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ABSTP.ÂCT

Tbe detection and analysis of rAcoustic Emissionr is

one of the most promising non-d.estructive techniques to be

used as an integrity monitoring device. The technique has

the ability to detect the crac]: formation and its grohTth I at

the time it occurs, and to accomplish this remotely.

Acoustic emission could be classified as l-ow amglitude

acoustic signals emanating from processes involving small

amounts of energy such as plastic deformation, twínning, slip

or sudden reorientation of grain boundaries and as hígh amp-

litude signals frorn micro/macro cracking, fatique, stress

corrosion cracking, and hydrogen embrittlement, eLc. Dealing

with high amplitude signals, as they are easy to handle hrith

respect to the noise level of the system' the AE has a vital

potential to monitor sub-critical crack growth.

The mechanism in Zr, Ti and Va alloys involves discontin-

uous crack extension through hydride particles formed at cer-

tain temperatures in the presence of avail-able hydrogen and

is usually terned as delayed hydride cracking. AE r^Ias succ-

essfully monitored for sl-o'nr crack growth during delayed

hydride crackìng fn 7'r-2.58 Nb alloy' The results inclicate

that the quantitative measurements of crack extension and

crack velocit:¡f \"¡hich is of the order 10-9 to 10-11 m-/sec,

are possÍbLe using acoustic emission technique. Furthermore,

AE tests support the suggested fracture mechanism in this alloy'



ii

The effects of stress intensity, temperature and hydrogen

content have been studíed on acoustic response of slow crack

growth and discussed accordingly. The total number of counts

and the burst coun! rate \,tere found to be in direct propor-

tionality witlr the area cracked during slow crack grov'th and

the crack velocitY respectively.
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I. INTRODUCTTON

Slow crack growth has been observed in various materials

such as steels, nickel r Ti' Va, zr, eLc. under hydrogen embrit-

llement. Stress corrosion cracking and fatigue. Various tech-

niques have been employed to measure crack velocitv Curing slow

crack grov¡th in these material-s. one of the most conrnon tech-

niques for such measurements involves the use of coD (crack

opening ilisplacement) gauge, The technique provides reasonably

reliabte data as far as crack velocity measurements are concerned.

Horrever, COD measurements reflect only the cumulative effect of

all crack growth events Ín the thickness, i.e. the macroscopic

crack gror^rth. (The use of cOD gauge also involves specimen

standardízaÈion and calibrations). Optical method has been

used. to monítor the moving crack tiÐ by ernploying a travelling

microscope. This method reveals only the surface effects and

cannot be used in the case of plain strain fracture toughness

tests vrhere the crack growth ís more dominant at the centre of

the specimen. This nethod may also Produce erroneous results

where the crack branching is associateC v¡ith the crack tip

novenent. other researcher=1'3 huv. used a post-mortem type

of technique where the specirnen is fast fractured after the

test and the incremental crack groi.tth optically neasured.

This technique is \¡ery time consurning and ¡neasures only the

cumul-ative growth for a certain 1en9Èh of tine. The above

techniques suffer from a common handicap, namely, their



2

limited potential in deter¡rining the details of the fracture

rnechanisrns involved.

In this study, acoustic enission has been advantageously

used for the detection and continuous surveill-ance of propagat-

ing cracks ín Zr-2.5S Nb. An AE testing system has been dev-

eloped to test fatigue precracked compact tension specirnens and

AE signals from slow crack gror'7th have been analyzed' The AE

coun! rate provide¿l quantitative measurements of crack growth

rates r¿hife totalized AE (burst*) counts estimated the incre-

nental area cracked. The nature of AE plots from the slo\"t

crackgrovrthindicatedthatthecrackgrohTthprocesswasdis-

continuous and involved local èmbríttlement' The absence of

AEburstsattemperaturesabove200ocinísotherma].ScGtesÈ
indicate the requirement of hlzdride particle for crack growth

to occur. These observations confirmed the basic models ¡of

slow crack gro\¡th in this r'naterialr suggested by AECL research-

ers42-46. Effects of stress intensity factor' temperature and

hydrogen content were studied and have been discussed

accordingly. Supplementary fractographic studies employing

opticat, scanning and transmission electron microscopes v/ere

carried out on AE tested soecimens' These studies further

conf irmecl the concl-usions that the crack growth process is

intermíttent and involves hydride cracking'

* See Appendix C



2. LITRATUR]T SURVEY

2.1 Acoustic Emi ss ion

Acoustic emission is a natural concomitant of any dyna-

mical process. The stored potential energy during straining

of the material is released during deformation and fracture'

Part of this energy is transformed into elastic waves that

propagate through the material and may be detected on the

surface by a sensitive transducer. Such signal-s are called

ácoustic signals, stress wave emissions or seismic signals.

These emissions are high frequency (10 KHz to 5MHz), short time'

(.03 to 30 Usec) pulses which reflect the response of the mat-

erial under deformation.

Characteris tically , all metals exhibít two distinct types
. 23.25.30or emr-ss.rons referred to as burst type and continuous

type (Fig. 1). As observed on the oscilloscope screen, the

burst type signal apÞears as an exponentially decaying ring down

pulse, \,\¡ith relativellz high amplitude whereas the continuous

signal has an appearance of sustained si9na1 level- with rela-

tively 1ow arnplitude, The two emissions are produced depend-

ing on (1) AE response of the material' e.g. zinc emanates Dre-

clominantly burst tyne white Aluminum almost entirely continuous

signal-s; (2) type of deformation, e.9. mícro,/m4c¡o cr¿cking and

fracture result in burst type while yielding and plastic

deformation produce .continuous emissions. A large number of

investigations have been reported on AE generation during



(a) Burst type signals

(.b) continuous s icrna 1

FIGURE 1. Characteristic Emissions from



plastic deformation, initiation and propagaÈion

variety of mateïial"5=2c. A historical review

AE has been presented by Liptai et a14.

Recent applications of the technique have

two fiefds, I) basic materiaLs research and 2)

tural integrity.

of flaws in a

of research in

been mainly in

applied struc-

2.I.L AE and Basic l4aterials Research

As this area is not of direct concern in this investiga-

tion, only a brief reviev¡ is presented for the sake of compJ-e-

tion and to provicle the more significant references to literature.

Attempts have been made to identify the sources of AE during

deformation of single crystals, polycrYstal- line materials and

composite materials. Fisher and LaIJ.yS and manlz other research-

"tr6'7' 
8 h.rr. ídentifieil dislocat.ion motion as a prime source

of acoustic emission. ci11is9 has presented a model to support

distocation motion as a source of acoustic emission. Speich
tn

and Fisher-" have observed that martensitic transformation pro=

duces acoustic emission. Liptai et alIl also related acoustic

emission to martensitic transformatíon in Au-Cd' In-Ti and in
1t

cobalt during fast cooling. Vloodviard and Harris*- used signa1

analysis to ldentif,y sources of acoustic emission. In the re*

cent studies by Gil1is and Hanstàdl3 a relationship has been

developed between acoustic emission and the amount of defofina-

tion. Tandon and tangril4 ,r="d acoustic e¡nission technique to

study dislocation generatìon from grain boundaries. Various

processes giving rise to acoustic emission nay be tabulated in
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the following forrn-':

MICROSCOPrC 
"ROCXSSnS

Creep

Dislocation Ì{ove¡xent

Embr i tt lelnent

Luderband formation

Magnetic transition

Ferroelectri-c transition

S 1ípping

Twinning

MACROSCOPIC PROCËSSES

Boi l- ing

E tching

Crack grol.7th

Frac ture

Leak detectíon
f,{elding

Corro s íon

Thermal shocks

detection and bubble
forrnation

2.I.2 AE and Structural IntegritY

Consiclerable amount of work has been done to use AE as a

¡neans of evaluating structural integrity by detecting active

fLaws which may cause ultímate faifure. Evans and Lin=erl6

used AB for failure prediction in structural ceramics' A

substantial amount of emissions was obtained well before frac-

ture and increasing acoustic emission count rate predicted the

incipient failure' Structural íntegrity of f iber,/epoxy vessels
'1 1

was investigated by Hanstad and Chiao-' by developing an AE

monitoring systeÍn to detecE fLaws leading to the structural

failure. I{ebborn and Rawl-ingsl8 detected fatique crackíng prior

to catastrophic failure b1' AE rnonitoring of welded tubular

Joints under constant and random amplitude loads' Hartbohrer

et a119 used AE as a precursor of imminent failure for low



cycle fatique and environmentalty assisted fatique in a

similar manner, by detecting cracking and crack growth.

