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-;The discovery that fracture surfaces exhibited limited areas with

unusual dimple features, interpreted to have been caused by high

temperatures, led to research on the temperature rise of moving crack

tips. Experimentally, this entailed mechanical measurements using

strain rates between 10- 3 sec and 103 sec ,,,the determination of,2 ">.

stress intensity rates, straining in vacuum, measurement of fracture

topographies by stereophotogrammetry, and the recording of light

- emission during fracture. Three theorctical models were developed to

explain the above hypothesis; the first explored the extent of

thermal-mechanical coupling by finite element analysis, the second

developed the geometry of adiabatic shear for plane stress specimens,

and the third consisted of a numerical analysis of crack tip

temperatures based on a new development of microstructural plasticity

for fast moving cracks. Results from all phases of this research

O provided support for the contention that the melting point can be

exceeded at certain local areas along the crack flank for the high

strength, low thermal conductivity titAnium alloys investigated.
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SECTION I

INTRODUCTION AND OVERVIEW

The objective of this project was to develop an understanding of

the influence of microstructure on the fracture of ductile titanium

alloys and specifically on their fracture toughness. The

microstructures of most titanium alloys are complex and their

relationship to fracture toughness is rather involved as reported

earlier by Hirth and Froes [I].

The project was started with a study of void initiation in P. C.

titanium by correlating tensile data with detailed observations of

ie. fracture surfaces examined by scanning electron microscopy (SEM). Grain

size was chosen as structural variable, and a range from 13 pm to 1310

lrm was covered. In the past, the 3-D character of fracture surfaces had

been neglected and most measurements were taken from the 2-D projection.

Our work was done with SEN stereo-pairs and the features of fracture

surfaces were mea.ured with a light spot stereoscope. Concentrating on

void initiation during deformation leading to ductile fracture by void

coalescence, it was found that up to grain sizes of about 50 Jim the

* primary void initiation site was at grain boundary triple points. At

larger grain sizes, void initiation sites were seen at slip band

intersections, interaction of dislocation avalanches with grain

boundaries, grain boundary ledges, twin intersections, and triple

* points. By reconstructing the topography of matching fracture surfaces

it was possible to determine the sequence of void initiation and the

subsequent growth of voids towards their coalescence for specific cross

s ct ions.

* Turn ing to titanium alloys the research focused on crack

propagation selecting Ti-10V-2Fe-3A1 for plane strain fracture and

Ti-811o for the plane stress mode. Our early SEN stereo obbervations of

fracture surfaces revealed in both alloys limited areas of droplet-like

* f' itures at ti dimple walls. The two most obvious iut erpretat ions led

us to h) 1 l v that these features were due to an at i fact from oxidation

or thit the, m lting point had been exceeded at the moment of final

.parit i1ol And the dropl(t-I ike dimp le wal remnants represented

sol I if i (d molten mnlterial . T'he olxper ime,,tal approach involved

11 ri l"(1. ill Victjtitn 11311d :irgoii, (IXh)0S1O- to shiort heat f lashes0, And

att(':Tlpts; to reo;ord rl iationl possiuhly comiing from tie fr-ictUire lncation.

k %



Theoreticallv, calculations were made initiallv to obtain a ball park

figure to see whether indeed a temperature rise exceeding the melting

point at a few local areas during the final separation was a reasonablP

conclusion and, if so, should be pursued further. A summary of these

early deliberations is provided in Appendix 1 [2]. In that paper the

transformation of plastic deformation during straining preceding

fracture into heat was estimated as a first contribution, but was found

negligile. Following, an equation developed by Rice and Levy [3] was

adapted to our situation with the result that, theoretically, a

temperature of more than 1,000 0C at the tip could be generated during

crack propagation. And finally, dislocation theory was applied to the

ruptnire of microligaments which always develop between voids in ductile

metals, this being the last step in the fracture process; an additional

300 0 C - 30u can be generated locally by this mechanism. Adding the

three tempera ure contributions reassured us that our interpretation of

the experimental results as a melting/solidification phenomenon was

reasonable. Details of microstructural effects at the crack tip in

gcenal are provided in Appendix II [4]. In addition to two Masters

Theses [5,6], two Ph.D. Theses have documented by various research

techniques [7,S) our hypothesis.

One can anticipate that the development of heat at the crack tip

depends on the rate of crack propagation. This was explored with the

metastahle beta Ti-I0V'-2Fe-3A1 alloy which was subJected to strain rates

from quasistatic (10 s ) to near, ballistic (10 3s I) in tensile

l oading. Yield stress, ultimate tensile stress, reduction in area, and

strain to fracture increase with increasing strain rate, i. With a four

or(Ior of magnitude increase of ; the fracture toughness was seen to

increase by 820. The tartuos ity of the tensile fracture surfaces was of

interest in this connection and changes due to the increasing strain

rates were measured with a semi-automatic stereographic mapping system

(biit by Bryant [9]). In order to assess the magnitude of the thermal
nm(tanical coupling at the crack tip, a finite element analysis was

rrri( e ollt hi h is Illmam ri;ed in t his repO rt (pp. 3 5- h). It shuld be

a.hIt. that the boundary ad coit ions for the finite element method were

ob)t,l i en d froni ,xpe r imnllt ,a m asIl ,,,,'Ut en Ti- 10-2-3. Th is work

IOl t i rn l the hi igh teriO rl ture r- i ,( at the ur ick t i p.

'I'lhe al pha /'ht a IIloV Ti -b~ was invest igated in sheet form with

* ip , .,, s On the V t I -i L il 0 tle "1 i Croroug'iened" or droplet-I ike

*2
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features on the. fracture surfaces by heat and the possible involvement

of adiabatic shear including the corresponding glide geometries. The

first task involved the exposure of regular dimples to flashes (0.5 sec)

of a neutral hydrogen/oxygen torch fl ame. Re-examination of these

treated surfaces showed indeed a resemblance of the "microroughened"

features observed after fracture. Since surface oxides and nitrides

rapidly form on titanium above 650 0 C, it was suggested that oxidation

might be responsible for the observed "microroughening." To investigate

this possibility, tensile tests were performed in a chamber which had

been evacuated to 10 -  Pa and backfilled with argon four times.

Although oxygen and nitrogen were not completely absent in these tests.

the short duration of the high temperatures and the rarified nature of

the concentration of these two gases severely limits the extent of

oxidation reactions. Examination of the resulting fracture surfaces

revealed the same features as the air-fractures samples. This result

I' was considered a clear indication that, althoug-h some oxidation of newly

formed, hated titanium surfaces is inevitable, the surface structures

found oin our samples do not form primarily by an oxidation mechanism.

The goeometrical aspects of adiabatic shear are summarized in this report

on pp. 67 to 98, and a brief account of visible light coming from the

fracture area is included. All results are providing evidence for a

hli~ th teonera,-turlle r-ise aheap~d of the crack tip.

Our earlier analysis of the temperature rise at the crack tip we'

bated on the Rice-Levy equation which does not include the effect of a

he~at increase- siinltanueons vith the moving crack. Contrary to the

earlier models hb other authors who based their calculations on

coLtinlum concepts, our model lexecuted by Dr. K. Jagnnadham, North

Caroli ma Stateo V"likiveritv, R aleoigh ,N. C ., under subcontract) is making

use o)f the plast ic work term w'hich in our opinion must change in the

region ahiad of the crack tip during crack propagat ion. Appropriate

armeters used i n the modo Ire di s location dens ity in the process

: ', fr-tt icn 1 ] -t - .  f r dis-l~cat ions, dislecatIion velocity, plast ic

it r i t ,l I:;k rate, il lead ilIg r ae. Thus the workhiarde ig

't. I n .i tI 1,, 1st 1.Li . e 1 I I itcu I ided iII tl e male 1 . The

f't: ftI I vi< t rtIi'.' tlt r 1- i I lc 1 1 t io nis ]Fre -I"'la t in a verv

1c: i l; ii tIt apIIr t ll- (, 5,' iIi the process :one to theI, t ittie s I.le of

"ra,!cK' lira) I It il -I

Ii; I ' nn i n's, ti, p-r e t ,''.I ch t'xp 0 rid t ie t.fect of

I' 3
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% microstructure on the ductile fracture of C.P.Ti, Ti-S'n, and

Ti-10V-2Fe-3AI. It was found that the temperature rise ahead of the
crack tip can be more than 1,0000C, more likely 1,300'C; when adding to

this value the heat developed during the rupture of microligaments

between voids, the melting point of these alloys was exceeded in
localized areas of the crack flank. This temperature regime for the
temperature rise at the crack tip could be calculated since, for the

first time in a high temperature metal, a determination of the final

temperature at fracture was possible with better than average precision.
It should be remembered that titanium alloys have very low heat

conductivity and high strength which makes it possible for adiabatic

shear to occur at normal loading rates. With increaiiig loading rates
the fracture toughness was found to increase by more than 50'.
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SECTION II

VOID INITIATION PRECEDING DUCTILE FRACTURE

IN POLYCRYSTALLINE TITANIUM

Based on a Masters Thesis (Materials Science) by Marjorie A. Erikson*,

UVa. 1983.

ABSTRACT

The objective of this research was a determination of primary void

initiation sites preceding void growth in the process of deformation

leading to ductile fracture in polycrystalline C. P. titanium.

4. Stereophotogrammetry was employed to evaluate SEM fracture surfaces.

Two distinct regimes of void initiation were found to operate.

(i) Void initiation occurred primarily at grain boundary triple

points in specimens with grain sizes up to 50 ini;

(ii) In material with larger grain sizes additional void

initiation sites were found to be at slip band

intersections, interaction of dislocation groups with grain
boundaries, t-in intersections, and grain boundary ledgoes.

l Quatitative topographical information was obtained from
measurements with a light spot stereoscope. Reconstructing the

topography of matching fracture surfaces with SEM accuracy and

* resolut ion, the time sequence of void initiation along a line on the

fracture surface was obtained.

I

I

%,%

• (a t ,ddress: M-s. Mar jori A. \atisliin, llavii W 'iaylor Naa

"' ,gl, ~Ship k ,D Cuter, Aru~l)ii , i> , itbcrrtery, .\ ti ,pel is, Mar yiinl 2140?-5O 7.
I
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VOID INITIATION PRECEDING DUCTILE FRACTURE

IN POLYCRYSTALLINE TITANIUM

* I. INTRODUCTION

While void initiation has been covered in fair detail for particle

containing alloys [1,21, experimental evidence in pure or relatively

pure polycrystalline ductile metals has received only scant attention,

except for fracture at higher temperatures [3]. Under creep conditions

grain boundary sliding often leads to void formation at grain boundary

triple points (GBTP) and theoretical models for the high temperature

regime have been published [4,5]. One cannot expect that these

• mechanisms are operative in high melting point metals at room

temperature, and plastic deformation has been invoked for void

initiation by assuming the development of pile-ups when dislocations

were unable to penetrate grain boundaries [6,7,8]. Also, grain boundary

ledges have been thought to initiate microcracks [91; other mechanisms

are based on crossing slip bands [10], or intersecting twins [111, and

bend planes [7,12].

The present investigation has as its objective to determine the

locations of primary void initiation sites. Fracture experiments were

made with C.P. titanium under tensile loading, and fracture surfaces

were examined with a scanning electron microscope (SEM). The crack path

in most metals is a tortuous one, and this is particularly true for

titanium. It was found necessary to employ stereo-photogrammetry in

order to obtain true measurements of fracture surface features.

2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

Tensile samples were prepared from a 0.198 cm thick sheet of C.P.

titanium. The material was 99.838.0 pure with an impurity content that

included 0, N,, C, H2 and Fe.. After polishing the gauge sections of

each sample with grit size decreasing to 600 grit and heat treating, the

gauge lengths and cross-sect ion areas of each sample were carefully

measured. Once fracture occurred pieces containing the fracture

sirt aces were carefully cut approximately 0.5 cm from the fracture edge

And inoun ted onto an a lumn i num spec imen stub for subsequent SEM study.

A range of heat treatmoits was done to vary the grain size of

.! S



samples to allow a study of grain size versus tensile properties and

fracture surface characteristics. Because of sample purity only the

a-phase of Ti is present at room temperature, so stress relief,

recrystallization and grain control were the primary goals of heat
[ %,. t reat ing.

Ten samples were prepared for study. Heat treatments were designed

to cause a variation in grain size from 13 pm to 1300 lm. Table I lists

the various samples with the heat treatment they were given and their

" '.: resulting grain size.

To prevent oxygen from diffusing into the samples during heat

treating, each sample was enclosed in a quartz tube evacuated to 5xO0
7

torr.

.., For grain size determination, a piece from the shoulder of each

sample was cut, mounted onto an SEM stub, encased in epoxy, and polished

and etched in a solution of 10 ml HF, 5 ml HNO3 and 85 ml distilled

water for 12 minutes.

The tensile specimens were pulled to fracture on an Instron

Universal Testing Machine. The crosshead speed was either 0.05 cm/sec

or 0.005 cm/sec. Load vs. time was recorded and from this tensile

properties were determined.

Fractographs of the entire surface were taken of opposing surfaces

at low magnifications, using stereo techniques, as references for future

higher magnification micrographs. These low magnification fractographs

were also used to measure final cross-sectional area at the fracture to

determine the reduction in area of each sample.

A number of pictures were taken at higher magnifications (300x to

1000x), using stereo techniques to enable a detailed three-dimensional

study of the fracture surface. Thus, fracture surface features could be

determined accurately by making measurements of relative height as

well as relative horizontal distances.

Studies of microstructures were related to studies of fracture

surface features to pinpoint primary void initiation sites in a-Ti.

Five to ten micrographs of each sample, polished and etched for grain

I size measurometnts, were enlarged and used to determine grain size using

12

%,



TABLE 1

GRAIN SIZES OF FRACTURE SPECIMENS

SAMPLE HEAT TREATMENT Average Grain Size Range

1 12 hr. at 7000C 13 pim 1-55 pm
* furnace cool

2 -2 hr. at 7000 C 21im 2-72 pm
air cool

3 2 hrs. at 700 0C 46 pim 7-188 pm
4 air cool

4A 2 hirs. at 1000 0C 178 pim 30-1210 pm
air cool

4B 2 hrs. at 1000 0C 200 pm 27-1215 pm
* air cool

5A 5 hirs. at 1175 0C 427 pim 40-1550 pm
furnace cool

5B 5 hirs. at 1150 0C 420 pim 35-1490 pm
furnace cool

6 812 hr. at 1150 0C 792 pim 70-1880 pm
furnace cool

7A 20 hrs. at 11500C 124 +7plm 82-2150 pm
furnace cool

7B 20 lirs. at 1150 0C 13l0imm 79-2120 pm
furnace cool

4

4

13
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the grain boundary-line intercept method. These pictures were also used

to measure intertriple point distances by direct measurements.' m2

Measurements were made over areas of -1000 im for small grained samples

and 1000 - 2000 im 2 for larger grained samples.

Measurements of dimple diameter and interdimple distances were

taken directly from stereo micrographs which allowed evaluations in

3-dimensions. Dimple diameters were taken as the line through the

center of the dimple perpendicular to the long axis of the dimple.

Iiiterdimple distances were measured from the center of one dimple to the

center of in adjacent dimple taking relative height variations into

account by making measurements using a Hilger-Watts stereo viewer.

.3. RESULTS

Significant mechanical properties of typical tensile samples are
listed in Table 2.

. An evaluation of measurements obtained from SEM fractographs

indicated immediately that in small grain specimens interdimple

distances corresponded Primarily to intertriple point distances. This

can be clearly seen in Figure 1; the measurements were taken from

specimens 1-3 with average grain sizes of 13 um, 21 lim, and 46 m,

respectively. The fit of the second peak of interdiuple spacings with

intertriple point spacing peaks is amazingly good. Notably, there is on

-ieach of these graphs a higher peak for interdimple spacings which lies

between 1 um and 3 um. The significance of this maximum peak will be

discussed in the follocing section. Figure 2 gives an impression of

dimple size distributions in a fracture surface of specimens having

grain sizes below 50 ujm.
0 The character of fractographis changed drastically for specimens

with grain sizes of 200 um and larger (Figure 3). Instead of only a

broad distribution of (limpl, sizes over the whole fracture surface,

elongated rid(ges are also seen over a relatively large area. Dimple

size distrihut ions tr tour ~rain sizes are given in Figure 4. For

th.lse saitplas, interdimple, di.t.>u,:os 1i1d intertriple point distmiccs are

lure lted Althouglh the rmax iriln peak of tiLe first group is retained at 1

•1 to J lim. "Fle tmge i1 the t , lr ture slrfilce, clii -le teristicS bCtw(oon

-i' 1 " "ra ins itesl Hie presence of tk o

-e v "e14
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K ili i 2. SIN fractograph of specimen :2 having an average grain size of
21 pim. Range of grain sizes from '2 to 72 pm. The bottom

e levols of dimples A, C and B are at 10 pm, 5 pim and 0 base.
respect ively, as determined bv stereo-photogrammet ry. The
ridge on the right of dimple 13 (arrow) is almost 40 lpm highor
til tle bottom level of B.
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distinct mechanisms of void initiation.

The measurements displayed in Figure I and 4 were made from stereo-

pairs. A simple addition to a flying spot stereo-microscope made it

%' possible to draw topographical maps of fracture surfaces. An example is

given for a rather simple fractograph, Figure 5, for which a stereo-pairII is shown. The corresponding topographical map is given in Figure 6.

While stereo-viewing conveys a distinct three-dimensional impression of

the general layout of a fracture surface and also of individual dimple

geometries, it would not have been possible to conceive the large

ditffrence, between the lowest points of the dimples. The largest

lheight di fference measured in this micrograph amounts to 40.8 vim.

Dimple :1 has an average depth of 24 pim while dimples Y 2 and ,3 have

aerage depths of 13 vim and 10 vim, respectively. The stereo-photo-

grammetrv revealed not only that the dimple depths are different by

e .e, larger amounts than That the eye had perceived but that the base surface

ii iis inciued, i.e. , it increases from top right of Figure. 5 to bottom

left. The even greatr complexity of the topography in large-grained

specimens is now appreciated and stereo pairs are essential for their

For a coml) Iete eval nation of fracture surfaces, however, one has to

go one step further. From the irregular features seen in all

stereo-micrographs, one must draw the ,conclusion that the growth of

voids l depends on local stress coiiditions at a microstructural scale and

oll csequent ly is anisotropic. Therefcre, one can expect that matching

flra.ctre surfaces will look differently, and the drawing of contour maps

-: s l I is Ouiicin g 1 y F gure 7a depicts a cut through contour

mi)s of matching fracture surfices . In order to classify the difference

ini , i - of these., iitehing surfaces, the vertical scale has been

.. arl,gfr ,d by i fa tator of five. The true profile for the "lower' surface

,"- ''* . .1,, 1 i1' Ii -

W' i r I 't1 1) 1'- ili iS -0 is to Lat iLnal I :e ti 1 iOects of graii1

o, . • ': I i: . t.-" i:t" II LO : l~ i :oil . "F]I' d iilll mp; I I -(' ''l l m I ILIo%

i (-I tI ,-,1,t o hips h0 t k%,,, in'terdimple distalnces anlld

'irs '2 Vei, II it I'[ ti% it ll oi ',lilm Sizes el loe m 0 sIhlo

mn i gaiisi sh w lvi a

"0 2



El

4.

4.

I'

-
N

S

I

I

V. . -

r
-- ."*'\**V*-*~**-*
-A -' -P A t.A S .5 A> '.~. ti. tA ti. V.. L~ A At WV t,~ ~~AA:.A~.~V..5.At.x.tAtA?.5 i. tAt.. .sAkX.Xi2.Aa.X~t. A~ Ps



0T

0

.1%



.ru ~ ~ r .vr~ ., ..'n , ... .. .- ........

.

.0 .

.. ... ...

.....,
. . . . . . .. . . . .
. . . . . . . . ... . .

...... ....

......... I

...........

...100....m

Ji~~~~~iiru~... ...........rfi.s...Cr s -S ~ tin f ra tir
j~e ti-eII )\ Zr.M L~)iI ................ o l Ie er c'

. . . . . . . . . . . . . . . . . . . ........ . -C.-

-. . . . . . . . .



Kr.

an almost perfect correspondence between these data points, while for

another group with grain sizes above 200 jrm this relationship is not the

dominating one.

Crack initiation at triple points is common in creep as first

explored by Zener [131; here grain boundary glide was involved and

thereby a triple point becomes the obvious location for a stress

concentration. Movement between grains along their boundary is not to

be expected, in titanium at room temperature. However, incompatibility

stresses between grains [141 should be high at triple points. In-situ

straining in a TEM showed that the first glide dislocations are often

generated at triple points (see Figure 8 [151), and slip lines have been

seen to originate at triple points [16]. Recently Kurzydlowski et al.

concluded on the basis of in-situ TEM work in stainless steel that the

emission of dislocations from a triple point occurs at a stress of

G/320, with G the shear modulus [17]. These authors claim that the

stress concentration factor of a triple point is not far from 2.8

[17,18]. All of this indicates that after extensive deformation, a

triple point represents an exceptionally high local stress concentration

in a polycrystalline material. In addition, it is known that impurities

.. reduce the energy in grain boundaries [19] and this most likely applied

to our case. The experimental result that grain boundary triple points

have been the primary sites for void initiation is thus understandable.

