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(
“AN INVESTIGATION OF MECHANISMS EFFECTING

ENVIRONMENTAL STRESS CRACKING tN TITANIUM ALLOYS ”

Abstract:

The Acoustic Emission System has been able to detect and record

crack growth in a titanium alloy (Ti6A14V ) under a less than

cri tical stress intensity (K
1
) in a methanol environment. The

fracture mechanics concept wa~\app1ied to the data obtained on

the 25.4mm (1 inch) modified wedge-open-load (WOL) specimen
\

with a constant-open-displacement (COD) crack. A closed-loop

environment system contained the ~pecimen , methanol and

piezoelectric transducer for the duration of the crack

propagation under the sustained load. The crack growth to

cumulative emissions count (da/dn) shows a decreasing linear

relationship to the stress intensity (K1).

Introduction: -. 
-~~

• Titanium alloys exhibit several specific properties that make

their use very desirable in the hydrospace and aerospace

structures. Titanium 6A14V alloy has exhibited susceptibility

to environmental attack under sustained loads and crack

propagation occurs which has ultimately caused failure in the

structure even at a sub—critical stress intensity level.

The alpha-beta titanium alloy (Ti6A14V) used in this

investigation was machined into bolt loading type WOL test

specimens from the specifications given in the ASTM-E-399-74

standard , with an increase in the depth of the specimen (W).

Nine specimens were solution heat treated at 9l4C (1678F)
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under a dry grade nitrogen atmosphere for two hours. The

nitgrogen was released into the electric arc furnace chamber

at 3.5 cubic feet per hour , providing an oxygen f ree

envi ronment .  A rapid oil quench was used . A thin f i lm

averag ing  one mu t h ick  had to be removed from the specimens

before testing . The dry grade nitrogen was used to purge

the closed—loop environment test chamber before the specimens

were inser ted and dur ing  the sustained load environment attack .
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F i g u r e  1. The 25 .4mm WOL test specimen machined in the
Mechanical Eng ineering laboratory . The knife edges on the
semi-circle were cut to hold the MTS clip gage for load
calibrition . The thin copper sheet was inserted between the
steel bolt and titanium alloy to reduce galling effect.
The environmental crack was seen moving in the groove for

3 .4  mm ( 0 . 1 3 4  in) then suddenly moving at a sharp angle
t o  the  qroove ’ and l a t e r  growi ng back into the groove .
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The fati gue load calibration compliance required to pro—crack

the test specimen was determined by the f r ac tu re  mechanics

• equa t i on  M~ A K ( B )  ( / W ) / f (a/W)~ - , where a = crack length ,

t~K = 15 psi /1~ , and W = depth of specimen and f/(a/w) = 1 2 . 2 .

I~~~— cr .n-ks  were between 0.80 and 0.95mm (0.022 and 0.037in)

• at 50 Hz fati gue cycle.
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Fi .~urt~ 2. The sustained loaded test specimen can be seen in
• the closed-loop environment chamber . The nitrogen ,methanol ,

dr ive line ti~ ~l e  AE sy stem , and therometer were passed
through the top cap of the chamber tube . The micrometer
t r a v e l i n g  microscope fol lows and measures the crack l e n g t h .

The sw.tained load calibration was calculated in terms of a
I

s t r e s s  in t ens i ty  fac tor  (K 1) by the equation ,

K 1 = ( P / ( B ~~) v ’~Y [ 2 9 . 6( a/ w) 1”2 - 185 .5 ( a/ W ) 3’
1 

+ 655 .7  (a / W ) 5”2

• - 10 17 ( a / W ) 7/ 2 + 6 3 8 . 9 ( a / W ) 9/2
~ , where a = crack length ,

W = depth of spt ’ ’imen , 13n = th ickness  across grooves , and P =

a p p l i e d  load. 2

• The acoust ic  emission system received the crack output  data
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through the piezoelectric tr~ nducer amp ] if ied to 85dB and

band-pas~ filtered in a ~r eguency range of 100 to 300 kHz.

This data were fed into a digital counter set to sum all

incoming signals (accumulation mode) and displayed on the

y-axis cf the x-y plotter . Macrocracks in the order of

0.87mm to l . 7 7 i tr t (.035 in to .068 in) were measured through

the Gaertner travel . r~j i~ i croscope to correspond to some

acoustic signals recorded on the x—y plotter.
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• Fiqure 3. The cumulative emission ceurr t :~ coming off the
specimen under environment at t ick ari d recorded on the y—axis
of the x—y plott er. The burst--type emission is similar

t throughou t the specimens tested . Crack growth length was
marked to correspond to the emission amplitude where possible.