During tensile testing of flawed and unflawed specimens

of 7075-T6 AI' Dunegan and Harris20 fo,-rrrC that the AE count is

a function of plastic volume in flawed s5recinens. Alternatively'

Pa1mer and Healil2l suggested that the total emission count is

a function of the area of elastic plastic boundary ahead of

the crack and not the plastic volume. They postulated that

total emission count, lI, is directly proportional to the plastic

zone radius, S, such that

N = D.S (2.r)

vrhere D ís the proportionality constant depending on strain

rate, temperature' thickness and rnicrostructure . In linear

el-astic fracture rnechanics, the plastíc zone is proportional

to the square of stress intensity factorr K'

ItroK2

A more generalized relation lras suggested by

in the form:

N "( Km (2.3)

r,.rhere exponent rx was found to vary between 2 to I' typically 4

f.or 7075-'16 41, and 8 for Berillium' Their tests on signle edge

notch fracture toughness specimens followed this exponential

relation.
Gerberictr and Hartbow.tt3 h.rr. found a relationship be-

tw'een crack paraneters and acoustic emission. A se¡ni*empiricaf

relationship was developed from etasticity theory
.,)

ÂA t 1¡n¡t n/Kt (2.4)

(2.2)

Dunegan "E al22



I

r^¡here 
^A 

is the incrementaL area s\,rept out by the crack, Ig
is the sum of stress r.¡ave amplitudes | .E is the elastic rnodu_
lus, and K is t.he applied stress intensity factor. Thev com_
pared the results frorn fatique tests on steels, Al anrj Ti,
(Fig'2) and found that a reasonabfe correlation exists betr^reen
L9/cycle and. crack qrowth increment/cyc Ie . The above formula_
tion was semi -quantitatíve in nature and assumed an ínfinite
plate geometry for a reLatively narroh, specimen. Gerberich
et al2 4 also proposed

g= (2.5)

where Ca is a constant, and L is the sample tength betvreen
grips.

Dunegan and Tetelman25 conducted experiments on cathodical_ly
charged steels to nonitor hydrogen enbrittfement. They found
acoustic emission (AE) and crack opening displacement (COD)

to be Linear functions of time. They afso devefoped a relation_
ship between AE count rate and stïess intensity factor:

$f=a.66xro-5rxs-xjl (2.6)

where Ko is the threshol,d stress intensity factor (7KSi,/inI/2).
The most important conclusions reached in this study v¡as that
the AE rate can be used to determi.ne the tìme for the onset
of raPid fracture and cotrresponding stress intensity factor,
regardless of lnitial_ loadingf incubation time or any other
factor's connected w.ith geometricaf differences. Using a



E

Stress V{ave Parameter Versus Incrernental Crack
Area for Certain ¡laterials. orD6ac Steel-High
Stress Intensity Fatique; afD6aC SteebEnvironnental
Crackinc Under Sustained Loads¡ tr ,7075!6 Alurninum-
Rising Load; g , 5AL-4V Titaniun*Rising Load23.

o

FIGURE 2.

',{¿ t
t y';"-
'Å y'c

ô4, lncr..n.nrol Arôo (iñr )
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slightly different technique Harris et at26 reported slow

crack grohrth in steels under hydrogen embrittlement or fatique

conditions to follow a relationship

dN-^.,n
- 

= rr." (2.71
dA

rrr"r" $f is AE count per unit area fractured?,D and n are

constants.

Since the stress intenÈity factor is related to plastic

zone size and the latter is further refated to crack típ

opening displacement, acoustic emission could be characterized

in terms of crack opening displacement. This was attempted bl¡

Palmer et a127 for comgact tension steel specimen. They showed

that the total AE counts and coD bear a relationship of the form

w = eôh (2.8)

wl-rere 6 is the crack opening displacement and A is a constant.

The exponent n r^ras found to be cfose to unity in their exper-

íments. similar results have been reported by Bentrey "t uL28'29.

They observed values of approximately 1.2 for a similar c/Mn

pressure vessel and. for a wo/ø steel.

Evans and. Lirrrer3o'31, i. their study on porcelain and.

alumina, showed that AE coun! rate, Ñ, is dire"tly proportional

to the crack velocity, Vt

r¡ " V (2.9)

Theoreticall¡, the crack vel-ocity is Prooortional to

the stress intensityr .so



rl-

rìV=gKi

where o and n are constants.

the ÀE count rate is related

the following f orrn:

ir = ar<h

(2.10)

Fro¡n equations (2"9) and (2.10)

to crack tip stress intensity in

(2.11)

where B is another constant. The experimentaf results indi-

cate that for porcelain and alumina, n = m of equation (2.3).

Nadeau32 observed simil-ar rela+-ionship bet\^teen AE count rate

and. crack velocity for pocco graphite. He also stateil that

for a given material , the number of counts per unit area

should be constant no natter how rapid the crack groi¡ts.

Other studies in the area of slow crack growth that have

been reporteC are: (i) in D6Ac steel under hydrogen enbrittle-

ment and fatigue condÍtions (by'Gerberich and Hartbo".t33¡ ,

(ii) in titanium a11oys under stress corrosíon cracking (by

co*34 "rrd Katz an¿l Berberich35) , and (iii) in 304 stainless

steel under stress corrosion cracking (by Brihmadesam and

Mccormic36) . The important features of these studies are

summarized below:

(1) The crack growth could be monitored by AEf as it occurs.
11

flig+ 3-.' shows-a schematic of the c¡ack jump in AE

monitoring¡ primary incubation period and successive crack

jumps are evident '
(2) The effect of corrosive conditions and test paraneters

(temperaturer stress and heat treatment) could be studied

by AE tests.
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E é x.g¡oõ __r
4 se.ô"do.y I No. 3 I
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FIGURE 3. Cunulative Acoustic E¡nission count Versus Tine

at Constant Loâd during Stress Corrosion Crackíng37
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(-3) Fracture mechanism could be identif,ied and failure rates

deternined by AE studies to predict catastrophic failures'

Acoustj-c emission technique also has promise in the area

of qualíty assurance testing and in process fabrication test-

ing. Drouil-lard et .L38 have extended its apolícation to the

industriat use of AE for ¡IDT quality assurance programs.

2.2 Fracture Behaviour of zr-2.52 Nb

The delayed failure of col¿l worked zT-2'52 Nb has been

studíed quite extensively by AECL researchers 39- 43 
' The frac-

ture mechanism has L¡een identified and quantitative neasurements

of the crack velocity have been made. guantitative models to

explain the sub-critical crack grovrth in zt-2' 53 l{b have been

developed. Pertínent results of the above investigations are

reviewed in the following three sections.

2.2.I Fracture Mechanism

The hydrogen induced delayed failure hãs been reported

ín zr'2-5Ê Nb39-46. rn view of the experimental observations

(discussed l-ater) , mode1.40-42 '46 nave been developed for

short range iliffusion of hydrogen and its precipitation in

the forn of hydrides uniler elevated stresses at the crack tip'

It is postulated that in hydride forming rnaterials such as

Zr, Tí and Va¡ etc., hydrogen diffuses from sources (removed

from the crack tipl to the vùcinity of the stressed crack tip

and h¡''drùde Precipitates are for¡ned' The crack then advances

through the br'ittle hl"dride phase and is tenporarily arrested'
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The process thên rePeats itself. Thus resul-ting in intermittent

growth of a crack, Direct, in situ, observations using HVEM

have been reDorted which confirm this process in the case of
,,-47

The models42'46 d"r"Loped for hydrogen assísted crack

growth assume that, in steadll state condition, the crack growth

rate is equal to the derived rate of growth of the hydride

precipitate. It is a reasonable assumotion because the kinetics

of crack propagation is control-Ied by the growth of hydrides

at the crack tip by the diffusion of hydrogen into this region.

Simpson and E11s'" have calculatecl diffusion controlled gror4tth

rates of hydride precipitates in the vicinity of the crack tip

ín Zr-2.5s Nb specimens. Further developments involving prin-

ciples of fracture mechanícs and effects of diffusional- flux

changes have been made Dutton and his "o-wotk"ts42 '49 , Eo

describe the behaviour of crack advancement at various crack

tip stress intensitíes. Their modef calculates the rate of

hydríite grovrth and assumes that the latter controls the rate

of crack propagation, thus measuring the crack velocity. This

model dicl not explain the experimentaLly observed intermittent

nature of the crack growth process but rneasured the rate of

particle grohrth representing an average rate of crack velocity.

The hydrogen flux during diffusion was calculated consider-

ing hydrogen diffusion uniler various forces such as (1) thermo-
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dynamic driving force*, (2) stress gradient around crack tip
due to loading. The diffusion equation is

rH=q;{vcH+#vôl e.r2)
. 3 " 3. o..2

where Q = u"{å .x- oii * å ,r_ *La=l a=l

and Q = energy tern, (drift term) represents interaction

energy of the migrating hydrogen rvith local stress

field.

cH = atom fractions of hyCrogen in s-zr,
Dn = diffusion coefficient of hydrogen in a-Zr,

f¿Zr = atomic volume of. Zr tn a-Zr,

Vn = molal volume of hydrogen in s¡-Zr,

o,, = principal stress component near the crack tip (-ve
La

if tensi le ) ,

E = elasticíty modulus .

The final velocity expression derived from fracture
mechanics usíng above diffusionaf equation l-ed to --

TI fi hydride DI¡ C: -hv = ffi exn {P(L) v;,/Rr} x
I oo T,r

{l-expun VlTnrl t

*Thernrodynamic driving force results from energetically fav-
oured precipitation of hydride because there is a large voI-
ume increase (ruf 7?l when the zorco¡niurn matrix is converteC
inÈo the hydrlde phase.



r,\¡here

Q hydride
-h\7--'li

Lt

P (r)

atomic volume of hydride in

molal- volume of hydrogen in

effective crack tig radius

the loca1 hydrostatic stress

q-zT ¡

zr hydride,

at distance L,

oii (L )

^p=p(.s.) 
-p(T,)

C,l = terminal solubilitl¡ of hydrogen in solution.
H

Assumptions were made that the crack is infinitely sharp

and the materiaf is perfectly brittle. A good correlation

bet$¡een experimental data and the derived vel-ocity was observed.

The development of the above model is still underway.