The question now to be treated is concerned with the observation that

for specimens with grains larger than 200 vim this does not hold.

Since the reduction in area for all specimens was 60o or higher,

thIe plastic deformation in the neck was substantial. Titanium deforms

at room temperature by prism glide, (1010) <1120>, and by twinning on

six plales [201 ; the most frequently observed twins have (1012) and

(1122) as composition planes. The influence of twinning on void

il it iaL ion has to be included in our deliberations s ince it is well

known that tw inni ng plays an important rote in larger grained titaniim

whi e deformlation twins have not been seen in .i11 grai ned titan him

A211 -h, aiiii tsillilig wi l l occur ill Ti for ( 1012) l1l>, for

extimp le, by stresses ill Lens ion para llel to the c-axis and

correSpoul i ilV for compr(ss ioil stLreses perpeod icu l1r to it. That both

t-v.lwv of !t re"ss ; ciII :l :It g iin hollild.i s caillIot be doubted sillce

24
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after even modest strains, grain boundaries will have developed ledges,

the stress fields of which have been calculated by Das and Marcinkowski

[9]. Amateau et al. reported the occurrence of twins in a-Ti (02

0.25'. as compared to our 02 = 0.102%) after a strain of 4.8% for

- specimens with grain sizes comparable to our specimen 44 [22]. These

authors identified "thick" twins as (10121 and (1172) types and "thin"

twins of {11-x) types with x = 1, 3, or 4 (second order twins) in

accordance with the findings of Rosi et al. [23]. The second order

twins were seen in the {11221} twins and the crack nucleation occurred

between second order twins and matrix based on observations by light

microscopy at 180 K. Figure 9 shows a fracture surface in support of

this mechanism. In stereo-viewing one can see a fine ridge structure

with a spacing of a few micrometers lying within larger bands 10 Jim to

30 pm wide. The latter fit the description of the "thick" {1122) twins

and -he finer lamellae the secondary twins. A grain boundary is

0 indicated by arrows. Intergranular fracture obviously has produced the

relatively flat area marked A. Arrows B are pointing to two deep

micr-ocracks. While Figure q represents am extreme case of crack

initiation by twinning processes, Figure 10 is indicative of slip and

twinning which are both present in areas about a few hundred micrometers

across where void initiation by glide and initiation of microcracks by

twinning operated in close proximity in grains between 200 and 1,300 im.

In Figure 11 we have plotted the maxima of interdimple spacings

against grain size and one can see that the interdimpje spacing follows

the grain size for the grains and then levels off regardless of grain

size. All measurements of interdimple spacings have been made from

only those areas of fracture surfaces which showed full ductility. As

sen from Figure 4, the broad distribution of dimples is not uniform but

shows in addition to the maximum of about 50 pm a number of smaller

peaks. The same is true for the intertriple point spacing with its

-x m,iximn i i ear the average grain size. It should be notod that for the

0 four grain sizes (Figure 4) a small pealk of intertriple point spacings

()iO.;(l&' with a peak of iinterdimple spacings. Again the indication is

thajt triplo poillts ren in imporLalt void initiation sites. Iho ev o r,

26
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other void initiation processes are now more competitive. Besides

initiation sites at grain boundary ledges and secondary twin-matrix

intersections, other processes must have been active. The "bend plane"

mechanism is normally cited as an important crack nucleation model for

hexagonal crystals but is not applicable for highly strained

polycrystalline Ti since that mechanism is based on bicrystal studies in

zinc at low temperatures where cracks appeared parallel to the basal

plane after elongations to fracture of only 0.5% to 2.8°° [12]. All of

our samples showed multiple glide in the necked region which means that

extensive glide was produced by a number of glide systems crossing each

other. 'Microcrack initiation at slip intersections in close packed

crystals has been considered as one of the nmost important void

initiation mechanisms [10], and it is proposed that this mechanism also

participates in polycrystalline Ti. The significant peak for

interdimple spacirgs in Figure 4 is consistently at or near 50 Jim in

larger grain size material and gives credence to a glide crossing

mechanism for prime void initiation sites for large-grained Ti.

Close inspection of SEM fractographs shows that the largest number
of voids grows only to a diameter of about 1 jim as documented by the
highest peaks for interdimple spacings in Figures 1 and 3. Earlier work

on the initiation of microcracks in heavily workhardened metals and

alloys [25,26,27,28,29] pointed to the importance of dislocation cell

walls for microvoid initiation. This is exactly the situation in the

micro-ligaments between the large voids discussed so far. Here E>l on

account of the continuous reduction in thickness of the micro-ligaments

to a few micrometers. A detailed description of microvoid initiation and

growth has been given elsewhere [30]. The microdimples under discussion

are seen primarily on the rims of larger dimples and indicate areas

where localized rupture has taken place.

A determinationi of the profile of a dimpled fracture surface can

provide information S to the precise sequence of void init iation,

provided tho resolution of the technique is high enough to discern the

,i' li t 1i iS ltw,,eI (dimples for the two opposite fraicture surfice

prof i I os . TheQ prof iles in Fi-gore 7 have been eva luated for a time

sefllel,, by first clos ing" the frJ(.tur(,, i .e. , moving the upper inid

r.:. o ,r profi Ioes ovr o Olc oth er so t.hait no th it.e ;are s romr;l inT thei

29
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moving the profiles apart, one can monitor the initiation sequence (see

Figure 12 for the appearance of initiation of voids [l-3]). Measuring

the wnole sequence of 16 initiation sites yields an average distance

between sites of nearly 10 pim. With an average grain size of 13 Pm in

this specimen the claim of triple points as primary initiation sites

(see Figure 1) is verified within the error limits. This determination

was made under the assumption that void growth is proportional to time,

and that the profile would be going through the center of the dimples

which is, of course, not fulfilled. A more careful analysis would

involve profiling at close intervals which, if done for a larger part of

the fracture surface, would contribute to the quantitative topographical

chalracterizat ion of the time sequence of void initiation. This

measurement is adding the dimension of time to the study of voids in

fracture surfaces at microscopic resolution for the first time.

5. CONCLUSIONS

(a) In specimens up to grain sizes of 50 p~m, grain boundary triple

points are primary void initiation sites.

(b) When grain sizes range between 200 vim and 1,300 vim additional

\void initiation sites are provided by twin intersections,

glide band intersections, dislocation interactions with grain

boundaries, and grain boundary ledges.

O c) c Iicrovoids are seen at the rims of dimpIes and between

dimples; they are due to initiation at disfocation cell waili

and occur during rupture at the final separation.

I
"(d

1) The time sequence of void initiation can be derived from

* fracture surface profiles which were constructed from

quantit itive topographical information.

(e It has been demonstrated that quant itat ive stereo-photo-

4 grammetry for the characterization of fracture -surfaces is

manda tory.

3 1
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SECTION III

THE EFFECT OF THER.IAL-MECHANICAL COUPLING

AT THE HEAD OF A RAPIDLY LOADED CRACK TIP

Based on a Ph.D. Thesis (Materials Science) bv J. Daniel Bryant, UVA,

1987"

ABSTRACT

*0 An analytical method has been developed to quantify the effect of

deformational heating in the near crack tip region of a material

subjected to rapid loading. The finite element method (FEM) has been

emnloved to model the changes in the stress and strain fields near the

* crack tip due to the effects of strain induced temperature rises for a

material undergoing elastic-plastic behavior. The effects of these

temperature rises are manifested in both altered material properties,

i.e. thermal softening, and in thermal expansion. The dynamic

interaction between the evolving stress, strain, and temperature fields

incurred during rapid loading is approximated by dividing the loading

history into discreet steps. Bv using the nodal displacements and

eiemental temperatures developed in the previous load step as initial

q cond it ions for the subsequent step the model emiu lates the true

thermal-mechanical coupling experienced during shock loading.

Comparison of the stress and strain fields of the

thermal-mechanically coupled and uncoupled models has shown the effects

of- temperature rise to be present wIel 1 in advance of the crack tip;

significant effects include diminished maximum stri~ss and increased

.maximum striin in the coupled model. By incorporating the results

obtained from instrmneited test sfecimens used in the determination of

loading parameters, ins i ghts have been gained into the effects of

ioiiadiibatic cold itiols and the ipplicabi11itv of the metlod to dhe case

of the propagating crack.
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I'

THE EFFECT OF THERMAL-MECHANICAL 10UPLIV AT THE

HEAD OF A RAPIDLY LOADED CRACK TIP

1. INTRODUCTION

Deformational heating has long been acknowledged as having a

significant influence on the process of dynamic fracture. Early works

by Zener and Hollomon describing the effect of strain rate on plastic

flow in steel elucidate the opposing roles played by the well known

phenomenon of strain rate hardening and that of thermal softening as a

result of adiabatic heating. More recent works have concentrated on the

effects of the instability reached when adiabatic softening dominates

the fracture process. The formation of adiabatic shear bands in metals

discussed by Rogers in his review and by Stelly et al and others in the

field is associated with the instability dictated by the slope of the

adiabatic stress-strain curve. Evidence of rapid temperature rises

during adiabatic heating has presented itself in the form of

transformation bands and incipient melting of the fracture surface.

Figure 1 shows such a heat affected area on the fracture surface of a

beta titanium alloy subjected to high strain rates.

A detailed numerical model of the propagation of adiabatic shear

bands was recently accomplished by Kuriyama and Meyers [1]. In their

analysis, the region ahead of a crack is modeled for a material obeying

an adiabatic stress-strain relation and subjected to pure shear (Mode

0 II) stresses. In concentrating on th. near crack tip region, the model

is thus analogous to the approach of fracture mechanics. The case of a

crack tip experiencing a Mode I type opening stress was addressed by

Hoff, Rubin and H{ahn 12]. A compact tension specimen subjected to

dynamic loading was modeled using finite element analysis (FE 'l); the

results describe the changes in the stress and strain fields produced by

strain rate sensitive and insensitive materials. The model, however,

did not account for the effects of adiabatic heating in the rapidly

strained region at the crack tip.

In the, rsent ,t.dV, te stres, and stralin fields It the crack tip

in a compact, tonsion rspecimen ire carluted for the case of deformat ion

dnMiliitOd by adiabati hea.t inwg o ,ts. To address thte prol hems of

strain rato sonsitivitv. in exe orim(ental testing program hls bel run ill

pa raiI, iii(a thitis acts to supplv tlie paramieters ll,'edod to describe both

the miteriil response to acre,, orated ohtormit ion ratos and the loaiding

I' 39
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* (a)

Figure Ia. The change in dimple structure as the shear lip is

approached is shown in this micrograph. The dimples on

Lop are seen to become shallower and more Mode I in

character.

igure lb . Te glIohbn lar i zed, ''knobb ly'' features within the t raCture-

.e... suIIr fce a 0 1s so c i at d with rapid temperature rise at

fracture, are sho~wn ill (leta ii

* 43
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history for the specimens being modeled. Two manifestations of

adiabatic heating on the stress-strain distribution are considered:

thermal softening and thermal expansion. The effects of the dynamic

interaction of the stress, strain and temperature fields are determined

for an elasto-plastic temperature dependent material using the finite

element method. In this approach, the thermal-mechanical coupling

rclatino these three feilas is determined by the modulation of the
qlP  elemental temperatures at discreet intervals, these temperatures being

determined by heat generated through plastic deformation. By studying a

rapidly loaded stationary crack undergoing adiabatic heating, the stress

and temperature fields derived can be used to predict the response of

- more complicated systems, including the nonadiabatic case and that of

the propagating crack.

2. THEORETICAL AND EXPERIMENTAL PROCEDURE

(i) Experimental Method

Specimens for tensile and K tests were machined from a
Ic

billet of Ti-1OV-2Fe-3AI of the composition given below.

Table 1: Chemical Composition (weight percent)

C N Fe V 0 Al Y Ti

.03 .013 1.8 9.9 .095 3.4 10 ppm balance

Specimens were homogenized above the beta transus temperature at 8250 C.

This was followed by a furnace cool to 780 0 C and a quench to room

temperature water. A subsequent aging treatment was performed at 500 0 C

6 for one hour.

Fracture toughness tests were made through K testing of compact
Ic

tension and three point bend specimens. Testing was performed on a

closed loop hydraulic testing unit. As the loading rates used in these

experiments were far higher than could he recorded using pen and chart,

a high speed data acquisition system was developed. The load signal was

recorded using an A'I7 6300 computer at intervals determined by the

on- board clock. To detLermine the exilct moment of crack propagation (and

hence the load at the onset ot crack motion) a strain gage was cemented

directly -ihlad of the pre-crack ind the signal monitored using the same

41
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equipment. In this way, the fracture toughness KIC could be determined

as well as the loading rate parameter K 1 where K I = K IC/t c and t is the

critical time to reach crack growth. Loading rate was varied from 1.5

MpaVs " I to 1.28x10 MPa'ms The data recorded provided the required

loading history used in the finite element model developed. The same

A, data aquisition system was used to measure crack propagation speed;

using a crack propagation gage (an array of parallel conductors) the

resistance drop was measured as the advancing crack severed the gage.

The instrumented compact tension specimens, as well as instrumented

tensile specimens used in high strain rate tests, are shown in Figure 2.

(ii) Modeling Method

The finite element method (FEY), a system of mathematical

modeling which, for static stress problems, determines the displacements

of the nodes contained within the element mesh in response to forces and

displacements impressed upon that mesh as boundary conditions. The mesh

is constructed by the user to emulate the geometry of the system to be

analyzed. In this analysis, the stress and strain fields near the crack

tip in a compact tension (CT) specimen were modeled with the aid of the

ANSYS finite element codes [3]. This mesh configuration was chosen for

two reasons. First, the stress field near the crack tip of such a

specimen has been extensively studied; this allows for comparison of the

current model results with previous work. Secondly, by performing

mechanical tests upon specimens of this same configuration, the

parameters of the model, namely the loading history and the time

indicating the onset of crack growth, can be determined directly from

experimentally measured quantities.
4,

*In the present work, a four noded isoparametric stress solid was

chosen as the element type. This two-dimensional model was made to

emulate a three-dimensional model of unit thickness undergoing plane

1 strain. A diagram of the element mesh is given in Figure 3. The load

*is applied at the node marked in the upper left portion of the diagram;

this corresponds to the center point of the load pin in Lhic actual CT

specimen. As slhown, ti d irretion of crack propagation is to the

r iht . As is standard in finite eloment analvsis, the total specimen

hilig node led is divided along its l ines of symmetry and a siglgIe

42

%-- 7 7,,' "'.''..., .Y ", "",'""-.' '-.-" , '- °' %,," "" ."• ' "". "'" '."-"'," "." ," ",_'. ".". ,,"g.N _%



to MTS

1. .

CT
Specimn

a 35

to MTS Strain gage

* K1 , Ki

4TPB Stta In gage 9t
Specimen M

* 393 L...~~ 2,15' 4- - L

U-igure 2a. Specimen configurations used for fracture toughness
testing by K determination. The upper diagram shows

Ic
the specifications of the compact tension (CT) specimens,

* while the lower shows that of the three point bend (TPB)
specimens. In each diagram, the instrumentation used to
obtain experimental parameters is shown on the right.
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section analyzed. The line of symmetry in this problem is along the

line Y=O, which includes the crack tip itself. To preserve the

equilibrium of the mesh in response to the loading force, displacement

constraints are placed upon the series of nodes along the X axis to the

right of the crack tip. The mesh generated consists of 144 nodes

forming 125 elements. In the region close to the crack tip, the density

of the elements increases, as it is here that the greatest stress

gradients will occur. An enlargement of the near crack tip region is

shown in Figure 4, with the nodal numbers marked. Concentric

semicircles surround the crack tip itself (node 1) providing an

elemental spacing of one micron directly next to the crack tip, which is

represented in this model as sharp and ublunted.

The compliance of the element mesh in response to an external force

k' or imposed displacement is translated into nodal displacements via the

F stiffness matrix. The stiffness matrix incorporates the material

properties; for the elasto-plastic model developed here a bi-linear

stress-strain curve was used to describe the alloy's mechanical

properLiz-. as shown in Figure 5. The temperature dependence of the

elas L Ic and plastic por iOs of the lower stress-strain curves in Figure

5 is approximate and based upon empirical data taken from another

titanium alloy for which high temperature data was available, namnely

Ti-cAl- 4V.

A single nodal force, situated at node number 82, acts in the

vertical direction, thereby simulating the action of the load pin in the

actual specimen. The maximum load applied at this node was determined

from one of the K tests run at a loading rate near the center of the
Ic

-ulIge studied. In both the coupled and the uncoupled model, this load

is applied ill discreet load steps; the maximum load is applied over a

series of 10 steps. There are two reasons for this. Firstly, by its

V, ery naitilre, a prob len incorporating plasticity is nonlinear; the
solution, therefore, can on lv he arrived at through a process of

Sterat ion. P" dividing the total lo,d into a series of steps, tie

prol) lee of IlOIvO geIlCe nay be avoided. ihe seconid reason lies inl the

rie thod ised in the tier mal I-mechat ically coupled modeIl to produce a

(ly'imO ic intort ioil hetwe(nll tLe (lell ta I temperature ali tile stleSs alld

, r" t fells. re entll,, he load to till' maxiitlllm load over tell steps
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all o s for the periodic adj ustmenit of the lementa l temperatures as

- 'determined by the plastic strain energy expended in the previous load

step.

The number of iterations required to reach a particular margin of'margin

. error within a load step is contiolled in the program through a

convergence criterion. For a stress solid element type, the convergence

criterion is defined by the ratio:

. C=ASp/
p e

where C is the elastic stra in and AE is the change in the plastic
Se p

strain wi ith the prev ious i terat ion. 01 i otis I V, the sinai er the

convergence criterion set, the greater precision twith which the model

will simulate a material described by a given elasto-plastic

stress-strain curve. The disadvantage lies in the greater computational

time and expense for this added precision. A convergence criterion of

C=.05 was chosen in both models. Depending on the load step, between 5

% and 20 iterations were required to match this criterion.

As stated in the introduction, the deformation induced heating in
an element near the crack tip acts to change the defined temperature of

,-. the elemernt involved, and this in turn affects the relationship of the

stress and strain. At this point the method used to determine the

. temperature rise and the effects of that temperature rise will be
" " di sr-.issed.

While a formal, analytical expression relates the stress and strain

in 1i elasti eaterial to the stored energy per unit volume, this

express ion is not exact for tle case of an elasto-plastic material

31because f the path dependence of thc integral. In a plastically

Sd forming material, the stored energy per unit volume is approximated by

* tue ex-Presintho" cx; !' ioil :

Efaf
* Ah; = (ort

=;."' ;,],'1, £ !Iii £" ArI-' t~le \i 1 tFti tri .ii: <e1 ractui-e stra;in respectively.
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where C is the specific heat, p is the density and R is the proportion

of energy converted directly to heat. From previous works, R is

generally accepted to have a value between .90 and .95. This equation

cannot be used analytically to describe the temperature rise for a

material undergoing plastic deformation given the path-dependent nature

of plastic deformation. Because of this, only an approximate relation

¢ can be, made betweeni the stress and plastic strain acting in in element

_and the onergy expended per unit volume. The actua l amount -f energy

expended is of course dependent upon the size of the element; a larger

amount of energy will be expended in deforming a larger element. This

problem of determining elemental volume (actually, elemental area with a

r. 4given unit thickness) can be avoided by directly determining the

temperature rise within each element. As the density and specific heat

are both on a per unit basis, the volume of a given element is not

requirod for estib] ishinig the elemental temperature. The plot shown in

Figure 6 shows graphically the method used to determine the elemental

[ ,temperature rise. An approximation is made that the area beneath the

t< str s-plastic strain curve is described by a rectangle with an area

h.'¢, oe !nzil to the prod uict of the stress and plastic strain. Th_ area be e t

this curve, as well as the similar ctjrves for stress and plastic strain

act ing in the Y and shear directions, is equated to the energy per unit

volume expended in the action of plastic flow. The associated

temperature riso w ithin an element is given by the equation:

I 1 (ox px) + (o E ) + 2'oxv y
I'., - yxY

ATxpx yVp xy pxy
P P

,here Lhe absolute value fnctions have been empl yed to oeiir for the

4 po: Livi, a lltri of the heat genorat ion.

T! il l , o !, I I 1 t i po r l f oi-rs f Or those e l Illil t s ill,, i do of t he

'1 i i-pl ,t i, ! l %.y are fl f iIled ls ilig the above iju titclt at 10
ro Ii ts ,lri g t l o, ,t wig itt V, i.,'. the final itor ltiol ot the 10

4nd sti'ps. The sabsijiiint load :t(,p is if fected by tiiis mi o lt l,(tiol ot

'mnt .11 tiiiI'lt ares ill to ways. Fi rst, the Ipp1opr i Ie

2.. 2.-- - .--
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stress-strain curve will be selected for an element at that defined

temperature. Secondly, the thermal expansion of that element will be

incorporated, and this will be reflected in the stress and strain values'I
for that element and those neighboring it.

