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INTRODUCTION

It was the purpose of the present investigation to study the
parameters responsible for the Ilnitiation of fracture. This involyes
the determination of the stress or straln state under which an existing
defect will spread and cause failure of the test plece. Thus, 1t is
of 1lmportance to be concerned with both the creation of the defect in
itself such as the formation of small cracks at the tip of machined
notches or on the surface of smooth specimens as well as the propagation
of these defects to fallure. Depending on the outlook of the observer
both phenomena could be termed as fracture lunilistion. An understanding
of both phenomena, 1.e. the formation of a crack on a smooth surface or
at the root of a geometrically well defined notch as Well as the
propagation of an already exlsting erack is required in order to arrive
at a basic understanding of fracture and thus bridge the gap between
macroscople end microscopic fracture concepts. The phenomenon of crack
propagation per se, especlally effects related to the kinetic energy
dissipation during the propagation of a crack, was not consldered 1in
the present investigation.

Both energy balance as well as unaxlmum stress concepts have
ween proposed for the initiation of brittle fracture(l), The math~
ematical expressions of bgth concepts are almost identical. The
differences belweeu energy and stress approaches lle mostly in the
physical interpretation of the wathematical symbols. Nevertheless,
these philosphical differences are significant as gulde

lines for future research. One argument against the energy approach




is the statoment that energy 1B & structure insensitive property while
fracture certainly is a structure sensitive quantity. This argument 1s
of course invalldated by the introduction of micro-mechanical energy
concepts. However, the latter concepts have not yet been sufficiently
developed while considerable experience both on a macroscoplc as well
as & microscoplc scale ls availlable concerning the interpretation of
deformation phenowena on a stress analysis basis,

According to a maximum fracture stress concept (2) which is
based on Neuber's theory of notch streeses, (3) fracture occurs vwhen
the stress in a glven reglon exceeds a spccificd moximum value.

This concept leads to an equation similar to that proposed by Griffith<u).
The concept is applicable to mild as well as sharp notches and can be
eagily amended for the case where plastic flow occurs, by means of a
modified plasticlty correctlion which was originally proposed by Hexdrath
and Ohman{5), n addition, the effect of stress biaxiality developed

at the root of a notch as a function of the thickness to root radius
ratio, can be lncorporated and a macroscopic interpretation of the

degree of notch gensitivity is nade poesible by mesns of a plain strain
notch duetility ratio(6).

Experimental results on brittle materials indicate that the
notch strength ratio versus stress concentratlon factor curve trails
off and becomes horizontal at a glven strems conecentration factor.

This then indicates that additional sharpening of the notch root radius
does not increase the stress concentration factor. The cause for this

levelling off 1s mathematically explained by the introduction of an
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equivalent particle size, which represents the limit of the applicabilit
of continuum elasticlty theory (2). Estimates of thls equivalent particle
slze n have ylelded results 1n the order of .00l in. s size which

should be readily observable by light microscopy techniques. It is evident
that & physical interpretation of the meaning of this equivalent particle
sizc would constitute significant progress towards bridging the gap between
macroscopic and microscopice fracture concepts.

The present program consisted of an investigation of the conditions
for crack inltiation ap a functlon of the test speclmen geowetry, the test
material, the testing conditions and the internal structure of the material.
Tungeten and titanium sheet speclimens were selected for the studies.

Lithium fluoride and eilver chloride were utilized to yield information
concerning the dislocation motlon and arrangement at and near existing
cracks.

The experimental results obtained to date are presented and
discussed in this report, which summarizes the results of the first year's
effort. These results include the study of the effects of recrystallization
on the fracture strength of notched tungsten specimens, of the surface
condition of smooth and notched titanium and tungsten specimens as well as
a description of the dislocation arrangements in lithium fluoride single
erystals near existing cracks. Tensile and notch tensile specilmens
containing both machined as well as fatigue cracked notches were utilized.
Selected tungsten and titanium specimens were tested after the surtace
had been electropolished and the notch root had been prepared by electro=-

lytical machining. 1In this way very well defined test specimen surfaces




were used in the test program. An electrolytic saw which allowed the
preparation of smooth notches without plastically deforming the surface
and subsurface layers was constructed for this program. A number of
furnaces have been constructed to allow proper recrystallizstion treat-
wments of tungsten. A new test fixture was also congtructed in order
to insure fracture within the test section.

In addition to continuation of the present prograsm the effects
of materlal ductility on crack initistlon will be shudled. Other pure

and vell defined materials will also be inclused in next year's efforts.




THECRETICAL CONGSIDERATTIONS

A meximum fracture stress concept based on Neuber's theory of
stress concentration (3) ves originally proposed by Sachs, Weiss and

Sesaler(T’ 8, 9). In 1ts most elewentary form 1t states that

g,
mhs
O = (1)
where 6; is the net notched section stress, & the fracture stress

nax
of an unnotched specimen and K the stress concentration factor. For the

case of a bLrittle material, Neuber's elastic strese concentration factor
Ky can be substituted. The elaBtle stress concentration factor for

shallow eliptical notches in sheet specimen is given by

Ko = 1+ 2[€ (2)

where t in the notch depth and v the root radiusl3). Equation (2) does
not apply to extremely sharp notches since it is based on continuum theory
of elasticity. A correction, taking into sccountas the non-integrability

of the stress fleld equations near the root of a sharp notch of & region %

ylelds

i, s
Keg = 1 1 2}/)”27( (3)

v

which 18 in egreement with experimental results obtained on a brittle
Litanium alloy(s: 10), mne quantity oz is termed "equivalent particle size"
and appears to be a naterial characteristic. 1It's velue can be determined

from log 6'N ve.log K,t curves at high Ky values where the curve becomes

horlzontal.
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Two additional ways of determining the value of'r( were developed
in this study. Assuming very snarp (r — o) and shallow notches, '2 can he
determined from graphs log t vs log (NSR/(l-NSR)) according to