2.2.2 Sub-Critical Crack Grob/th

Sloût crack growth in compact tension specimens of

Zy-z.52 Nb has been observed at all temperatures between 25

to 325'C anil at Kt val-ues betr4teen 10 to 50 ¡lum-3/2 during static

lo.dirrg39-46. The crack gror^¡th occurs under the influence of

t.riaxial- stress state at the crack tip. Experiments 39 
' 

40 | 45

conducted below 250'C, reveal a two stage behaviour of HIDC.
/11

As shown in Fig. 4=', the crack velocity is strongly stress
-', /)dependent in the first stage (Krtu5-10 MNm -/ -) and nearly

3

a= _L



FIGURE 4. Crack Velocity Versus Stress Intensitv

zr-2.5å lïl¡43.

Curve for
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independent of stress j.n the second stage (-Kï) 1g¡nr,^-3/2 ¡ . rn

stage fr crack growttr rate rises sharPl'y with the increase in

crack tip stress intensity where as it is more or less cons-

tant over the stress intensity range of stage II. A threshold

stress intensity* has been ovserved in all experiments which

is of the order 7*8 l"tl¡m-3/2. rn later developments43'44

v¡here the tests h¡ere preceded by a crack sharpening process '
it has been observed that the threshold stress inÈensity is

-1 l.)
5 Lgtrm-r/ z and for all loads above the threshofd stress intensity

the crack grows at more or less constant rate. The models

ileveloped for quantitative measurement of crack velocity have

been discusseil in the previous section.

The crack velocity increased with increase in temperature.

Hor4'ever, no guantitative relationships could be developed due

to large scatter in their data. At 250oc and above, the slor^t

crack growth \,ras not reproducibte except after a thermal cycle'

The thermal cycle proiluced a concentrated region of reoriented

hydrides at the crack tip which significantly reduced the

incubation period** for slow crack gror"th. Little or no crack

growth observed above 25Oqc results fron the dissolution of

hydride particles at those temPetratures ' This observation

indicates that the presence of hydrides is a prímary require-

nent for crack growth to take place'

Threshold Stress Intensity is th.e crack tip stress intensity
¡ãrãø wrti"rt no crack.gro\^tth ocburs for extended periods of
loading .

Incubafion perioil is the time to incubaÈe cracking and crack
growth after initial- Ioading.
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2.2.3 Fractograp-hy and l4etallography

FractograPhy vrork has been conducted by Simpson and co-

workers4l'45 to g.in a better ':nderstanding of the fracture

mechanism. The study of the fracture surface has been largely

confined to stage II region of the V-K curve. Fractography

has shown that the delayed hydrogen cracking ín Zt-2 ' 5S Nb

occurs in an internìittent fashion. The main observations were

of iluctile striations and stretch zones paralfel to the crack

front with brittle, plate like regions between the striations.

Some of these striation contained cleavage fracture between

them. Each striation represented a ¡¡eriod of crack arrest and

crack blunting which was evident from the stretch zones

associated with the stríations. The interstriation spacing

increased with increase in temperature indicating that the extent

of hydride buildup at the crack típ is governed by local

embrittlement required for crack advance. At higher temperâ-

tures, the zr matrix is more ductíle and as such requires a

greater amount of hydrides for cleavage, which results in larger

interstriation spacing. The general fracture morphology was

essentialty similar at aI1 temperatures suggesting that a

single fracture mechanism is operative over the range of temper-

atures studied. The stress dependence of the striation spacing

has not been clearly estab1ish"d39 b.,È the resuLts shov¡ed a weak

dependence of stress intensÍty in stage II. This is consistent

h¡ith the idea of 1oh¡ stress intensity deoendence of crack

velocity in stage II-
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Enhanced crack gror4rth was observed at the midsection of
the specimen3 9 

' 
4I 

' 
4 5 in ah. slow crack c.rowth region. This

crack tunnelling was due t.o the triaxiality of stress state
under plain strain condition.

Metallographic studies39-42 t".r".Ied the accumulation of
hydriile precipitates near the crack tip. The hydride particles
were normal to the apolied stress. Thermal cycling shov,/ed

significant effect on hydride reorientation. Accumulation of
hydride particles was accelerated by a thermal cycle resulting
in hydride clusters leading to further crack growth even above

the temperatures of hydrogen solvus. Hydride coarsening has

been also reoorted by Nuttal within the ¡rlastic zone during
aô

thernaL cycling".
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3 . EXPERT]Y.E\ITAL

3.1 Material and Specimen History

All the specimens were sucplied by AECL and were made

from pressure tube material (zr-2.5? Nb). The tube was cut
open and (co1d) rolled flat and the compact tension (CT) spec-

imens were cut to standard dimensions. The geometry and dimen-

sions of the specimen are shown in Figure 5 with the type of
loading. The specirnen had a v notch and contained a sharp

fatique crack at the root of the notch r¡/hich served as a crack

starter. The specimens were batched into tero categories --
(i) unhydrided (ii) hydrided or treated samples.

The unhydrided specimens contained nominal hydrogen, i.e. 5-I0
ppm from the pressure tube and were annealed in vacuum at 400.C

for 2 hours to relieve the residual stresses produced cluring

cold rolling, machining and fatiguing. The specimens belonging

to the second batch were hydrogenated in a closed. chamber to
increase its hydrogen content to 200 ppm, and were then homo-

genized for about 6 weeks at approximately 450'C. These spec-

imens were not given annealing LreaÈment for the reason that
stress relieving took pLace during homogenization.
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a

(b) . A Dummy Specimen .

Fig.l. Geomelry ond Dimensions

Dimensions

w= c.- 1.35 in.
o ,v O.6Oin.
b = O.l45in.

Dímensions :

ldenlicol lo Specimen
rn Frg. o.

I

rP

(o). Foligue Precrock Tesl Specimen .

o

O

of CT Specimen
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3.2 Crack Tip Stress Intensity Measurements

Specimens were poLisheð Eo L/4 rnicron finish and crack

length neasured under optical rnicroscope. To obtain a given

crack tip stress intensityr the requíred load was calcul-ated

from the followíng eqrlatiorrs0 '

xo = (polbw\) trr -e t$l L - ras. s (*) tr * ass -7 (i;4 -

ro17.o tltL * 638.e(*)¿l (3.1)

trhêre P- = l-oad in lbs
a

b = thickness of sPecimen in inches

w = width of sPecinen in inches' and

a = crack tength in inches.

To facilj.tate calculation of KO, values of power series

given in the bracket in the a"bove expression are tabul-ated in

table 150 for specific values of a/w.

(a/wl r @/wl

Tabl-e 1

(a/w) t (a/w) (a/wl f. (a/w)

0.450

0.455

0. 460

0.465

0. 470

o ,475

0.480

8.34

8.45

8.57

8.69

8.81

8.93

9.06

0.485

0.490.

0, 495

0.500

0.505

0.510

0.515

o lo

9.33

9 .46

9 .60

9.75

9.90

I0,05

0. s20 10.21

0.52s 10.37

0.530 l-0.54

0.535 10.71

0. s40 10.89

0.545 11.07

0.550 Ir.26
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3.3 Equipmental set-Up

An acoustic-.emiÉsion system capable of monítoring slor^,

crack grohrth was designed and rleveloped. The shematic of the

experimental set-up is shown in Figure 6 and is discussed

be 1ow.

3. 3.1 Loading Mechanism

A lever beam mechanism was used for static (sustaíned)

l-oading, The v¡eights were applied onto the h¡eight pan and the

specimen r^¡a s loaded in the jig as shown in Figure 6. The jig

holding the specimen was enclosed in a smal1 furnace to heat

up the specimen when required. A DC po\,/er supply (Nobatron T

60-5) with output of 5 amps was employed for heating the fur-

nace and had a precise control of + l'c in temperature. A

chart recorder (PhitIips type PR779I,/00I)was used to record the

temperature continuousl"y. An iron-constanton thermocouple was

used to measure the specimen temperature. The specimen was

isolated at all contacts r^/ith the loading jíS by using a

non-conducting tape on the pins.

3.3.2 Transducer

A peizoelectric (PzT) transducer (D 9205M2 Dunegan

research corp. ) \n/a s mounted on the specímen to detect AE

signals. A refractory disc (4120?) was used to insul-ate the

sensor from the specimen. High temperature vacuum grease

was used on the mounting surface to avoiil signal attenuation

due to the presence of air filirì at contacts, The transducer

had a maximum sensitívity aÈ 93.9 db. other transducer



FURNACE

TRANSOT'CER

FARADAY CAGE
^,i 2 dB up to I I'lHz

DOUBLE
SYSTEM \ÌITH
SHIELDCD
GROUNO FOR
INSTRUMENTS
SHIELD GROUIID
FCR CAGE

F¡q.6 BLOCK DIAGRAM OF THE AE TEST EQUIPMENT.
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characteristics are given in Appendix A. The transducer had

a low relative response above 400 KHz. The characteristic

response of the transducer \¡7a s more or less same at temper-

atures up to 1000 "F.

3. 3. 3 PremPlifier and Filter

Differential AC amplifier (Brookdeal model 9454) was

used as a preamplifier. It had a cafibrated gain facility

of 0 to 100 ¿lb and coulcl be used with single ended or differ-

ential transducers. The preamplifier had a built-in filter

hrith selectable frequencies. An electronic filter (Rockland

model 1100) was used to filter out noise from the amptified

signal. The filter had adjustable low and hígh band pass/

reject facility such that the signal coufd be bypassed over

a range of frequencies or could be rejected for certain freq-

uency range.