(a) The Uncoupled Model. In the uncoupled model, the elemen-

tal temperatures are maintained at a constant, ambient temperature of

300 0 C throughout the loading history. This temperature was set in

the pre-processing stage of the analysis, and as a result the material

properties relating the imposed loads to the nodal displacements are

prescribed by the upper most curve in Figure 5.

* (b) The Coupled Model. In the coupled model, the requirement

imposed by the modulation of the elemental temperatures at the end of

each load step necessitates a different approach than that used for the

uLWcoupled model. The first load step applied is identical to that of

the uncoupled model, and in the subsequent load steps the load is

applied to element mesh using the nodal displacements and stresses from

the previous step as initial conditions. In the coupled model the

elemental temperatures are adjusted for each element subjected to

* plastic strain in the previous load step. This process is repeated at

the end of each load step. With the iterations required to reach a

convergence criterion of .05, a total number of 192 iterations with a

running time of approximately eight hours was required.

* 3. RESULTS AND INTERPRETATION

The objective of performing this analysis was to gain insight into

the role which deformation induced heating plays in dynamic fracture.

Specifically, there are two subjects which are to be addressed. The

effect of thermal-mechanical couplilug at the crack tip on the stress and

strain fields is to be discussed. In addition, an associated

temperature field is predicted under the assumpt ion of adiabatic

deformat iorna heating . In the model, adiabitic boundaries are imposed

I (,twi ,n ,I(' lin;t no rans fer or heat is permi tted away from the crack

tip a-r ea. Tlie ,l i alatic temelrt-llre field predi .ted by the nodel can

tit.a: a ,i., ly:,d from the -sta1lp i'n.' t of tralls i ent heatt generat ioin alid

','." tl,,ha t t :-n>, fr.

T'l ) rItl I d i l I l en(llt lte t i P ,(] f rom t lo a.i 1 vs is :ire uisod to

•f J -A -P
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predict the elements of the stress and strain matrices at each node. Inl

addition, the stress and strain values of the four nodes defining the

perimeter of an element can be averaged to yield the elemental, or

centroidal, stresses and strains. The stress and strain data, as well

as temperature profiles, are graphically presented in the form of

connected contour plots determined from centroidal values.

(i) Analysis of Stress and Strain Fields

In the first set of plots, Figures 7 and 8, the plastic strain

in the Y. or vertical, direction is compared for coupled and uncoupled

models. The higher values of plastic strain in the thermal-mechanically

coupled model are reflected in the difference in maximum plastic strain:

19.5% for the uncoupled model as compared to 26.6% for the coupled

model. The higher plastic strain levels reached in the coupled model

are a consequence of the thermal softening in the near crak tip region.

The perimeter of the plastically deformed region, or the elasto-plastic

boundary, can be interpolated from the stress-data printout. For both

models, plasticity is seen only to occur within the fifth semi-circular

regime of elements; this defines an approximate plastic zone radius of

42 micrometers. This is in good general agreement with the plastic zone

radius defined by fugdale for the plane strain case, given by:

rp c
6l - 2 /

Using experimentally determined values for the yield stress and critical

stress intensity, this is calculated at 56 micrometers.

The shape of the contour plots of von Mises' stress for the coupled

and uncoupled models are seen to be roughly the same (Figures 9 and 10).

A lower stress in the near crack tip region, as well as a lower maximum
stress, can be seen in the coupled model. This is a result of not only

the thermal softening, which lowers the stress bearing capacity of the

e lemont, hut a l so of the therma 1 expans ion. In the eleivents under

positive stress , the tierma l oxpansion catused by the increased elemental
t empematlire, aCts to re'd iic thi stress by providing additional compliance

to the, iniposod forcs at the nlodes.
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U igure 7. The contour plot showing the plastic strain in the Y, or

vertical, direct ion for the uncoupled model. The data

column on the right lists the maximum strain (.>IX) , the

minimum strain (>IN), the number of contours (NCON) ,and

the strain increment between contours (VINC).
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The most interesting result of the analysis can be seen in the

stress fields in the Y, or vertical direction, as it most clearly

depicts effects of Mode I type loading. In Figure 11, the stress field

for the uncoupled model is shown. This can be compared to the stress

field for the thermal-mechanically coupled model in Figure 12, and

several important differences can be noted. The intensity of the

gradient in the stress directly ahead of the crack tip is greatly

reduced in the model which incorporates thermal softening. The maximum

value of stress in the Y direction (in the units used in the model of

Kgf/mm) in the uncoupled model is seen to be 553 kgf/mm, while in the

coupled model the maximum stress is reduced 35 percent to a value of 360

kfg/mm.

N (ii) Transient Thermal Analysis

Using the thermal-mechanically coupled finite element analysis

done for a compact tension specimen, the temperature fields generated

through deformational heating can now be subjected to an analysis of the

thermal flow as a function of position and time. The model described in

the previous section is specifically for the case of a rapidly loaded

compact tension specimen where the heat of plastic flow is allowed to

perturb the material properties in that element alone. No attempt has

been made to consider nonadiabatic conditions; the heat generated in

elements undergoing plastic deformation was not allowed to dissipate to

the neighboring elements. This was an unavoidable consequence of the

modeling methd used. Rather than running a thermal finite element

analysis using simply the temperature field predictions from the final

iteration, a one dimensional thermal analysis was performed based upon

heat generation rate. It is the author's belief that this method more0

clearly elucidates the role of heat conduction in the near crack tip

reg ion.

(iii) Predicted Tempnrature Field

The temperature field predicted through the thermal-

mOer11i1n ij -1 ly Geiipled StreSS model1 is shown1 inl lFigulre 13. In thle right

haid oIum in next to the diaigram is the information required to interpret
the d igram. The colored CQntoiil. are at levels of 9i 0 K, and the

amblont tmpritnre of the spec imen as d(f ined at 300 0 K (.this is of

%

W^*

% %% %%
L-e1,% 58



'M

.*.. j/

1"°°°.-PLASTI.

"/1

\°\\,,,

'.1

-. . I,

,,. 1CTS -PLPSTIC

Figure 12. The 'lode I type stress plotted for the uncoupled model in
a Figure 11 can be compared with the equiva lent plot tn(r

the therma I-mechanically coup led FE'l model. Important
points to note are the shape of the stress contours, and
the maximum stress near the crack tip, which has been

reduced to 3o0 Kgf-mnm on account of the thierma I
sotte ing ind t h rmi I oxpins ion due to d format ion
induced heating.
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course the minimum temperature value, as shown in the right hand data

column). The maximum temperature of 879 0 C (11520 K) occurs near the

boundary between the first and second regime of semicircular element

arrays; this places the position of maximum temperature rise at a

position approximately 1.5 microns from the crack tip. The split in the

shape of the temperature field, which can be seen near the vertical

position, is a consequence of the shape of the field describing the

plastic shear strain near the crack tip. The plastic shear strain

changes sign near this region. This results in a smaller heating

contribution due to plastic flow under this component of stress.

It should be noted that this model does not incorporate the very

large strains present in an actual crack tip within the process zone.

The process zone, which may have a radius of less than a micrometer, hasKbeen descrioed as a region within the plastic zone characterized by very
large strains, which may be more than 500 percent. The finite element

analysis here was restricted to plastic strains of less than 35 percent.

It is logical, therefore, that the analysis of the heating effects

within the process zone developed in a previous work are applicable to

this case and 1oy be siperimposed upon those predicted by the FEM.

(iv) One-Dimeris ional Transient Thermnal Analysis

Thm temperature field predicted by the thermal-mechanically coupled

stress analysis provides the spatial distu-ibution of temperature on

I ,h i ch the thermIl a 1 ys is may be performed. The experimentally

determined loading history and critical time (the time from initial

lAoAUing to liiitLial crack growth) gives the times over which the thermal

mode I will be applied. The ainalysis done liere is based on a treatment

or V:. ji!v p rapose, by Cars law and JaegOr

He(,t giirnation near the crack tip can best be modeled in one

d imons ion as a semii-infiiite plate. The near crack tip region in which

he;t is he ing e(,nrwrt ed is imodeled ts a hand, of w idth I, locatod at the

lft 11 Ind e dg oof the plate, oxte nding from X=0( to \=I,. The heat

rt it t ! ite per linit ivei, dot('inted is A is t,, to the averalge h\eat

IIeI-' ri-t i:I r te ithiiil the t-list0-ollit i. hon idry. This can he

et 1-t , i roill I he fi i e ,, Ifllent resllIts by aver Ig ing the heat ing

<out I ilnt iortti (oHI A p r 1liii t ,ired '),is is I for those elements nidergOing

61
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plastic strain. The equation describing the temperature field as a

function of time and position for any point X' within the heat generating

zone is given:

AT- 0 -ierfc 7j 2izerfc I0 < x < L

where A 0defines a constant heat generation rate, K the coefficient of

thermal conduciton, and k the thermal diffusivity. For any point

outs ide of the heat generat ing zone, the temp~erature is described bv:

:-K At (-. ~ (+
AT - i'ef -er f rf > L

Obvious ly, the condition cf uniform heat generation rate is approximate,

* and onlv valid for the case of a stationary crack tip at times less than

t .At times greater than t , the crack has propagated away from thisc c
1-snid those hieat genieration sites active durin loading are now

quiescent. If the value of L, the width of the heat generating zone, is

estimated from Viguire 13, thie equations can be appli ed to the case of

the stationary crack tip undergoing rapid loading. Using the physical

proport i es of Ti -10-2-3 anid tile relationi of the thermal dif fUS iVitv to

the other pairameters given by:

K

PC
p

-- the( f irs t equit ion may be rei, r itteni in the form:

AT = -,Ii 2 erfc _i rfc
PC ~ 2 V;zt I2%Kt

T1 th' T'r 1), r' p reod i c t (I Iee a Ird ia1)a t i rest r it ell S a re 111 impl tIev

V 111w" (it" ;newdh% th11 rs eoljjel of lte ('hl in Xpressed as a

AT' ATj2

r It K t

* L+



Plot of T/TAd vs Time
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poh ,adti. preli c i, oi is read t off of the o rdinitt . 'Ft ie
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A1
The impact of thermal conduction away from the heat generating region is

controlled by the arguments of i2erfc functions. As the right hand side

of the equation approaches unity (the second and third terms on the RHS

approach zero), the temperature field approaches the adiabatic case

predicted by the finite element model. In Figure 14, this function is

plotted for several values of L and X estimated from the spatial

distributions in Figure 13.

Several conclusions can be made about the shape of these curves.

First, at very short times, on the order of 1 to 10 microseconds, there

is very little effect of thermal diffusion in the near crack tip region.

At larger times, the effect of thermal conduction becomes great,

lowering the temperature to nearly the ambient level in a time of a

ni I isecond. This is a consequence of the very narrow width of the heat

generating region.

When the critical times taken from the test results using compact

tension specimens are applied to the equation above, it is apparent that

thermal conduction plays a heavy role in the determination of the

temperatures reached near the crack tip. The smallest experimentally

determined critical time t of 2.2 milliseconds places the temperature

with in the heat generating zone at a value much closer to the ambient

temperature than that predicted by the adiabatic model. The thermal

transfer model, together with the experimental data, leads one to

conclude that the effect of deformational heating on a rapidly loaded

stationary crack tip is slight.

This re su lt is not surprising considering the relatively large

amount of time requ i red to load a specimen to critical stress intensity

* for crack growth. If the model, though constructed for the case of a

stit i omiiry crack, is app lied to the case of a propagating crack, quite a

di f fe reit conc I us ion is reached. If one may safely ignore the effects

o inlertia, as a recent fin ite element work has shown, the finite

* ii ];nt noue 1ode delopod here may ht! app lied to the case of 1 moving

or "" me 'L p " r ir ,tor ( l-i iti e i me t i mlle s(-ilo of 11a i3 m v no%,

Im. ltio i. I ti ,::},rimeomtallv noadsm 1rod eraik p-opag t ioi sp' ,ods '11d

Iw t r ( lt(: 1 1 C I L (ill i li:-,S(, ii tLhi I v iolls S,!Ct iOn.

F1 mu ' 1 ;,lv 11 , 1_w '1h)d(, I Lyvp I .tre s drops oftf rom its peak
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value near the crack tip, to a value roughly half of this at a distance

20 micrometers ahead of the crack tip. For a point ahead of the
propagating crack, the increasing stress at that point as the crack

advances closer is equivalent to a loading rate directly proportional to

the speed of the advancing crack. Using the distance over which the

imposed stress drops to half of its peak value and the measured crack

velocity, one calculates equivalent loading times for points ahead of a

propagating crack. For a crack speed of 10 ms , the argument within

I~r. ksquare brackets in equation 6 takes a value of .95, or 95 percent of the

temperature rise value predicted by the adiabatic model.

4. CONCLUSIONS

A finite element model has been developed and used to quantify the

.. dynamic interaction between the stress, strain and temperature fields

near a rapidly loaded crack tip undergoing deformational heating. The

model has predicted the following:

1. The action of deformation heating acts to increase the maximum

plastic strain within the plastic zone by 36 percent.

2. The von 'lises and 'lode I type stress are diminished between 30 and

35 percent in the thermal-mechanically coupled model. The lowered

load bearing capacity caused by thermal softening is assisted by

thermal expansion in the near crack tip elements.

3. The temperature field produced through deformational heating has

been determined for the adiabatic case. Temperature increases of

up to 830 0 C are predicted for some regions within the plastic zone

(exclu(ding the process zone).

4. The effect of ion-adiabatic conditions has been gaged using the

teimperature field calculated from the FEN and the equations for

heat transfer. It has been determined that only under exceedingly

h igh loading rates (105 .IPav'/s) will adiabatic type heating play a

Sp(-,rom inaut roule. on the stress and strain fields of a stationary

. in tlt e ,i.,,e of tLle propig,it i ug cra.k, it was found tte

,f (.t i' Voii: ; i ' t , it ,l ic -t ,Idiit b Lic heIting offects become

1 i;1i l ilIt C- .,1! , L r Ii . propaqg)L i0 1 speds reach the reatnl Of

1I J i'!j t I O\' Vl
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SECTION IV

A GEOMETRICAL MODEL OF THE STRAIN RATE

DEPENDENT FRACTURE OF Ti-8Mn

Based on a Ph.D. Thesis (Materials Science) by David D. Makel, UVA, 1987

ABSTRACT

o During the examination of the fracture surfaces of primarily plane

stress Ti8Mn tensile samples, regions were found which have a finely

roughened texture and are covered with small spheroidized volumes of

, material. The high strength and low thermal conductivity of this

*g titanium alloy suggest that these unusual features may result from

adiabatic type heating effects during the final separation.

To investigate the possibility of high temperatures being generated

during straining to fracture, tensile samples were tested over a range

of strain rates and the resulting fracture surfaces were thoroughly

characterized with stereo pairs of scanning electron micrographs. After

characterization, the surfaces were nickel plated, imbedded in resin and

sectioned to reveal the microstructures underlying the various surface

* structures. These sections reveal highly localized zones of shear

directly below the unusual surface features.

Localized shear and high temperatures are two of the basic

components needed for adiabatic shear, a deformation mechanism generally

ig associated with considerable compressive stresses and, therefore, not

usually considered as playing a role in tensile testing. To determine

whether or not the unusual surface features are caused by local melting

due to adiabatic shear, the effects of high surface temperatures were

investigated, as well as the possible role of oxidation. A geometrical

model of adi.]batic shear is presented in this report.

Analyses of the he;ating effects which occur during straining and

separjition indicate thait temperatures as high as the melting temperature

'are ro] Thed It s eparat ion, and that elevated temperatures play ;n

impurtalt rol, in the mterial instability and strain localization which

I (,1(1 to t fict Ire
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A GEOMETRICAL MODEL OF THE STRAIN RATE

DEPENDENT FRACTURE OF Ti-8Mn

1. INTRODUCTION

The primary thrust of this study has focused on the effects of

strain rate on the strength, toughness and fracture mode of high

strength, low heat conductivity materials, in this case, titanium 8 w'

* manganese. A synopsis of the results of this research can be broken

down into three major categories:

(1) Observation of apparent high temperature fracture surface

features;

(2) Identification and verification of adiabatic shear as the

primary mechanism responsible for the temperature rise; and

(3) The application of the concept of adiabatic shear to the

4' overall fracture sequence.

A brief description of the experimental methods used in our studies

will be given followed by the significant results and a discussion of

the implications and conclusions which can be drawn.

2. INITIAL TESTING ANT) OBSERVATIONS

i Tensile Testing

The primary alloy used in this research, titanium 8 w'.

manganese, was chosen because it is easily heat treated to a condition

of high strength and moderate toughness, it has a very low thermal

conductivity thereby enhancing any adiabatic-type effects, and it is a

binary alloy with a well-defined phase diagram and thoroughly

4 investigated microstructures. The use of a standard commercial alloy

eliminated the necessity of exhaustive microstructural classifications

prior to the mechanical testing and post-fracture examinations.

A single rolled sheet of Ti 8 w'. Nin was used for all of the samples

so that the results of differont szanlles could be confidently compared

itI holut worrvin g about vatr i tions in chemistry and initial

m i crst rueture. Sheet sATmpls I,'e used to emphasize the shear nature

of th fraictur si -e shear separit ion is dominant ill plane stress. The

s!rmIplo, roof!iglr-t io t-,('d is show ill Figilro 1. The surf,'aces of the
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Figure 1. Tensile sample configuration.
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samples were wet ground down to grit size 600 to reduce the stress

concentration caused by surface scratches.

*q Two heat treatments were used for the samples; solutionizing for

one hour at 800 0 C, water quench, three day aging at 600 0 C, air cool

(wq-a), and solutionizing one hour at 800 0 C, 20 minute furnace cool to

600 0 C, three day aging at 600 0 C, air cool (fc-a). Both of the heat

treatments result in acicular + grain boundary a in a. 5 matrix, but the

furnace cooled samples have considerably larger a platelets, as shown in

Figures 2 and 3. Although the strength and elongation is comparable for

both treatments, the furnace cooled samples were used for the

1% low-to-moderate strain rate tests because the coarser platelets

facilitate the determination of local strain values, as will be seen

later on.

Tensile tests were performed on two different machines, low rate

(75xi0 4 s ) tests on an Instron twin screw frame and the

low-to-medium rate (6.26x10 -s 1  to 8.54x0 °s ') tests on an MTS

servo- hydi-aulic system in stroke control. Even at the moderate rates

used in these tests, data acquisition was a considerable problem due to

the slow chart pen response. To record the load-elongation data, a

personal computer with an a/d board with a data storage rate of 10,000

hz was used in coniunction with a storage oscilloscope with a w¢riting

speed of 10 1sec per dot. The combination of the oscilloscope traces

and th - digital data files proved an effective means of recording the

tests, the results of which are summarized in Figure 4.

Figure 4 shows the slightly positive strain rate dependence of the

maiteria l. This rate dependence is understandably small, since the

*dramat i- increases in stren'th demonstrated at high rates generally do

nOt appear until strain rates above approximately 5xI0 3 s 1

The, load -e1ougation curves recorded in the low -t,-medium stiain

ra"te tests sliosed a marked decrease in the strain hiar(iluing rate with

4 i-Ir,,- t. ftr:-i i -te. At the h ihest rates tested the- true

Si>s t ril tra C i 1 (lu r S ,IIt Il v h I I lad a I Ig) t i ve liar rk ih i11g s lope

Vtl~ii . titig that ,curl-: >oct i oeu{./ rs. Thiis Isult suggested that (1)

III 1. t c I Ih c"Ii l d II lir Ii iui~ I it I oucr r'ts Ire lot 11s

i ,tt,.tiVO dislosatiou I ink 1 , 01, Ind

73fA
"' . .. ... .. . .. . . . . . . . -. . .° -. -. . .. ... -. . . ., .. °.v% ,-. "," "" ." ." , _ ' ," .''2, - £¢."%



"

00

'tm.

%;

I-'"I ig r I. 'l p C dl I m ic ro s t ru c tu re o t a te~r q u en c h ed a ni , od ,q - a

"- 
r k 2 k) ~ ' i 

mw", t

'74

".a- " '.-" -" - " -" -"'." """""'""'- r" "-"-"-.-"- "-".,' ""-'- ." " -.-. ''""""''' ' .. .'" " '



tin~~t r'A r f'NU'1 1'W r r f1 r., WTL 'T P ,.yrP6~Pll~ r

4'7

U1-ia :,cn tu tr ffraecoe n -e fcc)T

'.Inro 7 'mpes

~sJ: ~ 75

__~~ Ltif



100,

,-. llo..o 
oz '

i)' 10400.

4, 6- -A

.j OO UT5
cnnoo

"4- 4 .2% oQY t

p.-

Strain Rate (sec')

-p

'igure 4. Variations of UTS and 0.2o OYS with strain rate for furnace

cooled and aged (fc-a) samples.

