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RESEARCH LABORATORIES FOR THE ENGINEERING SCIENCES

Members of the faculty who teach at the undergraduate and graduate levels and a number of
professional engineers and scientists whose primary activity is research generate and conduct the
investigations that make up the school's research program. The School of Engineering and Applied Science
of the University of Virginia believes that research goes hand in hand with teaching. Early in the
development of its graduate training program, the School recognized that men and women engaged in
research should be as free as possible of the administrative duties involved in sponsored research. In 1959,
therefore, the Research Laboratories for the Engineering Sciences (RLES) was established and assigned the
administrative responsibility for such research within the School.

The director of RLES-himself a faculty member and researcher-maintains familiarity with the
support requirements of the research under way. He is aided by an Academic Advisory Committee made up

* of a faculty representative from each academic department of the School. This Committee serves to inform
* RLES of the needs and perspectives of the research program.

In addition to administrative support, RLES is charged with providing certain technical assistance.
Because it is not practical for each department to become self-sufficient in all phases of the supporting
technology essential to present-day research, RLES makes services available through the following support
groups: Machine Shop, Instrumentation, Facilities Services, Publications (including photographic facilities).
and Computer Terminal Maintenance.
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I SECTION I

INTRODUCTION

I , Fracture proceeds by the propagation of cracks and thus is a

I dynamic process. Although it must have been obvious for a long time

that a continuous recording of phenomena occurring at the crack tip

Ishould be of great value, little effort has been expanded on dynamic

experiments. Most of the data available in the literature is related to

"fracture energy, specimen geometry and fracture surfaces.

I While brittle fracture can be handled satisfactorily from a viewpoint

of energy requirements to create new surface, ductile fracture is far

J more involved. Here, crack initiation is preceded by a substantial

amount of plastic deformation which immediately directs our attention to

imicrostructural detail (for a review see Patterson and Wilsdorf). Lattice

and crystal defects play important roles during deformation and one

realizes that the proven power of continuum mechanics to understand

brittle failure is diminished when it comes to the exploration of the

mechanism of ductile fracture. The development of a quantitative

theory of workhardening for metals is one of the prerequisites for

clarifying the processes leading to rupture in metals. The other deve-

lopment that was needed to advance the field is related to modern

r electron microscopy. The first in-situ deformation of metals was carried

out in 1957 in a 100 kV electron microscope by Wilsdorf (1958); some

II aluminum specimens also were fractured at that time but little information

of value to the fracture process could be obtained on account of limiting

experimental conditions. The development of high voltage electron

I
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Umicroscopy (HVEM) finally provided an experimental tool to study dyna-

mic processes of fracture in the microstructural regime. The behavior

I of dislocations and plastic deformation in metals using HVEM in-situ

I techniques were studied extensively by Imura at Nagoya University and

by Fujita at Osaka University, while the research group at the Univer-

sity of Virginia concentrated on ductile fracture. This paper will relate

observations of the latter group to the mechanism of ductile fracture in

I pure metals and alloys.

I]
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ISECTION II

EXPERIMENTAL TECHNIQUES

I High voltage electron microscopy offers a number of advantages for

I in-situ straining to fracture in comparison to conventional electron

microscopy. Since high energy electrons have a reduced energy ex-

change with solids, specimen thickness can be substantially increased.

Depending on the atomic number of the solid, specimens between 1 pm

and 5 pm thick are electron transparent and in most cases allow obser-

Svations with good resolution. It should be remembered that fracture in

ductile metals and alloys begins in the most severely deformed part of

the specimens, and one is not concerned with the observation of single

dislocations, but rather with plastic deformation in regions having a

dislocation density in excess of 10 dislocations/cm Also, one is

aiming to view the action in the specimen with diffraction contrast while

- mass thickness contrast is the limiting contrast mechanism. Conse-

- quently, the obtainable resolution depends not only on specimen thick-

ness but to a considerable extent on diffraction conditions.

I, A second effect of the lower interactions of high energy electrons

with matter is reduced contamination of the specimen. It is known that

surface films can affect the deformation characteristics of metals and al-

loys (see for example Rosi, Ruddle and Wilsdorf, Wilsdorf and Ruddle).

