7 CHAPTER III

VICKERS-PRODUCED DEFORMATION / FRACTURE PATTERNS

Before dealing with the 1nvest1gatlon of surface damages

of cattle bone materlal produced byf;pdentlng with a standard

m?'
Vickers diamond pyramid 1ndenspr (square_pase with an angle of 136°
between opposite faces ofsthe | pyram1d and 148° between the pyramid

" edges), we will j;;xf give a bYoad perspective of the various
Vickers-produced 'lge observedﬁln glasses and many ceramics along
with their fractur?”mechanlcs f?rmulatlons. However, we wlll begin
this chapter with tké outllne of‘theoretlcal framework of brittle

fracture in order to ?roqfde somgigppreCLatlon of the basic fracture
F : —
. Y
mechanics involved. Theﬁstudles_xn thls chapter need the important
.‘
experimental equlpments as shown 1n‘FIgs. A..6 to A. 9.

% W
3.1 Background»Theory of Indentation Fracture Mechanics

d
I

N

3.1.1 Theofetical Framework of Brittle Fracture

To outline the mechanics of crack growth in brittle
solids, we begin with a picture of a slitlike crackl of length c in
linear elastic continuum which is subjected to applied load L at its
outer boundary. In terms of a polar coordinated system in Fig. 3.1,

?

the solutions for the near stress field about the crack tip 4ij cen be

expressed in the form

12 () (3.1)

6ij = K(L,c) (2T ) i3
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the applied loading and scale of c




The coordinate-dependent terms, fij () in Eq. (3.1) determine the
distribution of the stresses within the field. The remaining factor

K in Eq. (3.1) which is independent of the coordinates takes on a
special significant. It depends only on the magnitude of the applied
loading and crack geometry and thereby uniquely determine the intensity

of the crack-tip stress field. “}ﬁ}s factor K, namely the stress
4

intensity factor, is an extremely'poﬁérful parameter in general
~
fracture mechanics analysis.| It is a useful indicator of the crack

driving force. aMoreoVer ; it'follows from Eq. (3.1) that the stress

-

intensity fac ‘tzfyfe additivé,-as the principle of superposition
e

ﬂlmlt of-lrﬂear elast1c1ty theory. This additive
£ 17
property of K 1afof dLBtlnﬂt aéyantage 51nce stress intensity factors
-",l‘.)w i

for superposed applled logd staﬁfs can add algebraically to give the

Py Y

applied within

net mechanical force on. ~the fracjnﬁé system.
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The cﬁlterla which govern crack prqpagatlon of a given

Yy EJ
crack loading system can be formulated exclusively in terms of K.

In cases wheréuthe crack-loading system is in high vacuum or inert
environments, or at low temperature, equilibrium crack extension
occurs when K associated with the given load and crack length exceeds
sqQme critical ‘value Kc. Thus, Kc uniquely quantifies “the resistance
to crack growth and this quantity has now gained the widest .
acceptance as a material toughness parameter in engineering design.

Kc can be related to the surface energy term via the Griffith

criterion for equilibrium crack extension

K_ = (2T'E / (1-v%)* (3.2)
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where 'r is the fracture surface crack energy, E Young's modulus,

and V Poisson's ratio.

In cases where the crack loading system is in a hostile
chemical environment (e.g. water), cracks can extend at sub@ritical
levels, K < Kc Chemical processes!activate bond-rupture at the
crack tip and thereby advance the'f?%grure at applied loads which.
would be insufficient to cause equilibrium crack extension in an
inert environmen§fv According;y, crack response to reactive

i . ,
environment and,gpﬁlied stresé is rate controlled. The most widely

used crack-veloi}€§ function which describes kinetic fracture is of
# & i - .

the power-law type, 2 _5 %
v = Vo(l(fkcl :‘.JJ(K<KCT?:[$'A (3.3)

* # e F
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Where Vo and n are constéﬁks depending on the given material 7/
-t e o e

b

environment system.

f
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3142 :Survey of Response of Varioué Materials to Vickers