I
—4—

• 

‘

I 

_ _ _ _ _ _  

_____ 5

L. ~~~~~~~~~~llIlIN.d. ~~~~~~~~ ~~~~~~~ ‘ “ --~~~_ _ _ _ _ _  

_____________________



-‘ ! 5 -5_-55•-5S-5~~5 _ _  ‘~5--5~ ——  
—‘ ~~ -

5-
~~~~~~~~~~ T~~

’- ‘
~~~~~~~~ 
- S 

_~~
._ --. ..-.- .~~~

$

Al 1 specimens were p u l led  ~ipa r t  a f t e r  t h e  ens’ i ronmen t chamber

t e s t  and the fractured s ur f a c es  were examined  undei a 30X

m agn i f i c a t i o n . The macro-structure revealed additional cracks

within the structure as well as the formation of small island

like crystals that could not be observed by the travelinq

microscope .
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F i g u r e  4 .  Another  specimen under  test revealed the same burst—
type e m i s s i o n s .  The emis s ion  count rate is f a s te r  fo r  the f i r s t
two to three  m i n u t e s  then grows constant while the amplitude
of the burs t  are g e n e r a l l y  c o n s t a n t .

• E i g h t  sect ions were cut  f rom f o u r  d i f f e r e n t  test specimens and

microstructures were prepared for examinations. Kroll’s

• reagent was used as the etchant . The microstructure revealed

- ~ I the acicular type (Widmanstatt:: structure) througout the
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several specimens . The typical environmentally influenced

crack structure is seen in Figure 5.

• tensile env i ronment fatigue milled
fracture cracking crack notch
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Fi g u r e  5. The test specimen separated a f t e r  the env i ronment
test and several hours in the dessicator. The knife edge for
c l i p  gaqe #1 , the  machined notch zone #2 , the fatigure crack
zone # 3 , the sustained load environment attack zone *4 ,
and the tensile fracture zone #5 are shown .

M a t e r i a l s  and Procedure :

The 2 5 . 4 m m  (1.00 in) WOL test specimen was designed to the

S A STM- F- -3 99 - 74  speci~~i c a ti o ns .  The depth of the specimen (W)

was increased to 67.47mm (2.665 in) to allow more crack

‘ St 
irowth in the environment and maintain a plane strain mode .

• These were  m ac h i n e d  from the as received annealed  t i t a n i u m

t~A 14V d iloy with the depth of the  specimen ( W ) in the  ro l led

direct ions , Figure 1. These were heat treated at 914C (1674F)

p for two h o u r s  in a dry grade introgen atmosphere flowinq

into the electric arc furnace at 3.5 cubic feet per hour and

oil quenched to room temperature , 26C (78F). They were then

p reheated to 749C (l380F) into the beta anneal range for two

hours. The furnace was shut down and the specimens furnaced

— 6—
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cco led  to 535C ( 1 0 0 0F )  then cooled i t  t he  l abo ra to ry  atmosphere

to 26C (78F) -

$ 
All the specimens were descaled by mechan i ca l  means u s i no

50 , 80 , and 120 g r i t  s i l i c o n  c aib i d e  a b r a s i v e  be l t s.  The side

~j rooves de s ig r i e~i to gu ide  t h e  c rac k  movement  were hand  f i n i s h e d

with 240 orit. The specimen were  then p laced in a c lean dry

d e s s ic at o r .  I’ r e - cr a ck in q  was done on t he  e l e c t r o n i c  servo—

hydraulic dynamic test machine. Each specimen was given the

pre-crack by the calculated load calibration and then the

initial stress intensity (K1) was applied as the sustained

load by use of the  d i q i t a l  m u l t i m e t e r , MTS c l i p qaae  and bolt

and wrench. The initial stress intensity factor (K1)

(9.85 MP a  /~~~) was a t  appro x ima te ly  two—th i rd s  the c r i t i c a l

s t ress  ( K i~~
) , the s t ress  level below which crack growth does

not occur in the l abora to ry  atmosphere.  Under  th i s  load

condition , each specimen was placed into the environment

test chamber. The piezoelectric transducer was fastened to

the specimen with a viscous resin and the drive line fastened

by BNC connectors  to the Model 3000 Acoustic Emission System ,

on to which the x-y recorder is attached , Figure 2. The
I

Gaertner traveling microscope, 32X magnification , was set up

to opticall y follow the crack growth in the specimen for the

tes t  period .
$

During a period of ten to twelve hours in the test environment ,

the crack growth measurements were recorded optically and where

possible these were recorded on the y-axis plot to correspond

-
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to the amplitude of the cumulative emission (dn) recorded on

the plotter . At crack arrest , the specimens were removed from

- 
4 the test system and the viscous resin removed . They were then

wrapped in absorbant paper towel and stored in the dry dessicator

for observation before pulling part.