/ — W5R (+)

where NSR 18 the notch strength ratio as defined by 6:‘/ /Q;MK .
The intercept of this curve for NSR = 0.5, NSR/(1-NSR) = 1, yields W= 2 ¢
For the case of specimens for which the shallow notch
approximation is no longer applicable a solution for 7 wes also obtained
provided that ’7 <<a, ’? << t. Assuming again r - o, 7 is given by
72780 !
7 /-/w&) T (5)

Sa

vhere 2a 1s the net section width of the test specimen.
A moderate amount of plastlc flow can be accounted for by =
plasticity correction proposed by Hardrath and Ohman(S). Accordingly

the corrected stress concentyation factor is given Ly
K= K (1-p) + p (6)

where p 1s termed the notch ductility ratioc which appears to be related to
the elongation or reduction in area of a smooth tensile specimen. The
approach taken is simlilar to that adopted by Gerard(ll) et al. and attempts to
utilize the noteh ductility ratio as & quallty number tor materials
evaluation with respect to notch Lensitivity(le)-

A better lnsight into the stress state at the root of a notch

is obtained by knowing the stress gradient at that location. Caleulations




have yielded(la)

26,
g(éf” = S mer
d x 7 (1)
ALY
which defines the relatlve elastic stress gradient as
4 48 = 2fe oy
5, dx ” (8)
6}' 6/:l-/

Two important phenomena relate to this strese gradient, namely the size
effect and the stress blaxliality at the notch root. From equations

(7 and 8) it 1s evident that the stress gradient decreases with increasing
section size in geometrically similar specimens ( Kt = constant). Thus

an increase in size leads to an increasge in the volume at the highly stressed
region near the notch root which in turn can explain the observed size
effect. in geometrically similar specimens.

An analogy to the stress blaxlallty developed in smooth bend
specimens leads to the conclusion that the thicknese to root radius ratio
in notech tensile speclmens determines the stress blaxiality at the center
of the notch root. Plane strain conditions will be reached as soon as
t/r > 10, a repult experimentally confirmed by Ioetsch(lu). Under
these conditions, t/r > 10, the stress in the thickness direction is one
half of the stress in the longitudinal direction. MThis plane strain
condition in turn affects the fracture ductility and consequently the
notch ductility ratio, as shown by Welss and Sessler(6).

All these effects caused by the geometrical configuration,

namely stress concentration factor, stress gradient, stress blaxiality

*
and the intrinsic material properties expressed by the values of 7 ,Qkh’ and p
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have to be taken into consideration in an evaluation of materials fracture

characteristics. For the present study, which 1s an attempt to bridge

the gap between microscopi and macroscoplc concepts a detalled examination
of the physical meaning of & and ? is being undertaken. The concept
max

of a constant maxiwmum fracture strees as well as a constent value of OZ
leads to

5” V7F = bﬁu \V[‘Iﬂ?‘-' = IL <C

(9)

for shallow cracks, where K, 18 the critical streas intensity factor

which 18 in agreement with the energy concept of fracture proposed by
artezith™) and 1rein(15),

[e4]




EXPERIMENTAL RESULTS

FRACTURE OF T1-2.5 Al-16V
Earlier investigations by Sachs and Sessler(lo) showed that a

titanium alloy T1-2.5A1-16V can be heat treated to exhibit brittle
fracture at room temperature. Thelr measurements indicate agreement with

& =K € = constant up to K, »~ 10. One would therefore expect

max ¢ N t

from equation 3 that the value of 7 to be of the order of 2.001 lu.
An attempt to determine a more precise value of“? vas undertaken on the
same naterial. The specimen was provided with fatlgue cracks in the
solution treated condition and subsequently aged to an extremely brittle

conditlon at 70O for 4 hours and furnace cooled. The aspecimen is

illustrated in Figure 1. Flgure 2 gives a presentation of the
NSR

1l - NBR
versus log t. Unfortunately the notch depth range covered is not

experimental data in accordance with equation 4 as log

sufficlent for an accurate extrapolation of these data to NSR/(1-NSR)=1.
The average value of 7 is approximately 0.003 in. Data on the same
alloy obtalned earlier from specimens provided with machined notches

with a radius was 0.001 in. extrapolated to an Y. value of approximately
0.00056 in. However, these experiments cannot be compared with the
present ones because a different heat of naterial and aging treatment

was used. Experimental data from the present heat are also available

for various root radii and a notch depth of 30%. Accordingly the
intercept of the straight lines through these points having a slope

-1/2 with N8R/ (1-NSR)=1 should have values of 7 + ro/2.