0

76
," -

A ...... A -.



tli rII-or I o t ItsL IIt .i wo s tro Ino - IgtI o f t, Ie l ite I l iI md (2

t I e mI-II sot tell mug of-t t(e who Ie galge lenigth iight )1 l af s i giIi c, II I t role1

ill In lo). e r i I lI( e v) iI s tr e 1igt L I tiicra in fi rt c' is Io c it i on d r ag

nwc I'cliti ic-ens tk e rt not coils i(lered ~ecilti, these of 1('_t~s I r' geneI'r al iy not

d( I. tctIAI(Ii I t r, I t b)elO I ow ro xi Ilt elI lxl1O s

Tolw )r~ltir( iic15i15 olit Offl glge ent were desirilble to test

*te I seo iol do f t. e thIfe se o post 1 iIi it ie('s 'Ibli nt fi IhIl re- i it~lie- typo

sli I i' to)iii)lrIt 110 g5B')'S wer le 110 ioil to ;I sohI ct('d groupn of* s:,Inhpes

thi eli 5)1) st riiw to)1 f: I F ictiro it - ?.xlOc, 1. 1\ tLypcI1 tiie1i l

VI, I. i Ino) i \(11 ISv i li m,-i I I I l i lre' I o115 1 I I ( ' t, I S iIIi n 11 s rft' I c (

th6 vi) s I i. 11 t 1nc li o t1 t't C o .(f li I P, t l'r I (: , i V th oll oilJiit in

It I o fi t i t r k, e r,\ 1 i 'i L I e o It Ill ic I I ' ill I 1w g:Ilg ' , ill 'off] 1 1' o )

in F) t: i 5 I I t Ie f St i-;I II iii l La) w ie l ow f or ~~ i ,. tit, ii: icl I ' )il i ( n ty5 , 1

11) 1 ii S ' 1 ii 'ii )v I I . I I I he l i t i I y . sr I )o th

t .11 m t i(I I t o '' t r i ill 11

it~I ,-. . . ,

d I 1' .

hw J! 'I I 1

4



U4-5

0
.30

U)' 25

20

0

5 10 15 zo 25 .30 35 i

Time (sec)

IrePlot o1 tomporatlire VOTr',11S t itno As niLSroei asIL

Ovel Il ire] af pp-ox inlate ly .4tnw2 11 the

78



By reconstructing the samples after fracture and measuring them on

a profile projector, total elongation measurements were made. These

were complimented by pre- and post-fracture measurements of gage marks

shown in Figure 1. By measuring the gage marks outside of ttie slightly

necked regions of the gage lengths uniform elongation measurements were

also taken. Elongation data demonstrate a decrease in elongation with

increasing strain rate.

(ii) Microscopic Examinations

Analysis of the fracture surfaces in the scanning electron

microscope consisted of two steps (1) complete characterization of the

! various features found on the surfaces us ing stereo microscopy

techniques and (2) nickel plating of the surfaces followed by

sectioning, grinding, polishing and etching to reveal the

microstructures beneath the various surface features. The combination

" of surface and subsurface micrographs provides significant insight into

the final fracture sequence.

A low magnification overview of the fracture surfaces shows the

typical features one might expect; central crack areas covered with mode

I and III ductile dimples and lamella resulting from separation along

grain boundaries, and shear lip regions covered with regular mode I, II

and III ductile dimples lying in directions of high shear relative to

the tensile axis. Although the relative amounts of central and shear

lip areas showed no dependence on strain rate, the water-quenched and

aged samples display consistently more central crack area (on the order

of 50.) as compared to the furnace cooled and aged (on the order of

10oo).

I At hiigher magni ficat ions other Linusual and unexpected features

become apparent. The most dramatic of these features are spheroidized

surf ie debris, which are found primarily along the dimple walls at the

bord,,rs of the shear I ip areas. An example of this debris is displayed
,i i, whiuh thows matching dimples from Lot h of- the fracturo

ice'. ("!I" hAse s'ell ill Figilrer s oc : nd nd, sphie roidi,0k1d lebhiris is

1 1: : 'I.t t, (r h ,iross the ne iglh ori g slirt'ice.
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The surface areas where the spheroidized debris is found show

another interesting feature at high magnifications, a fine roughening

("microroughening") This "microroughening," shown in Figure 7, is

always found in the areas containing the spheroidized debris. Because
it has a grey tint in the SEN at low magnifications, mcroroughening

facilitates the location of the regions containing the unusual features

which, for reasons which will later become apparent, are called Inner

Surface Shear Zones (ISSZs).

Dimple-free bands of material are found adjacent to some but not

-' all of the ISSZs. These areas, an example of which is shown along the

4P right side of Figure 8, are unusual not only because of their almost

complete lack of dimples, but also because they contain striations which

are oriented generally in the directions parallel to the shear

directions, as indicated by the shear dimples around the spheroidized

debris covered areas. When matching fracture surfaces are compared, the

dimple-free bands, which will be called Open Surface Shear Zones

(OSSZs), almost completely surround the shear lip areas, with

approximately one half of the OSSZs on each of the matching fracture

surfaces.

To get a better idea of the relative positions of the various

features just described, overall maps of the surface structures were

constructed, an example of which is given in Figure q Th- diagram

- also demonstrates that the matching surfaces of the samples can be

divided into a small number of major areas, each of which display a

predominant shear direction, as indicated by the arrows. The fact that

these areas display common shear directions, as determined by the

matching shear dimples and the striations on the OSSZs, is a clear

indication that the final separation occurs as a small number of major

-;hear events, three in the case of Figure 9. It should also be noted

that the majo- shear directions displayed on the fracture surfaccs are

in every case compatible with the overall motion of the separating

samp I e segments , i. e adjacent major shear segments never displiay

opposing shear directions. In Figure 9 this compatibility is maintained

across the surface by the interior region of twist which requires

dif t'rent she r direct ions on e it.he S ido.

The 1ne t stel) III the ft lic ros(p 1(1 illv\ stiat ionl wass to coat the
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Mod I tnie earto ein

u ".

i]. Inner Surface Shear Zone (ISSZ) locations

"- ,'., Outer Surface Shear Zone (OSSZ) locations

* ModelI (tensile) separation regions

Mode III (twist) central crack region

Numbers indicate matching shear lip surface areas

Arrows show the overall shear directions on the major shear lip

regions

'i4urv q. Schematic (idiagrAin of marc-hing fracture surfaces coitaining

the maior tr icture surface types found in our samples.
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characterized fracture surfaces with a heavy layer of nickel to preserve

the fine surface structures and then section the samples parallel to the

tensile axis. After grinding, polishing and etching, the subsurface

microstructures were examined and compared with the corresponding stereo

surface micrographs. In the case of the typical ductile dimples, the

Zsections demonstrated that the crack path is influenced by the acicular

"% a precipitates and also by grain boundary a with the a- interfaces

serving as preferred sites for separation, as demonstrated in Figure 10.

This result is in agreement with earlier studies of Ti Sw'o Mn and other

a- titanium alloys.

* When the material under the unusual surface features (ISSZs and

OSSZs) was invsti gated, an unexpected phenomenon was observed; the

microstructures clearly showed extremely high shear strain localized

into thin layers, as depicted in Figure 10a. These shear bands range in

thickness from 1 to 3 mm under the surface and are occasionally found to

intersect each other under surface irregularities, as shown in Figure

lob, leaving regions of rotated material between the two bands. These

bands of concentrated shear provide a critical clue to the explanation
of the 1nusna]i featires.

3. VERIFICATION OF ADIABATTC SHEAR

The presence of spheroidized surface debris posed an intriguing

qulistiion as to the nature of its formation. Splieroidization due to the
re (i'mction of surface area of molten material and high temperature

oxidation were selected as the two most probable causes of these

une:,:pected surface features. In both cases, very high surface

temperatures are required, but in the case of oxidation, the temperature

rise is o: the order of 600 0 C, as compared to approximately 1400 0 C for

me l t ing. For this reason it became important to determine whether or

not the material had to reach the melting temperature to form the

sph.ro idi zed surface structures.

To ±t ,trmine the rol ] of oxidlationi, samnplos were striined to

r tr-o in aI chamber 'h ich cas evh-aLal nd backfill'd with ar-oll four

r* t , , , ti.,l . ,limimiat i g Imost all of the available oxygen an1d

o. lfli. Ii 'erv cats" , t(-,( 1W . ,!,p t'-sted in this inort 'ltmos)here

6 11pl'iy the sne feltur-,s as tlio, frLerctu-ird in aiir, cle arly imudicaling
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that oxidation does not play the primary role in spheroidization of the

surface debris.

* It was also important to determine if the "microroughening" found

on all of the ISSZs could be considered a temperature effect.

Unfortunately, the situation of a high temperature surface layer lying

over a much lower temperature substrate is very difficult to reproduce

o under cointrol led conditions. As a rough approximation of this

condition, areas of ductile dimples which did not display

"microroughening" after fracture were characterized in the SEM, flash

heated to a bright white color with a neutral hydrogen-oxygen flame, and

cool ed ill flowing argon. With this technique it was possible to

reproduce the fine surface roughening found in the ISSZs, as displayed

in Fi gure 11 . The success of the flash heat ing in causing

"mi crorougliening" strengthened the concept that the formation of the

unusual features is closely related to very high local temperatures.

When the conditiolls of concelirtrated shear and high temperatures are

preselit, ad iaatic shear is a logical explanmut ion. Al though

concentrated shear was clearly demonstrated in the subsurface sections,

the preseclise of high temperiatires had not been directlv observed in any

ot the experimerts ainid this was a critical step to confirm the presence

t ld i . ih a t i ' s he IaI h.lldS.

After rul ii out oxidation, melting of the newly forming surface

, aras wls the nost I ikely cause of thq observed spheroidization, and the

local surface, tomperatures required for this to occjr must reach at

least 1400c(. Temperatures this high not only promote luminescence by

chom iacl react ioiis at the fresh surface but also cause the fliss ion of

- ,\'iible light by black body ridisat ion. It was reasoned tlsit if black

body rad iation does occur during final separation this radiation should

he " i I r s ' c te 1 ed eve and also recordable by me ails of fasL

pllotogYrlphic film.
I'

)i ro'(ot obser-Lt ion of 1 ight i s i oil (illri iig S pa I-,t i oil i:

(.0111):.attl hr two asters: ( 1 tile flasha is very short ill dt1,1t i1o aid

is, Ier,' fo-e, "I s i v itlis (d ,111(1 (2 saiarat 1011 is genleral I ccsompaiyit'd

v . shtarfi r-, rt 0, 1( 111 LlI , I l r t I s to Iiati l- ] lie ll i iss the
sol ! , shtort flalsh. FUvei cithl these rompl] ioa. iii; fsiotors , cur'lt liii

'. '01111isP . 'S W''i' veii'l to ,'iroit a 1 " iglat I a.sh sit sfol)ra t iOl i hii'li 110

I'
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tests were conducted in a totally blacked out room.

To record the observed light flash, ASA 1000 film (Kodak Recording

* Film 2475) was used with a 35mm camera and a Vivatar macro lens. Prior

to testing, all of the lights in the room, including the indicator

lights on the tensile testing system and the CRT of the computer were

blacked out or turned off to make the room as dark as possible. This

made taking the photographs a simple matter of opening the shutter prior

to the test and closing the shutter after separation. The initial

images recorded by this method clearly show bright particles apparently

ejected from a localized region in space. To more directly link these

bright objects to the newly forming fracture surfaces, a variety of

backlighting conditions were tested until one was found which gave the

location of the light relative to the samples. Figure 12 is an example

of the dim profile of the sample along with the bright particles ejected

during separation.

In the case of the test shown in Figure 12, three bright areas

could be seen at the newly formed surfaces, and when the surfaces were

examined with the SEM it was found that these three regions contained

* the only areas of considerable spheroidization. This is a very

important result, since it clearly links the formation of the unusual

z phi( ro dizud dimple walls and surface debris with the emission of light.

An extensive literature search into light emission of separating metals

• turned up a short report of this effect in the tensile fracture of

"anoth( r titanium alloy [4] . In this study it was found that light

emi .ssion cso; d be enhanced by cnricI.ing the oxygen content of the

srroun ing atmosphe re but, more importantly, it aIso s howed that the

flash persisted under varnum, in complete agreement 'ith our inert

-It 1o . I rc s-eIti I ts

TIme i-lit emission res' ults ark, confi-mation of the tremendous local

tomperat- rwlres wi'h are generated at separatiol, and, w<hen combined with

time obsmrve, loal1 i zd ,sths t ce shear, e-'orr-oora-te the collcept of

aldi .i al sla r Lnds pI1 viny (I n a 'i a ro1l in tih1 format ion Of '110

cmstlsI(-(,c fe(ttIties. Ibis" motts itittes thIe f irs,;t ('xperimmitmI

, \ , of c i l ilht ic el i- ii teis ile tests :111d a ,o idiscouts the

.<,19 p[ t It colts im cr t Ih o (lI pross i\e st r" se .ire Is 'c110 IV t o
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adiabatic shear initiation, since these forces are obviously not present

in these tests.

4. APPLICATION OF ADIABATIC SHEAR TO THE FRACTURE SEQUENCE

The relative positions of the various fracture surface features, as

indicated in Figure 9, when combined with the concept of adiabatic shear

at final separation can be used to generate a model of the sequence of

events which occur during fracture. Calculations of the maxin-um

possible temperature rise during uniform elongation clearly point out

that prior to localization, only small (on the order of 600 C)

temperature increases are possible. During localization, which, in our

case, occurs in the form of primarily plane stress localization, this

value can be increased approximately by an order of magnitude. This

still leaves a tremendous increase unaccounted for if the melting

temperature is to be reached.

Local strain values on the order of 12 are found under the unusual

features and strains this high can be used to compute temperature

incrensOs falr exceeding the melting point if constant material

properties and fully adiabatic conditions are assumed. At these
W elevated temperatures, however, the strength of the material decreases

tremendously, thereby decreasing the possible temperature rise. As an

appr-::imat ion of the possible Lemperature increases which can be

expected under fully adiabatic conditions, yield strength versus

temperature data for Ti-Sw'. Mn sheet was approximated by a linear and a

bilinear curve, and this was then used to approximate the realistic

temperature rise limit with strain. The results of these calculations

are shown in Figure 13. These results, however, do not include any

cons ider.t ion of the strain rate hardenling effects which are doubtless

important during final separation and serve to increase the maximum

ac i evabl e tempe rature.

The presence of spheroidized features on the fracture surfaces of

sr,,ples -traiied at qu~isi-static rates is an indication that the applied

str-i i,e of tile Le (Siysem -hoes not necossarily provide an iccurate

iMPl1il-,' I- till 1iat( of >'pairattion. Elastic. en -gy stored in the testing

1-11t m hol h role'ls,,d into th, f ilial1 dformiig volumle it a a11et(

.oi1ti() Ied oil v hv the 'last in etve propagation ve hoc ity W hien this
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Figure 13. Characteristic (fully adiabatic) and predicted temperature

increases with crack propagation at velocity %, for a 10
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stored elastic energy is considered, the final deformation rate can be

seen to be nearly independent of the applied strain rate, even at the

highest possible applied rates. This clearly agrees with our

1Q experiments and points out the importance of the elastic compliance of

the loading system, be it a load frame or an engineering structure, in

the initiation of adiabatic shear in this type of tensile fracture.

5. ADIABATIC SHEAR AND THE SEQUENCE OF TENSILE SEPARATION

If the sequence of events which occur during separation culminate

with adiabatic shear in high shear directions, the following model can

be used to consolidate all of the proposed mechanisms after the final

* instability.

1) After necking begins, the central region of the sample begins

to develop voids, further increasing the effective stress on the local

cross section.

2) "Sample scale" shear bands begin to develop, greatly

localizing the continuing deformation into high shear directions and

increasing the local strain rate, as depicted in Figure 14a.

_. 3) As the central voids grow and coalesce, the central crack

extends towards the outer surfaces and the effective cross section

continuously decreases.

4) When the effective stress and the resulting effective strain

U rate reach high enough values, adiabatic shear is initiated. At this

point, as shown in Figure 14b, the strain rate and the strain incicase

to verv higlh values, causing the temperatures to increase dramatically.

5) Final separation occurs along the thermally and geometrically

-softened high shear regions, forming the ISSZs and the OSSZs, as shown

in Figure 14d.

The fact that Open Surface and Inner Surface Shear Zones are found

at the interior aind exterior edges of the shear lip areas can be
.:,t aiid hby conis ideringv ",, coiifi' a; at ion> datring filial separation. In

1wi first si Lul tio, diepictd in Figure 15, the yoid sheet has grown to

t ,, outer edgos of tl e shear lip and the final shear separation occurs

L- tho otiter edges o f Ihe saiiliple 11d allso through the neighborilig

v oid h ici h -o Tionl '$',t (flowl to co losi-conco. I"i 1l' 1 IT shrkiS -I more
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FINAL SEPARATION

Open Surfcce Shear Zone
Heat Affected Zones

4*1* 0 b.C. d.-

-iiure 14. Model of formation of unusual surface features. a) Shear
is localized into zone lying in high shear direction. b)
Adiabatic shear is initiated at the intersection of the

concentrated shear with an open surface. c) Propagation
of adiabatic shear creates a narrow band of softened
material. d) Separation along the softened region leaves

Heat Affected Zones in localized areas adjacent to Open

Surface Shear Zone.

__- Inner Surface

Shear Zone Exterior Open Surface

(ISSZ) Shear Zone

(OSSZ)
Common Mixed Mode

Shear Lip Dimples

W'.'

To Central Crack

i I,4ro 15, Final separation ,l1ong adiabatic shear b-d octed,

.... rc. n '1 t i p'y~r' "" sIeat lip :ind an oxtkri-4l

sur flace.
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• :4ure 1. Final separation along adiabatic shear band located at thio
I:' intersection of a separating shear lip and an internal

"? crack which has been blunted at a grain boundary.
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a'- unusual situation, that of a void sheet which has not grown from the

central crack directly outward and has, instead, has grwn from the
interior of the incipient shear lip towards the interior and exterior

open surfaces. This situation is unusual if one considers the

traditional moving crack tip model of separation, but it is consistent

with the "double cup and cone" fracture process reported by ,arlier

examinations of the various separation modes in tension [6].

A final mechanism which contributes to the high temperatures which

,'a'. cause Lhe spheroidized surface structures found in this study, is the

heating effect of the numerous dislocations needed to form the dimple

tals during void coalescence. Dimple walls, which are universal in

ductile fracture, have been demonstrated to result from cooperative slip

in the final ligaments between growing voids, and this rupture of

micro-ligaments requires a large number of dislocations concentrated

into a very small volume. The resulting high local strains and strain
0

rates provide the necessary requirements for considerable adiabatic

Z-r temperture increase. Calculations [7] indicate that the temperature

rise from dislocation motion during rupture of micro-ligaments amounts

to s evera l hundred degrees Celsius loading to local melting.

6. CONCLUSIONS

1 There is a continuous decrease in the workhardoning rate of

. our TiS'Iti sheet tensile samples as the strain rate is increased from

8.75x10-4 sec " to 8.54x100 sec

r_ Adiabatic heating of the gage length during uniform straining

causes a measurable increase in the gage temperature, and in the Ti8Mn

samples tested, this increase has a maximum value of approximately 60 0 C.

. Full'v adiabatic thermal softening from this heating is not sufficient to

account for the decrease in korkhardening rate above strain rates of

approximately 6x10 sec

3- Stereo Scanning electron micrographs of the frlcture surfaces

S
show Ioc a I regions wh ich have a fine ly roughened (microroughened)

stirfice text Ire ind conta in sphiro id ized dimp e ,l Is and surface

de bris. These iniiusu I featui'res always form at the boundaries of siar

I .lip wolns *ijat.e(ttt t,( limp ) t ree h,11nds (p(l Slurfa ice Shear11 :Oe,:ol .
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4) Sections cut through the fracture surface show that these

unusual featuires lie above localized bands of highly concentrated shear.

Shear strain values greater than 12 have been measured in these bands,

and the average width of the bands is approximately 2 microns.

5) The microroughened surfaces and spheroidized surfaces debris

are formed in tests performed in an argon atmosphere, ruling out

oxidation as the primary mechanism responsible for their formation.

6) Distinct flashes of light are emitted at separation, and the

sources of emission can be localized to the surface areas containing the

spheroidized surface features.

7) Initiation and propagation of adiabatic shear bands occurs

during final separation in localized regions of some of the shear lip

areas.