In-situ straining to Lracture primarily involves observations of crack

propagation, i.e. the production of new surface. It is conceivable that

a heavy contamination could influence the very process under investiga-

• - tion. A high vacuum in the specimen chamber is mandatory in order to

* ensure that the advantage of HVEM is not diminished. And finally, a

3
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3 third point can be made which also is a direct consequence of the low

loss of energy of HVEM electrons, namely a negligible increase of the

5 specimen's temperature.

However, one important precaution has to be observed. High

I energy electrons can produce point defects in metals, and it is recoin-

mended to ascertain that the displacement threshold for the metal or

alloy under investigation is not to be exceeded. While radiation damage

i lnormally is of little consequence for post-fracture examination of foils,

radiation damage imposed during in-situ straining could affect deforma-

", tion processes, depending on the length of the experiment which often

-continues for hours.

Most high voltage electron microscopes have more space in the

specimen chamber than conventional instruments which facilitates the

operation on tensile stages. The Virginia HVEM has an 8 mm gap

between pole pieces and can accommodate any in-situ stage desirable.

The microscope was built for side entry stages and the tensile stage

consists of a fixed and a movable grip operated through a hydraulic

system by means of a rod. Tensile specimens 12 mm x 3 mm can be

used and details of the straining stage and examples of specimen prepa-

ration have been published earlier by Bauer, Lyles and Wilsdorf.

The recording of a propagating crack and phenomena in front of

the crack tip are done by video tape. The TV-camera has incorporated

an Orthicon tube which provides for a substantial intensity amplification

of the image. The speed is 30 frames per second. The image is taken

by the camera directly from the fluorescent screen and with the help of

electronic controls a better intensity distribution for the high contrast

4



I
g images can often be achieved. The recording system for the HVEM at

the University of Virginia is shown schematically in Figure 1.
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3 SECTION III

GENERAL CONCEPTS

A cylindrical specimen extensively deformed in tension will even-

tually experience a plastic instability and neck down until fracture is

complete. The result is either a "cup and cone" fracture or the neck-

I ing will continue until the rupture will occur along a chisel edge or at a

chisel point. Figures 2a and b demonstrate the two cases at a micro-

scopic scale.

The fracture surface of a "cup and cone" fracture consists firstly

of a part which is perpendicular to the stress axis and secondly of

shear lips near the surface. The first part is due to the formation of

voids which grow until coalescence has been attained. This "fibrous"

part is the cross-section of the specimen volume which deformed under

triaxial stresses. With the formation of the neck, the uniaxial stress

state has to change in order to preserve the conditions of plasticity

between the reduced cross-section in the neck and the rest of the

specimen. Radial and tangential stresses start from zero values at the

surface and increase to maximum values at the center where they become

indistinguishable. At the surface one only has axial stresses which,

however, must also increase towards the center in order to maintain the

plasticity conditions. Near the surface a biaxial stress state exists

which produces the shear lips. It should be noted that necking starts

when the maximum load has been reached and that the necking str,,u

r is equal to the work hardening exponent n taken from the weil

known equation for the stress-strain curve a = kn.

7
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Figure 2. Macroscopic appearance of (a) cup and cone fracture; (b)
rupture. Microscopic appearance of chisel edge after rupture
(c) in SEM; (d) in TrEM, dark field.
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Rupture along a chisel edge is thought to be due to shear in the

absence of void formation. While the chisel edge in ruptured specimens

appears to be straight when viewed in a metallograph, closer examination

by scanning electron microscopy (SEM) reveals a ragged edge (Figure

5.2c). A further increase in magnification by transmission electron

1 microscopy (TEM) shows an even finer zig-zag structure which is partly

electron transparent (Figure 2d).

' |The reason for expecting a straight chisel edge produced by

simple shear processes is not unrelated to the traditional view that void

initiation in the cup and cone fracture is due to the presence of second

phase particles. Then pure shear had to be responsible for the forma-

tion of a chisel edge by rupture which indeed was a logical conclusion

when considering "pure" metals.

The study of ductile fracture in the microstructural regime was

started in earnest only a few decades ago and mostly was carried out

on alloys or on metals of commercial purity. An overwhelming number

of results showed that the initiation of voids occurred at second phase

particles. These results stand undisputed but one has to ask the

question: do all voids nucleate at particles or impurity aggregates in

alloys and how do voids form in high purity metals and alloys? As a

first step, our work concerns the fracture mechanism in pure metals

and alloys.