()
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Table 1 lists the predicted values of ? + rO/Q in comparison
wlth the observed values which are based con ? equal to 0.003 in. It
can be seen that the observed data appear to be in better agreement with
the theoretlcal stress concentration factor 1f one uses not Neuber's

equation (3) but an equation of the form
—

/(':2 £

Tt

There exlst at the moment no theoretical foundation for using this

equation. Also, 1t shculd be polnted out that the tip of a natural
crack 18 probably not representative of the properties of the un-
disturbed bulk of the materiml. The determination of 7 in aceordance
with equation (5) (finite geometry) is glven in Table II. It should

be noted that equation (5) is only valid for r = 0, since only the

“_ were used. If these

first two terms of an expansion of arctan
and the above simplifications are not made, equations of third or
fourth order in 7 result.

The results in Table I1 give en average value of 2 = 0.00152 in.
The variations 4n ? range from 0.0012 to 0.00176 in. Based on these
resulta, it appears that values of ? calculated from equation (5) are
more nearly constant than those obtalned by means of the shallow notch
equation, (2). This should not be surprising since the use of shallow
notch equations for notches between 15 and 50% is hardly Justifiable.

One of the difficulties in experimental programs involving
edge-cracked specimens 1s the eccentricity of loading due to unequal

crack length. However, this can be accounted for by calculating the

10
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additional bending woment resulting from eccentrlcity. A preliminary
check of this effect indlcates that the error due to eccentriclty is

at most 6% in terms of the notch strength values reported for the

present series.

It was decided to cut notches with an electrolytic saw in
order tuv eliminate all effects of machining, which could work harden

the surface and produce microcracks.

It bas been reallized that electropolishing is prohably one of

the Lest wethods to produce a really clean surface. Only sputtering in

an lnert atmosphere seems vo Le wble Lo produce an cven hetter Aurface.,

Because the stress measuremcnts are carried out 1n standard equipment,

it seeme to be futile to try tests with sputtered material. Therefore

it was decided to construct an electrolytlic saw. The design followed

closely the suggestions made by Metzger(l6 .

~——

A sketch of whe saw 1 given in Figure 3. The specimen is
kept in a movable specimen holder and pushed against a wire which is
oscillated by a motor. This wire 1s the cathode, the specimen 1is the
ancde. The eleclrolyte drops continuously on wire and specimen. A
voltage of 20 to 4O volts is applied to the system and surface
materiel is removed. Hence a shallow notch 18 cut into the specimen
with a speed of meveral thousands of an inch per hour.

The wire had a radius of approximately 0.001 in. Metzger
found that the radius of the notch root would he approximately twice
the radius of the wire, but wicrographs indicated that the radius

obtained 1n these experiments was of the order 0.00k to 0.005 in.

11



It was not possible to produce & uniform notch but the surface of the

notch seemed to be of high quallty. Table IIT gives the result of

tenslle tests of notch specimens with a nominal composition of

T1-2,5A1~16V aged for 4 hours at 700 degrees in alr and furnace cooled.
Table IV glves calculated stress concentration factors for

these electrolytically notched specimens. The stress concentration

wag calculated using Neuber's shallow notch equation (equation 2)

on the assumption that the radius was either 0.002 in. or 0.005 in.

The first value of 0.002 in. was selected following Metzger's suggestion

(16), the second radius seems to be more appropriate from micrographical

evidence. Figure 4 shows the results in terms of & vs Kt' The

N
extrapolated ultimate fracture stress e{max would be about €50 kel 1if
one assumes a radius of 0.005 in. This 18 much higher than the value
of 200 kel reported previously by Sachs and Sessler(e). In spite of
the fact that the results were obtalned from a different heat,

possible chemical variations do not aeem sufficient to explaln an
increase of the extrapolated ultimate fracture stress by a factor of
more than 3. It 18 believed thet thins increase in strength 1s due to

a different state of the materisl at the surface of the notch. It has
been mentioned before that machining produces & highly deformed surface
layer with numerous scratches and grooves. It is difficult to predict
what happens to this surface layer in detail during aging at TOO°F.

One would expect that some of the residusl stress will be released but

it is doubtful that all surface defects wlll be removed. Also, it 1s

not possible that scratches will be removed at this tempersture.

12
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A detalled analysis of the effect of surface scratches
produced by machining ie given in the Appendix. There 1t is shown
how the surface scratches cause additional stress concentrations
and increase the geometrical stress concentration factor in a
multiplicative way. The log ¢ versus log Kt cuve for electro-
polished specimens is moved by a factor of about 3 coumpared with

the ccrresponding curves found for machined notches. Therefore

one should associate a Kt factor of about 3 with surface

scratches of the machined specimen.
BRITTLE FRACTURE OF TUNGSTEN

The metallurgical structure of titanium alloys, mentioned
in the previous paragraph, is rather complicated. No detailed
analysis of the phases of this alloy have been glven, but 1t is likely
that quite complicated transformations take place. The -/ +trans-
formation can teke place and the formatlon of the w phase is likely.
This makes 1t practically lmpossible to analyse the results mentloned
above in terms of a specific dislocation and point defect model. Only
a material in which the defect structure, e.g. density of dislocation,
lmpurity concentration, etc. is better known should gilve enough in-
formatlon to make an analysis possible. It was therefore declded to
conduct similar experiments with tungsten specimens. Inltial tests
wlth tungsten specimens showed that a specimen form used previously,
(FMgure 5a) 18 not suitable for a very hard and brillle waterlal.
For instance 1t was found that it is very difficult to drill holes

with high quality finish into tungsten. Small cracks are usually

13



produced during machining which caused the speclmens to fall in the
holes.