8) Adiabatic temperature increases during uniform extension,

localization, crack propagation, adiabatic shear and final separation

can combine to cause the final separating material to exceed the melting

temperature in localized areas.
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SECTION V

A NUMERICAL MODEL FOR CALCULATING THE TEMPERATURE

RISE AT CRACK TIPS IN A TITANIUM ALLOY

K. Jagannadham* and H. G. F. Wilsdorf

ABSTRACT

,  Previous attempts to calculate the temperature rise at a moving

crack tip used the continuum approach. The current model is based on

the plastic deformation behavior in the process zone which is a smaller

volume element within the classical "plastic zone." The essential

elements of the new model are loading rate, plastic work rate,

dislocation density, dislocation velocity, and plastic strain. The

effects of the temperature rise at the tip simultaneous with crack

propagation have been determined. The model predicts correctly the

- temperatures ,'hich developed during fracture as determined by

experiment. In addition, new insights of the time-temperature

relaitionship during fast crack growth were obtained.
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A NIUMERICAL MODE1L FOR CALCULATING THE TENPERATURE

RISE AT CRACK TIPS IN A TITANIUM ALLOY

In first estimates of the temperature rise ahead of the crack tip

by Krafft and Irwin [ 1.2] , the plastic work term within the plastic zone

was averaged arid the uniform heat generated was used to determine the

temperature rise. A refinement in the analysis by Rice and Levy [3]

consisted of solving the heat equation with the integraced plastic work

term over the entire plastic zone. The stresses and strains within the

plastic zone obtained from the smaill scale yielding solutions of the

Oiigda 1 e mode I we re emp loyed [] Howeve r, the anialy s is is- still

ino l et ICii1010L0i t he Sen1se1 chat the temperature at chic crack tip is

obtained us-ing static crack approximations without including the effect

of a simultaneous temperature rise. It is our opinion that the plastic

work term changes in the region ahead of the tip in the plastic zone so

that special emphasis should be given to the changes that occur within

the process zone.

We have recons idered the problem of determining the temperature

rise in the region ahead of the crack tip. Our calculations, instead of

Eusing tueo conitinuumlil approach make use of the dis location dens itv and the

alssoci ated plalst ic work term. Th e p reos ent f ormuI l t ionIIs t a ke( into

account the work harde-ning nature of the plastic zone through the

equia ions connecting the flow stress and the dislocat in (en i cv Thus

the( pro.e"'ss zone willere dile dislocaItion denusit tV al- exceedis its mlagituide

e lsowliere is ci ear ly dist ingu isied. The st rain ratel itoc of the

fr ic(t-ionalI st res the temperatuire dependence of the ' o srs, he

-- fr ict i onal ISt ress And thatL of Llie thI erilI conIIdi.IUct i v i t %.aire Ii 11 1s 1, 1d

ill thIIe presenlt aiialIvs i s to fit the e'Xper iMelltad 1 oei Ii L.
express ~ ~ ~~-n 101 for th elsl opoeto the ftes hi it

withI the B robe rg dvnim ic elastic crack cojfigu~t 7 i ri r It I .II

u firthIior r(-se I ved fo r t Ilit she a r Ltress comilponlent a l ong t I: s( I p uins- t o

0(0001 I t I () r t, 1i" 0 1-1 L ,Ii L I ( lol bh N fI teit Or l to 0.3 T'e 1 r tY0- 1 il01l

eXpr-s In rte iti ck 10 iiIlt iColl c 'll1 d' 1:i v el

sillI'(J tt *., t1 1rik1ip :4111,11ng ili intio the t1iihIe ()t 'lt 15 Ic
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zone. The dimensions of the plastic zone are determined from

T =T0 + aGbVIP

where T is the shear component of the stress field, T the frictional
0

stress against movement of dislocations in the lattice, a a numerical

factor equal to 0.5, G the shear modulus, b the Burgers vector and p the

dis locat ion density. When the stress associated with the crack is lower

than the lattice frictional stress, no plastic deformation takes place.

The plastic work rate, f defined as the work done by the crack tip

stress f ield in generating the plastic strain, is calc lated from

f ; =e pb v

where is the plastic strain rate and v the dislocation velocity in the

plaistic zone. The velocity of the dis locations in the region of the

plastic z-one also varies with the distance from the tip in the form,

T - T .) C 13/ G
0~ t

4whmre C tis the transverse wave velocity, 13 is an adjustable parameter

depending onl the ye lor-itv of the crick i tsel f. The parameter 13 can be

varied to adjust the dislocation velocity and thus determine its effect

onl the tempe rature. The experimentally corre lated express ion for the

vt Io(-,i cv of the crack as a function of the loading rate parameter p in

the formn

is tiso~l ThIere p) i5  express~ed inl wegi''.scals Imeter) 2 /sec anld V in

M('ters-/Sec. A finite difference formulation of the one, dimens ional

heat eait ion inl the form,

61-T6t = ('kd (' 6 2 ''x 2 + f/(i-C

IS, ti-,~ isi1* V s I. LII(I 1111 Q OA c i % i tV', (1 1,110 (1011 it%- dIid C t-11

i c t. hc r,~ I onI i of hi e crack t, I) iii tie I)la st ic- .ono 1is

4 1 i O s''r I irIl v1 rx d then i 1st I. 4 1< 1 " Ite f is dete mi ied

N, N ' . . . . . . .,~~. .. . .... . . . . . . . . . . . . . . .



as a function of tie at each point. Further substitution of tie

plastic work rate into the finite difference schc'' 'Torhonen and

Kleemola [6]1 enables the temperature at each point to be determined as

a function of time.

Our analysis is applied to the Ti-10V-2Fe-3A1 alloy for which the

material parameters may be prescribed by the following values: the

Cshear moil us, G = 41.9 GPa, Poisson's ratio v = 0.32, the thermal
3

conductivity k = 10.90 w/meC, density d = 4.b5 Mgm/m , specific heat C =

4.9 x 10 J,/Kg)C, and the Burgers vector b = 2.86 x 10-8 cm. The

frictional1 stress which opposes dislocation generation and movement is

at. e, "o h), one, tenth of the vield stress at E = 0.002. The dislocation

drag force used in calculation of dissipated plastic energy, is assumed

to be ari-iig from phonon scattering. This term which is estimated to

be the major contribution to the viscous forces acting is given by

3kT
I b= Bv = -
drag 1OC b2  (1-v 2 /c2)2

Lt

tlli ci .IIedv inc. liius the temiperature dependence and the relativistic

tI I ects . 'ThIe temperature and strain rate effects on the frictional

stress opposing dislocation movement in Lhe lattice are given by

T = (1300 + 21.28 Ins)f(T)
0

where f(T) = (1 - 0.4 T/350) for 0 < T < 350 0 C, and f(T) = (0.75 -

0. 3T,' 2 '-0) for 330 , T -- !200 0 C.

hI'el(! temporature dependetice of the shear modulus is taken in the form

G(F) = GO) k.1 - 0.5T/1200) for 0 < T < 1200 0C

%,lS.rear tlat of th. thLerinal conduct ivity and specific heat is given by

k(m) =  k (0) (1 + 0.6T/1200),

('(T) = C (( tl + 0.6T/12no).

3 e- '-r1t t;1s ,lace initially elastically until the trictional

,tr-ss i , ex.eted. Tlwio crack growth will start and the craick will

JIT , itt tA U I I fli -t IC 4011P . Thl wsidth of th, w 1ast ic ;,e!e

'e,,n rat','i .t hI, e r J t i P i: a tIl n t i on of tle 114 , oc I v of t lie c r:ck

1ld jilg r-Ito llnd the t Iilli elttlllo d(h'h lldhenllt trictiolull StrSs. Ii order
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to ascertain the influence of the crack velocity and loading rate, we

have determined the various parameters: temperature at the crack tip,

dislocation density it the tip, plastic work dissipated at the tip,

dislocation velocity at the tip, and the plastic strain at the tip.

These are shown in Figures I to 4 for two crack velocities. In this

comparison it becomes clear that the softening arising from the

dissipation of energy at the tip has a major influence on the various

parameters. At slower crack velocity, the crack tip moves into the

plastic zone at a speed slow enough so that it continues to increase the

temperature rapidly . However, when the crack velocity is higher, the

crack tip moves into a region where the temperature is lower which has

the effect to slow down the temperature increase in relation to the

origin of the time scale. Further, faster crack growth leads to higher

strain rates and therefore, the frictional st'ess is higher also. As a

result, the region of plastic zone formation is reduced. The effects on

* various parameters are illustrated in Figures I to 4. We have chosen

two crack velocities V = 0.4 m/sec and V = 0.8 m/sec at the loadingc c

rates ot p = b80 >IPavm sec and p = 890 MPavT sec respectivelv. The

dislocation velocity ahead of the crack t ip is chosen such that 6 = 10
,... for V = 0.4 m sec and B = 20 for V = 0.8 m sec

c C

It is soon from Figures I and 2 that the temperature ahead of the
-1 -lcrack tip for V 0.4 m sec is higher than for V = 0.8 m secc c

This leads to a lowering of tile frictiolnalI stress and the shear moduluhs

whereas the thermal conductivity ani specific heat increase. As a

result, tile dislocation density (Figures I and 2), plastic work

dissipated (Figures 1 and 2), dislocation velocity (Figure 3) and the

plastic strain (Figure 4) are higher at slower crack growth rates.

These resu ts are important in understanding the formation of

molten regions at the dimple walls of fractured surfaces. High crack

velocities are indeed respons ible for exceeding the melting point at

* :;pec ific regions. Those experimentall results do not fol low frolr, tile

plfviolfl - malvt i(Lal (>hiatiih i 11 Which pre( i (ted only the, chiliges of .1

..tepirtlre rise t hit occurs in the plastic zone. Those previons

(i l. l io:ls do tlot give tho ldi ibitic t,,mp (,-aturo cha es that taiko

* pl mi' ir jiid voids ,iud the rupture of microli gments. It is clear from
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1200 1 37 3
Crack velocity. Dislocation Density p

1100 V 0.4 m/sec

Plastic Work Rate
1000 36 31

900 Temperature T

0 800 35 30

700

600 34 - 29

Soo500

0
400 33 28

300

200 32 27

100

L 0 | 131 26
5 10 15 20 25

t (10-
4 
seconds)

Figure 1. Calculated temperature rise for crack velocity V = 0.4
C

m/sec. Also shown is dislocation density p and plastic
work rate f.
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Crack velocity,
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5 13 02
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- . (,lcuiited temper, ur- rise tor crick vo, citv V =
C

m/sec. Note the sitift to higher values on the time
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600

500

Vc=0.4 m/sec

400

S 300 
r<::::. Evc: 0.8 m/sec

200

100

0 I I I

5 10 15 20 25
t (10 - 4 seconds)

SPigure 3. Calculated increase of dislocation velocities in time for

two crack velocities.
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* Figure 4. Calculated increase in strain vs. time for two crack

velocities.
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our calculations that the melting point can be exceeded only at

ligaments involved in the coalescence of voids at the crack tip where

the strain rate is exceedingly high. if thz temprature rise in the

crack tip plastic zone alone were to explain the formation of molten

zones, the result should be that such molten zones are formed everywhere

along the edge of the crack. When the crack tip moves very fast, the

size of the "plastic zone" is very small and as a result the width of

the molten areas formed before the final failure occurs should also be

smaller. This general result is born out by the distribution of molten

areas on the fracture surface. Rapid glide processes within the

ligaments associated with the crack tip contribute the additional

temperature increase in the order of 300 0 C to 500 0 C [7,81. The

temperature increase calculated from the model alone is well below the

melting point since these calculations have not included the rupture of

microligaments between voids which are reduced in thickness at this

stage to about 1 Jim. Earlier work has shown that the deformation to

final rupture fol lows strictly the rules of crystal plasticity, i.e.,

sheir is as predicted along crystillographic glide planes and glide

directions [9]. Modifying a model for the calculation of heat

i9' product ion through dislocation avalanches by Freudenthal and Weiner 1101

the tol lo,'ing equation was used:

TvbN

T --*o- TI k
again v is the dislocation velocity, N is tlhe number of dislocations, X

is the length of travel, and r = k/d.C. Estimating the shear stress for

this alioy at a temperiture of 1200"C to be 190 11Pa and assuming that

dis ocation avalanches arc moving on glide planes 20 nm apart which
12 -2

corresponds to a maximum dislocation density of 10 cm , one finds a

temperature increase of 540C. This brings the localized heating above

the meltiig point.

4

i

I

lu7

% ,%"

I" ri l i l l / -l l ' l i . ... mJ-



* "REFREN'CES

1. J. M. Krafft, Correlation of plane strain crack toughness with
strain hardening characteristics of a low, a medium, and a high
strength steel. Appl. Mater. Res. 3 (1964) 88-101.

2. J. M. Krafft, and G. R. Irwin, Symposium on Fracture Toughness
Testing. ASTM, STP No. 381 (1965) 114-129; Philadelphia, PA.

3. J. R. Rice, and N. Levy, In Physics of Strength and Plasticity.
Ed. A. S. Argon (1969) 227-293. MIT Press, Cambridge, MA.

4. D. S. Dugdale, J. Mech. Phvs. Solids 8 (1960) 100.

5. K. B. Broberg, Arkiv for Fvsik 18 (1960) 159.

6. A. S. Korhonen and H. J. Kleemola, Met. Trans. 9A (1978) 979.

7. J. D. Bryant, D. D. Makel and H. G. F. Wilsdorf, Mater. Sci. Eng.
77 (1986) 85-93.

8. J. D. Bryant, D. D. Makel and Hi. G. F. Wilsdorf, In Metallurg.
Anol. of Shock-Wave and High-Strain-Rate Phenomena. Eds. L. E.
-. urr, K. P. Staudhammer and M. A. Meyers, pp. 723-739. M. Dekker,

New York (1986).

9. H. G. F. Wilsdorf, Acta Metall. 30 (1982) 1247-1258.

10. A. M. Freudenthal and J. H. Weiner, J. Appl. Phys. 27 (1956) 44.

5..

0

S:.-

1080%

V-;': 'l- ~nlb. . , nl ldl d A-'il A.dl i 1i[



Appendix I

Appendix II

Presentations

Publ1icat ions

Degrees Awarded

1~ 109

% -

p) : ,4-A A-1. I



IMaterials Science and Engineering, 77 (1986) 85-93 85

Observations on the Effect of Temperature Rise at Fracture in Two Titanium
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ABSTRACT [ 11 if the flow stress of the material is tem-
0 perature sensitive.

Two titanium alloys, the a-3 alloy Ti-8Mn For fracture tests at high strain rates the
and the metastable 3 alloy Ti-IOV-2Fe-3AI temperature rise in the specimen due to
(where the compositions are given in approxi- uniform straining almost coincides with
nzate weight percent), were strained to the development of heat at the crack tip.
fracture at strain rates of up to 28 s-1 at Local heating at the crack tip has been
room temperature. Investigation of their investigated theoretically by Priest [21 and
fracture surfaces by scanning electron micros- by Rice and Levy [3]. The relationship
copy, revealed droplet-like features at the rim between stress intensity factor K and strain-
of dimples and raised features in the regions hardening exponent n at high crack propa-
between and inside dimples. These were tion rates was treated by Krafft and Irwin
interpreted as molten remnants of micro- [4]. Reliable measurements of the tempera-

* ligaments. A calculation of the affected ture at a moving crack tip in metals are
volume, taken from stereo-photogrammetry unavailable and this lack of experimental
data, confirmed this view. It was clear from data seems to have prevented progress in the
experimental evidence that the melting point understanding of this important problem.
was exceeded in micro-ligaments only at the The objective of this investigation is to
moment of the final separation, and a model elucidate the energy dissipation at the crack
is proposed to explain the temperature rise tip in two titanium alloys by concentrating on
from contributions of three mechanisms the temperature rise in a rapidly moving crack.
which can be distinguished phenomeno- A study of fracture surfaces using scanning
logically. Numerical calculations have shown electron microscopy (SEM) has been carried
that the melting point can be exceeded out and the novel features seen have been
under adiabatic conditions on account of interpreted. It appears that for the first time
the alloys' high yield stress, low heat con- the temperature rise in a rapidly moving crack.
ductivitv and high stress concentration final separation in alloys has been obtained
factor. from experimental data within a narrow range.

A model is being advanced to explain the
temperature rise at the crack tip for ductile

1. INTRODUCTION metals.

Metals which fail by tensile forces in the
ductile fracture mode initially undergo 2. EXPERIMENTAL PROCEDURE

uniaxial deformation until necking occurs.
followed by cup-and-,one fracture or Tensile specimens were prepared from the

rupture. .\t least 90'; of the plastic defor- netastable 03 titanium alloy Ti-10V-2Fe- 3A1

niation is transformed into heat which, in and the u-0 alloy Ti-8Mn (where the con-

standard specimens and at normal strain positions are given in approximate weight per

rates, hardly affects the test. flowevvr. at centi. The Ti-IOV-2Fe-3AI specimens were

,train rates c- higher than 10 s the test fabricated with a 19.05 mm X 4.4 mm gauge

may he, influenced by a t(mperature rise ,ection, with the diameter increasing to

r) 2 -, I 1f/f; $; 3 0 0 Elsevier Sequoia/Printed in The Netherlands

%



9.53 mm in the threaded section. Flat bar fracture surface was examined using a
specimens were made from Ti-8Mn, with a profile technique. The upper portion of the
gauge length of 8.9 mm, a thickness of gauge length containing the fracture surface
0.68 mm and a width of 2.4 mm. The heat was plated with nickel to preserve details of
treatments were chosen to maximize the the surface. The sample was then mounted
ductility of the specimens. To accomplish in Bakelite and ground down to expose the
this, a solution treatment temperature of central core of the tensile specimen. Through
780 'C was used to transform the as-received the action of two different etchants, the
Ti-10V-2Fe-3A1 materials into a two-phase nickel plating could be brought down to

* alloy with roughly 10% of the alloy left in the level of the titanium alloy, allowing an
the a phase in the form of large (10-50)um) unobstructed view of the microstructure

S" plates. The formation of smaller strengthening and plastic region directly below the fracture
precipitates was accomplished during a 500 °C surface.
aging. For the Ti-8Mn specimens a solution
temperature of 800 'C was used. followed by
a furnace cooling to 600 0C. This alloy 3. RESULTS
developed large acicular a precipitates.
Specimens with identical thermomechanical The features of the fracture surface were
histories were subjected to different strain seen to vary with the strain rate employed.
rates, the slowest of which was 0.0031 s - ' While both the rapidly strained and the
up to 7.8 s-. The tests were performed on slowly strained specimens failed primarily
an MTS hydraulic tester. As stress-strain data by transgranuiar fracture, the features
at the higher strain rates could not be recorded within the transgranular regions were strik-
on the standard x-y plotter, a retention tube ingly different. While the slowly strained
oscilloscope was used which read the signals specimens exhibited an undulating terraced
of the load and stroke outputs directly. Cali- surface (there was evidence of decohesion

-. "bration was provided through the x-y plotter along a phase precipitates), at higher strain
by simultaneous recording during a low strain rates the fracture path appeared unperturbed
rate test. Typical oscilloscope traces are given by the precipitate morphology. In these

- ."in Fig. 1. regions the fracture surface is more uniform,
* .Fracture surfaces were examined in a scan- in both the size and the shape of the dimples

ning electron microscope and stereo-micro- on the surface as well as in the smoother
graphs were taken of different regions. In overall topography. Figure 2 compares the
addition, the deformation underlying the transgranular fracture surfaces of Ti-10V-

2Fe-3AI specimens subjected to high and
low strain rates. Complete tensile data are
given in Table 1.

Larger shear lips were found on more
rapidly deformed specimens, as well as an
increase in the reduction in area. Failure
through the void sheet mechanism was more
prevalent in the specimens strained at higher
rates. Several of the high speed tests resulted
in fracture by the cup-and-cone mode usually
associated with more ductile metals.

Some anomalous features within the ,hear
lips of the fracture surface were found. In
Figs. 3: and 41 the typical dimple structure and
surfa-e texture from a transgranular relioin

Fiv. 1. .\ retention tube oscillscope was placed in ('an be compared with regions within tit
th[w x is y mode and uaed to display the. load cell shear lip. The surface in this re.iOn, ;i~ti~h
,utput aiainst th. Atroke (wiput directly. Stress
t ram data c,,uld thus ih r-corded up to the thl (imipled, is rougher in apparance. lfi2her
rain rit,, ach wvabb. oin Ihe Al IS f CossIIf eit .d magnification shows the surface to beO ppp-

-m .I e lahhOi 2 kited th -imall hemispherical bumps I liLs. 5

%0
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and 6) in the regions between and inside the samples strained at lower strain rates. In both
dimples. In addition, the perimeter of the cases, these features were always found only
dimples in this region is decorated with small near the outer edge of the specimen, within
spherical globules. The smoothness of these the shear lip.
features suggested that they represent the A reasonable postulate as to the origin of
globularizeu remains of micro-ligaments, the rough textured surfaces within and
They were found not only on the specimens
s;uhjected to the higher strain rates but also
occasionallv, on the fracture surfaces of the

,IN

)'. ? "- irregular dimpled surface typical of a transgranular
* " ... ,'ii .o , - . fracture surface for Ti-1OV-2Fe-3A.