For an understanding of ductile fracture the deformation history of
a specimen is of great importance. Since the research to be reported

in this paper has been carried out on single crystals, it is appropriate

to outline some of the features of work hardening theory of single

9



I crystals which have a direct bearing on the fracture mechanism. With

increasing plastic deformation the dislocation density p increases as

shown bythe followingequation:

y = bl

I with y the shear strain, b the Burgers vector and I the average dis-

tance of dislocation travel. The flow stress T is related to p as

T = c4P G b,

a being a constant and G the modulus of rigidity. After the initial de-

formation through stage I (easy glide) the shear stress-strain curve is

almost linear (stage II) until it assumes a parabolic shape (stage II).
.I Fracture terminates stage III.

- Clearly, the dislocation patterns developing during stages I and II

and in particular in the parabolic stage are of major interest to us since

void initiation is taking place almost immediately after work hardening

has caused to increase the shear stress to a maximum as mentioned

above. As shown by numerous TEM investigations, dislocations arrange

themselves into dislocation cell walls from the beginning of stage II

through stage III (for references see the review by Thompson). Thus,

a three-dimensional dislocation cell arrangement is found throughout the

deformed crystal. Kuhlmann-Wilsdorf (1977) has developed a theory of

1work hardening and recently summarized the salient points of dislocation

behavior which leads to the development of dislocation cells. It could

be shown that dislocation cell walls are configurations which have the

lowest free energy in a work hardened crystal and therefore must

occur, provided dislocations can move on a sufficient number of slip

systems and can multiply in accordance with the applied stress. The

10

4 ,.. -.... ....... ...I I I



I
Ithree-dimensional cell wall configuration consists for the case of single

glide deformation of twist and tilt boundaries with the former being

I parallel and the latter being perpendicular to the slip plane. The

stresses exerted by the cell walls are short range and do not extend

, beyond the cell interiors which they form, but they alternate in sign

I between neighboring cells. By introducing the principle of similitude

into work hardening theory Kuhlmann- Wilsdorf (1968) concluded that

I new cells are continuously nucleated with increasing stress by the

subdivision of the largest cell: experimental evidence exists to showI
that the cell size decreases inversely with the flow stress as

T -To = a kGbd - ,

To being the frictional stress on dislocations, d the cell diameter, and k

Ia constant depending on the material. According to a theory by Holt,

* the cell size is inversely proportional to VP which has been verified

experimentally by Ambrosi et. al.

The above discussion relates to bulk crystals and it appears appro-

priate to inquire whether specimens with the reduced size used in HVEM

in-situ straining behave in accordance with theory. The first known

experiments on metals strained in an electron microscope were carried

* I out as early as 1957 at 100 kV (Wilsdorf, 1958). The presence of

* dislocation sub-boundaries and their behavior under tensile stresses

were the most obvious phenomena in aluminum foils approximatr'y 0.1 pm

thick. Evidence for the multiplication sites of dislocations in thin foils

was published shortly afterwards (Wilsdorf, 1959); it was shown that

dislocation sources in cells walls, twin boundaries and grain boundaries

were providing the dislocations which sustained the plastic flow in the

11



I
foils. More recently, other direct observations on cell walls in thin

foils produced under stress in the HVEM were made by Fujita and

I Yamada, Imura, Saka and Yukawa, and by Pollock; Tabata, Yamanaka

and Fujita confirmed the above relationship between stress and cell

I size. Also, these authors compared dislocation cell structures in thin

foils of aluminum and bulk specimens with satisfactory results. It can

U1 be concluded that the cell structures as predicted by theory and found

in bulk specimens will also be produced in specimens employed for

in-situ fracture in the HVEM.

1
I

11



iI

I
i SECTION IV

EXPERIMENTAL RESULTS

General Comments

"An understanding of the mechanisms leading to rupture is greatly

aided by subdividing the possible processes into the sequence void

4 Iinitiation - void growth - void coalescence. After the neck is formed

voids initiate in this most heavily work hardened area of the specimen

and develop into a void sheet. At this point the specimen is held

*together by ligaments which are continuously elongated with the simulta-

neous growth of the voids. The coalescence of voids actually will be

: ] completed by straining thin ligaments to fracture. Again, the sequence

void initiation - growth - coalescence may serve as a guideline although

it may be more appropriate to talk about hole initiation depending on

how severely the thickness of the ligaments has been reduced. The

sequences will be referred to as primary or secondary depending on

whether thick specimens or ligaments are under consideration. As will

be shown in this chapter, both types of specimen have been investigated

demonstrating the validity of applying the concept of a primary or

secondary sequence.