3.3.4 Signal Counter and Ramp Generator

This equipment \"ta s used for signal processing and Plotting'

The signal counter is designed to count the signal by ring

¿lo\^,n counting mechanism over an adjustabl-e threshold voltage

(1 volt in our case). The count totalizer (model IrS-1¡

Dunegan research corp. ) was provided with fixed and calibrated

gain (maxirnum gaì.n - 40 db). The ramp generator (model cR-Lf,

Dunegan research corp. ) had a facility of generating a

continuous time ramp of I minute to 48 hours selectively'
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3. 3.5 Accessoríes

TocontinuouslymonitoltheAEsignalanx-yrecorder

was usecl. The power to all- the equiprnent vras suppl-ied by a

motor-generator assembl-y which had two output windows of 110 V

suppty up to 14 ampere loads' A biomation system \'7a s enployê¿l

to trace the AE signals on Èhe oscilloscope' The s:tstem (model

805 waveform recorder and 7613 oscilloscope) had adjustable

time-voltage axes for the transient signals and a built in

trigger system which facilitated in capturing signals of

desired amplitude. All the equipnentJ except biomation model

and pl-otter were encagecl in a faraday cage as shown in

Figure 6. The cage had íts ovrn grounding system and protectêd

the AE rnonitoring system from any external signals or noise'

The cage shielcled the system against radio and other high

frequency signals. A six-volt DC signal generator was also

used for system cafíbration purposes' vickers (fifty-five)

microscope, scanning electron microscope and Phillips 300

Transmission Electron microscope were used for fractography

purposes.

3.4 Calibraùion and Test Procedure

The specinen \{as mounted in the jig' as shown in Pl-ate 1

in fracture mode I. The trans¿lucer was fastened onto the

specirnen with a clarnp unit' The experimental set=uP was made

according to the line diagram shown in Figure 6' As seen in

Plate 2, the transducer bTas connected to lhe prearnplifier

(right top) and to the filter (right botton) and then to the



PLATE 1. CT Specimen in Jig I'trith l{ounted Transducers

a. test transducer, b. calibration transducer

c. transducer c1amP, al. wave guide
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signal processor (right middlê).

For calibration, another transducer was attached to the

specimen through wave guide (Plate 1). A standard electric

(dc) pulse from the signal generator v¡as transmitted to the

specimen and was picked up on the other side of the specimen by

the sensing trans¿lucer. This pulse was preamplified to 95db

gain, filtereC over 0.I to 0.4 þlÉz range of frequency and.

counted by the AE count total-izer in terms of number of counts

by ring down counting mechanism. The filtered signal $tas also

fed to biomation model, in parali.el and displayed as a sinusoid

signal on oscilloscope screen. The number of t.imes the signal

crosseil a threshol-d Ievel of 1vo1t on the oscilloscope screen

was counted. and number matched with the counts shovrn by the

count total-izer. In addition, the needle jump on the grad.ient

meter of count totalizer revealed the magnitude of the standard

pulse. The attenuation in the specimen and the electronic noise

from the system were esti¡nated by comparing the standard pulse

vrith the traceil signal. The system response of the standard

pul-se is shor¿n in Figure 7.

Once the system was catibrated for the attenuation and

the syste!î noise under the experimental conCítions, the system

was ready to monitor slow crack groi4'th ' The background noise

count rate vJas neasured by putting a dunmy speci¡rìen (Figure 5b)

in the systen and monitoring AE counès. The background count

rate increased with temperature and \,74s considerably high at

temperatures about 200oc. A typical noise response with time,

at different temperatures is sho\^¡n in Figure 8 5I.



Fig. L Choroclerislic Signols of AE from Syslem Colibrotion .
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The system calibration for signal processor ¡nodel 920

(Dunegan,/Enclenco, built in filter) and the An preamplifíer

802P-B (fixed gain 50 ilb) is expl-aíned in Appendix B'

To monítor acoustic emission from slow crack gro\'/th ' the

specimen was fixed in the jig, the transducer was rnounted and

the furnace was heateil up by d.c. supply. The temperature was

brought to the test temperature and maintained to !1"c' The

appropriate load, to obtain a certain crack tip stress inten-

sity, was put on the vreight pan and the acoustic emissions

were monitored. The signals received by the transducer vtere

prearnplified to 95 db gain and filtered over 100 to 400 KHz

frequency banil pass and counted and totalized by the count

totalizer anil were plotted on x-y plotter against 24 hour ramp'

Smaller ramps (2-4 hours) were used to observe the count rate

changes preceding the bursts and just after the burst events'

The AE was monitored for a sufficient length of time to

analyze the AE received from cracking and slow crack gro\^rth '

The test lasted- as long as 700 hours in certain cases' The

AE was ¡oonitored from various specimens undergoing slow crack

gro\^¡th under different experimental- conditions of temperature

and stress intensity. The temperature 'varied from 100-300oC

while the crack tip stress intenslty ranged from 5 to z0 l"tNrn-3/2.

Somespecimenswerealsornonl.toredforamplitudediStribution

along w.ith AE counts. The results are reported in the follow-

inq chapter.
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The specimens alread.y tested for sl-ow crack growth were

reanneaLed at 400'c for 2 hours under vacuum and retested for

different experimental- condítions. Thus one specimen was used

for a seríes of tests. The soecimen was heat tinted after each

test simply b1z raisíng the test temperature to 300oC and cool-

ing the specimen in air, The fracture surface was oxidized

during heat tinting and helpetl in measuring cracked length in

each test after the fast fracÈure of the specimen. The fracto-
graphy and metallography tests were conducted on the specímens

following the AE tests.

3.5 Fractography anC Metallography

The specimens hrere fast fractured using instron after the

tests and the fracture surfaces were cleaned. These surfaces

were observed at various magnifications under optical, scan-

níng electron and transmission electron microscopes to have a

better understanding of fracture process and the related mech-

anism of fracture.

3.5.1 optical ¡{icroscopy

The fracture surfaces were observed under direct and

oblique lighting. The salient features of the fracture sur-

face are reported uncler fractograohy ín the next chapter.

3.5.2 Scanning Electron Microscopy
- The specimen r{as cut and mounted onto the specirnen holder

(1 cm diameter). The surface was coated with heavy metal (in

our case gold) and observed under the scanning electron

microscope at an angle of 30o from the horizontal. A
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magnification of more than 120C was enployed.

3.5.3 Transmission Electron Microscopy

A tvro stage replica technique was used to observe the

fracture surface under transmissíon electron microscope. The

specimen rvas mounted in lucite and cut at the level of fracture
surface (Figure 9). The mirror image of the fracture surface

was receive¿l on the counter half of the lucite. This l-ucite
surface was cleaned with a blover and shadowed with heavy

metal, Cr, under vacuum at 30' from verticaf. The shadowed

lucite surface was then coated. \^7ith carbon. The reguired frac-
ture surface was then cut out from this lucite sample and was

left floating in chloroform for several hours. The l-ucite

dissolved in the chloroform and the carbon replica was left
behind floating on the chloroform. This repfica was fished

out on 300 mesh grid, washed in fresh chl-oroform, acetone and

distilled $¿ater resÞectively. The grid was put in the spec-

imen hol-der and observed at 100 KV in transmíssion electron

microscope at an angle of 35".

3.5. 4 Metallography

Metaflographic exarninations were conducted on the hybríded

and unhydrided specirnens to deter¡nine the parÈicle size and

to stualy its distribution and orientation. The gros¡ing crack

and other surface effects like shear 1ip, crack tunnelling, etc,

were observed. Some specimens vtrere surface etched to show the

hydride precipitation adjacent. to or ahead of the growing crack

tip.
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4 . RESI,ILTS

The acoustic signals have ]¡een characterized and the

AE results have been ínterpreted on the suggested models of

cracking and crack growth ín zt-2'5? Nb' Tt has been esta-

blished that the diffusion of hyrlrogen under the conditions

of elevated temperature and stress occurs towards the crack

tip and the preci pitation of hydride takes place ín the plas-

tic zone or at elastic-plastic boundary' The craclç under

high crack tip stress intensity ploughs through the precipi-

taÈed brittle hydrides and is arrested in the Zr matrix' It

isassumedherethatthebrit:lehydridecrackingproduces

big acoustic signal- whereas the zr matrix being ductile pro-

¿luces only small continuous signals' Some amount of AE is

also prod.uced during plastic deformation, hovrever, it is quite

sma1l compared to the AE signal from cracking of brittle

hydride particles.

4.I Signat Characteri zation and Signal Analysis

A number of prelinrinary experiments were conducted on cT

specimens for monitoring AE during cracking and crack growth'

The results ¡rrovided ínformation concerning the nature of

acoustic enission and the repeatabi'lity of the AE data'

Mainly three types of signals were observed during AE monitor-

ing (i) big burst type, (ii) small continuous type' (iii)

transient type. These signals are shov¡n in Ptate 3' The

big burst Èype signals were believed to come from crack

growth, for the reason that Èhere will be a relatively large



(a) Big burst sígnal

Small continuous signal
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(c) Transient signal

PLATE 3. AE Signals Received From lest Set-UF
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energy release during cracking compared to uniform plastic

flow which would result in smal1 continuous-signal. Sone

amount of continuous signals also emanated frorn system noise,

i.e. electronic, equipmental or environmental. The transient

signats \"/ere the result of line or buílding transients which

affected the system. The: transient signals from arnbient

\4rere trapped by faraday cage and were not monitored during

the test. The terminology used in AE studies is defined in

Appendix C.