A nevw specimen and specimen grip design was adopted which
eliminated the need for holes and minimized waste material. Figure 5b
glves the design of specimen and specimen holder. FPhotostatic
studlies shovwed that the contact area of the specimen with the specimen
holder is highly stressed. These stresses are predominantly compressive.
Smooth brittle specimens elways falled in the areeas where the test section
of the specimen widened for the shouldera. The stress concentratilon factor
agsoclated with this widened is of the order of 1.2. Thus i1t should be
posslble to test notches with a Kt value larger than 1.5. However,
aince the ultimate fracture stress of the material at an electrolytically
cut notch is usually higher then at the mechined murface, & higher value
of K is generally requlred to lusure fracture at the notch root. Only
1f 1t is possible to electropolish the whole specimen so that the ultimate
fracture strength 1s the same all over the specimen one could use stress
concentration factors below 2. Initial tests with titanium alloys showed
that this specimen and specilmen-holder design operated satlsfactorily from
room temperature to about 600°F., The shims used in the specimen-holder
softened at high temperatures. Hardened tool steel shime wlll be used
for higher temperatures.

Experimental results of tests on tungsten specimens are given
in Flgure 6 and 7. The values used for the calculation and the dimensions
of the specimens are glven in Table IV. Specimens of the followlng

type have been used.

pRs



a. Tungsten as recelved, notches produced by machinlng

b. Tungsten as received, notches produced with the electrolytic saw

c. Tungsten re-crystellized, notches produced with the

electrolytic saw

The speclmens were tested either at room temperature or in a
liquid nitrogen bath. It is surprising to note that the value of é?’N
found for specimens tested in liquid nitrogen in the as received condition
and specimens re-crystallized and tested at room temperature are one line
on the log 6" versus log K curve. This curve actually ies the only one
which intercepts the abscissa under 45° as predicted by Neuber's theory.
The fracture values are salso the lowest found in tests with tungsten.
Highest fracture stress has been found for specimens in the as-recelved
condition, notched electrolytically and tested at room temperuture. It
should be pointed out that a connecting line of these values are on a
straight line in the log & versus log K curve but this line does not
intercept the abscissa under 45°.

An analysis of the plasticity factor (p), (Equation 6) following
Hardrath and Ohman(5), utilizing graphs as given by Weiss(e), result in
P = 0.6 for room temperature tested electrolyticelly notched tungaten,
P = 0.5 room temperature tested, machined specimen and p = 0.05 for
liquid nitrogen tested speclmens.

Microscopic investigations showed that the surface of these
electrolytically polished specimens showed a micro-structure, indicating
some small plastic deformation. Further studles are necessary to show

qualitatively the advent of deformaticn. There exists evidence that
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tungsten single crystals deformed plastically at room temperature
provided that the surfacc 15 clean. This usually 1o achleved by removing
electrolytically more than 0.005 in. of surface materisl. It can be seen
in Figure 6 that the curves of electropolished and machined notched
specimens tested at room temperature do not differ greatly. This may
be due to plastic deformation of the surface of the electropolished
specimen producing, for instance, slip steps which can be assoclated
with stress concentrations (see Appendix). Figure 7 gives a plot of
log 6:6 versus log t (t = depth of notch) as found for specimens with
electrolytically cut shallow notches. Griffith's theory predicts that
in the case of brittle fracture all polnts have to lle on a straight
line, which has a slope of - 1/2. Figure 7 shows this is experimentally
observed for bhoth the room temperature and liquid nitrogen electrolytically
cut notches.
DISLOCATION STUDIES

It 15 remlized that a final analysis of fracture has to be given
in a model of the defect structure of the material. Specifically 1t 1is
believed that fracture has to be cxplained in A model in whirch dislocation
movement plays a dominant part. Unfortunately, the dislocation densitles

8 2

in metals are ucually of the order of 10° to 10'® cn"? so that 1t is not
possible to detect dislocatlons with optlecal microscopes. Only the use
of the electron microscope or field emission microscope will give in-
formation on the movement of dislocation in metals, and thelr interaction
with other defects such as vacancies, impurities atoms, ete. It was

therefore decided to make a serles of experiments with lithium fluorlde

16
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and silver chlorlide where dlslocation densltles are several orders of
magnitude below of those in metals.

In silver chloride 1t 1s possible to see dislocations in the
interior of the materlal. Xxtreme care is required in the preparation
of silver chloride crystals. Exposure to light precipitates groups of
sllver atoms destroying the uniformity of the crystals. All cutting and
notching operations were carried out only under a dark room safety light
or in a dark room. Attempts were made to move the dislocation revealed
by etching wilth an applied external stress field. No detectable motion
could be seen. It 1s likely that the procedure which makes 1t possible
to see dislocation acts at the same time as pinning mechanism(lY). A
typlcal array of dislocation in silver chloride single crystals is
glven in Figure 8.