Beryllium

Beryllium was chosen for in-situ experiments on account of its low

atomic number and its hexagonal structure. Crystals with a thickness

of up to 3 pm are electron transparent and therefore lend themselves

for fracture research. The specimens were obtained from a zone refined

high purity single crystal through acid saw cutting and electropolishing.

1
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IAll results discussed here have been obtained from tensile specimens

oriented for prism slip. The crosshead speed of the tensile apparatus

was adjusted in the range 10- 6  cm/sec, depending on the purpose

of the experiment.

I1 Pollock in his dissertation investigated the dislocation cell structure

which indeed developed according to theoretical concepts. The average

cell size peaked at 1.5 pm in the vicinity of the crack tip although cells

with more than 3 pm and some smaller than 0.5 pm were discernable.

The widths of cell walls are difficult to estimate since their inclination

against the surface of the foil have not been determined as yet. Thus

the smaller values which rarely exceeded 0.1 pm are more significant.

Rotations between individual cells were found to vary between 50 and

S210.
The most significant observations of Pollock's fracture studies

relate to the initiation of the first microcracks. They were found to

occur along cell walls as illustrated in a drawing, Figure 3, which was

taken from micrographs published earlier by Gardner, Pollock and

Wilsdorf. Figure 3a shows the cell structure and Figure 3b includes

the opening of a microcrack after the strain increment; it should be

noted that the cell structure has undergone changes, although major

features of the cell structure have remained unchanged. Normally,

more than one microcrack initiates in a shear zone. Growth of rmicro-

cracks occurs by slip until fracture is complete.

a-Iron

The iron crystals subjected to fracture were obtained by an ion

reduction technique described by Gardner (1978). It was possible to

14
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thicknesses between 0.1 pm and 100 pm. Crystals with orientations

parallel to <111>, <100>, <011>, and <211> necked down after prolonged

elongation to a chisel edge. Gardner (1977) determined the glide pro-

- .~ Icesses involved and was able to predict the orientation of the chisel

edge for different crystal axes.

The macroscopic shape of the chisel edge at a fractured crystal

looks like Figure 2b and a number of micrographs have been published

earlier by Pollock et. al., and Gardner and Wilsdorf. The microscopic

S appearance of the chisel edge is extremely irregular as shown in Figures

2c and d. Iron is known to develop dislocation cells during plastic

deformation although there are differences between FCC and BCC cell

structures which have been discussed by Thompson. It was found in

our experiments that the dislocation density along the submicroscopical

chisel edge was extremely high and dislocation cells were not clearly

resolvable. However, diffraction contrast in high resolution images

showed separate volume elements in the order of a few hundred ang-

stroms. Selected area diffraction with a 150 nm diameter beam showed

point diffraction patterns consisting of three or four patterns with

different zone axes; also micro-twinning was found by Gardner (1977).

Reducing the beam diameter to 40 nm, diffraction patterns along the
edge of the fractured ligaments again showed substantial rotations of

volume elements against each other and occasionally micro-twinning. In

many instances the intensity of the primary beam is not higher than

that of the strongest diffracted beams which indicated the presence of

an extremely high defect density. Misorientations of up to 350 have

16
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I been measured. Often the chisel edge appears in TEM with a zigzag

shape and one can discern through thickness fringe contrast that the

Iindividual parts sticking out from a generally definable crack flank are

thinner towards the edges but not below a value of about a few hun-

I dred angstroms.

S I Silver

* 'Single crystals of silver were grown as thin ribbons by ion reduc-

tion. They often reached a length of 5x101 cm, a width of lxl0- cm,

1 and varied in thickness between 0.2 pm and 7 pm. The long direction

of the ribbons was parallel to <110> and the large surface was the {111}

?] plane. Details of growth and purity of the crystals and specimen pre-

paration have been described by Lyles. All crystals showed transverse

- necking with subsequent severe deformation in the neck; as expected

from glide geometry the crystal axis rotated by a maximum of 300 and

assumed a <211> direction. A complete analysis of glide processes to

explain the plastic behavior of the crystals preceding fracture was suc-

cesssful and proved to be essential for an understanding of the se-

quence leading to rupture.