S The entire macrostructure of the test specimen was examined

through the stereomicroscope at 32X magnification . Sharp

contrast was observed in both the color and nature of the

fracture produced by the environment attack under sustained

load and by that the tensile fracture , Figure 5. The fracture

toughness equation , K
1 

= (P1/B~W
1”2) [29.6(a/w )L”2 — 185.5(a/w)3/2

+ 655.5(a/w)512 - l017.O(a/w)7/2 +

638.9(a/w)9”2]

was used to determine the stress intensity at several measured

crack lengths in the area under environment attack.

Discussion :

$ The 2 5 .4 m m  WOL specimen under the sustained bolt load maintained

a constant-open-displacement (COD), in a plane strain mode

and proved adequate in differeniating between crack growth

caused by environment attack and that due to the critical

stress intensity 7178 psi i’T~~ (K1c) in the laboratory atmosphere.

No crack growth was seen optically in the specimens that were 
S

- $ given calculated stress intensities between 6000—6900 psi It~
while they were in the laboratory atmosphere or in the

S 
des sicator. Acous tic si gnal s were detected and recorded on

the x—y plotter within a few seconds after these same specimens

t came in contact with the methanol in the closed—loop environment

-8-
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test chamber , Figure 4 .  Af te r  the crack arrested in specimen

(A ) under the stress intensity 6936 psi ITW (K 1) in the

menthanol test environment , it was removed and stressed to

7178 psi ITh (K1). Under this higher stress intensity no

visual crack growth was observed optically in the specimen

in the laboratory atmosphere. This specimen was returned to

the mehtanol test environment in the closed-loop test chamber

system and the crack growth was detected optically and

through the AE system . The crack growth at this low stress

intensity appears to be a result of a diffusion mechanism

related to the methanol concentration , grain boundaries , and

impurities at a crack tip stress intensity . Further

investigation shall be directed on this phenomenum .

C. The acoustic signals output at the piezoelectric transducer

was amplified to 85dB, filtered for frequencies between 100

and 300 kHz. The output was sent to a signal conditioner ,

• digital counter , and summed as total cumulative acoustic

signals (dn) for each burst-type crack and recorded on the

y-axis. A ramp generator provided that full scale horizontal

$ sweep on a 30 minute time base. The digital/analog accumulations

were recorded as voltage output on the y—axis. The amplitude

of the cumulative counts (EN) displayed ,illustrated the effect

$ of the environment in producing the burst-type crack movement ,

Figure 3. The crack length was measured along the groove of

the specimen optically and recorded on the amplitude output

S of this signal at the x—y plotter. This was not possible at

—9—
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a l l  bu r s t , even t hough the  acous t ic  s ig n al s  were c o n s t a n t l y

being received , an indication that the  crack was stil l mov i ng .
I

The crack movement was observed to move slower by •-in order

of magnitude in the beta annvah’d specimen t h a n  in  t h e  as

re’ce ived in~ II annealed . There was no pronounced 1 cad i U t i
I

i n  t he cr ack , but  the  crack did appea t to move I rem i ns ide

- 
S 

to out. This would account t o t the  burst—type emissions ,

but no observed crack growth tot the events .

Exam m a t  i ons  of the  I r . tct  u t  ed surt ace under the st ci  —

in i c roscope at 2X maqn if i cat ion revea l ed small crys t a l i t  ne

$ 
pa r t  id es held by a t h i n  boundary  in the  shear c av i t i e s

throughout the environment attacked zone ot t h e  beta annea l ed

speci mens , F igure  7.  The angu lar  directions of the shear

$ 
cavities with the horizont al crack movement appear to

illustrate the anisotropic behavior in the crack movement.

The length of the cavities tend toward the direction et the

major crack movement ; howevet , these cavit ics showed depths

up t o  h a i l  their length with additiona l shear crackinq at the

base. The small crystals measured up to 0.15mm (.006 m l

thick and 5e; much as two t imes this in length. Other

in ve st i q a t er s  have observed t h i s  phenomenum in  the bet.i-

annealed titanium alloy . This bifurcation effect probably

reduced the stress i n t e n s i t y  and accounted tar the hiqh

amp litude cumulative counts ( E N )  recorded on the y -ax i s  of

the plotter . The scanning beam electron microscope should

provide additional information on this phenomenum .
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$ Figure 7. Transgranular cracking is seen along the crack edge
of the microstructure of acicular alpha (light) and aged beta .
The continuous acicular alpha boundaries (transformed beta)
is shown .
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F igure  8. The photomicrograph of the beta annealed f rac ture
reveals t ransgranular  cracking at the edge of the crack pro-
pagation boundary. A continuous acicular alpha boundary
stretches across the matrix. Primary alpha (light) is seen
in the lower r ight .
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Fiqure 9. Wide plates of acicular alpha (transformed beta) and
$ thin plates of transformed beta was found in the micro—