Experiments with lithium fluoride are more promising because
i1t 18 possible to test specimens easily in the brittle or in the ductile
condition. Also, 1t 15 easier to make the dislocations visible on the
surface. Lithium fluoride is usually ductile at room temperature but it
can be embrittled with hydrogen. Fracture at llquid nitrogen temperature
is always brittle. One disadvantage working with lithium fluoride 1is
that 1t cleaves only on (100) surfaces. Therefore, it 1s not posaible to
orient crystals In such a way that the stress direction can be essily
varied. Extenslive work on etchpit patterns have heen carried out by

(18’19’20). Many ot the polishing and etching

Gilman and Johnston
procedures were obtalned from their papers. The steps used in prep=-

aration of a lithium fluoride dislocation etch is as follows:

17




1) Polilshing, one minute in concentrated HF

2) Rinse in acetone

3) Polieh 3 to 5 minutes in 2 volume % solution of NH) OH
(vigorous agitation). Thus resulte were obtained weing a final etch,
conelsting of a dilute aqueous solution of Fe F3 (one minute vigorous
agltation) (Etch W). Figure 9 gives a typical section of a (100)
plane of cleaved LiF showing the high dislocation density. Future
tests will be conducted with annealed crystals to produce a lower dis-

location density.

Cleavage cracks were introduced in the L1F specimens by
pressing with a sharp pin. ‘'he specimens were then elched in equal parts i
HF and acetic acid eaturated with FeF3 to deternine the dislocation
arrays. Flgure 10 shows the typical dislocalion pattern. There are three
faint dislocation linee emanating from the tip of the erack in (110)
directions. Figure 11 shows the same ares re-etched in Etch W to
determine the full dislocation pattern.
Because 1t is possible to see individual
dislocations in these crystals, it 1s hoped that 1t will be possible to

study the correlation between 7 and dislocation distributions.

18
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SUMMARY

As a result of this first year's effort the following concepts

p
concerning ' .., and 7 were developed.

1) Polyerystalline tungsten sheet allows the use of a maximum fracture

stress concept at ~320F in all and at rcom temperature in the recrystallized

condition. A small amount of plasaticity 1o indicated at roon temperature

in the as-received condition
2) The waximum stress in nearly perfect brittle materials sprears
limited to values below the theoretical strength of 0.1E due to dlslocation

stcps at the surface. This concept has been developed by Dr. Schroder

and 1s presented in detall in Appendix I.
3) An additional limitation on the extrapolated maximum stress

for brittle fracture 1s imposed by the surface condition of the notch.
Superinposed stress concentrations may be caused by machining or other
operatlions.

k) The physical significance of 7 18 not yet clear but 1t
may be related to the non-multiplicative effect of superimposed stress

fields due to stress ralsers.

5) It appears that there is a connection between the super-

(P1)

inposed stress fleld interpretation and a statistical approach,

the forumer being considerably more lucld with respect to physical

interpretation.

19



L o

Comparison of Predicted and Observed Valuee of ’IZ + ro/E for Various

Q

TABLE I

r, and Constant Notch Depth of 30 Percent Based on ')( = 0.003

xS 7 +r /2 '){+r0/2 ’Z +r
predifted observed redicBed
0] - 0.003 0.003
0.0007 0.00335 0.003k 0.003(
0.001 0.0035 0.0048 0.00k
0.004 0.005 0.008 0.007
0.010 0.008 0.0138 0.013
0.025 0.0155 0.030 0.028

Note: All tests were performed on 0.090 in Ti-2.5A1-16V sheet aged

at TOOF, 4 hours.
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TABLE II

Determlnatlion of ’tz Using Combined Shallow ané Deep Notch Bquation

Spec. & N 6‘N 2 1 +
(m) T 7 22 (Average) | 4in. x 10
’ 2t ta

Fll 20.94 0.01366 0.109 0.0802 1.486
F16 19.31 0.01143 0.1093 0.0805 1.24k9
F13 20.51 0.01306 0.1319 0.1140 1.723
Flh 20.96 0.01317 0.127 0.1053 1.740
F15 20.12 0.01252 0.141 0.1345 1.765
F12 17.84 0.00958 0.1387 0.1285 1.329
F18 19.11 0.01115 0.1507 0.2097 1.680
F19 16.71 0.00832 0.1409 0.2623 1.173

Note: Ftu deternined to be 200 ksl by extrapolation
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FIG. 3 ELECTROLYTIC SAW
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FIG. B DISLOCATION ARRAY IN AgCl SINGLE CRYSTAL. 500X ETCHED
IN KCN SOLUTION 1 MIN.

FIG. 9 DISLOCATION ARRAY IN LiF SINGLE CRYSTAL. 1000 EICH W 30 SEC.
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FIG. 10 1P OF CLEAVAGE CRACK IN LLF (100 SURFACE). 600X ETCH W
10 SFCONDS. PLANE OF CRACK TS (110).

FIG. 11 TIP OF CLFAVAGE CRACK IN Lil* SIMILAR TO ABOVE. ETCH W
1 MIN. 70 OUTLINE DISLOCATION DISTRIBUTTON.
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APPENDIX I

THE EFFECT OF SURFACE STRUCTURE ON THE BRITTLE
FRACTURE STRENGTH OF METALS

Klaus Schroder



ABSTRACT

The theoretical fracture strength for brittle material
(approximately 0.1 E) has been reached for certain glsss fibers and
same metal whiskers. However, metals with very high fracture strengths,
such as hard drown steel aprings or pure copper, deformed at liquid He
temperatures break at about cne tenth of this value, A posgsible
explanation of some of the observed fracture astresses 1s presented
which ls based on the effect of super-imposed stress concentration

fields. It seems possible that small surface slip steps could give

[ 1 . ' [ m . LI} . ] r e

factor being of the order of 4 to 40 and thus the theoretical fracture
strength 1s reduced by this factor. Only metals without slip steps

can reach the theoretical fracture strength.