A dummy sample (Fig. 5b) tvas used to determine the back-

grounil noise level. The temperature was maintaíned at l-26'C

and the noise count rate was established at dífferent hours of

the ilay. The background count rate \^ras also determined at

different temperatures in the range of 160 to 225"C- Fig- B

shows how the background count rate varies with time and

Èemperature. Once background noíse level was known, the pre-

fatique-cracked CT specimens were tested for Acoustic Emission

response. The dirnensions, loads required for the test KI and

test conditions for all the specimens are reported in Table 2.

Acoustic Emissions were cont.inuousfy monitored for extended

period, up to 700 hours in certain cases' A typical segment

of an AE plot (IN vs tiÍìe) is given in Fig. 10, wh.ich shows

sharp burst signals of varying magnitude randomly spaced in

time. The sharp burst signals were captured by biomation

sl¡stefû and displayed on an oscilloscope screen. The large

bursts in the plot (fIar Fig.10) correspond to big burst

signal-s (Plate 4a) and the s¡na]l bursts (IIb, c, Fig. 10)
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(a) Large burst signal

(b) Smafl burst signal
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PLATE 4. characteristic Burgt Signals fforn Slow crack Growth
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correspond to small burst signals (P1ate 4b). Some overriding

burst signals (Plate 4c) also produced big bursts in the IN-

time plot. The incubation period (ra, Fig.10) varied from

test to test and v¡as of the order of interburst period (Ib,

c, Fig. 10).

A histogram of the bursts (cracking events) for the

first test (#AI) is shown ín Fig. f1. The frequency of

occurance of cracking events can be noted with time. The

burst events on the onset of loading occur very fast and slow

down with time. The detailed analysis of bursts, incubation

period and interburst period is carried out in #4.2. An

average AE count rate throughout the test was 40-50 counts/

hour.

The specimens were teste¿l in stage II of V-K curve over

a temperature range of 100-225"C for a period of 10 to 15

days on the average. The IN vs time plots for the duraÈion

of the tests were recorded and the data analyze<l. Since the

bursts correspond to the crack growth, the main interest 1ay

in analyzíng the bursts. In attempts tÕ extract information

from lN-time plot about the signals corresponding to the

cracking, the counts in each burst were neasured and tabulated.

one of the sample tables is shown in Table 3. Then the data

from such table \^rere pLotted, A typical pl-ot is shown in

Figure 12, The plot consists of three regions¡ (i) an íncuba-

tlon periodf (ii) the fast activity, and (iii) the stabílized

^!a
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Table 3

3

â

2

1

I
2

2

250,25,25

L5,r25,20

'r5, 5

10
:

5

10, 5

25, 55

.-

300

I60

)(l

IO

5

15

BO

Hour
No.

Event/hr, Counts
per event

Count s
per hour

Tota 1
Coun t s

Cornments

I
2

5

4

5

6

7

300

460

480

490

495

510

s90

4.2 Effect of Stress Intensity, Temperature and Hl¡drogen

Content

4.2.I On Incubation Period and Fast Activity

The incubation time is the time required for cracking

to initiate. The crack-incubation time depends on the rate

of hydrogen diffusion and its precipitation ahead of the crack

tip. To study the effect of stress intensity on the incuba-

tion period, supplementarY tests were conducted. Specimen

#46 and #AB were tested at 100'C and K, = 5, 10, 1"5 and 19

-? /)
M}trm-'/', respectively and AE monitored. Each time the

specimen was unloaded, it was stress relieved, and then

rel-oad.ed. to next KI value. It was observed that the incubation
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period decreased with the increase in crack tip stress

intensity (Fig.13). The temperature diC not have any signi-

ficant effect on the incubation period. The second region,

i.e. the fast activíty' arises from the fast (and multiple)

fracture of the accumulated hyclride particles. The accurnula-

tion of hydrides occurs adjacent to the crack tip (in the

plastic zone and at elastic-plastic boundary) during the

incubation period, since the pre-existing particles assist

the hydríde precipitation and the particle gror¡7th. The fast

activitll rate and the length of this period varied considerably

in the experiments. The íncrease in stress intensity produced'

an increase in the fast activity rate and the absence of

incubation period reduced the fast activitlz region' tr{ith an

aim to reach to region III by avoiding fast activity, attempts

were made to reduce incubation oeriod, and in view of above,

experiments were conducted on specimens, er'nplolzing a stress-

aging treatment. A detaiLed discussion is presented ín Section

4.3.

4.2,2 on Stabi l- i zed AE

The stabilized AE in region III corresponds to stable

slow crack grol./th. Since the burst height represents a

crack increment. and the burst count rate in this region

should be a measure of crack grovrth rate. AE were rnonitored

for long periods to observe any variations in the AE count

rate in this region. A linear relationship was observed

between burst counts and ti¡ne (fig- 12). The average burst

count rate at 140'c and at a crack tip stress intensity of
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-a /)
19 l"lNrn " ' was betHeen 20-30 counts/hour,

To study the effect of temperature on the acoustic emis-

sion response of slow crack gror4¡th (SCG), two types of exper-

iments were conducted. First, the CT specimens were test.ed

at certain fixed temperatures for a long time and the burst
count rates measured. Two specinens, #Â.3 and #,A.4, were tested

-2 /tat Kï of 19 ¡,$Jm "'- and 100 anC 140'C, respectiveÌy. The AE

results shorved essentially the same AE rates (Fig. 14) . In

the second experiment, a specirnen (#A2A) was loaded to a KI
-a f 1value of 19 MNn '/' and the tenperature vr'as raised from 140"C

in steps of 3 to 5"C. AE r^¡as rnonitored at each temperature

for f to 2 days. Tt was observed that the AE signals reduced

considerably above 160"C and r^ra s absent above 185"C. In

another test to confirm the effect of higher temperatures

(>I40'C), AE monitoring revealed that the frequency of AE

bursts decreases with increase in temperature and no Lrursts

occur above 200"C. A histogram of bursts with ti¡ne is given

in Fig. 15. The fractographic studies confirmed that there

vras no crack grolvth above these tenÐeratures (discussion in
Section 4.4) .

The effect of hvdrogen content on ÀE response of SCG v,ras

-2 /)studied on specimens #AI and #48, at a constant KI of 19 MNm -/ -

and at l-40'C. Specirnen #AlB contained f0 pprn hydrogen whife

specimen #A8B was hydrided and contained 200 porn hydrogen.

The results are given in Fì.9. 16. In f ast. acti'vity ::egio:r,

AE rates were not sígnificantly different, however the stable

AE rate varied from l-5 counts/hour for unhydri.ded specimen
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to 3O counts/hour for hlzdrided soecimen. Lat.er r.etall"ograph-

ically it was found tl-rat the crac:k .ve-Iocity in hyCrided

specimen vras also approximatel-y t\4'ice of thar. in unhyclrided

specirnen (Table 4).

The specimens, which were already tested for AE response

of SCG uncler different experimental conCì.ltions, were fast
fractured. The area swept by the crack during SCG $ras measured

and the result.s we,re conputed (Table 4).

Tab1e 4

Specimen
No-

Cumu.
Burst
Counts
XN

Area
Cracked

Aa (mm2)

N/A

L
lxlO ')

Test
Time
t(sec)
(x104)

Crack
Éxtension

4.0 (rnm)

Crack
velocity

v (m,/sec)

Count
rate

ñ _?(x10 -)

#Al

A2A

A2B

A3

A4

A5

A6

A7

A8

LO t76O

23,1O0

27 | 690

16, BBO

1,610

3,OO0

6f600

4,81O

27 | OOO

I.4834

2.7946

3 .1090

1.8415

o.3607

l_. 0312

o.9081

O:5144

2.7623

o':72

t.05

o. 89

o ,92

oi+s

o..29

o. 73

o:e3

o; 98

L44.OO

2IA.L6

so. o¿

76.32

39. 60
:

97.20

51. 84

56. 16

1,33;2

0. 40

o.60

0. 585

0. 50

o. l0

o.2a

o .25

0. r5

o-75

2.78xto-10

2. 75x1o-Io

1.7Ox1o -

o. 55xlo-10

z. s2xt0-10

z. SBxlo-1o
:

4 .82x1o-10

2.67xlo '"
-t n

5.63x1O --

o.7s

1.06

5.53

2.2L

0. 4L

o. 31

t.27

o.86

2.O3

ït was observed that the crack.: velocity was of the order of
10 '" rnrlsec except for one specimen (+A2B). The AE burst
count rate was of the oïder of LO-2 counts/sec anC coulC be

used to determine t.he crack velocitlu in terms of burst count
i

rate. A plot bet\4/een crack velocity and burst count rate is

:
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given in Fig- 17. Tabre 4 shovrs that a number of burst count
per unit area sv¡ept by the cracl< is within the range of
(0.2g-I.05) x lO4 counts/mm2 with an aveïage of 0.77 x IO4

)counts/mm'. Fig. lg shows the variation of burst count with
the area cracked duïing SCG. It may be noted that cumulative
burst count (XN) is in direct proportionality r,rith the area
cracked (ÂA).