Indentation

In'this section, we survey the 'different deformation /
fractufé_damages occurring when glasses and ceramics are indented by
a standard'Vickers diamond pyramid indenter, Fig. 3.2 shows a typical
Vickers fracturebpatterq which is visible on material surfaces as
linear radial traces emanating from the corners of the indentation.
The basic element of such damage pattern produced in Vickers indenta-
tion are well established (16). Around the sharp point of the

pyramid contact the indented material deforms irreversibly, thereby
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w Fig. 3.2" Well/ - defined Vickers - produced erack (a) on the surface
of glass showing linear radial traces emanating from
the corners of the indentation (23),
f
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creating a square impression. Emperically, it is found that the
characteristic in-surface dimensions of the resultant impressicn,
such as the impression half - diagonal ain Fig, 3.2 (b) remains a
faithful ivndicator of the contact at maximum loading, thus justifying
the use of post-indentation measurements to quantify the resistance
to deformation. In this way we may define the material hardness in

terms of the mean contact pres;tf:e’;,

 p—— Za? : (3.4)
, u ‘

o

where P is the/pe/

érack nuclei are.ge ‘éz‘a;.tred by .the highly disruptive processes of
Fy ==

structural r % mdn}: ,Tani a};:ove some threshold load these nuclei
J ’ > " \ ¥

become criti d fjpropagate into the so-called "median" cracks

o~ il

_contact\load. Within the deformation zone

4§
¥ #

contained on two orthogonal ni_'éﬂan planes each of which passes

|

e

through the load axj.’é.'“é_i'}a an iij&'—éssion diagonal. On. further

o e N e
loading, median cracks grow sﬁébl? aownwaxfs into penny-like shape.
A .

As unloadi;lzgj-:begins, the median cracks exg?;nd sideway and upwards
to break thr{qéh to the specimen surfaceZultimately becoming near-
semicircular in profile and isfyvisible as radial traces extending
from the impress.ion ‘corners. The manper in |whHich the configuration
develops from a contained@ sub-surface 'pen'ny crack-at full loading
to a surface halfi-pennyicrack at full #unloading can-be seen fro:.
‘the half-section view micrograph in Fig. 3.3. This micrograph

show fractographic features on the sodaliie-glass specimen beir

made to fail from one of the half-penny cracks after indentation.

Just prior to the rfull withdrawal of the indenter,
an entirely new system, termed lateral cracls, begins to develop

from nuclei within the deformation zone and spread laterally outward
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Failure
origin

Fig. 3.3 téélf-31de yiewfa half-schéﬁété%j;f median / radial crack
s;;tem in soda-lime glass. Mégrograph show fracture
surface of specimenibroken at indentation site crack-
arrest markings are introduced to provide recorded crack

evolution. Note failure origin at surface trace of half

penny (23).
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on planes closely parallel to the specimen surfmce in a saucer-like
fashion as shown in Fig. 3.4. This crack can cause chipping if it
intersects material surface, and is therefore particularly pertinent
to the problems of surface wear and erosion. However, the lateral
crack is not usually'strength controlling crack and is accordingly

given only minor consideration in this thesis.

f,f

Apart from the above‘mentioned subsurface crack
ot

geometry (the median./ radial crack), there is another subsurface

crack geometry j?(é:'ted wi.tl'\jl the four radial traces of the Vickers

fracture pattern s Win E;g.li.z. It is referred to as Palmgvist
f‘«k"_-_."
rF r
in péndent subsurface cracks extend during loading

Il!

radially along tbtﬂ?édxhn planes.of the indentation into the dumb-bell
e

crack whose fou

)':," #
shape closing to spec1men suﬁface and con unloading these cracks

grow both in length andrln depth(quﬂ 3%).

'\. by

The Palmqv1st cracks'have beg? extensively observed

-

and studied 1n:ﬁemented carbides (17, 18), 'Tﬁey are also observed

in many ceramlcs, e g. zinc sulfide, zinc selenide and glass -
ceramics (19, 20)" Autransition firém Palmgvist cracks at lew indenta-
tion loads to well.-.developed near | semicireularicrack at higher
indentation loads was observed in zine sulfide and’ zinc selenide
whereasVVickers = produced cfacks are still Palmgvist-eracks even

at high indentation loads in glass ceramics.

Fig. 3.6 shows another Vickers - produced damage
observed in anomalous glass (21, 22). The dominant penetrative crack
generated during loading resembles more a cone crack than a median
crack. On unloading, there is a little change in the cone crqck

configuration. As unloading completes, a collar of material often
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i
; v
Fig ormation/fracture pattern associated
5 Y Y
J with Vickers pyramid indenter in glass showing the

lateral crack_spread sideways in saucer-like fashion

| | | tbwdrd the surface (23).
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, cec (20).
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Fig. 3.6
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Profile v1ew e{ cone —-—hke indentation crack produced
i i .n'_h -
a '|-|I'_"

by~ V]_ckers dlamnd pyranu_d in pa?t:.ally leached glass (23).
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detaches from part way down one or more of the cones to leave an

annular surface crater , especially in heavily loaded ‘surfaces.