I. INTRODUCTION

The theoretical brittle fracture strength , which is
approximately equal to
£

Gﬂé'h_a_’~ o

7

(Griffith, 1921; Cottrell, 1959) (E = Modulus of elasticity,

d) = gpecific surface energy, & = atomic spacing) has been cbtained
only in a few experiments with glass fibers and metal whiskers (Herring
and Galt, 1952; Webb and Forgeng, 1958) while in other cases only a
fraction of this strength 6 o has heen attained. An attempt to explalin
sonle of these experimental resSulls Wiln LU BSBUMDLIGH LML DLl GUl4GuS
slip steps act as stress raisers will be made.

Extensive investigations on mechanleally and electrolytically
polished surfaces havce shown that plastic deformation is assoclated with
the development of a mierostructure on a smooth surface., Light mlcroscopy
on single crystals indicated that there are characteristlic differences
in the surface structure of cublc and hexagonal metals (Kuhlmann, 1950;
Staubwasser, 1959; Diehl, 1956; Masing and Sehréder, 1955).

Real progress in the interpretation of surface phenomena haa
been made by using electron mleroscopy. Correlation of electron micro-
graphs wilth stress-strain curves of single crystals made 1t possible to
interpret in detail observed slip lines, slip bands, cross slip ete.
with the movement of acrew and edge dislocations on regular slip planes,
end cross slip on other crystallographlic planes. It was also possible
to obtain a more detalled model of the operation of dislocation aources

(Seeger, 1958).
II



urface structure ag obtained from electron micrographs on
aluminum is given in Fig. 1 (Seeger, 1958), which was obtained by
Wilsdorf and Kuhlmann-Wilsdorf (1952). Plastic deformation produces
steps with a height of 50 to 5001:. The step width has dimensgions of the
same order of magnitude. Several steps form a slip band, which corresponds
frequently to one slipline as observed with s light mlicroscope. 1In-
vestigetions at low temperatures indicate & decrease in the number of steps
with decreasing temperasture, but a complete interpretation of surface
pletures has not been possible because of lack of resolution (Brown, 1950;
Diehl, Mader and Seeger, 1955; Noggle and Koehler, 1951; Milller and
Leibfried, 1955). Studies on copper single crystals have shown that the
surface structure at low stresses 1s rather uniform (Mader, 1957).
Deformation in the "easy glide" region causes surface steps usually 12
Burgers vectors high, 1.e. about 12 edge dislocations leave the lattice
in one plane. Further deformation does not appear to increase the step
height, but to activate other slip planes. This changes when the stress
increases more rapidly with strain because & critical internal stress
concentration has been reached and elip in secondary starts (Schrober,
1959). The distance of the slip steps is about 1100;. ut the end of
"easy glide".

Complications arise for alloys. For instance, it has not
been deeided if the high slip steps ine. brass are due to slip on one
plane, as Suzuki and Fujite (1954) suggested, or if multiple slip
occurs on parallel glid planes close to each other. Wilsdorf and

Flourie {19%6) used five different methods to investigate this problem.

I1L
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slip planes are operating. Thus alloys may have the same surface structure
as the pure metsl, es Wilsdorf and Kuhlmen-Wilsdorf (1954) observed on

Al-Cu alloys, or the deformation is inhomogeneous as in o brass.

v
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IT. STRESS CONCENTRATION AT SLIP STEFS

Mader (1957) found experimentally, as mentioned above, that the
step helght of slip steps does not increase continually in the reglon of
"easy glide" ,but that steps of the same height are produced successively
in different surface areas. This indlcates a discontinuocus supply of
dislocations, and one would therefore expect, that the volume immedistely
behind the surfuce near the slip step is probably free of dislocations.
There 1s a practically perfect lattice in the volume behind the step.

Tt seems therefore appropriate to use the continuum theory of elasticity

in such an area as a first approximetion for the ecalculation of the stress
distribution. The theory of elmsticity shows that geametrical irregularilles
at the surface produce stress concentrations. Neuber (1958) showed that
the stress concentration factor for shallow notches 18 K= 1 + 2 +/R

(t is the notch depth and R the notch root radius). An analytic expression
for the stress concentration factor (SCF) of steps does not exist, but
stress measurements, (Frocht, 1935; Frocht and Iandsberg, 1951) indicate
that the SCF of fillets is of the samc order of magnitude as the SCF of
notches. Therefore, it seems to be Justifled to assume that the SCF near
the root of a 8lip step is of the order of {;:7E:1 were t" is the slip
gtep height snd R" the radlus at the root of the slip step. At the

moment it is not possible to calculate or messure R", but 1t seems plausible
to agsume R" = 12. t" could have values from twenty to several thousand
Angstroms. It follows that the stress concentration factor XK' is of the
order of 4 to 50 essuming the validlty of s maximum fracture stress concept

(Weiss, Sessler, and Sachs, 1960; Welss, 1960).



A nmetal with active slip planes can reach a maximum fracture strength of

only 64 N R

1) I T/

where & theoreticel strength of E/lO and & minimum X" of L 1s assumed.