structure of test specimen CD)
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Figure 10. The photomicrograph shows fine acicular al pha wi th
• aged beta.  A course acicular  alpha boundary ( l i gh t )  is h i g h l y

v i s i b l e .  The l i g h t  gray boundary along the crack edge results
f rom the methanol  envi ronment  a t tac k .
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The crack growth  WaS i n o l t  t apid and extended over a longer

pet iod in the as received mill annea led specimen than in the S

bet a annealed  specimen . The data shown in Figure 12

ind icates th a t the bet a an n ealed speci men s shows a decrease

in strength and ductility when compared with the as received
•

m i l l  an ’-iea l ed spec imen . Specimen (A)  was env i ronmenta l ly

tested under  a lower  and hiqher sustained load. The stress

intensity i n c r ( ~.l~i e ’d I~y 30% but  the slope of the stress

intensity curve r emains constant

- 
- - : -

- - • ~v t t s~u~ ated M • - :
) 

~mf b g..mild Pa - Zn: lbs - -
S - . ~~~~~~~~~ S • •

,:. Z-~ -~~~ 44 £# ~. ~~ ~a *
~~~~n) - S

F~ yur t~ Ii .  The data shows a comparism of the environment
(methanol) induced crack growth in the test specimens under

• sustained bolt load conditions. Specimen (A) shows a curve
f o r  two tl itt e rcnt sustained load , but the slope of the
curve  remain  cons t an t .

This data is based on an observat ion that crack growth in

• the sustain loaded specimen was not observed to occur until

the specimens was in contact with the methanol. The crack

growth was very active in the initial contact period , af ter

• the first hour the crack growth becomes less active. However ,
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some observations have seen rapid acoustic signals of high

ampli tude cracks recorded af te r  crack arrest for 4 to 5

hours , Figure 4.
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Figure  12. The stress intensi ty AK 1 shows a linear decrease
$ as the crack extends over the environment attack period .

The data shown in Figure 13 , attempts to relate a ratio of

cumulative emission counts to a specific crack burst to

stress intensity seen by the specimen at that instant crack .

More work shall be directed at this technique. The stress

intens ity tend to decrease linear with the extending crack

and cumulative emiss ion counts.

The heat treated specimens were descaled by a surface grinder S

and abrasive belts of #50, 80, and 120 grits . This operation

did not improve the surface texture or hardness. A super-

ficial surface hardness tester was not available to make

this type surface hardness test.
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Conclusion:

5 The closed-loop controlled environment isolated the low

stressed test specimen from which acoustic signals were

recorded in a frequency range of 100 - 300 kHz at a gain

$ of 85dB. These signals were able to be identified as

those resulting from crack propagation within the specimen .

This suggest that crack growth resulting from environment

effect may be detected and differeniated from other

noise.

Data presented in the study shows that crack growth rate

and length decreased significantly , approx imately 32% , in

the beta annealed specimens as compared to those of the

as received mill annealed titanium 6A14V . However , the
£

Widznanst~ tten structure (acicular alpha) in the beta-

annealed revealed a coarser grain microstructure and this

resulted in decrease in ductility and strength.

The fractured macrostructure in the beta annealed Ti6A14V

revealed large shear cavities of depth up to 0.57mm (.022 in)

* 
sloping at angles of 18 to 20 degrees to the horizontal

plane. A few of these cavities revealed crack growth

continuing from the base of the cavities downward and

• perpendicular to the primary crack growth direction . This

relates to anisotropic behavior in the beta annealed crack

growth. This mechanism may have been a contributing factor

• in the high decrease in crack growth rate and length .

The low stress intensity factors between 6228 and 7178 psi

S—I —_~,_..sS-.i. __~~__.S~~~~ S~~~~~~~~~~
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II~ ( 4 2 . 8  - 49.5 MPa ?‘~~) did not produce crack growth in the

test specimens under laboratory atmosphere or in the

dessicator over observed periods of ten to fifteen hours of

sustain load condition . However , the methanol environment

• of the closed-loop test chamber triggered a crack movement

in the specimen within ten to fifteen seconds. Crack

growth under this condition seems to be related to a

$ d i f fus ion  mechanism which may involve methanol concentration,

grain boundary energy and or impurities. Further effort

will  be directed in this area .

$
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Problems :

• The Acoustic Emission System is undergoing some updating in

the sections that define the ampli tude of the crack flow ,

quantify the acoustic signals , and measures the ener gy per S

• emission event. This means about for to six weeks of down

time in the application of the AE System in the investigation .

A dry grade argon gas will be substituted for nitrogen gas as

the cover gas for the specimen in the test and heat treatment.

$
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