From the broad survey given above, it can be seen
that glasses and various ceramics have a variety of respones to
Vickers indentations. Thus it is of importance to study the response
of cattle bone material to vickeiéji?dentations if the mechanicS of
formation of Vickers - produeid daﬁég;iin cattle bone material are.
to be understood. Sucﬁ study, which will.later be presented in this

; chapter, will provids consideﬁ?ble insight into the mechanics of
o :
formation of nafﬁrglly gcgeurring cracks which have surface contact
4“’:.- f j . ¥
history (see Seét. 4.2.2). 7, T 4
r y T

3.1.3 Mechanics of Vickérs - Produced Cracks

¥ A28k
The descgriptions qjiphe various Vickers - produced

-

deformation / fracture process given in the previous sections are

purely phenome&plogical. In this section wé:yill outline their
L 4 J

indentation fr;eture mechanics formulationsih For the median / radial

crack system, tgé corresponding stress distribution inside the indented
materialé_ are & 17 \shown in/Fig. ‘3.75(16], Thus by virtue of

the plastic contact the field ariving the cracks contains both an
elastic (reversible) and a residual (irreversible)“¢omponent.

Fig."'3.7 (b) shows stress contours of the elastic field in the median
plane. Therefore during the loading half - cycle the tensile
component of the elastic field enhances downwards crack extension

but is constrained someuhat at the surface by the compressive

component of the elastic field, thus cracks formed during the loading

\ half - cycle is of penny shape. The residual component of the stress




b
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plastic configuration at full load subdivided
into (b) elastic component at full load plus

{c) residual component at complete unload.
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associated with stress / strain incompatibility between central
deformation zone and surrounding elastic matrix and is characterized
- by a residual conter-opening force in Fig. 3.7 (c¢). Thus this
residual field is superimposed on the tensile component of elastic
field in driving downwards crack extension during the loading half-
cycle. Accordingly, the stress intensity factor equation for thé
median crack yhich fully forms dd;{ng_the loading half-cycle can be

written as (23) o

K= Gl ) p/c32 (3.5)
I 4 1

where Xz and‘x¥f§39‘the reveréiPiliﬁy of the elastic term and the

4 :
irrevesibility d? ;esiduél—terU'for the median component respectively.
r.‘ ¥ # ;

'y ‘
Burxng the nnloédlng half-cycle, the compressive

)'a-| ¥

component of the elastlc fleld';ﬁ released, the residual field

# L
accordingly provides the pr1mary;§;1v1ng force and the crack is thus

driven radially outwérds; Thus fhé“stress ;nten51ty factor equation

A
..'.f’

< of the rad;al:grack may be written as (10) fJ

KR % "r p/c’2 iy (3.6)

where X? isithe i{reversibility of residual ‘term for the radial
componentfand its magnitude depends on the ratio of (E/H) for different
materials.| ‘Here E and H are Young's modulus and hardness of the
material respectively. The rédial crack were to persist in equilibrium
after completion of the contact cycle, i.e. such that the requirement
KR - Kc were to remain satisfied (see Sect. 3.1.1), then thé fracture

toughness paramater Kc of the material can be evaluated from the direct

measurement of sizes of the equilibrium radial cracks, o using the

\ relation (10)

te” gR E/mV2 (p/c 3/2) (3.7)
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where gR is a nondimensional constant dependent only on the geometry

of the indenter.

It is importance to note that the median crack closes
up partially during the unioading half-cycle because of the reversible
contact field on the completion of the indentation event, the radial
crack remains fully open. Accéi%iggly, the strength of materials

containing a median / radial crack'syéfem is normally controlled by
) :
radial cracks. In addition, the fracture toughness Kc evaluated from

direct crack measufb Snts may&be subjected to considerable errors if
z:

to a non-lnert environment since the radial

']
-

crack will con ue‘to expand subcritically to co > Cye

Il!

the system is e

Fé; }almqvlst ct&gkf, their length a (Fig. 3.5) has

been shown to vary linearly wltpjthe indentation load P (17, 20, 24)
i # - ==
K, F ‘-...--.:"IJ

- b

a = (p-r)/4wf (3.8)