Only metals with e dislocation structure, which prevents the formation of
elip steps, can reach the theoretical fracture strength 5,4, . This 18 the

case for metal whiskers, which have only one central screw dislocation.
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IIT. FRACYTURE SIRENGIH OF NOTCHED SPECIMENS

A, Electrolytically Cut Notches

Experimental evidence indiecates that the critical fracture
strength of electrolytically cut notches is much higher than found in
machined notches. Sessler and Sachs (1960) found that the extrapolsted
fracture strength in machined specimen with & composition of Ti-2.5A1-16V
is about 200 ksi. Experiments on specimens of the same composition and
heat treatment (solution treated and aged for 4 hours at TOO°F) gave an
extrapolated calculated maximum fracture stress at the notch root of more
than 650ksi, if notches were cut with an electrolytic saw (Fig. 2).

1t 1s proposed that this can be explalned with the assumpLlon
of surface irregularities on machined notches which can act as stress
ralsers. A schematic plcture of an electrolytically cut notech with slip
steps 12 given In Fig. 3. The stress distribution, according to Neubers'
Theory, 1s glven schematically as a dash line in Fig. 3a. The stress at
the root of the notch is glven by the equation 6’”‘ /('@'l where K' 18 the
stress concentration factor and G’ the average stress 1in the notched section.

The stress gradlent at the root of the notch is given by
46" / - 2KE ‘
2) d? a0 S
The atress reaches a hypothetical value of zero at a distance of R'/2 from
the base of the notch, 1f a linear decrease in 6" in assumed.
Tt 1s usually very difficult to make R' smaller than 10"%em,
The stress in a volume clcment adjacent to the rgot of the notch with

|
dimensions of ihe order of 10 lcm 1s therefore prectleeflly constant 1if there

are no further surface lrregularities. Fig. 3b gives an idealized
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microscopic model of the root of the noteh. Several dislocations left the
specimen in one planc and formed o surface step with the length t". t" is,

>

as mentloned above, approximately 10-7 to 10 “cm. Dislocation densities

2 -
in metals are of the order of 108 to lOldcm 2. The average dislocation

b to 10'6cm, and it is

distance "T" should therefore be of the order of 10~
therefore assumed that dislocations be thils distance away from the surface.
The stress at A in Fig. 3b should be i = K“G”Q It seems plausible to
assume that the radius at A is of the order of one Angstrom. Therefore,
the stress drops rapidly from the slip step to the center of the specimen
and we have at B a stress practlically equal to 6" . The specimen will
fracture elastically at A, il Lhe stress 6; ~ 6%
and 1f the dislocation at B does not move to relief the atreas at A.
B. Machined Notches

We conslder a system In which a notch with the radius R and the
depth t 1s machined into the specimen. Small grooves are scratched during
machining into the surface of the notch. Fig. 4e gives a schematic picture
of such a notch with grooves of depth t' and radius R'. Tt will be assumed
that the surface of the groove 1s smooth, so that only unavoidable slip
step steps wlll produce stress ralsers. In other words, the groove geometry
is approximately the same as 1n an electrolylie noteh ag given in Filg. 3a
and 3b. This assumption 1s certainly an oversimplification, but it is
helleved that the problems of superimposed geometric stress raisers can
be adequately deseribed with such o simple model, and that the prineiple
in this argument can be applied to more complicated crack configurations.
Effects of work hardening on the surface, of surface oxide films, etc.
are negilected. Tt is assumed that the slip step in a groove has & radius R"

L
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and the depth t". We will make the assumption thet

3) REGRCR R EER

These conditions are usually fulfilled. It is very diffilcult to machine
notch radil R which are smaller than 10‘2cm. Typleal values of dimensions

3 %o lO_hcm. Again, this 1s much

of surface scratches t' and R' are 10~
larger than t", which is 10”2 to lo‘Tcm, and R", which is approximately
lo-scm. The calculations of the stresses are analog to the preceeding
paragraph. The stress at the root of the notch will be given as 6 =K &,

{ 6" = average stress in notched cross section) and will be practically
constant in the specimen to the depth of L', 1f there 15 no groove. A

smell groove with dimensions R' and t' will "see" only a stress & ke,

Again using the theory of elasticity as glven by Neuber, we have a stress
concentration factor K' assoclabed with this groove, and the stress at the
root. of groove ia 6L K'6' S kKk'E,  The same arguments are used Lo calculate

the stress acting on the root of the slip step. The radius of the groove

R' 18 much larger than the length t" and the radius R" of the slip step,

80 that the stress field In the region of the step would have been practically
congtant without the step and equal to 6" . As pointed out above, such a

step acts as a stress rolser wlth a SOF equal to K", g0 that again the elastic

streass at A in F’Lg- 3‘b wotlld be 6/1’ = K’ 6‘” Therefou.‘e, ()-A' 18
equal to

. T ot
b) 5,4; - K6 KKK E




if the stress fields can be superimposed.
The specimen will undergo brittle fracture at A if q;' is equsal
to G,,:.% . The log 6 versus log K plot ls preferred in the analysis of
!

experimental measurements. The fracture condition for brittle fracture at

the surface can therefore be written as:

