,  these two values 
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would no t  be the same, s ince a t  the beginning o f  the  experiment i t  would be 
d i f f i c u l t  to ob ta in  a notch vo l tage t h a t  i s  i d e n t i c a l  to  t i l e  re ference vo l tage.  
Hence the f o l l o w i n g  r a t i o  was computed fo r  each specimen: 

.. - 
‘vref’fi na l  ,normal i zed 

where NP i s  the normal iz ing  parameter. 

The c a l i b r a t i o n  was v e r i f i e d  for  each specimen 

( 1 )  The measured i n i t i a l  vo l tage r a t i o  Vn/Vref 
normal iz ing  parameter NP. 

n the f o l l o w i n g  manner: 

was normal ized w i t h  the 

= (k) (L) 
()i,,tial ,normalized i n i  t i  a1 ,measured 

(2)  The normalized i n i t i a l  vo l tage r a t i o  was then used together  w i t h  equa- 
t i o n  (62) t o  c a l c u l a t e  the  i n i t i a l  c rack length .  This ca l cu la ted  i n i t i a l  c rack 
length  was compared w i t h  the measured i n i t i a l  c rack length  t o  v e r i f y  the  accu- 
racy  o f  the c a l i b r a t i o n .  

puted, and these r a t i o s  were normal ized for  each specimen w i t h  i t s  normal iz ing  
parameter. 
mal ized c a l i b r a t i o n  curve (eq. ( 8 2 ) )  t o  compute the crack length  a. The ASTM 
E647 standard ( r e f .  9) was used to  t runca te  the  i n i t i a l  c rack propagat ion data.  

A t  r egu la r  i n t e r v a l s  o f  c y c l i c  l i v e s  the  measured vo l tage r a t i o s  were com- 

The normal ized vo l tage r a t i o  was then used together  w i t h  the  nor- 

10 
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Number of specimens 

Crack EPDT 
de tec t i on  

Op t i ca l  

Goal 

TABLE I. - MINIMUM MEASURED ROOM-TEMPERATURE 

MATERIAL PROPERTIES OF Ti-6A1-4V ALLOY DISK 

[From re f .  8.1 

6 6 3 3 

J J r/ 

3 

Basel ine fa t i gue  Only i n i t i a l  "Short" crack To ta l  da/dN-AK 
l i f e  da ta  crack format ion range curve 

Tens i l e  s t rength,  MPa . . . . . . . . . 969 
0.2-Percent y i e l d  s t rength,  MPa . . . . 865 
Reduction i n  area, percent  . . . . . . . 26 
F rac tu re  toughness, M P a p  . . . . . 52.3 

Specimen Stress range, Number o f  cyc les  
A a  amax - amin, t o  f a i l u r e ,  

MPa Nf  

I Test specimen Smooth Ooubl e-edge- I c y l i n d r i c a l  I notched ( K t  - 2.2) I 

LCF 9 
LCF 8 
LCF 7 
LCF 12 
LCF l o a  
LCF I l b  

809.2 2 679 
808.6 2 350 
778.9 5 510 
765.9 11 016 
750.6 8 156 
746.7 11 327 

TABLE 111. - Ti-6A1-4V LOW-CYCLE-FATIGUE DATA 

[R = 0.1.1 

2 ;2 

Kt 8 

K: 10 
Kt 7 

K+ 11 

775 2 575 2 890 
775 4 050 4 340 
625 8 950 9 810 
625 9 200 9 660 
500 25 100 27 120 
500 27 000 29 350 

aSpecimen f a i l e d  ou ts ide  the  gage sect ion.  
bSpecimen f a i l e d  near one of t h e  k n i f e  edges of 

t he  extensometer. 

TABLE I V .  - Ti-6A1-4V FATIGUE CRACK INITIATION DATA 

FOR DOUBLE-EDGE-NOTCHED SPECIMENS 

CKt = 2.2; R = 0.1.1 

St ress range, Number of cyc les  t o  1 speclT A a  = a!:: - amin, 1 crack i n i t i a t i o n ,  t o  f a i l u r e ,  
N1% 
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FIGURE 1. - flICROSTRUCTURE OF Ti-6AI-4V ALLOY USED I N  THIS STUDY. 
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2 

I 
I 

.64&0.03 DIAM 

< - 34 60 -a 
(a) CYLINDRICAL UNNOTCHED LCF SPECINEN. REFERENCE CROSS SECTION, 25 m2. 

'1 1.6R 
i 

81to.2R-' 

_- + A' 

-351to.2 

'\ 
\ 
\ 

SECTION A-A' 

(b)  FLAT DOUBLE-EDGE-NOTCHED SPECIMEN (NOMINAL STRESS CONCENTRATION FACTOR. Kt - 2.2). 
FIGURE 2. - TEST SPECIMENS. (LINEAR DIMENSIONS ARE IN MILLIPlETERS.) 
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SECTION A-A 

(c) CORNER CRACK SPECIRN. NOTCH DEPTH. 0.25 M; NOTCH WIDTH, 0.10 MM. 