---. -.|'

where P is Q threshold indentation load for grack initiation and

the constant W{has been termed Palmqv1st crack resistance (25) _

' There have been many attempts in recent years to relate W to fracture

X 1. The' analyses predicted-the following relation

] | « {

toughness

(26) :

1/2
K[ £ JB 6w | (3.9)

where the nondimensional constant”?,is a function of the elastic

and plastic properties of the indented material
p = 0.025 (/m)°-t (3.10)

and H is the hardness of the indented material.
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3.2 Experimental Procedure

In this section, we will investigate the response of the
cattle bone material to the Vickers indentation. In order to be
able to observe its deformation/ fracture patterns produced by the
Vickers indentation, the preexisting damages on specimen surface
have to be removed by polishing with sucessively finer abrasive

powders to obtain an optical finish?" In this work, the optimum
”

surface-removing precedure which did not introduce residual compres -
sive stresses into _the ultimaﬁe optical finish surface was found to

be as follows: s &

S it

ti) preliﬁuaw'-'brﬁnﬁ&xd? with a series of SiC papers

(800, 1000, 1200 m@sh), iy 4
’ i dll

(ii) 60 min polishing with'® and S/m alumina powders in a
water slurry, et e -

¥

£ (111 /30 min polishing with 2.5 and“ pm diamond pastes,

When the polishing process, was completed, the specimen was
indented by a Vickers indenter at various indentation loads with the
indents spaced far enough apart that no measurable ;crack interactions
oceur ];*ed. An' Eseway microhardness tester was used to deliver loads
within the range 10“1 to 10 N and an Eseway macrohardness tester at
higher loads. Dur'ing indentation, care was taken to maintain the

indentation axis parallel to the surface normal of specimen.

After each indentation, the indented speCimen was immediately

transferred to the high magnification optical microscope in order to
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examine the deformation / fracture pattern. The optical microscope
was operated in reflected light since the cattle bone material was

opaque to light in the visible region of the spectrum. Measurements
of thé dimensions of crack, c, and impression half-diagonal, a, were

also immediately made. In addition, microscopic examination of

-section views of the indentatidn»gracks (obtained by breaking the

7 4
indented specimens at the indentatiahfsites) was made to reveal the

: o
subsurface crack profile. Since the breaking surfaces of specimens
were rough, a dygxpéqetfapt technique, in which the indented specimens

were soaked qvernf&ht in methya - orange solution before conducting

the breaking tesgé,.was‘used. -

The indented speciﬁen w%% also examined for evidence of
post-indentation slow cradk growﬁh;caused by environmental activated

a2
bond rupture at the craék_tlp (see_sbct. 3.1.1). This was done by

"'- 'AA

qulckly transferrlng the newly 1ndented spec1mens to the optical

microscope an@Jmeasured crack sizes as a fungﬁlon of time after

completion of indentation locading cycle.

3.3 Results and Discussion

3.3.1 Damage Marphology

Optical.micrographs of the Vickers damage pattern
on surface of the cattle bone material indented with 10 N load.is
shown in Fig. 3.8. The damage pattern consist of a square residual
contact impression of diagonal length, 2a, and four radial traces, c,
extending from the corners of square impression. Surface chippings

caused by another crack system, i.e. the lateral cracks (their




Fig. 3.8 i‘ kers - produced cracks on surface of the

ﬂumwmwmmm 1 1,20
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occurrence will later be seen from the subsurface crack profile),
- were only observed when the indentation load were as high as 50 N
(Fig. 3.9). At the indentation load above 100 N, the specimens

failed spontaneously during indentation.

Optical micragraph of the subsurface crack profile
of a specimen indented with 50 ﬁfiégdris illustrated in Fig; 3.10.
Apart from the near-semicircular pr;;ileuon the fracture surface
the saucer-like trécas which run nearly parallel to the specimen

¢ surface and centepéa beneath the contact zone, are also evident.

i

Transition from gtimgvzst ‘cracks at low indentation loads to median /

— sl

radial cracks at high Lﬂdentat%om loads were not observed. Cracks
remain of medlan / radlal type at gll load range. Thus it can be

concluded from these photom;croQMgphs that Vickers indentations
il

produce two types of crack into the surface of cattle bone material :

(i) the near-semicircﬁiér'median / ra d1a1 cracks forming on the two

4 mutually orthggonal median planes of symmetgy defined in each case by

the indentation axis and one of the impression diagonals, centered

on the contact point, (ii) the lateral cracks forming nearly paraléél
to the surface ané centered beneath the contact zone. The lateral
cracks-are less., penetrative.than. the' median./ radial crack. Accordingly
these‘damage patterns of cattle bone material reflect the mechanics

of formation of naturally occurring surface cracks which have surface
contact history (see Sect. 1.2.2).: In addition, the median / radial
crack syétem which is more penetrative than the lateral crack system

relates to strength properties of cattle bone material whereas the
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SO/Am
Fig..310 Thé subsurface 'crack profile'in the cattle bone material

indented.with 50 N,.x 50.
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lateral crack system which can deflect towards the surface and

cause material removal relates to its surface wear and corrosion.