Cracks started normally at the edge of the ribbon in the necked

area and proceeded under 600 against the [211] tensile axis parallel to

[112]. Microcracks were seen to open up in front of the propagating

crack tip which grew in time into larger holes with the exact geometrical

shape of parallelograms. The microcracks started as narrow slits about

0.2 pm long parallel to <110>. Their enlargement occurred both in

length and width assuming first a trapezoidal shape until a parallelogram

17



was completed, the sides of which were lying parallel to projections of

the two glide systems with the highest Schmid factors as discussed by

Lyles and Wilsdorf. The initiation of holes ahead of the crack tip was

[H ,videotaped and some interesting observations and measurements resul-

I ted: Microcracks invariably started as slits parallel to <110> in fairly

regular intervals of about 0.5 pm. The initiation site normally was

recognizable by an elongated narrow dark band due to diffraction

contrast. With a crosshead speed of 10- 5 cm/sec the microcrack ap-

peared in less than 0.5 seconds after first seeing the contrast line.

Coalescence of the holes took place after the holes had grown into

parallelograms with narrow ligaments separating them. The final coale-

scence could be followed at resolutions which permitted to see the

motion of small groups of dislocations.

11



SECTION V

DISCUSSION AND CONCLUSIONS

The experiments summarized in the preceding chapter illustrate

that in-situ straining to fracture in a HVEM can provide unique infor-

mation regarding the fracture mechanism operating in pure ductile

metals. Understanding both the primary and secondary sequence of

void initiation - void growth - void coalescence has been facilitated

greatly. While there are obvious similarities between the primary and

secondary sequence, major differences also exist. The processes in the

primary sequence occur in a triaxial stress field as far as void initiation

and growth are concerned. By the time the void sheet has developed

and the crystal is being held together by a multitude of thin ligaments,

.1 the deformation of these ligaments must continue under plane stress

conditions. Thus the secondary sequence operates under a different

system of stresses due to the reduced thickness of the ligaments.

How does this difference in thickness affect the behavior of dis-

locations and point defects? The primary sequence operates in bulk,

i.e. external distances are millions of atomic diameters away from the

- center. For the secondary sequence these distances number only a few

hundred atomic diameters. Since dislocation densities observed inI ]ductile fracture are extremely high, image forces will not play a role in

either sequence. However, based on considerations by Wilsdorf and

Kuhlmann-Wilsdorf the production of point defects by glide cannot be

neglected nor the difference between dislocation - defect interactions.

-
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It is generally agreed that point defects are being generated

during plastic flow in crystals and a number of mechanisms have been

Iproposed by Seitz, Read, Kuhlmann-Wilsdorf (1960), and Kuhlmann-Wils-

dorf and Wilsdorf. Although point defects generated in one or another

Sfashion will interact with dislocations or nearby sinks, it has been

calculated that vacancies will predominate over interstitials. Besides

the effects of vacancy interactions with dislocations as worked out by

I Kuhlmann-Wilsdorf and Wilsdorf, it can be expected that vacancies

remain in the crystal at a notable supersaturation. Since the dislocation

distribution changes its scale as (T--) , with T and t o being the

applied and frictional shear stress respectively, one might expect that

the void distribution follows this law correspondingly, if indeed the

indicated relationship between dislocations, vacancies and voids should

exist. A careful study of SEM fractographs has been made by Bauer

and Wilsdorf who counted the inter void spacings for 304 stainless steel

foils fractured at increasing stresses. The measurements agreed with

the above law, and it was concluded that voids arising from dislocation

produced vacancies could be responsible for microcrack initiation in

bulk crystals.

In-situ fracture experiments in the HVEM cover a broad range of

- specimen thicknesses from about 5 pm down to 10 or 20 nm. From the

viewpoint of fracture research in the microstructural regime a crystal a

few micrometers thick could indeed follow the primary sequence. If one

takes as a criterion the appearance of dimples in SEM fractographs,

stainless steel foils 3.76 pm thick (Bauer) and silver crystals 2 pm thick

20



(Lyles) would still be considered as "thick" specimens for mechanism of

void initiation and growth.