;-WT

iig .2. 
Th3 

Ahia mn 
actue mde fr Tte 

d

* ' 2 1 ' 3 .\ l e a n bn y c ) p a r n t h s mw m c r o - F g . .T h e d im p l e s t r u c t u r e i n t h e s h e a r l i p i s
Irp :. , "lh e s l, p u lld Cg U . 0 0 53 s -  sp ci - m ark d l y d i fferen t. T h is m icro grap h sh o w s th eu-n ho a per'turbe A uindulatinr fracture surface, transition of normal transgranular fracture surfacemprI'd wh the, Ih1 fmooth uniformly dimpled topography to the shallow roughened surface near

-uirxco n he rapidly pulled sp ci nfEl 13s -1 
t. the perimeter of the tensile Ti MMn specimen.

. ['.\BLK I

1 , ( 1 7 , '1 ( ra s s h a d e C R et d u c t i n i i n Yie7 l d
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Fig. 5. The globularized features in the shear lip are Fig. 7. The depth of the plastic zone can be quantified
evidenced in this micrograph of the fracture surface by noting the deformation of the a primary precipi-
of Ti 6%ln deformed at a strain rate of 28 s-1 . tates in the Ti - 10V--2Fe-3A[ alloy directly below

the fracture surface.

% The profile technique allowed for quanti-
tative measures of the plastic zone beneath
the fracture surface by noting the distortion
of the underlying precipitates ( Fig. 7). As
with the features on the fracture surface

~ itself, the size of the plastic zone was seen
to be a function of the strain rate. Measure-
ments showed the plastic zone to vary widelya - even within a single specimen. The higher
strain rates, however, tended to produce

iallokwer plastic zones.
- To obtain a better view of the underlying

Fiky. 6. The remnat of micro-lig~ame in Ti x0 rncrostructure in the regions characterized
2F n tho pe rimeter of the dimnple are se en by the globularized features, a technique was
tbegoularized. The areai bet~keen and1 inside the developed wherein the nickel plating was

diple. pojpulated w ith small hemisphericail selectively etched away from the fracture

;urface such that the direction of the shear
which operated in that region could he deter-

thlopthi h tmtr mined (Fig. 8). It was seen that in these

' Urla('( il ths, liollr ha hool a i)ted with regions the precipitates immediately beneath
Ili(, imolt en remiainl> ot la utro-1iLamlenlt.. [hel the fractuire surface were heavily deformed.
himus1 ,pler-Ical filatUrel, WoU i re;lt froml the( with shear strains as highi as 5.

TOI tost the feasihilitv of h:1t t"'p'tlat loll.

* \ ist-tilliatdtt l '.itil iitrit I v. 1tO h t i- 111

*11111111 % iMW n It itil' r:. I' t" u(J'J I d l:K I 'I hlk e~xper1 1ime t al evidlence froi l:f.M

i-LilIpion rli ;lrlml~~r~ ill om att-iu rea-ius ofttilgtfatun i ,lit'lacv t

oik "WI. iire uilillpill \%ollid I), -,ilt. kw .tuit-ill ti lIlvVtti'iiatInht that tilt, ickrail

%.iItO I h, il:l I I tIill I II 11 Kil it( uuwit iin tt'mperattire ot the loii. )I il
r Ipm r I-. Im al it ft wi 1 I Ii I I 1 li(fit I' S t
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of the order of a fraction of a second and
go (iii) the heat conductivity of titanium alloys

is very low. The adiabatic temperature rise
for a homogeneous solid and uniform defor-
mation is usually given by

* AT 1  a de (1)

4 t where p is the density, c is the specific heat,
o is the stress and e is the strain. If work
hardening is assumed to occur according to

* Fig. S. By overetching the protective nickel plating the usual power law, AT 1 can be calculated
of the fracture surface, the direction and magnitude as follows:
to the strain in the immediate region below the 1 G
fracture surface of Ti 8Mn can be estimated. AT, - - en,+ 1  (2)

Pc n +1

with n being the strain-hardening exponent.
about 20 pim in diameter showed droplet- When the values listed in Table 2 were used

l like features, and these observations were and eqn. (2) was employed, a temperature
made on the shear lips only. Therefore, the increase AT of 21 'C for Ti-8Mn was found.
calculation of the temperature rise AT will The value for el is of course estimated, but
be made by estimating and summing the it appears to be reasonable in view of the
temperatures produced by (i) the overall relatively small strain to fracture. Since AT
plastic deformation before the crack develops, is small compared with the melting point of
•iij the plastic deformation at the crack tip the alloys, a variation in E1 is of little
and iii the rupture of micro-ligaments, consequence to the final result. From an

It will be assumed that the temperature equation that has been employed in a more
increase due to the plastic deformation general approach to the temperature rise in
precedint fracture is -idiabatic. This seems tensile specimens [1], i.e.
to be justified since (i) the alloys have a
limited ductilitv. (ii) the time from the start T, e_ - TI -(3)
of the test to fracture is for most specimens pc

['ABLE 2

4 hx..mc[ dita for t;i u titanium alloys

.(/uurlCtx Syoibol Values for the following alloys

Ti IOV 2Fe 3Al Ti- 8Mn

id (O 11 b0 MPa 1370 MPa
B':D.!- ,.ct lr b 2.-6 , 10 -8 cm 2.95 , 10-8 cm

p 1.67, NIv m 3 4.70 Mg m I at 1200 .MPai
". 1, 1.9 J12 k 

- 1  U -  
95 . 102 k I k .4

11"'.: "il,..1m;I r,, 1ICtltv k 1.0)9 . I ,o m C1  
1.09 . lo W m (

iat 1200 NlPaI
, , - , 2 0.30

- :-r.- - nlitV 1. ,, ) .MP. ni 2 1li 20 C) NA
" ILI1 MId U UE1 ) (l 11 . (;Pa

1>!h,.;ir Go'IUIu. U 11 ; (Pa ,3 2 (;Pa

lrmtit t" IrActurf. ') 1 I) 141

"", ~~NA.. 11() .l .

-.I ' ' , . , - , . : . . . • v - . -, -. . - . - . - , - . - , - - - : ,

I' . 4 -. " -.-. "." : ." . -' . . .. J """"" '': ) ',. F i . .". . . . . . .-. -.-. ,- ,. , -,. . .
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a value of 33 0C can be determined; this The equivalent equation for the temperature
V appears to be high. Although unimportant rise near the head of a moving crack tip is

for the titanium alloys investigated here, more sensitive to the distribution of the
AT 1 due to uniform straining may affect work rate (sites of heat generation) and is
the temperature rise at crack tips for highly described by
temperature-sensitive metals and alloys.

With the initiation of a crack in the center A 2  1
/ 2 (1 - v

2 )K 2 ( 1V/
12

of the specimen, the plastic deformation 2 E(pck) \
becomes localized in front of the crack tip. (1 _v 2 )K (V) 1/2

Rice and Levy [3] have calculated this = 0.886 E(pckh1 2  W)
temperature increase. They assumed a
non-hardening plastic solid, a small plane By substitution of
strain plastic zone at the tip and the absence
of thermomechanical coupling effects. This r K 2

W= -- (7)model considers the case of a moving heat 8 Jo
source ahead of the crack tip (at this point
the model is converted to a moving coordinate it is found that
system t. For the stationary crack the plastic (1 -v)Aa,. -0I- )o Vv 8

work rate f(x, y, t) is determined as AT 2 = 1.414 E'c (8)

4(1 - v)oo2 E(pck)2

f(xy,t - In this model, it should be noted that the
..rG temperature increase is greatest at the crack

X ) / dw tip itself and drops to a negligible level at
, - D(Y dt (4) the plastic zone boundary.

The calculations were made with the room
where w is the maximum dimension of the temperature values of the stress intensity
plastic zone. For the moving coordinate factor K and the stress o0 which do not take
system the plastic work rate is into account the heating in front of the crack

2( 1 - v)G0
2  tip during the actual crack propagation. It is

g(x, known that. in high strength alloys, K is
increasing while oo will be lower with increas-

log- - (1 X w 112 ing temperature [5-10]. Since no specific

1 X ' (5)V measurements were found in the literature,
the balance between K and uo with ,ising

In this equation, 6D( N') is the Dirac delta temperatures could not he assessed. In order
fuction employed to account for the dis- to gain an impression of the effect of an
continuity in displacement at the plastic increasing stress intensity factor on AT., the
zone and V is the crack speed. For the dependence of AT 2 on V was calculated for

* running crack with a growing plastic zone. the two alloys in accordance with eqn. i ).
the work rate would he the sum of g(x, y) Three values for K were assumed and AT,
and fix, y, t i. Thus the gx. y) term will was plotted against the speed V of the crack
dominate under the condition that V. the i Fig. 9. It is seen that at " 20 i s' the
speed of the (rack tip, greatly exceeds the temperature rise is about 900 C when
plastic zone growth rate dwdt. When the K 60 MPa n" for Ti-1o0V-2Fe-l\l.

* equations for the configuration of localized .A\t SU h a steep temperature rise at a mod(er-
heat generation are combined, the tempera- ate crack speed it is reasonable to expert
tore rise A Ti (I. p, at the stat(moary (rack that K would approach 140 NI Pa m1 

2 at the
ti) l time of separation. The (alc'lUlation1 shtio s

( 1 j !/2 that with K 11)0 M'a m ,:2 a temperature
- -T (, °' cr) 'Of aboult 1500 ('would have been reached.

2KU 0 In Fig. 10, AT 2 has heen plotted against K

for three crack speeds. When a reasonable
r dor dr value for V of 50 in s 1 for Ti- IOV-2Fe-3A1

la2t .r) (1r t r is taken, It is found that _T., equals the

.- ,-..- -- . -, , .. "-. - -- . -I-- ,-"-
"

- " "..,.. . . . . . . . . . . . . . . . .
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2QC ... - account of the small size of micro-ligaments,

it is appropriate to use a dislocation model
* - for calculating the temperature rise at the

point of their rupture.
.. A number of attempts have been made to

calculate the temperature that can be obtained
-- from the energy release of moving dislocations

on glide planes [14, 15]. These models assume
- a dislocation to be a moving source of heat.

Freudenthal and Weiner [14] define the
- .- - -- ....... oheat flux q for n dislocations producing a

total slip distance 6 =nb as

Fi. 9. Temperature rise at the crack tip dependent T6 1
,,n the crack speed V for three stress concentration q = (9)
factors K: - -, Ti 10V-2Fe-3A1;- Ti-8Mn. nmb

with T being the shear stress; v is the disloca-
tion velocity and mb is the distance between
dislocations. After addressing the heat con-

duction from a heat source of length X,
Freudenthal and Weiner arrive at the follow-

* ing equation:

AT 3 = (10)
mK t

where K, is the thermal conductivity and K
_- - - - - - is the thermal diffusivity (K = Kicp). An

-' equivalent equation for AT 3 was derived
also by Eshelby and Pratt [151.

Fi. P.). Dependence of the temperature rise at the Actual calculations show that AT 3 rises
crack tip on the stress concentration factor K for by a few degrees celsius if one glide plane
thr,.,pcrack speeds V: -Ti -ION'--2Fe 3AI;Tr ca edn. with. say, 500 dislocations moving at a speed

fo of 105 cm s - 1 is involved. However, Eshelby
and Pratt pointed out that the temperature
would rise to higher levels if more slip planes

melting point with the room temperature are active, clearly, AT 3 increases with the
K vah:, of 70 M Pa m ". Despite the amount of shear and smaller distances between
uncertainty of the changes that will affect active planes, leaving T unchanged. Recently.
K and o(, during crack propagation. the the above model has been extended by
calculations shomx convincingly that the tem- Armstrong et al. [161 who considered the
perature rise at th, crack tip is substantial temperature rise when piled-up dislocations
a(d can approach the melting temperature, on one slip plane were suddenly released and,

T'le finai contribution to the temperature in addition, the relaL.onship between shear

ii ,'rca-c is caused hy deformation, leading to band density and AT 3 . However, since the
* 'i, rupture of many micro-liaments that titanium alloys investigated here do not

,mllte, tho Ira'ture..-\ fter the growth of contain hard particles behind which large
%i , i- a i maximum -.ize the remaining pile-ups could form, their model appears to
in: r,-inamfiits \v,-re r duced in hickness be not applicable for the deformation of

iwot 1 pml ",% ith lnnth of a w in cro- inicro-l igaments at the point of separation.
n, !..r- a julm ed from ,arlier studies on a .\ttempts to adopt this model without or

* .or ioty f eta!s and alloy l11, 1 2]. Ihf with the proposed modifications were not

,t,,I,,rma t Loi, of t he;e in ifro-liia1mfent s fan suf'(fSSfu 1. The problem is to accommodate
if ",tmimiteld to bf an ordor f'I inagitud(e i Vory cop ilex geometrical shape, i.e. the

:ari,ir than dtirmLn ma(r(o-iiff-king 13 1. in rin of dimples down to a given depth, to

e7
-". . . . , • ,. ... o ,°o.. .... . .. . .. J" - -

I,.'" -".'- "" "- . -""- . ' ":': ' -- .".. ..---- "-. ."" '"".. .. "-" "".. ."".. . .'-. .".-. ... ,.. .. -.': -. :
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discrete glide planes, varying glide distances, a first approximation the following equation
varying distances between glide planes and is obtained:
varying stresses to the framework of the 76
model. It appeared to be more appropriate AT 3 ;:-- (12)
in the light of the geometry of the rapidly 21pc
deforming micro-ligaments to apply a form In calculating AT 3 , for the rupture of
of the Freudenthal-Weiner model in which ligaments, values for r, p and c have to be
glide takes place simultaneously on the most taken that are adjusted for operating at the
active parallel glide planes in a given volume, increased temperature at the crack tip
In that case a group of dislocations can be2. which with AT, - 300C and AT2 ;k 1500°C
considered to move on one plane between is estimated to be 1530 'C. Since measure-
"insulating" planes (Fig. 11). Obviously, ments for the three parameters above are
this model provides for the upper limit of not available for the alloys investigated, the
AT 3 and a AT 3 calculation according to following estimates were based on the trend
eqn. (10) would then represent the lower of similar titanium alloys at higher tempera-
limit. The temperature rise for active planes tures. r is assumed to be 350 MPa, p to equal
near the "insulating" planes would have an 4.3 g cm -3 and c to equal 0.8 X 10' erg g-1

% intermediate valut.. When the heat conduction 0 C - If it is assumed that the maximum.... n' Ife diecio is neglected thht temperature
in thex direction is neglected, the temperature dislocation density is involved in the rupture
distribution given by Carslaw and Jaeger process (i.e. about 1012 dislocations cm - 2 )
[171 is and further a local strain for micro-ligaments

32 - is calculated (-y n 5), then 6 = 150 nm and
a T3 = + - I = 35 nm. According to eqn. (12) the tem-

2K, ,,126121 612 perature rise AT 3 equals 308 'C. This result

2 1'" is not claimed to be precise: however, there
co-, y) can be little doubt that AT3 is in the range

7 2 -' n2  of several hundred degrees Celsius. Com-

O2 parable calculations using the equation of
(K l (11 ) Eshelby and Pratt [ 15] for a number of
e} 2  closely spaced active glide planes gives results

for the temperature rise of the same order
I is the distance between the active glide of magnitude.
plane and the "'insulated" boundary plane The sumAT 1 

- IT 2 - AT 3 is,; ,ut 184 0 °C
• and should have a very small value: then the and thus exceeds the melting point of the

-scond term of eqn. (1 can be neglected. alloys by about 240 0 C. If the extremely short
When q according to eqn. (9) is inserted, to time for the rupture of micro-ligaments is

considered, it is reasonable to say that, at the
* moment when the melting point is exceeded,

the voids contain a vacuum and a deposition
of molten or vaporized material can take

Y place on the dimple surfaces which remain
in their original shape. This would explain
the minute hillocks and the frozen droplet

• C* ---- x configurations observed (Figs. 5 and 61 while
in border cases, where only the uitimost tips

X,, Ihave reached the melting point, no such
Z", Ideposits are visible (Fig. 4).
r , The theoretical treatment is based on the

I- 1 1, Md,,l to di locatiln motion on glide plane contention that the proc,ses h'adimn to the
C .'hieh lakes plac, in a crystal volume with many temperature rise are ad ial)atic. The low heat
Iact IS,

, i it l*, pli n, a Planes I hay, been called conductivity of the titan iti m allo '. wh 'h
"nulating plan, I ,v [ irudenthal and Weiner [ 1-1

to sin"iv that virtuall v no hivat loss to thesurrou is 40 times lower than that of copper, was
itiz volurni takes place with rdvrenc' it) plan,, U given earlier as an important reason. Adiabatic

I' "' , v Icore~i to rel I i effects, however, shoult also he discernible

0%
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in the behavior of the plastic zone. Figures 7 ACKNOWLEDGMENTS
and 8 were evaluated and in places show a

S shear of about 5 which is a clear indication This research was sponsored by the Office
that, within the given time interval, adiabatic of Naval Rsearch0unde C ont an k
conditions prevailed during crack propagation. 82-0309, NR 031-840. We wish to thank
A case for adiabatic behavior in titanium value Mcuonst
during dynamic plastic deformation has been
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ABSTRACT 1. INTRODUCTION

Ductile fracture in metals and alloys is pre- Ductile fracture of metals and alloys is

ceded by work hardening and necking. Micro- more complex than other types of failure.

structural processes, previously explored by This is so mainly because a variety of micro-

in situ transmission electron microscopy, have structural changes take place in the material

been re-examined in the context of interac- long before final separation on account of the

tions between glide dislocations and crack extensive plastic deformation that occurs

* tips. In this, the parameters which signifi- before fracture. This causes substructural
cantly influence experimental findings have changes associated with dislocation configura-

been critically reviewed and theoretical as- tions which depend on several variables char-
pects of ductile fracture have been examined acteristic of the specific materials tested, and

including the principle of energy minimiza- similarly on the imposed conditions of defor-
tion. Consideration was given to the displace- mation including strain rate and temperature.
ment of the stress singularity ahead of the The work hardening of a material during
crack tip on account of the plastic zone and plastic deformation consists of an increase in
the effects of thermal instabilities during the stress required for dislocation multiplica-

crack growth. tion and movement. It is controlled by speci-
Crack propagation occurs in ductile ma- fic materials parameters including crystallo-

terials mostly by void coalescence. This re- graphy, precipitates and stacking fault energy,
quires the nucleation of microcracks ahead for example. These parameters and the result-
Of the crack tip as was observed experimen- ing microstructural changes should be incor-

igreement with theoretical expecta- porated into theoretical models of crack
" licrocrack initiation was seen to take initiation and propagation, since an under- %

' at dislocation cell walls which represent standing of ductile fracture of a material
c qt frequently formed low energy dis- obtained on the basis of the work-hardening

ona: t2 configurations in work-hardened curve alone necessarily remains rather qualita-

metals. As a consequence, too, the formation tive. However, using various empirical rela-

"' of a plastic crack and its growth in a virgin tions, it becomes possible to correlate the -*.

crystal are distinctly different from the nu- changes in microstructural features with the

.,cleaton and growth of a crack in a crystal ductile behavior preceding fracture. To a

% with a well-defined cell structure that was considerable extent, these are derived from
• formed through prior deformation. Disloca- experiments wherein foils of metals and

tion multiplication is considered to take place alloys are strained to fracture by in situ

by the supercritical bowing of the longest techniques in the transmission electron micro-

fre link iengths present within the cell walls, scope with simultaneous observation of
a.s also observed experimentally. The micro- changing dislocation patterns. These have
structural changes that take place in the plas- become very powerful tools in the drive to-

tic zone ahead of the crack tip are found to wards our understanding of ductile fracture
be more important in fracture than the micro- 1]. In this it has become clear that a general
scopie processes immediately at the tip itself. principle of energy minimization of disloca-

,I ) 0, 16 6 $3.50 -9 Elsevier Sequoia/Printed in The Netherlands " -
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tion configurations is most useful, namely even though their influence on the crack tip
experience has shown that low energy dislo- is most important. Specifically, quite com-
cation structures are developed about cracks, monly the dislocations in the plastic zone
so that energy minimization introduces a ahead of the crack tip rearrange so as to form
natural organization principle and simplifica- cell walls (the classical low energy substruc-
tion into the complex phenomena [2-4]. As a ture) and, if so, plentiful new crack nuclea-
result, it becomes possible to model the crack tion sites are thereby provided. Therefore, the
behavior in terms of work hardening and low importance of the principle of minimization
energy dislocation configurations. of energy in the generation of the dislocation

substructure associated with the crack tip
cannot be overemphasized.