CURRENT 
INPUT/ 

(d) COMPACT TENSION SPECIMEN. 
FIGURE 2. - CONCLUDED. 

I 
TIME, SEC 

FIGURE 3.  - SCHEMATIC ILLUSTRATION OF LOAD WAVE- 
FORM. R = P,,,/P,, = 0.1. 
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. 9 0 0 r  
0 LCF DATA 

LEAST-SQUARES 

TITANIUN WIRE 
(o.~-MM DIAM) 

NUMBER OF CYCLES TO FAILURE, Nf 
FIGURE 4. - RESULTS OF LCF EXPERIMENTS. 

(a)  ATTACHMENT OF POTENTIAL LEADS. 

L ASSURE SAME 
TEMPERATURE 

( b )  SETUP OF CURRENT AND VOLTAGE WIRING. 

FIGURE 5. - WIRING OF DOUBLE-EDGE-NOTCHED SPECIMENS. (ALL DIMENSIONS ARE IN MILLIMETERS. 1 
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c 

3 W 0 

(1.01 * VflI)/vREF 

0 CRACK INITIATION DATA, N i x  
0 FAILURE DATA. Nf 

v) 
v) W 

400 % 
-96 .97 .98 4 6 8 1 0  20 4Ox1O3 
L 

NORMALIZED NOTCH VOLTAGE, VflNREF 

FIGURE 6. - NORMALIZED NOTCH VOLTAGE VERSUS NUMBER 
OF CYCLES FOR DOUBLE-EDGE-NOTCHED SPECIMEN. 
IMEN NUMBER, K t  9; CRACK INITIATION, NIX = 4050: 

SPEC- 

Nf = 4340. 

CURRENT 
OUTPUT 

4 

NUMBER OF CYCLES, N 
FIGURE 7. - RESULTS OF CRACK INITIATION EXPERIMENTS ON 

DOUBLE-EDGE-NOTCHED SPECIMENS. 

0.05-DIAM 
PROBE WIRE 

'L NOTCH 
CERAMIC 

ENLARGED SECTION A-A' 

CURRENT 
INPUT 

FIGURE 8. - POTENTIAL DROP LEAD LOCATIONS FOR CORNER CRACK SPE- 
CIMEN. (ALL DIMENSIONS ARE I N  MILLIMETERS.) 
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5 .I 

--O-- Z/W = 0 FIN ITE -*-- Z/W = 0.05 ELEmNT - 4-- Z/W = 0.1 RESULTS 

n 

i 
ANALYTICAL SOLUTION 

FIGURE 9. - COMPARISON OF ANALYTIC AND F IN ITE ELE- 
VENT RESULTS FOR CORNER CRACK SPECIMEN. 
REF.  7.) 

(FROH 

1 
0 .I .2 .3  .4 

a,/w 

FIGURE 10. - MASTER CALIBRATION CURVE FOR CORNER 
CRACK SPECIMEN. z/w = 0.102. 

da/dN = 9. I I x I O - ~ ~  -,, 

10-8 3 
10 20 40 60 80 100 

STRESS INTENSITY RANGE, AK, RPafi 

FIGURE 11. - FATIGUE CRACK GROWTH DATA OBTAINED WITH 
CORNER CRACK SPECIMENS. 
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(a )  CRYSTALLOGRAPHIC FRACTURE IN LOW AK REGIME. 

(b) STRIATION FORMATION IN INTERMEDIATE AK REGIME. 
FIGURE 12. - REPRESENTATIVE FRACTOGRAPHS OF A CORNER CRACK SPECIMEN AT EARLY AND 

INTERMEDIATE STAGES OF FATIGUE CRACK GRONH. 
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da/dN = 5.95~10-l~ AK3*51 7, 

L._U .- da/dN = 2.35~10-l~ AK7'08 

I I I I I I I I I  
60 80 100 40 

10-9 
10 20 

STRESS INTENSITY RANGE, AK, MPafi 

FIGURE 19. - FATIGUE CRACK GROWTH DATA OBTAINED WITH 
CONPACT TENSION SPECIMENS. 

20 40 60 80 100 
10-9 

10 
STRESS INTENSITY RANGE, AK, MPafi 

FIGURE 15. - COMPARISON OF FATIGUE CRACK G R O W  RATES 
FOR CORNER CRACK AND COMPACT TENSION SPECIMENS. 
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a/w 
FIGURE 16. - FIN ITE ELEMENT POTENTIAL DROP ANALYSIS FOR 

COMPACT TENSION SPECIMEN NORHALIZED TO Vn/Vo = 1 
a/w = 0.244, WHERE Vo I S  POTENTIAL DROP AT IN IT IAL  

AT 

CRACK LENGTH a. AND Vn I S  POTENTIAL DROP AT CRACK 
LENGTH a. (FROW REFS. 2 AND 7.) 
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