It is clear, however, that the final separation in ductile fracture

occurs by the rupture of ligaments which can have a range of thick-

-' 1 nesses. SEM fractographs show in general rather shallow dimples which

are supposed to represent one half of a void. The question of the

whereabouts of the ligaments seems not to have been raised. In a rare

f [fractograph, Figure 4, Hedke has been able to show extensive ligaments

in beryllium. Their length is seen to be 10 pm to 20 pm while their

thickness is judged mostly well below 0.1 pm. One ligament is so thin

that it is not interfering with the scattering processes of the primary

25 kV electrons (see arrow). If this micrograph is somewhat represen-

tative for fracture surfaces, one must conclude that normally the final

ligaments are too thin and unstable to keep their shape, and therefore

fold over and become lost for detection by SEM due to limitation of

resolution.

In comparison to other microscopic techniques in-situ HVEM allows

one to discern in great detail the processes which are involved in the

final failure under actual dynamic conditions. The fact that ligaments

are electron transparent provides a unique opportunity to study the de-

cisive role played by crystal defects in the final separation. As a

matter of fact, filming crack propagation in silver ribbons allowed to

observe the complete secondary sequence. Microcracks open in front of

the crack tir the growth of microcracks can be recorded in time and

the coalescence between them can be seen in great detail. The latter

process was analyzed by Lyles and Wilsdorf. Calculations showed that

21
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I ligaments between holes are being reduced in width and thickness until

the ligament becomes too thin to permit the operation of dislocation

1 sources at the local stress level. This means however, that these

ligaments can sustain high stresses. Coalescence occurs eventually

I when dislocations generated in the thicker crack flank move through the

very thin final remains of ligaments, i.e. separation is by shear.

This result is in agreement with theory since shear energy is con-

Ssiderably less than decohesion energy. On the other hand it appears

that microcrack initiation takes place in tension and not by shear. In

I silver, microcracks open up suddenly as narrow slits about 0.2 pm long

in the most work hardened area ahead of the crack tips; in a-iron the

work hardened area near the final separation consists of small volume

elements with misorientations between 20 and 300; in beryllium direct

HVEM observations show that microcracks form along dislocation cell

walls. While there can hardly be any doubt that microcrack formation

in beryllium takes place in tension, the work on a-iron needs some

elaboration. Figure 5 gives an impression of the structure at the crack

flank as seen by TEM. Volume elements in the order of a few hundred

angstroms with widely different orientations are discernable by diffrac-

tion contrast and it is concluded that the boundaries between the most

misoriented volume elements are the sites of microcrack initiation. This

conclusion is a logical one since the decohesion energy Wdec 2y s -b

with Ys the surface free energy and Yb the energy of a boundary. The

observations on silver are in agreement with this concept. There are

no reliable measurements of the energy of dislocation cell walls as yet in

the literature, but it should be noted that the misorientations of sub-
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SFigure 5. Heavily work hardened region near crack flank in a-iron

crystal. TEM permits to discern small volume elements
rotated against each other through diffraction contrast.

fi

4

O! ~Figure 5. He taiy wo hareedreg aion onaryk ln in or -irdne

" area of 304 stainless steel foil, as seen by TEM. Courtesy
of R. W. Bauer.
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grains etc. near the crack flank are substantial and therefore could

approach the energy of grain boundaries. Thus, the amount of Wdec

J can be expected to have declined effectively by Yb*

In polycrystalline metals and alloys of high purity, complications to

IW the above mechanism will arise. However, Figure 6 shows that in poly-

crystalline austenitic stainless steel, crack initiation also started at a

boundary, in this case a twin boundary. Dislocation cell wall formation

J ,in alloys is more difficult, since a lower stacking fault energy reduces

cross-slip and ability of dislocations to move freely on different slip

j 1 planes.

This review has attempted to show that in-situ HVEM has a place

in the microstructural regime of fracture research. Video tape record-

ings of crack propagation speeds, phenomena related to plastic deforma-
tion in front of the crack tip, and complementary investigations by SEM

and microdiffraction will continue to be instrumental in the search for a

better understanding of ductile fracture.
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