5) 5001 Grermy = - day k'~ k' - oy K

K" is a property of the material. It can be changed by processes which
influence the characteristics of the dislocation movement. K' depends on
the properties of the machine toola and the material. Ususally, grooves
will not be separated. It is more likely that the surface of the noteh is
rather irregular as schematically given in Fig. Yb, but one should expect

that there will he always some relatively deep grooves, which project from

ey will he the nr

Y W ineciral atress

raotacra, K 1a given by the design of the specimen. The assumption that
stress flelds of varlous surface defects can be superimposed is not always
Justified. For instance, Lf the radius R decreases so much that 1t 1s of
the same order of magnitude as t', 1t is not allowed to multiply K and K'.
The stress gradlent at the root of the noteh would be so large that the
stress at the root of the groove would be less than K & . In the
extreme case that R Is only slightly larger than R'; or that t" is much
larger than R, no stress reising is to be expected from the stress field
of the notch, bu. only from the groove. Fig. lc gives the model of &
groove wlth depth t' protruding from s notch, where both the radius R

and the depth t are much smaller than t'. Hence the stress at the root

of the groove would be practically the same as if there would be no notch,



namely equal to K' &  which is always less than KK'§ . Therefore, the
experimentally observed log ¢ wversus log K curve would not decrease linearly
with increasing K values, but would level as of schematically given in Fig. 5
because the true stress concentrvation factor is less than K X' X", and

a higher stress & is hence necessary to start brittle fracture. BSessler
and Sachs (1960) measured log G veraus log K curves which show this
leveling off effect for large K values.

The theory of the effect of superimposed stresa fields gives
similar results as the application of Neuber's theory of pointed notches
(1958) to brittle fracture by Sachs, Weiss and Sessler (1960). Neuber (1958)
derives an equation for the NSR of notches with very small radil. He assumes
that it is not allowed to Integrate the elastic equationa near the noteh
root, because the stress field eannot be trested as homogeous. Neuber
shows then that the radius of the noteh R in a specimen under simple
stress should be replaced by R + E;( y Whnere ? is the dimensilon in
which the classical theory 1s not applicable. An Integration 18 not
allowed because finlte inerements should be used. Tt ls caslly seen
that for R = 0 the effective SCF cannot Inerease to infinity, 1if SCF =
1+ 2 |/(rR+ 21( ). The stondard graph of log (6 versus log K without the
use ofoz would level off, Neuber (1958) suggests no physical interpretation
of ﬁz . This can be glven In the "multiple stress concentration" theory,
which predicts, as it was polnted out above, that the logé versus log K
curve levels off, 1f the Inequalities given in (3) are not applicable,

The stress concentratlion factors cannol be multiplied 1f the root radtius

of the notch has the same order of magnitude as surface defects., Therefore,

X1



one could associate Q wilh the dimensions of surface defects. It is obvious,
that an integration of the elastic notch stress equation is then not

Justified.

X1l



IV. DISCUSSION

An investigation by Edmondson (see Allan, 1959) on the brittle
fracture of iron single crystals, using temperature and orientation as
parameters, showed that specimens become brittle with decreasing temperatures
and with stress dire:tions close to the [100] direction. Fahrenhorst and
Schmid (1932) found that the critical yield stress of iron single crystals
does not vary significantly with orientation. Therefore, only the angle
between [109] direction and the stress axis and the relation between T
and Q; (ﬁﬂv stress normal to fracture plane) should be important. One
would theréfore expect, as Alian (19%9) pointed out, that cleavage dominates
near the [100/direction. But it is surprising that one crystal close
to the [110] direction cleaves also, in spite Of the fact thul ©:ymll's
closer to the [1097 direction are not brittle. Extensive investigations
on strain hardening of single crystals indicate that the yleld strength
increases markedly if the crystal orientation favors multiple slip
(Staubwasser, 1959 ; Licke and Lange, 1952, 1953; Liicke, Masing and
Scherer, 1955). This could also happen near the [llQ] directionsg in iron.
The yleld strength is too high and brittle fracture starts. If this hypo-
thesis is correct, cleavage should also be observed near the [llL] direction,
but no experiments have been made with specimens of such orientation.
Edmondson found in his experiments, that crystals which deformed plastically
above the yield strength could be strained extensively. It 1s possible to
have two crystals with orientations not more than 2° apart, where one

fractures without measuresb.> plastic deformation, while the other can be

strained to more than 90% reduction in area.




This seems to be in contradictlon to the model described above,
because strain hardening increases the yield strength rapidly to the value
needed for the inltial brittle fracture. There may be several effects which
could prevent brittle fracture after small amounts of plastic deformation,
even 1f the stress increases rapidly due to strain hardening. ¥For instance,
the erystal orientation changes during deformation and the normsl stress
on the fracture plane decreases., It is probably more importent that the
surface structure changes. TFor instance new slip steps are produced., This
could decrease the effective stress concentration at the root of the slip
step, as Neuber proved for multiple notch systems,

On the other hand, fracture is guite frequently preceeded hy
small amounts of deformation, which producece slip steps on the surface.
These slip steps are postulated to act as stress ralsers which ultimately

beeomr the {racture nucleus.
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V. SUMMARY

Some effects of the surface structure on the fracture
characteristics of metals have been analyzed. It has been shown
that slip lines will always lead to & reduction of the maximum
surface fracture strength, and that the stress concentration
factor associated with a81ip steps should he of the order from
4 to 50, An analysis of specific surface geometries showed
that tihe gtress concentration factors of varlous defects have
in some cases, but not always, to be multiplied. It was possible
to find a physical Interpretation of the "finite particle dimension”,
previcusly used in the description of fracture properties of notches

with & very small root radius.
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