4.3 Effect of Thermomechanical Treatment on AE

A thermomechanical treatment was emofoyed to suppress
the incubation andifast activity periÕd observed in earlier
experíments. The CT specimens !\,ere initially subjected to
stress-aging treatment at I00.C under KI Of 2,5 t¡*-3/2 fo,
20 to 60 hours. Subsequently slow crack growth studies were
made on these specimens at 100 and 140.C and Kï of 19 Mtm-3/2.
The stress-aging treatment suopïessed the initial fast activity
(FiS. 19). Tn this specific instance the fast activity rate
reduced 630 counts per hour to 370 counts per hour. A log_
Log plot of AE cumulative burst counts against time presented
in Fig. 2Q, indicates an order of magnitude reductíon in fast
AE activity by stress-.aging treatment. The beneficial effects
of this treatment was also observed in region fII. Fig. 2I
shows how the AE count rate is bïought down b1z prolonged stress_
aging treatment given to snecimens before slow crack growth
tests. tt::;:tt", for a 60 hour rreatmenr ar r00.c and K,
of 2 .5 ]{I.tm '/ ' , the AE rate was reduced to about 3 counts Þer
hour, An increased amount of coarsened hydrirìe particles was

observed on stress-aged specirnen surface during metallographic
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examinations.

Other results of ScG in stress aged, hydrided and

unhydrided specimens are shovln in Table 5. rt was observed

that in all regions (i) prolonged stress aging treatments

suppresses the AE count rate more effectively and (ii) stress-

aging reduces AE activity more effectively in hydrided samples

than unhydrided sample.

Table 5

Specímen Hydrogen Test
No. Content Temp.

ppn -c

Duration of
stress-aging

hrs

t activi Red.uctiÕn
\a¡ithout

treatment
vJith ratiô

treãtment

#47

#As

#44

#A3

lo

200

200

200

140

100

100

100

40

20

40

60

630

148

r4a

l4a

370

110

30

18

0. 59

o.7 4

o.20

o. 12

For specimens wíth higher hydrogen content, the stress aging

had more pronounced effect. Fí9. 23 shov/s the AE counts vrith

time for unhydrided and hydrided specimens containing 10 and

200 ppn hydrogen respect.ivel"y.

To study the effect of incrernental- rise ín sÈress inten-

sity value on the course of AE activity, a stress-aged speci-

men (#44 
' stress aged at Kl = 2. S ¡tlm-3/2 and 100 oc) \'¡as

emÞIoyed. AE activity vertually ceased after 130 hours (Fig.

22'). The state of inactivity continued even vrhen KT was

raised to 20 and 21 I{Nm-3/2 and naintained for 24 hours at
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each value , However | \^rhen I(I vTas

22 rßin-3/2, AE activity reappeared

fol-lowed by a stable AE rate.

further increased to

rvith initial fast activity

4.4 FractograÞhy and ¡{etalfographv

In conjunction r^¡ith the above AE work, fractographic
and metallographic studies on CT specimens v/ere undertaken
ernploying light and electron microscopy.

4.4. L Hydride particles

The hydride precipitates ¡./ere observed. in large numbers

on the hydrided specimen surface (pIate 5). The precipitated
particles lay parallel to the principle crack and ¡¡¡ere homo_

geneously distributed. In plate 5, a hydride particle can be

seen just ahead of the crack tip, at D. The crack is widened
at places, e.9. at A, B and C due to the presence (and clea_
vage) of hydride clumps along the crack. The particl-e length
was of the order of 30-40 microns. A similar distribution
and orientation of hycride particles was o¡rserved at the ¡nid-
section of the specimen. An enlarged view of the crack tip
and hydride particLes in an unhydrided specimen is presentèd

ln Plate 6. Region EF, FG and GH represent machined notch,
fatique crack and s f o\4r crack-growth respectively. Tbe hydride
particles close to the crack tip are cfearly seen at f.

4.4.2 Crack crowth

A typical fracture surface can be seen in plate 7. The

tarnished surface (B) before t.he fast fracture (C) represents
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Schematic of path of crack growth

PLATE 5. Specimen Surface and the Distribution of Hydride

Particles (Hydrided SPecimen).
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PLATE 7. Fracture Surface showing Slow Crack Growth
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slow crack growth. P.egion A belongs to fatique pre*crack.

A shear lip zone (Ð) was observed cl-ose to the free surface

of the specimen, The width of this zone deoends on the stress

intensity factor and is knoi^rn to be roughly equal to the

plastic zone size for the applied xr. Crack tunneling at the

centre is evídent (Plate 7). In thís specimen the crack length

on the surface measured. to 2.8 m¡n and at the centre 4.0 mm,

indicative of increased crack growth at the centre. this
observation indicates that the crack grovrth rate depends on

the degree of crack-tip constraints. The grovrth was dominant

at the centre where maxirnum rtransverse stressr due to plain

strain condition existed, and on the surface, where plane

stress condition was prevailant, little or no crack growth

was observed.

4.4.3 Light FractograDhy

Plate I shobrs an optical- rîicrograph of the fracture

surface and a schematic of crack grov/th process. Thb direction

of cïack gror^rth is from left to right. The region of fracture
i

surface r¡¿hich is i-n focus indicates brittle fracture, The

crack propagates on different planes (as seen in the, sche¡îatic)
i

and the fracture surface is for¡ned by joining of these nicro-
lcracks. Line of joining represents the striation indicative

of discontinuous crack growth. Tear is prominant at] A.



x 570

fracture surface
under optical
mic ro scope

olanes of fracture
surface observed above

focus

focus

PLATE 8. Optical l{icrograph of Fracture Surface $/ith schenatic
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4.4.4 SEM Fractography

The fracture surface consisted of dimples of various

sizes and deÐth. A typical SE¡l fractograph can be seen in

Pfate 9a. The stríations, containing the row of dimples,

are visibLe at A and B, indicative of crack blunting and

crack arrest. Another common feature was the presence of

stringers as seen at C and D, and these supposedly contained

a hydride particle before cracking. The stretch zones are

also observed at the striatíons at E and F. The striation

spacing is 35-40 microns with the stretch zones of 1.5-2

microns. The direction of crack gror^¡th is fron bottom to top.

Plate 9b shoÍirs the fracture surface at a higher magnifica-

tion. Sone small dirnples 1ie in bigger dimples. AIf the

dimples have theiï tips pointing towaxds the directíon of

crack propagation. The surface in the foreground. of dimples

r^rhich carry hairline spikes such as at A, B, C and D is an

indication of hyilride cracking. Ductile striations at E and

F indicate fast rate of growth due to hígh stress intensity.

Plate 9c is a fractograph of shear-lip regíon sho\"¡ing

stringer on both sides of the ridge. The ridge appears

because of the transition of stress state from plane strain

to plane stress, The biq dimplesr on the right. of the ridge 
'

with stretched facets indicate fast fracture. The direction

of crack girowth was froÍì botton to top.

4.4.5 TEM Fractography

Large elongated dimptes were observed on the replica of

fracture surface inilicating fracture under mode I. A typical



x 1360

(b) x 2250



(c) x f7C0

PLATE 9. SEfl Fractographs of Fracture Surface



TEM fractograph can be seen in plate 10. The dinples are

elongated in the direction of crack propagation. The dinples

are indicative of void coalescence. The orientatíon of dimples

is same alf over the fracture surface. The striation narks

at A, B and C are less evident due to poor quality replíca.
The ripple marks on the dimples strongly suggest that the

crack growth takes place due to hydride enbrittlement and the

matrix is faírJ-tr ductile. The grain boundaries observed on

the fractograph are from lucile grains.
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5. DISCUSSION

5.I AE Signals and Fracture }lechanism

It has been conclusively documented in the studies

concerning fracture mechanism in Zr-2.5? Xb system that the

slov¡ crack gror^/th takes place through the brittle hydride
particle precipitating ahead of the crack tip under high

crack tip stress intensities. The crack is then arrested in
Zr-matrj-x and further diffusion of hlzdrogen takes place tohrards

the crack tip leadíng to further crecipitation and. crack

growth. Thus the process of crack growth is discontinuous

and j-s termed as hydrogen induced delayed crackíng (HIDC).

In AE monitoring, the observation of burst events strongly
suggests that the fracture mechanism involves local embrittle-
menÈ. The large bursts caDtured. by waveform recorder sugqest

the same. IN-time plot (Fig.f0) shovrs that the bursts are

randonly spaced in time indicating that the crack groh¡th pro-

cess is discontinuous. The studies of temperature effects on

AE shov¡ no cracking above high temperatures of l-85-200'C v7hích

is the hydrogen solvus. Thís confirms the requirements of
hydride rparticles for crack gro\,rth. All these AE findings
support the aforesaid fracture rnechanism, i.e. HIDC.

In adCitionr the fractography results show the presence

of, striations indicative of discontinuous crack growth under

scanning and transmission electron microscopes. Feattrr:es like
hairline spìkes in SE¡,I (Plate 9b) and rippl-e marks in TEÀI

fractographs suggest hydrogen embrittlement. I4etallographic



78

studies revealed presence of hI'-dride particles on the specimen

surface and inside the specirnen. Hence the fractography and

metallography work is in support with AE resuLts and the

suggested rnoCels of sLow crack grohtÈh in this a1loy.

5.2 Signal Analysis

In view of AE resul-ts a model has been developed to

physically explain the hy<lride precipitation and growth fol--

Iowed by cracking and is shown in a schematic (Fig.24).