2. GENERAL CONSIDERATIONS The formation of the dislocation configura-
tions ahead of the crack tip is influenced by

Fracture of a material takes place when a several parameters dependent on the nature
crack can propagate on decreasing energy of of the metal or alloy. For example, in close-
the system. The total energy of the crack packed f.c.c. and h.c.p. metals and alloys, the S
configuration consists of different energy formation or presence of stacking faults affects
terms that contribute to the system [4]. Of the mobility of the dislocations [9], and "* .

several stress-strain singularities that can thence the resulting dislocation structures,
exist in solids, cracks are among the most in accordance with the stacking fault energy. .

important. The elastic crack tip is associpted In particular, in low stacking fault energy
with an inverse square root type of oingularity materials such as stainless steels, slip is con-
of the stress field [5]. For plastic crack tips, fined to narrow slip zones so that dislocation
the nature of the singularity was analytically cell structures cannot readily form [1]. In-
derived and it wa. shown that it is of the stead, other low energy configurations such as
same type but shifted into the plastic zone dipolar mats may be generated [10]. As a
dev'Ioped in front of the crack tip [6]. The result, the mechanism of fracture becomes
spatial variation in the crack tip stress field is different in low compared with high stacking
centrally important in determining the plastic fault energy f.c.c. metals. Additionally, point N.%

- deformation associated with the tip. Thus, defects generated by moving dislocations in
generation and movement of dislocations in the region close to the crack tip and their con-

. the region ahead of the tip take place under densation to stacking fault tetrahedra provide
the action of the crack tip stress field, another important microstructural feature.

The classification of ductile and brittle Its major effect is that these interfere with •
fracture is derived from the nature of the dislocation movement.
crack tip [7, 81. If it is energetically favorable The above certainly does not exhaust the
to nucleate dislocations in front of the crack list of important defect effects in fracture.
tip and simultaneously to develop ledge steps, The interactions of dislocations with several
the fracture behavior is classified as ductile. other defect configurations have been docu-
A propagating crack which intermittently mented especially in close-packed f.c.c. and
generates lattice dislocations and ledge steps h.c.p. structures [11]. Radiation-induced
on the crack surface represents a moving voids and void clusters interact directly with ' .', ..

4'' Msurc& of "isloca t nb. Ductile fracture is a growing crack in that the crack front cuts .- .
conceived in the general literature as follows, through spherical voids and soft coherent '"

In highly ductile materials, extensive disloca- second-phase particles [12, 13]. Thus the
tion generation and movement take place at resistance of the material to crack propaga- S
theo crack tip so that the stress field associated tion is significantly altered also by these.
with the crack is screened by the plastic zone. However, hard non-coherent second-phase
In this, the sharp elastic crack tip is replaced particles distributed in a soft matrix act as
hy a rounded and blunted tip surrounded by sources of dislocations which in turn react
the plastic zone. While this view is correct, it with the substructure developed in the plastic
1., incomplete in not taking into account the zone. The stress field associated with the .

S microstructural changes that actually take crack nucleates voids along the non-coherent
place ahead of the crack in the plastic zone, interface of the hard second-phase particles

- •
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because of the incompatibility of deformation the stress-strain relation associated with the
[141. Void nucleation along dislocation cell plastic deformation of metals and alloys has
walls [15] and other high energy dislocation been derived from the various stages of the
configurations such as two-phase interfaces development of dislocation substructures
[14] are accompanied by a decrease in energy [16]. The presence of a crack (and the stress
of the configuration. The nucleation of voids field associated with it) introduces additional
and their coalescence constitute a major dislocations into the region of the plastic
mechanism of ductile fracture. Other micro- zone. Thus, if Papp is the density of disloca-
structural features such as grain boundaries tions due to a uniform applied stress and
and twin boundaries also are sources of dis- Pcrack the density of dislocations due to the
locations [111. At the same time, +he exist- crack tip stress field, assuming a simple super-
etice of these features provides obstacles to position, the total density of dislocations is
the movement of the crack tip and, at times, given by Ptotal = Pappi + Pcrack. On the basis I

4 significantly alters its path. Other important of much experimental evidence and the theory
lattice and crystal defects affecting crack of work hardening the flow stress r is related
propagation are illustrated in Fig. 1. to the total dislocation density through a

The generation and movement of dislo- simple relation
cations in metals and alloys cause plastic V.
deformation, and the density of dislocations r = r0 + aGIbp'J2  (1)

Sincreases with increasing plastic strain. As a where r0 is the frictional stress against disloca-
D, ", result the free link length of dislocations that tion movement, G, the shear modulus, b the

can act as sources for further dislocations Burgers vector of the lattice dislocations in
decreases. Eventually, low energy configura- the material and a a numerical factor nearly *.

tions such as dislocation cell structures are equal to 0.5. An important application of the
formed provided that the mobility of disloca- e t .a p t h
is a u a a at irprinciple of minimization of energy is that the .tions is adequate and at least two differentdilctosraanenthfrm facll :

Burgers vectors are available. In the absence d c so cell
B v of a structure. The minimization of strain energy
of a crack tip and if a uniform stress is applied, associated with the cell structure compared

with a random arrangement of dislocations
[3] accounts for a similar simple relation for

.... ' N ... the cell size L which has been known empiri-

7. N, .... .. A,, ,, PC cally for a long tim e and is given by

AN.. ... s ... KG b
L- (2)

L TT 0  ..

-:: . ,N - " [" Iwhere K is a numerical factor equal to about " " ..-
10. Thus the formation of dislocation cellstructures is considered as inevitable provided

that the conditions mentioned earlier exist.
- ..... .Other low energy dislocation arrangements

* ... + .. are also considered possible if the cell struc-

A •+. . ... .. Ature cannot be form ed under restricted mo- ' -. ,
biity of dislocations. The dislocations gener-

"A" .... .. <AN ated ahead of the crack tip follow a different
A ... . 'A pattern from those in uniaxial deformation

"... " * ...... because of the specific nature of spatial stress

field variations associated with the crack tip. \.. .
. ". The interaction of dislocations generated be-

cause of the crack tip stress field with those"'
Fig. 1. Crack initiation and propagation in ductile present as a result of the uniform applied
fracture are dependent on crystal defects. The most s o ie s n

* important of these defects are depicted in this sche- stress also typically causes dislocation cells
matic drawing of the microstructural regime of and in any event forms an important step in
ductile fracture [ 1. the growth behavior of the crack [ 17).

• .
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In this paper, experimental findings are and temperature at which the foils are de-
presented on in situ fracture carried out in formed and the operating voltage of the trans-
the transmission electron microscope. The mission electron microscope are some of the
behavior of cracks in ductile metals and alloys conditions that can be controlled. The micro-
in general, and the dislocation substructure structural mechanisms of fracture can be cor-
developed in front of the crack tip in particu- related with the material parameters. Direct
lar, will be given special attention. Further, observation and simultaneous dynamic re-
the influence of several microstructural fea- cording of the substructural changes enable
tures on the ductile fracture of the material this type of experiment to be very versatile.
is described. The experiments on in situ frac- Modern analytical facilities, namely scanning . .
ture carried out in the electron microscope and transmission attachments, microdiffrac- ,,i.
c,, prvide large amolints of information tion capabilities and high voltage operaLing
depending on several important factors. For conditions for examining thicker foils, make
example, cracks introduced in well-annealed these experiments very advantageous in gain-
foils when subjected to a small deformation ing a better understanding of the mechanisms C7

at very low strain rates can illustrate the of ductile fracture in macroscopic specimens.
mechanism of generation and movement
of dislocations on the operating slip planes
under these rarified conditions. Also the 3. EXPERIMENTAL OBSERVATIONS OF CRACK
formation of ledge steps that are responsible GROWTH IN ANNEALED THIN FOILS
for the opening of the crack surfaces and

- rounding of the crack tip can be illustrated In situ deformation and fracture experi- 0
5 [4]. However, if in situ experiments are car- ments can be classified broadly into two cate-

ried out on foils with no perforation and gories, namely the first category wherein
initially not transparent or semitransparent a perforation is present as a result of jet
to an electron beam then, as deformation thinning of the foil to produce an elecLron-
progresses and the foil becomes thinner, the transparent area, and the second wherein a - *s
nucleated cracks and voids grow in the pres- non-transparent or semitransparent area is
ence of a well-defined cell structure. As a present without a perforation. In the first

-. result the foil becomes transparent to the category, the foil area close to the perforation
electron beam because of thinning, enabling is fully transparent to the electron beam and
direct characterization of the dislocation sub- is free from dislocations if the starting ma-
structure and its influence on the growth of terial was well annealed. The cracks present
the cracks formed during deformation (com- at the edge of the perforation move into the
pare Section 5). The latter type of experiment foil under the action of tlr applied load.
is relatively more important in actually under- Usually, the electron-transparent foils are
standing ductile fracture in macroscopic speci- so thin that plane stress conditions exist in
rnens. Similarly, other in situ experiments are the foil on applying the load [1]. In addition,
useful in understanding the influence of stack- the free surface exerts forces which affect the
ing fault energy, the number of available slip mobility of the dislocations. As a result, no
systems at the crack tip and the lattice fric- more than one or two slip systems become
tional stress associated with the material, operative at the crack tip in such thin foils
Thtus, it becomes possible to understand in while the formation of low energy dislocation
detail the different mechanisms of fracture substructures is hindered because of the con-
as influenced by different parameters in dif- straints exerted by the free surface. The image
ferent materials. At the same time, certain force present in these foils also changes the

• common features of crack growth behavior orientation of dislocations with respect to
in duCtile fracture (,an be obtained through the free surface such that on its slip plane
thse studies. (whether or not this is the one usually ex-

Thus. as outlined, in situ fracture carried pected) the dislocation is normal to the " -"
out Io the electron microscope with a proper surface. Macroscopic fracture is far more
,'hoice of the experimental parameters is im- complex in such foils in that dislocations
portant to th e understanding of ductile frac- with several different Burgers vectors are

" tore. J[he thickness of the foil, the strain rate produced because of slip on several systems.

• .%,- •- '
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In contrast, the simplicity of plastic defor- However, the dense dislocation substructure -.
mation ahead of the crack tip in very thin foils present in line with the direction of the crack

" illustrates some of the microscopic processes in the foil is associated with the crack tip

at the tip, iiamely dislocation generation and singularity [191. A schematic illustration of
movement and simultaneous formation of this type of crack growth behavior wherein
ledge steps on the crack surface. Electron mi- the crack tip generates dislocations intermit-
croscopy observations of a foil deformed in tently and moves forward in the manner
situ in the tensile stage shown in Fig. 2(a) originally proposed by Orowan [20] is shown
illustrates the features mentioned. The two in Fig. 2(b). _-A,
slip systems inclined to the crack and leading The following points have to be taken into
to ledges on the crack surfaces as revealed by account when evaluating results obtained
the slip traces, and the resulting opening of the from in situ straining of very thin foils in the
crack faces, are a significant feature of this transmission electron microscope to fracture.
micrograph. The dislocation substructure in The limited number of slip systems by which
the foil, which consists of dislocation loops plastic deformation takes place prevents the
and loop debris, is similar to the characteristic formation of low energy dislocation cell struc-
deformation of the matrix in b.c.c. metals tures which are found in thicker foils. Also,
irrespective of the presence of the crack. because of the lack of dislocations which cut

each other and thus do not produce jogs, ,.A
point defect production is absent. As a result,
experiments carried out with very thin foils
are not representative of macroscopic ductile I
fracture behavior of a material. Ductile frac-
ture involves extensive plastic deformation,
the generation and movement of dislocations
with several different Burgers vectors, and the
production and interaction of point defects.

J. .'k. . EXPRIME,1VrNTAL OBEVTON FCACA.''

%- NUCLEATION AND GROWTH IN DEFORMED
.% ., MATERIALS rk

" -

In this section, experiments in the second I
category wherein a foil is thinned to a thickness

C-/ without producing a perforation and thus more
"-" ,*% / /nearly resembles a bulk sample are treated. .

../ / A small area of the foil may be now semi-
'- "/ /.. / / transparent to a high voltage electron beam

S. . . or the whole foil may be left intentionally i
- "non-transparent. Now deformation in the in

-i---I--- 4 - - -- l
x situ stage gives rise to extensive defomation,

.- ".- *:.. of the whole foil, provided that suitable foil r-

/ .. orientations are chosen. If so, plastic defor- .-..
. ,mation on multiple slip systems generating

S (b) ,..dislocations with different Burgers vectors
representative of deformation in macroscopic

Fig. 2. 1a) Crack tip in Nb I Oat. V produced by specimens takes place with simultaneous foil %
A .- transmission electron microscopy in situ straining. thinning to make portions of the foil electron

h-: h . noted that two slip systems are active transparent. Work hardening of the material -%/
in front ()! the tip. (b) Schematic illustration for the lue to plastic deformation and dislocation-
dis( rr,, d sl( ,cation model of a continuous plastic

* crack , lattice dislocations; -- , crack disloca- interaction is observed in such experiments I
, eprinted by permission of Internationaler [1]. In metals and alloys with a high mobility

Bu,'rV,ron ;.m.b.-l. from ref. I a. of dislocations, rearrangement into low energy

* I
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dislocation cell structures with alternating smaller cell size of dislocations is expected
orientation of the lattice within the cell walls because of further subdivisions of cells. The
in the opposite direction has been docu- cell walls are, in some way, similar to grain
mented [21], as shown in Fig. 3(a). A brief boundaries wherein two lattices of different
description of cell walls and their influence orientations are joined together. When glide
on the fracture behavior of the material is dislocations with different Burgers vectors
in order at this point, rearrange and form cell walls of width w, the

In a uniformly strained material, the cell net Burgers vector of the dislocations in the
size L given by eqn. (2) is obtained, which is cell wall is responsible for the misorientation _
commensurate with the average applied stress, and the strain energy associated with it. The L
However, in the region near the crack tip, a larger the dislocation density and the width

IU
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,% of the wall, the larger should be the strain can be understood as the presence of surfaceenergy asociated with these cell walls. Mis- dislocations of the opposite sign called anti-
orientations between 20 and 30 and cell crack dislocations [4]. The stress field due to "
sizes of 0.1-0.4 pm have been recorded where- the anticrack dislocations cancels with the to
as the dislocation densities within cell walls stress associated with the lattice dislocations
average about 5 X en cm -2 [1 . If disloca- in the cell walls. A schematic illustration ofs
tions within cell walls are to act as sources, the dislocation configuration associated with

free dislocations of link length of the order the cell wall and that of the elastic crack with
of 10 nm have to be activated within cell anticrack dislocations, represented as edge
walls of misorientation greater than 100. The dislocations for convenience, is shown in~ necessary stress (about 5 X 109 Pa for beryl- Fig. 4(b). The attractive force between the -

eslium) suggests that nucleation of microcracks dislocations of opposite signs tends to move

is an alternative to further glide dislocation the lattice dislocations towards the elastic
production which becomes energetically crack and thus to annihilate with the anti- %
favorable, a result substantiated by observa- crack dislocations. As a result, a ledge step .
tions during in situ fracture and documented is produced on the surface which in turn -..
in Fig. 3 n(b) [ 15, 21a. removes the misorientation that is initially

A schematic illustration of a cell wall con- introduced because of the presence of the ,
taining a cross-grid of screw dislocations is dislocations in the cell walls. Therefore,
shown in Fig. 4(a) with the nucleation of an nucleation of a microcrack and further

%%" elastic crack along the interface. The strain annihilation of dislocations within the cell
energy associated with the misorientation wall give rise to formation of a microcrack

* across a boundary between the cell wall and with free surfaces and reduction in strain
the region free from dislocations is respon- energy associated with the misorientation.
sible for the nucleation of an elastic crack. The total energy change may be written in
The stress-free boundary conditions that exist the simple form
at the free surfaces of an elastic microcrack E e e.+('"AE = Ee, - E,, + E - + Ef + Ew (3)

where E, is the strain energy associated with
CELL WALL the cell wall initially before the nucleation %1 of the elastic crack, E,, is the elastic strain
MICROCRACK energy of the total configuration after par- - .

? ,CROCRACK tial dislocation annihilation, E ' is the free'CLL INTERIOR surface energy associated with the crack sur-

) ' faces, Ef is the frictional energy spent in the I
INTERFACE movement of lattice dislocations and E, is the

r work done by the applied stress. If complete
*-"- annihilation of the dislocations in the cell -

walls takes place, E. = 0. The term Ee, in ," ,
eqn. (3) is the energy associated with the

• ,ALboundaries of the cell walls. Further, thel'- %.,ELL V/ALL

above equation suggests that, if the frictional
stress is small, the strain energy associated .% ,

-,ACK WITH SLACE with the cell walls can be sufficiently larger
DISLOCATIONS ATTRACTING2"THE DISLOCATIONS IN THE than the surface energy before a crack nucle- %". .- " "i: CELL W, ALL %

C Lates that there is a net energy decrease. There-
* fore, a critical misorientation across the cell 3

walls is needed above which nucleation of

•ELL INTERIOR microcracks along cell walls becomes thermo-
dynamically favorable. %

At this point, it is useful to note that the .F., '. . iA) Schrmatic illustration showing microcrack cell wall has a boundary separating the dislo-
imtriatIv~ It a cell wall, (h) dislocation model of

* microcrack initiation at a cell wall. Surface disloca- cation-free area from that within which dis-
ti,,ns hay,, ben drawn in a smaller size. locations are present. Across this interface,

PM. X'S. % SS~ * - . * '. *4''
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'-. there is no material discontinuity other than ture is an important feature of the micro- NK,
the orientation difference. Therefore the graph. The gradual thinning of the region
energy E, associated with the interface is ahead of the crack tip made the foil electron
only due to the misorientation and is given transparent to the beam. Simultaneously, the

by the strain energy of the dislocations. When cell structure becomes more regular, with
the foil area adjacent to the elastic crack be- regions in between the cell walls now becom- %
comes free from any defects, the dislocations ing free from dislocations. A comparison of
originating from adjacent cell walls and the the dislocation substructure in the thicker
crack tip move into the free area of the foil areas of the foil adjacent to the crack flanks .. , ,
and this will give rise to further thinning and with those observed in the thinned areas
relaxation of the stress field associated with illustrates the rearrangement of dislocations
cell walls, into a more regular arrangement of cell walls

with lower energy. The dense dislocation sub-
structure within cell walls, separating the

5. NUCLEATION AND PROPAGATION OF areas free from dislocations, can be recog-
CRACKS UNDER NORMAL RATES OF DEFOR- nized only within the thinned and more trans-
MATION parent area ahead of the crack tip.

The gradual thinning of the foil ahead of
% In this sL -tion the formation of dislocatior the tip requires the operation of several slip -

- ' substructures in thicker foils in front of the systems, with a minimum of two systems.
crack tip will be presented to illustrate the This will be illustrated for the thinning of
ductile fracture behavior at normal strain gold foils during the process of ductile frac-

* rates. Figure 5 shows the electron microscopy ture. First, a comparison will be made be-
observations of a region in an Nb-10 at.% V tween a crack tip moving at a slow rate of
foil ahead of the crack tip. The operation of straining (less than 10 -4 s-1) (Fig. 2(a)) and
several slip systems which generate disloca- a crack "tip" moving during strain rates
tions with multiple Burgers vectors and further larger than 10-4 s-1 (Fig. 6). The latter con-
rearrangement in the form of the cell struc- sists of a series of microcracks which have

edges corresponding to crystallographic direc-
tions. The spacing of the ensuing holes is
approximately equal to the dislocation cell .-

diameter and nucleation occurred at cell
walls as described above. While the whole tip

configuration at first seems to be similar to
the Dugdale model in Fig. 7, it is clear (i)
that two glide systems are needed to effect

the growth of each microcrack and (ii) that
. "an additional system of translation is required

in order to link the microcracks together. _.
It was found [22] that four equally stressed

*..glide systems of maximum resolved shear
W ".-. .., I Pstress, namely (111)[101], (111)[01i],

" (111)[101] and (111)[0111, operated to ,'.",.

enlarge each individual microcrack, thereby
thinning the foil parallel to [110] as shown
for a foil orientation of (110) in Fig. 8.

* The stress field associated with the major
crack exhibits a singularity ahead of the tip
in the presence of a plastic zone [6]. The
energy changes at the nucleation of a micro- %

crack in the form of a slit ahead of the major %e%
Vi 6" . Thinning in front of crack tip in Nb 10at.%V ca h ne.an r
w .,ransmission ehl-ctron mnicroscopy in situ strain- crack have been determined and are presented -, 4^.

, i, I)isl C; nti, (-1s are in ,vidence in thinn(d and in Table 1, A schematic illustration of the
- k ,,- , mechanism of nucleation of a inicrocrack is

V.. -V

,..-....~~~~~ %_.- %.,.-,.... . .,,..-,..,._.,.
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electron microscope at ~ 0s- 1 . The edges are parallel to (110) and (112).%

H~~~ ~~ ---- H--~ -- ~ -- --------- H-

'-D

~OQ I-

i . - j Diigdale. representation of a plastic tensile crack. The crack region is represented by crack dislocations

il!:h'. jlAtstc zwle hv lattice dislocations. (h) A void is nucleated at the position of the second lattice disloca-
';I h. V% (( tip i., Sharp at the opposite end. (c) Void growth by emitting lattice dislocations at the tip.