3.3.2 Indentation Load Dependence of Impression Half-

Diagonal and Radial Crack Length

Dimensions of 1mpre551ons half-diagonal, a, and radial
crack 1ength, c, measured from damagé patterns such as that in
Flg, 3.8 are plotted as-a function-of indentation load P in Figs.
3.11 and 3.12, Data were taken over as wide a range of indentation
loads as p0351b1e,s11m1ted at 1ower loads by crack initiation and at'
higher loads by fpﬁntaneoué fa%iﬁre during indentations. The dimension
of impression haigﬁaiagohéldforaeéch-indent was measured as averages
over the two half—diagonalaﬂand;the radial crack length as averages
over the four radlal.traceg. Eadhﬁdata point in Figs. 3. 11 and 3. 12

Pk ’__,u

represents the mean and standard?&é%xatlon of ten indentations. ' The

f -_‘- S

'l

results illustrated in Figs. 3.11 and 3.12,have established that the

-

dimension of i&;;ession half-diogonal in cattfe bone material follows

the 1/2 power dependence of indentation load and the radial crack

length follows; the 2/3, pover ;dependence; of indentatiop load. Thus

the above obtained'dependences of a and c on P imply that Egs. (3.4)
and=(3%2) are the .equations to| bejused for|evaluating hardness H and
toughness Kc for the cattle bone material, respectively.Figs.3.13 and 3.14
resummarize the results of crack and impression half-diagonal :

3/2

measurments as plots of P/a2 and P/c as a function of indentation load

P and the fitted lines are the means over all indentations. It can
be seen from such plots that the mean values of P/a2 = 1.87 GPa and

3/2 1/2

P/co = 8.20 MPa . m . From Eg. (3.4) along with the mean value.

2 "
of P/a”, we obtain H = 0.93  GPa for cattle bone material. Using
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Fig 3.12 Radial crack length as a functionpof indentation load.
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Eq. (3.7), Kc can be evaluated after replacing the values of éR}

E, H and P/c°3/2.. For Vickers indenter, Antis et al. (10) established

a value, gR = 0.016, by calibrating indentation parameters with
fracture toughness measured by conventional fracture mechanics

techniques. Using Anstis et al. calibration value of éR along with

3/2

E =0.30 GPa, H = 0.93 GPa and ;pefﬂfan value of P/c° yields

Kc = 0.07 MPa. m1/2 for cattle bo;é”ﬂaterial.
-

|

3.3.3 Post-indentation(Slow Crack Growth

- i

#

Di ’nsions of rédial crack length c, measured as

x"_'.a'

averages over the four radlal tgaces are plotted as a function of

time after completion:of 1ndent§tlon loading cycle (Fig. 3.15).

The result shows tnét there was- a cdnsxderable extension of the newly
' n‘
: =¥ /N
formed indentation crack by slow erafk growth from its initial crack size,

- =

_.

¢,» as the time ‘increasing-and q?§5¢ffectively saturated at cé at
= o

the time which-was more than two hours afterithe completion of the

o i > »
indentation event. The final crack size co»was almost two times of

the equilibrium indentation crack size, c,-

Such observed post-inéentation slow crack growth show
that the radial crack in cattle bone material is accompanied by the
resi@ual stress causing ghe radial crack to extend/slowly in response
to the moisture and the residual stress at subcritical stress level.
In addition, this investigation demonstrates that in the aﬁéi&sis of
indentation - controlled strength data of cattle bone material’which
will later be made, the effect of residual stress needs to be takeg

into account. Furthermore, the measured radial crack sizes used in

evaluating KC of cattle bone material previously (Sect. 3.3.2) are
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not the true equilibrium crack size, Cy» therefore, Kc deduced
from radial crack length measurements is subjected to considerable
error due to the sensitivity of cattle bone material to post-

indentation slow crack growth.

7
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