Stage I shov¿s the plane of crack growth duríng fatíque with

initial distribution of pre-existing hydride particJ-es. After

loading, the particles fro¡n lcehind the crack front anrl away

from the crack tip, dissolve and the hydrogen diffuses to

the crack tip under the stress gradient (and under the influ-

ence of other factors explained in section 2.2.I). As

explained in Dutton et al's mode1, the precipitation of hydro-

gen takes place and these precipitates grovT by furÈher diffu-

sion and precipitation. IÈ must be noted at thís stage that

all these precipitated particles, in the vicinity of crack

tip, grovir simultaneously fron small sized particles to a

minimum required length. The crack front is nore or less

flat before loading and the stress distribution is as shown

in Fig. 24. As there is high stress distribution adjacenÈ

to the crack frontn initially nost of the particles precipi-

tate and grohr just ahead of the crack front resuLting in

hydride accunulation. This stage of accunulation of hlzdrÍdes

ahead of the crack tip is designated as stage II. I'io
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cracking event takes place durinq this accumulation for the

reasón that all the particles are growing evenly to the re-
quired length. As soon as the hydride particles grow to

the critical length (which is sufficient to produce loca1

embrittlement under high crack tip stresses), they crack.

There could be more than one particle cracking simultaneously

for the reason that nore than one particle coul-d grow to the

same length, d.uring the particle grov'/th, if thelz initíally

lie at the same distance from the crack tip. As the part-

icles crack, the stressfiel-d moves with the ad.vancement of the

crack front (loca11y), and the process of diffusion, precipi-

tatj.on and particle growth is repeated accordingfy in those

local areas. It should be noted that all the gro\dj-ng part-

icles initially may not lie at the sarne distance from crack

front and so the particles lying at different distances from

the crack front will grow to different lengths duríng the

period of precipitation and particle growth \^/hen the fírst

cracking takes place.

Now after the cracking starts, the crack front moves

locally and so lhe stress f ielcl is random Ì^tith respect to the

initial crack front, and so is the process of precipitation

and particle growth, Cracking of individual particles noves

the crack front accordingly and the stress fiel-d is not uni-

forrn over the thickness of specinen any time after the crack-

ing of the .first few particles. Hence uneven crack front
(observed experimentally) results in uneYen grovith of particles'

i.e., the partLcfes at a certain distance frorn initial crack
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front v/il1 have different Lengths. This is stage III where

the accumulated particles have ä11 cracked and a steady state

is reached for the precipitation and growth of hydride part-

ictes. Once agaj.n it should be noted that in stage II, par-

ticles l-ying at a certain Cistance from the crack front will

grow to the same lenglh after a certaín period due to a

constant stress field; where as in stage III èhe particles

precipitating at a certain di stance from initial crack front

vrill not gro\,, to the same length after a fixed length of tirne.

Since, even ín stage IIT, the particles, at different dis-

tances from the initial crack front, gro\^t simultaneously

and at the same rate, under their local stress fields; they

finalty reach the required fençrth at different times and

crack individual-ly leading to a constant rate of crack growth.

5,2.I Incubation Period

As suggested by the above model, the incubation period

is from stage I to stage II, i.e. the time required for the

diffusion of hydrogen and its precipitation v¡hich ultinaÈely

initiates cracking. The crack incubation time is expected

to depend on four factors: (i) test temDeraturer (ii) crack

tip stress intensity, (iii) hydride orientation and distribu-

tion, and (iv) precipÌtation kinetics. The test temperature

and stress intensity infLuence the precipitation kinetics

vrhereas hydride orientation and distribution isf in principal,

aff,ected by the hÍstory of sPectmen and thernal treatments,

prior to and during the test'
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The crack tip stress intensity is affected by (i) crack

raclius, (ii) crack length, (iii) plane of the crack tip, and

(iv) morphology of crack front. The crack tip radius and the

plane of crack tip affect the incubation period very signifi-
cantly and introduce irregularit¡z in the characteristic incu-
bation period that is expected in a given test. From the

observations of several tests conducted, it can be said with
reasonable certainty that the incubation period can be con-

trolled by nanipulation of tengerature and. stress intensity
which affecÈ the precipitation kinetics and particle growth.

In a series of tests where precioitation and particle gror"ith

was assisted by low KI value of 2.5 ¡l¡lm-3/2 prior to the

crack growth test, little or no incubation period was observed.

A simil-ar argunent has been extended by Coleman52 brrt .
reasonable correlation betr^reen observed incubation period and

the particle gro\"/th rate coulC not be achieved.

fn the experiments to study the effect of stress intensity
on incubation perioil, it was observed that the increase in
stress intensity decreases the incubation period. This is
in accord with Colemanss2 results and confirms that high crack

tip stress intensity results in higher stress gradient which

accelerates hydrogen diffusion, hydride precipitation and

particle growthf resulting in smaller incubation periods.

5,2.2 Fast Activity
The fast activi.ty is the transition fro¡n stage II to

stage IfI resulting from fast and rnultiple rupture of hydride

Particìes that accumuLate during incubation period. The accum-
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ulation of, hydfides occurs at stage II and the hydrides grow

to certain tength before rupture. As many of the particles

reach this criticat length grovring sinìuLtaneous ly r they crack

under high crack tip stress intensitl/ giving rise to fast

activity in AE nonitoríng. It is important to note here that

fast activity is a characteristic behaviour of initial slow

crack growth and is only a transient state betvreen the start

of cracking and the slov¡ crack grolrth. ft was observed thaÈ

the absence of incubation perio<l led to a reduction in fast

activity. This is a reasonable observation because the absence

of incubaÈion period wíll result in lesser accumulation of

hydrides. The resul-ts in Table 5 also indicate that the fast

activity can be reduced. by certain thernomechanical Èreatment.

Typically for a 24.-L¡our treatment the fast activity count rate

was reduced by an order of magnitude on log-1og scale (F'ig.20) '

A similar state of fast activity has been also reported by

cerberich et a15 3.

5.2.3 Stable AE

The crack grov¡th at stage Ifî of the suggested model

results in stabte AE. The cumulative burst count in this re-

qion was in linear relation with tine ¡p¿g' 11). The burst

count rate r4ra s constant for extended periods suggesting that

the crack in this region grows at a constant rate. Tempera-

ture clid not have any slgnificant effect on the burst count

rate over the range of 100-l-40oC. Fig. 14 shows that the

slope of two curves in region III is apProximately the same.
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This kind of behaviour can ]re explaj.ned by considering the

effect of temperature on various parameters that control

hydrogen diffusion and its preci¡ritation. These parameters

are diffusion coefficient and hydrogen solvus. The díffusion
coefficient is increased with the increase in temperature,

which facilitates hydrogen diffusion and its precipitation,

but the hydrogen solvus is also increased Lry the increase

in temperature which restricts the free hydrogen for precipita-

tion. Thus over the temperature ran-qe of 100-140'C, the tr'ro

parameters oppose the effects of each other and no significant

change in AE rate is observed. Ifhen the temperature \^¡as

raised above 140oC, a reduction ín burst occurence was osbserved..

Above 160'C the burst events drastically reduced and above

200'C no bursts r^¡ere observed. The results suggest that no

cracking or crack growth occurs above a limiting temperâture

since afl the hydrogen is in solution. rt has been established4o'41

conclusively that above hydrogen solvus, no cracking v¡ould. occur.

AE resul-ts supported this behaviour.

5.3 Burst Count and Crack Extension

The analysis of AE in terrns of crack extension reveals

that the burst signals emanate from crackilg and can be

related to the respective crack growth. This was an initial

assunption v/hich v¡as examined b1' conparing the t.otal number of

burst count with the total area cracked during s1o$¡ crack gror^tth.

Fig. 18 shows that the total burst counts are in direct

proportlonal-ity r^rith the area cracked. Siroilar conclusions
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are reached by calculating the nunber of burst count per unit
area, CT sl)ecinens, without stress aging treatnent, $¡ere

_1 /1tested at different KI val-ues from 5 to 1"9 Mun '/' and at
temperatures of 100 or 140'C. IrresDective of varj-ations in
tenperature the stress intensity, the ratio of burst counts

to the cracked area Ls reasonably constant and suggests that
for a certain material under any test conditions the cumulative

burst counts wifl be directly proportional to the area cracJçed

during the test, such that

XN ". AA (5.1)

The rel-atj-on is plausible for the reason that any mat-

erial durinq cracking of a unit area will give out a certain
amount of energy and this energy i¿i11 increase proportíonally
for larger areas bei-ng cracked. The acoustic e¡nission (burst

signal- in this case) consists of this energy in the for¡n of
stress waves which are detected on the surface of the natérial.

Equation (1) may be renrítten as

Il.l=D.AA (5 .2)

where D is the proportionality constant. The vatue of D

(.9 x 104 in our case, see Fig. 18) depends on t\^/o factors,
(i) the monitoring systen response that includes transducer

characteri stics , signal attenuation in the systemf fil-ter
range, and systen gain, and (ii) the material characteristics,
e.9., microstructure, rnodulus of elasticíty, tensile strength

and fracture ductility, The time derivatives of eguation (1)

can be r.¡ritten as follows:



* d (^¡)
dt (s.3)

or Ñ .v
or il=cv (s'4)

where Ñ is the burst count rate or AE count rate, C the

proportionality constant and V the crack velocity. Comparing

the burst count rate ìi with the crack grori,¡th rate V in our

tests, it was noted tl-rat the results followed equation (3)
32(fig. t7). Similar expressons r\'ere established by Nadeau ,

and Evans and. tinzer 30'31 for ceramíc materials.

The establ-ishment of such relatíonship is important in

a r^ray that the crack velocity could be estÌmated from the AE

count rate at any time during the surveillance of pressure

tubes and the fla$¡ size could be calculated from the total

burst counts. As an indirect approach the crack velocity can

be measured in terms of counts/sec and the crack J-ength in

terms of total number of counts.