% Ir

6-hwn 1% n 1 Fig. ',including the definition )f yield stress or the frictional stress in the lat- -' .0
)tl,(ftilt pitran1.,tcrn presented in Table 1. tice, the initial distance between the void and

It- widlitiofl. the vaiu nrytrscnr- the crack, and the crack size. It is clear from ~\
hutteg to the total energy of the configura- Table 1 that a higher lattice frictional stress
T 1()n Mrid !he co1Stitutive energy equations resulting in higher frictional energy is not

nnietitig the various energy terms are listed favorable for crack nucleation. Similarly, if
'I 1) If, I wl hIle the details of the analysis the frictional stress is very low, plastic defor-

I 'htainerl from ref. 2:3. mation becomes very extensive so that nuclea-
Id ht etal -nergzy of the ('rack void iconfig- tion in the form of a slit is again not favored.
11 n IIve 1_It1 L'1 EiI Table 1, last column, Instead, nucleation of a void along a cell wall

t he (I,(rase InI (tin'rv associated with should be more favorable energetically, as
I1 m If-t i () the void or m icrocrack . The described earlier[ [15].

ii t;niramnt cr> thiat de-termine the T[he dlevelopment of crystallographic holes
itl iii ( i m irourark are the ahecad of the crack tip at high strain rates of %

% %
..............-.-- ---- --- ---- ---
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deformation needs further consideration. The mation on a limited number of slip systems
initial slit formation along [110] by additional and a high critical strain (greater than 5 for
sup on (i1i)[10] and (i11)[011] systems gold) can only be accommodated by the
gives rise to the crystallographic edges. These movement of avalanches of substantial num-
zigzag patterns of cracks compare very well bers of dislocations. The frictional energy
with those observed in bulk specimens de- spent in the movement of large numbers of
formed in tensile machines at normal strain dislocations is dissipated in the form of heat.
rates [221. A schematic illustration of the During adiabatic or near-adiabatic glide, a
plastic deformation by slip responsible for temperature rise in the very narrow glide zone
the crystallographic edges parallel to (112) will take place which offsets work-hardening
is presented in Fig. 9(a), clarifying a few very effects. An increase in the temperature of the %6
important features of deformation. The final glide plane accompanied by softening is re- N
step in the growth of the actual crack takes sponsible for continuation of slip on the
place by repetitive operation of glide in a same slip plane.
narrow slip zone as illustrated schematically An estimate of the critical strain for work
in Fig. 9(a) and observed experimentally as softening, using power law hardening with an
shown in Fig. 9(b). High strain rates of defor- exponent n of about 0.4 [24, 25], has shown

,% " 2 00 nm*

Fi.- 9. Colsec of) crsalorpi hoeysha". avr aro oe ()shmti erseta

nc

. N I ,( B o s f Ji--

W

F'i 9. ('oalescence of crystallographic holes by shear ongayvery narrow zone: (a) schematic representation:
• i sh-.ar alo-ng narrow g]ide zones in a gold foil (E: 1o

3 
s-1 (c) zigzag crack prorluced iw\ in situ st raining in .- " -"

-. r in Nt, 1 to,; ,il. (:fl By courtpsy ol NV.,J. Marcinkowskti-.-,

* %
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that it should be greater than 4.4 with dr/dT come significant in ductile materials with a
- 0.2 MPa K -'. Similar crack growth behavior low thermal conductivity.

exhibiting zigzag crystallographic edges has .'A

also been observed in b.c.c. me,als and alloys. 6. CRACK PROPAGATION UNDER LOW STRAIN

Figure 9(c) sh "ws as an example an Nb- RATES
10 at.,, V alloy foil deformed in situ in a ten-
sile stage. The crack flanks which were thin- Above, in situ deformation of foils at strain
ned during the crack propagation have be.t rates comparable with those observed in mac-
examined for the dislocation substructure roscopic specimens and the resulting disloca- :
retained in the foil. Extensive tilting of the tion substructures observed at the crack tip
foil has shown the absence of any dislocation have been discussed. This section is devoted
substructure in the crack flanks. Therefore, to observations at the other extreme of strain , N

it is concluded that the foil is sufficiently rates, namely foils deformed at very slow %
thin that it cannot retain dislocations. Only strain rates [1]. Under these conditions, glide

very few segments of the sources responsible dislocations do not move in large numbers all ,
for continuation of slip or the crystallogra- at the same time but rather singly so that each
phic planes and those left in the foil after dislocation comes to rest in or near an equi-
extensive thinning can be obberved. These librium position. As a result, thermal insta-
are lined up parallel to the crystallographic biity and softening of the glide planes are not
edges of the crack. In contrast, a dense dis- expected. Instead, work hardening due to the
location substructure consisting of a well- development of dense dislocation substruc-
developed cell structure similar to that shown tures continues on numerous slip planes. The

* in Fig. 5 has been observed in the thicker dissipation of frictional energy causing a rise
areas of the foil adjacent to the crack flanks. in temperature is here not large enough to % %
Thus it is concluded that, simultaneously reduce work hardening. As a result of increas-
with the zigzag crack propagation, extensive ing work hardening through deformation on

-' thinning of the foil due to slip on several slip specific slip planes, the operation of second-
systems takes place, even while avalanches of ary sources with different Burgers vectors
dislocations on a few crystallographic planes, begins so that plastic deformation can con-
which result in adiabatic or thermoplastic slip tinue. The final outcome is a more uniform

and glide instability, are responsible for crys- and hoiimogeneous deformation by the genera-
tallographic edges and zigzag crack propaga- tion and movement of dislocations with
tion [24]. several different Burgers vectors, as indeed

As we have seen so far, there are two insta- has been observed experimentally [1].
. Ibilities associated with a crack tip: the first Dislocation rearrangements to lower the

results from the initiation of microcracks at energy of the configuration naturally gives
dislocation cell walls, and the second com- rise to low energy cell walls. In comparison

pletIes local crack propagation by adiabatic with the cell structure observed under normal
Shear. In addition, thermal instability occurs strain rates, the cell walls formed at lower .- -

during the thinning of microligaments. This strain rates are thinner and more regular. This
* can he deduced from the presence of stacking regular arrangement of the dislocations in the

fault tetrahedra found in ligaments of gold cell walls, betokening low energy configura-
- '. and -opper [221 as shown in Fig. 10(a) for tions, is clearly seen in Fig. 11. In addition,

,4, ild. Figure 10(b) permits accurate measure- since a repetitive operation of glide on a few
mnt,, to he made, leading to the calculation slip planes is here replaced by a more uniform
-f a f,(y density C, in gold of 4 X 10 -  deformation, the crack tip becomes blunted

S2CI 1I hi vacancies produced during plastic and thus a more rounded tip is observed. At
(it- i,,mat in do not form Svicking fault tetra- the same time, thinning of the foil continues

1i1t;Mn' )sly hUt need thermal acti- such that the crack is linked to the nearby
%;o i,,,i t do-,() . A minimum temperature of holes or voids. While nucleation of micro- - ..
-) (- cas ;mated for the nucleation of cracks is still favored along the cell walls, their
tjckmn fult telrahedra in gold f 261. Al- growth cannot be confined any longer to

tu ' :iI, lmail in~ta hilitv is of minor specific crystallographic planes. Instead, a
I (- L"I '1 , ii ))pp(q'. it may. he- more irregular growth of microcracks due to

.~....°. - - - - -- - - - - - - - - - - - - - - - - -'I- ' -. "-
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Fi 4. 1 i Stacking Iha1lt tetrahedra in a ligament remnant of gold (a) after in situ straining; (b) the size of the
~tujtck faulIt totrahedra is between 1.5 and 4 nm.

d*I'furmation along several slip planes is oh- of dislocation substructure and the micro-
e*rv ,d. Suhstantial rearrangement of disloca- structural changes in ductile materials. Of . -*

tions at low strain rates results in thinning of these, the low stacking fault energy in f.c.c.
'hid 1'oil to link the grown microcracks to- and h.c.p. metals and alloys is an important
vet hier. These features observed in a foil of parameter that restricts the mobility of dis-
jOIl d (ornied at ver Y-lwsri ae r locations. As a result, plastic deformation

0 ilu~tratil in Fiv. 12. is by slip in the planar mode. The limited
mobility of dislocations bound by stacking
faults confines their movement along the

SR.\( KS Ni I LEATED AT INTERSECTIONS -,lip planes, instead of developing first tangles
(if~~l BANDS and later on cell structures.

T[his type of plastic deformation is charac-
* A m ii'nd arlier, there are several teristie, of a-hrass and austenitic stainless, steel.0

1r nr ~ hat mnfor et Ihe de'vi'lopnwnt It is illustrated for type 304 stainless steel in

% %
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S'Fig. 11. St rain ing at 10 -4S
- 1 

leads to extens ive blunting at th e crack tip" (a) m icroc rack formation; (b)

" ~~blunted crack tip. The increase in low energy dislocation wafls between strata increments should be noted. "'..%,,

.:.tie electron micrograph shown in Fig. 13(a) further deformation. The growth of the voids

2 1]. A schematic illustration of the con- continues only in the direction of the thin- .,: ' _

-°tmuous thinning of the foil due to plastic ning of the foil, as illustrated in Fig. 12(a). *
•deformation confined to two intersecting This mechanism of void formation and growth 9

. , rarrow glide bands is shown in Fig. 13(b). is similar but different from that of voids .2

%'hen thinning occurs along each band, a void when incompatibility of plastic deformation' '
i, uclatd a th iterectonof hebands and atriaxial state of stress exist ahead ofa

'- ~as a result of tthe superposition of deforma- crack tip in a work-hardened ductile material,-,, .,,

,-. tion associate(] with both bands. Thus, several [281. In the present situation the inhomogen-.,2 ,

•voids nucleate~d along the foils at points of city of plastic deformation is responsible for

2. ntcrsction of slip hands grow as a result of the void nucleation and growth.%
." %" W.

%'. % % =i.

% ... .

t .*iI .. i
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Fig. 12. Development of round holes at a crack tip during the straining of gold at < 10-4 S-1 .

~DISCUSSION Therefore, whether dislocation rearrangement -

takes place or not depends largely on the fric-
It is clear from the results presented in the tional stress. If the frictional stress is too high, .

preceding sections that the ductile fracture such as in the deformation of certain b.c.c.
behavior of metals and alloys critically de- metals at low temperatures, dislocation re-
pends on several experimental and materials arrangement cannot be expected. Similarly,
parameters. Common to all the above descrip- in f.c.c. or h.c.p. metals and alloys with a very%
tions of crack growth is the importance of low stacking fault energy the mobility of dis-
the dislocation configurations in the process locations is very low and cell structures can- k
zone. In particular, low energy dislocation not form at moderate dislocation densities.
configurations of cell structures are a striking, On the assumption that the frictional stress ,.6
and perhaps initially unexpected, microscopic is very low and Ef is a negligible term, the
observation. Provided that the dislocations in decrease in energy of the formation of the
the region ahead of the crack tip are mobile, final configuration depends on LE,,. The mini-
rearrangement into cell walls evidently takes mization of the strain energy E,, in terms of
place efficiently. This is accounted for by the the cell size [3], together with eqn. (1), dir-
principle of minimization of strain energy ectly leads to the simple result given in eqn.
associated with the dislocation configurations (2), with the constant K of the order of 10.

i v'Y

[41 and may be ascribed to the energy changes These results, which are valid for a uniform
associated with the dislocation rearrange- applied stress, should now be applied to the
inents [31, namely region in front of the crack tip. A schematic

SE-F~E E~ E~(4) illustration of the cell structure envisaged in

_ E E, E f+E 4

L- the region ahead of the crack tip is shown in
where E,, is the strain energy of the final cell Fig. 14. It is important to distinguish the
; tructure configuration, E,, the strain energy dislocation substructure formed in front of
)f the initial configuration, Ef the frictional a crack tip in a virgin crystal from that
onergy c:hange associated with the dislocation present in a crystal wherein a crack is nucde-
rearrangement and E,. the work done by the ated after considerable plastic deformation.
ap~plied stress. First of all, it is important to In the former situation the dislocation coni-
note that thle term due to the applied stress is figuration is formed in the presence of both
always negative while the term due to the the applied stress and the crack tip stress
lLT we frictional stress is always positive, field, and the latter corresponds to the prior

* %%

% ,e
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.4-• -- ,(a)

,'HERE A HOLE -

Fig. 13. (a) Hole formation at intersection of crossing glide bands in a type 304 stainless steel foil 0.6 pum thick
atter in situ straining in the high voltage electron microscope; (b) schematic drawing depicting hole formation as . .-.
sh,,wn by (a). ((a) By courtesy of Bauer [27 1.) %

development of a stable cell structure before of L in eqn. (2), the shear stress r in the Nb-
the crack is nucleated. Therefore, growth of 10at.% V foil is determined to be 1.56 X 106
the crack into a region where there is micro- Pa or E/90 where E is Young's modulus. The .'-
crack nucleation along cell walls may be dis- same order of magnitude of shear stress was ,
tinguished from a region where gradual thin- also found in other foils examined and it is

% ning of the foil with a more regular cell wall considered to be a reasonable valuc. Here the
-- arrangement occurs. Actually, further sub- frictional stress r0 was neglected in com- .
0 division of a pre-existing cell structure is also parison with the resolved shear stress T in the
- observed in the crack tip stress field. This can foil. It should be noted that these results are
- .-. reduce cell diameters to one-tenth or less of applicable in foils with prior deformation so .

those which are a long distance from the tip. that a well-developed cell structure pre-exists .
,- Measurements of cell diameters in front of ahead of the crack tip.the crack tip in Figs. 3(a) and 3(b) for bervl- When a crack is formed in a well-annealed

hum, in Fig. 5 for Nh 10 at./, V and in Figs. crystal, the resulting dislocation configuration
Sl la). 11 (b) and 12 for gold correspond to an must correspond to the crack tip stress field

average value of 60 100 nm. Using this value over a wide area. In particular, we consider
J,.

-ft.., 
.....

V.. °
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Implicit in eqn. (6) is the assumption that the
two dislocation density terms can be super-
imposed. The resultant flow stress may be

given in the form

%Tapp - or P Gb Papzi 1/2 In/2) (7)N." 61T bpappll2 7

and

R
ua - sin 0 sin 0 - To

2r

Gb3
--- Pcrack In (8)

>1 Al Al 6 m -)rack

The arrangement of lattice dislocations in the
form of a low energy configuration such as a
cell structure, a Taylor lattice, a dipolar mat,

Al a tilt wall or a dislocation boundary [10] is
. to be expected in the spatially varying stress

-Z .. " "6 ,/ field. Using eqn. (2) in conjunction with eqns.
\X , (7) and (8), the cell size theoretically ex-

S , \ / \ / pected at the crack tip can be calculated. It
K , ', / > ,- # is found that the resolved shear stress com-

" ponent due to the crack tip when calculated
\ for different applied stress levels [41 remains

almost constant over a limited length along
". certain orientations of slip planes. Thus a cell

... * 'X\ /, structure of uniform size along these planes

- " \ * of constant shear stress results. A one-to-one
correspondence between the magnitude of

Fig. 14. Model of a crack tip surrounded by disloca- shear stress and the low energy cell structure ,. -

tion cells. (By courtesy of M J. Marcinkowski.) is observed [29].

In the fracture of ductile materials, crack

nucleation and propagation into a region
*, containing stable cell structures are the most

the plane strain situation of an elastic crack in common case. The cell structure screens the .b
mode I present in a thick foil. The shear stress stress field associated with the crack. In addi- I._.N

I% component responsible for the generation and tion, the crack tip in ductile materials is not

"movement of dislocations is given by sharp because of the formation of ledges

1/2 through multiple slip at the tip. As a result,
"--'R(' sin 0 in 3o (5) the actual stress field does not exhibit a

5 '.-. 2 strong singularity. Therefore, crack growth %,.
'""necessarily progresses via microstructural .%., .o-

where (r, t)) coordinates are employed [4]. neesrlrgess i irsrcua
""hwshar res coponat e tpoye ck changes ahead of the tip, such as foil thinning %
Th, shear stress component due to the crack and the microcrack nucleation described
i, uperimposed on the component due to the earlier. The coalescence of microcracks or
applied stress. Thus, in addition to the dislo- voids leads to growth of the crack in the
cation density Pappi due to the applied stress,
thi, dislocation density Pcrack due to the crack macrosc c enWhen the crack encounters the stable cell
ti1 stress field should he determined and structure, the stress associated with the tip
s;uperimposed to obtain the total dislocation"" generates additional dislocations from sources

* density present in the cell walls. This is clearly illus-

", k 0 t4 1 Pcrack Pappl (6) trated in Fig. 15 by the nucleation of disloca-

* %
%,
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0p.

'p..

, ,I Fig. 15. Nucleation of numerous dislocations from links in cell walls during straining of an Nb-l0at.%V foil in
. the transmission electron microscope, thereby continuing the thinning process at the crack tip. The direction 2

=- -- uof dislocation motion is indicated by the arrow.

-Il-

)

Fig. 16. Ligament remnants in a fractured Nb-10at.%V foil. It should be noted that cells are absent in the areas ",,
.'of the crack ank; incomplete cells are visible at the upper crack flank near the non-transparent foil.

0

tions in the thin area of a propagating crack tion ahead of the tip leading to thinning of foi"i
tip in an Nb ecat.rV foil. Thus, in hbulk the foil such that the foil is free from any

samples, the increase in dislocation density dislocation substructure as shown in Fig. 16

as a crack advances into a stable cell structure is very important. When the foil is free from .
•occurs by the activation of sources from free dislocations, it may become brittle and final
.-- .'- dislocation link lengths within the cell walls. separation can take place. The same process '--
..... In contrast, in foil samples, plastic deforma- can presumably also occur in the bulk. There-

S

...... :
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fore, in the fracture of ductile materials the (including some associated with the experi-
nature of the microstructural features formed mental conditions and others dictated by the
ahead of the crack tip is very important as nature of the metal or alloy) on the formation
already repeatedly emphasized. microstructural features ahead of the crack

Restrictions on the mobility of disloca- tip have been clarified. Whereas some differ-
tions, such as through the presence of stack- ences in the observations can be ascribed to
ing fault ribbons between partials in extended the nature of the metal or alloy, a common *;

dislocations, have a significant influence on feature is that all the dislocation configura-
the development of substructural features. tions discussed exhibit evidence for the opera-
This has already been demonstrated by the tion of the principle of energy minimization.
example of the confinement of sequences of Specifically, provided that the mobility of the
gliding dislocations into narrow slip zones in dislocations is fairly high and more than one

. low stacking fault energy alloys and the result- Burgers vector is represented, low energy cell
ing nucleation of voids due to foil thinning structures form.
at points of intersection of slip bands as dis- Microstructural features, such as crystallo-
cussed in Section 7. Conversely, the mobility graphic microcracks, foil thinning due to
of dislocations can be increased by raising the multiple slip, microcrack nucleation along
temperature of deformation. Then, both con- cell walls in thick foils; and irregular micro-
servative and non-conservative motion of dis- cracks due to the formation of thinner cell
locations becomes relatively easier so that walls during very slow straining, have all been -V ':
polygonization and low energy dislocation illustrated to emphasize the conditions of
cell structures can develop, crack formation and their effect on the

In this connection the importance of strain growth of cracks. In this, the influence of I
rate cannot be overemphasized. Already, restricted mobility of dislocations on the
thermal instabilities giving rise tn crystallo- confinement of slip to narrow slip zones and
graphic microcrack growth and coalescence the resultant thinning to form voids or micro- .. '
have been documented in Section 6 for high cracks has been clarified. Also, the occasional
strain rates. However, irregular microcrack gradual thinning of the foil such that no dis- "'

)n figurations are a natural consequence of locations are present when it becomes very
low strain rates. The above concept of the thin, together with the resulting brittle be-

-- importance of local temperature increases due havior, has been noted.
to straining has been tested in recent high Two types of crack growth behavior were
strain rate experiments on macroscopic speci- discussed, namely the crack growth into a
mens in two titanium alloys [301. These have region free from any dislocation substructure
cOnfirmed that the heat evolution at the tip and the movement of a crack into a region
of a moving crack can indeed give rise to large with a well-developed stable cell structure.
temperature increases in these alloys. In fact, In this connection the importance of work
a considerable number of dimples have been hardening in the ductile fracture behavior of %
found to consist of solidified regions from metals and alloys has been emphasized. The
molten crack ligaments, constituting irrefut- superposition of two dislocation density
able proof of the occurrence of thermal insta- terms, namely the dislocation density due to
bilities as discussed above. the applied stress and the dislocation density

due to the crack tip stress field, has been
N inferred. Most notably, and contrary to in-

tuition, it has been found that there should
9 SUMMARY AND CONCLUSIONS not be a continuously spatially varying cell

size in the region of the crack tip, since the
The ductile fracture behavior of metals and theoretically deduced resolved shear stress

alloys inferred from in situ experiments in the component, which is responsible for the
transmission electron microscope has been movement of the most prevalent dislocations,
reviewed. Direct observations of dislocation is constant over a length of specific planes.
substructures developed during in situ frac- Thus, it is therefore proposed (and appears to
ture of foils of ductile materials have been be confirmed in Fig. 5, for example) that a
presented. The influence of several parameters uniform cell size will form along the planes

-iN

* %
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