6. COIìCLUStoN

6. t The folIot^¡i-ng conclusions l¡/ere drawn f rom the acoustíc

emission testing of CT sPecimens'

(a) Acoustic emíssion can successfully be used to monitor

sub-critical cracking ancl crack growth in Zr'2 ' 5? Nb'

In ad¿lition, each cracking event can be detected and

captured to observe on the oscilloscope screen as an

exPonentiallY decaYing signal '

(b) The fracture mechanism coutd be identified by the use

of acoustic emission technique' AE tests revealed that

the mechanism operative rluring cracking and crack gro\'lth

Ln Zî'2.5Ê Nb involves local embrittlement and that the

crack grolvth process is disconÈinuous'

(c) There exÍsts an incubation period for cracking to star¿'

The crack incubation time decreases with increase in

crack tip stress inÈensity and approaches infinity

below a certain level- which is the threshold stress

intensi!Y.
(d) After the initial toading the crack gro\"/s at a faster

rate during the fast activity of AE' The increase in

crack tip stress intensity significantly increases the

fast activitlt rate' The condítions of temperature and

stress influence the length of incubation period and

affect the fast activity rate accordingly'

(e) A steady state is reachecl after approxinately 50 hours

of loading time. The stabilized AE is observeil following



(f)
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fast activity. The AE rate (burst count rate) in this

region Ís the true measure of stabl-e crack. growth. The

count rate remained constent for extenclerl periods (up

to 700 hrs).
The frequency of burst event reduces as the temperâ.ture

is increased above 140'C and abov e a certain 1evel of

tenperature (185-200ÞC) the AE activíty and. so the crack-

ing stops, to indicate the possibility of all the hydro-

gen in the sol-ution. Such experiments could determine

the hydrogen sol-vus in Zr-H system. It also confirms

that the presence of hydride is a precondition for crack-

ing to take pLace.

Stress-agíng treatment can reduce the AE rate, i.e.

the crack growth rate consíderab1y. A 60 hour treatment

at 100'C and K, of 2.5 Mi¡n-3/2 reduced the AE rate from

30 countsr/hr to approximately 3 counts/hr in the stable

AE region. This means the crack velocity was reduced

to 103 of its original value by this treatment.

The samples with higher hydrogen content (200 ppm) have

higher crack growth rates compared to unhydrided spec-

i¡nens (10 ppm-Hr). Even the AE tests with initial

stress-aging treatment of 40 hrs revealed different AE

rate s f or the thro sampl-e s ,

There exlsts a relationship between area cracked and

the total burst counts. The total- AE count and the

AE count rate were directLy proportional to the total

cracked area and the crack velocity, respectivel-y. This

(s)

(h)

(i)



( j )

(k)

oo

rvas an inportant finding because the crack velocity
could be measured ín terms of AE count rate and the

length of the crack can be estimated at any time during

the surveillance of pressure tubes.

The fractography results stand in support with AE obser-

vations but a guantitative correlation cannot be attempted

for the test temperatures of 100-150'C. Higher temper-

atures are required for such attempts.

The use of acoustic emission technique can be extended

for predíction of uIÈimate failure because the quantit-
ative measurements of flaw síze and rate of failure can

be estimated by AE monitoring of sfow crack growth in
Zr*2. 5E Nb.

6.2 Future Work

Acoustic emission technigue was used to study stage II
of V-K curve, for the slow crack growth in Zr-2.5? Nb. AE

monitoring may be employed to study stage I and the transi-
tion from stage I to stage II (of V-K curve). The incubation

period and fast activity have been resolved to quite an extent

under varieil conditions of temperaÈure and stress. Further

investigations should be macle bv AE monitoring of slot^r crack

growth after sharoening the fatique pre*crack to the threshotd

K, to minimize the radius at the root of the crack. The

technique can further be deveLoped for dynamic subtraction

of background noise by enploying an anti-coincidence circuit

which v¡ilI trigger (for recorcling) only ú/hen a burst signal

is received from the sampLe. The addition of a crack ogeníng
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displacemen+- gauge ís necessary for one to one correspondence

of the burst signal with the crack growth' It will aLso pro-

vide inforrnation concerning fast activity'

Amplitucle distribution analysis shoufd be attempted for

a quantítative analysis of burst height and the burst amp3"i-

tude,Itvrillalsoprovidedetailsofthestatisticalnature

of the crack growth process. ft can be identified by the

amplitude distribution analysis if there is onty one fracture

mechanism operative iluring SCG at aII temperatures or load

conditions. The fracture behaviour of the t\^ro processes,

namely, slow crack growth and fast fracture can be delineated

and explaíned at a microscopic scale by arnplitude distribution

analysis.
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APPE}JDÏX A

.A.1 Transducer Characteristics and Response

The response of transducer D9205M2 under varied test

conditions are qiven below:
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APPE}¡DIX B

B.1 System Calibration v¡ith Signa1 ProcessÔr 920

In few experiments signal processorr Model 920 Dunegan

Research corp. ' wíth a buitt in threshold coinparator 1eve1

was used.. Tt monitored AE signals by ring counting mechanism

over a prefixed threshold voltage of I volt, or a floating

threshold voltage for dlznamic subtraction of the background

noise. The system had facility Lo record arnplitude distribu-

tion of AE signals in normal linear, linear sum, normal sum

or log sum forns. The signal Þrocessor was connected to the

systen as shown ín Fig. (at the place of counter) - The

Brookdeal amplifier was substituted by 801P differential

preamplifier (Dunegan research corp. ) with a fixed gain of

40 db.

Figure 24 showing signal 1og amp characteristic and Table

6 for gaín-amplitude trigger tevel, were used for calíbration of

the system. After the set-up was made, the gain to count a

signal r^ra s estimated. The trigger leve 1 across 95 db gain

reads 17.8 uv of trigger level- (Table 6). After the preampli-

cation of 40 db by 801 P preamplifier, the required trigger

level estimated to 1.78 uv which corresponds to 26 db on scale

ónto the right of Figure 24. Thus a threshold level of 26 db

was used to cut off the background noise and moníÈor the signal'

A gain of 55 db was provided on the counter unit for the total

of a 95 db gain to count the signals. The AE r^ia s monilored

successfully with this unit.
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Table 6. Gain-Arnplification-Trigger LeveJ-* (Dunegan)

o're lv/xb
Gain Anplification

Db Trigger Level
Gain Amplification (U.v. )

Trigger level
(u.v.)

40
60
61
62
63
64
65
66
67
68
69

7r
72
73
74

76
77
7A
79
80
81
a2
B3
a4
B5
B6
a7

89
90
9t
92
93
94
95
96
97
9B
99

100

35.5
31.6
2A .2
25.L
22.4
20.o
t7 .8
15. I
14.1
L2.6
LL.2
lo. o

10
100

r000
l12l
!259
l4L2
r584
L779
1995
2239
2512
2 818
3L62
3548
3981
4467
5012
5623
63r0
7079
7943
8913

10000
112r0
r2590
!4120
15840
t7790
r9950
22390
25L20

lOO, 00O
10,00o
1,000

892
791
708
631
562
501

398
355
316
242
25L
224
200
L7A
158
T4I
t26
LT2
100
49.2
'lq 

^
70. I
63.1

50. r
44.7
39. 8

28180
3L620
35480
39810
4467 0
50120
56230
63100
70790
79130
89130

l0o, 000

Table: Trigger levels at various Db gain re I v/Ub and lV. Trigger Level
after amp.

* Trigger leve1-l<¡west voltage amplifie¿t to 1 volt at said gaín level'
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APPE}¡DIX C

Acoustic Emission TermonoÌogy

Acoustic Emission

Acoustic emission is a transient elastic $/ave generated

by the rapid release of energy within a material.

Acoustic Event

An acoustic event is the rapid physical change in the mat-

erial, that releases energy appearing as acoustic emission.

Acoustic Signal

An acoustÍc siqnal is an observed signal obtained by

detection of acoustic enission.

Background Noise

Background noise is an erroneous signal coming from the

ambient, electronic leakage or malfunctioning of the system

Burst S j-gnal

Burst signal is an exponentiall.l decaying signal (with

time) captured on the oscilloscope screen, aopearing as a jump

in the continuous monitoring of acoustic emission.

Continuous Signal

A continuous signal is an apparentl-y sustained signal from

rapidly occuring acoustic emission events.

Noise Transient

Noise transient is a transient signal occuring over less
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than 0.01 u sec. It is usual-1y from line or building noise,

called as tine or builCinq transient.

Threshold Level

ThresholC leve1 is a comparator level (usua1-112 I volt)

with which an acoustic signal is compared.

Acoustic Emission count

Acoustic emission count is a vreiglhted measure of acoustic

events whích have occurred over a given time period'

Burst Count/Burst Height

Burst count or burst height is the number as many times a

burst signaf crosses the threshold leve1 on the +ve cycle'

Such a counting method is known as ring-down counting mechanism'

Burst count Rate/AE Count Rate

Burst,/AE count rate is a h'eighted measure of Burst/AE

counts over unit Period of tirne.

Frequency of AE Surst

It is the occurrence of burst signals over a given period

of time. Anbiguity of the term suggests its use be limited'

Incubation Period

Incubation period is the time to incubate cracking and

crack growth. Experimentally, it is the time taken for the

first burst event to occur from the start of the test'
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Interburst Period

Interburst period ís the tirne lapse bet\^teen any tv/o

consecuti-ve burst events.

Fast Activity

It is the rapid occurrence of burst events for the initial

period of AE monitoring.

Stable AE

It is the stabilized rate of occurrence of AE/bursts

following the fast activity.




