CHAPTER IV .

STRENGTH PROPERTIES

Having investigated the nature of Vickers-produced cracks

in cattle bone materials, we wili!@pwruse them as strength contralling

-

cracks. Accordingly a two-stsr prbcéaure forms the basis of the test

used in this study of’strengt& properties of cattle bone materials :
the specimen is fff loaded d}th a Vickers indenter to 1ntroduce a'
median / radlalu;;?Hi.into xhe snrface, and is subsequently taken to
failure.in a fo

g;ﬁﬂ qt benainggtest. This procedure, together with
e

th theory (27) in which the influences of

PR i

a very current st
residual contact reéses as wel%ﬁas the microstructural driving
stresses, are exp11c1tlyfggCOgn1zedfeill be used to establish a mean

A g S = : : :
for evaluatingﬁcattle‘boﬁe?materiéib*ln stress-bearing applications.
3 £E |

4.1 Theory of‘égilure from Radial Crack Uné?f Equilibrium Fracture

Conditions™

A ‘schematic diagram of the indentation| failure sequence is
given in Fig. 4.1. Accordingly for eguilibrium pennylike cracks of
characteristic subsequently subjected to an applied tensile stress

c{a » the stress intensity factor K is as the form

K =K +K (4.1)
a r

wher Ka and Kr represent corresponding contributians to the net crack
driving force from the applied loading and the residual contact

fields. An expression of Ka corresponding to the radial crack system
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Fig. 4.1 Schematic of indentation 7 strength sequence.

(a) Vickers indenter, peak.load P, generates radial
crack characteristic dimension c/ (value'c / immediately
after contact, with post - endentation extends to c;

if exposed to reactive environment). Dimension a, ¢,
and d characterize scale of central hardness impression,
radial crack, and microstructure "grains", respectively.
(b) Tensile field 63 combines with residual contact

{ field to drive crack to failure configuration.
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oriented normal to the applied tensile direction is

1/2 !
k = N16; c (4.2)
where Y is a dimentionless crack - geometry constant. An expression

for the residual stress intensity factor is

& 3/2
K. =X_R2J /) (4.3)

.«"'
4

where X} is a dimentionless cbnstant which characterize the level of
o

the residual contaet field and its magnitude depends on the E/H ratio

xf’gﬁ (E/H)‘/z' (4.4) .
where éR is a mat 131 - 1ndepéhdent constant for Vickers - produced
meéianj / ridial#éraéks 1Sgct,5}:1.3).

F J i id

¥ 1.7 .-___,) i
Thus the cf1terlon for eﬁplllbrlum fracture may be written

(Sect. 3.1) F s

x_\lfé ‘/2+x P/‘3/2 KL:

-
=

(4.5)

Here the effect1ve toughness K is used for tﬁe term on the right
side of Eq. (4.7) in order to allow for the'dependence of toughness
parameter~énj the) ratio)ofpcrack «size\ | to] grain size d. According to

Cook et ali (27) K; can be expressed as

K N
LT S0
w
= K_ -/ug/ : (4.6)

o

where Kc is the macroscopically determined toughness appropriate to
the material response wiith crack size laxge compared to its grain size
and the quantity /pQ has the interpretation of a microstructural

driving force.
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Egs. (4.5) and (4.6) may now be combined to give the stress

intensity factor for equilibrium indentation cracks,

K=K +K +K
a r m

B 1/2 e SE L
_Yéa c + (X P +/MQ)/c =K (4.7)

C

Egs. (4.7) may be solved for applied stress da as a function

of crack size, v _,»-’*’é,d

1#.

1/2 3/2

6, = (K:/lfc ) - (xr P +/uq)/x°° c (4.8)

The stre,pgﬂ:;,/ load ctixaracteristics are obtained by determining

the condition fot/instability in the function 6 (c) from Eq. (4.8).

By virtue of th; 1x}verse dapendence on ¢ of the second term in Eq. (4.8)
\ 4
radial crack groys s,éably at 1t"s final stages of evolution, producing

the precursor grov;éh charaqterlsﬁc before failure.

F —
i
In the limit of large crﬁhs, i. e.X. P >> /«Q, we may
ﬂl j h'-.a
approximate qu (4. 8) as £
! -:, 3
6, = (l( /llfc1/2) [1-‘XtP/K: cyi] (4.9)
which passes tl';'ough a maximum at N
P ® 172
6m =3 K] /41}fcm (4.10)
2/3

©
= (AXr P/Kc) (4.11)

It is noted that the superscript P is used to denote an

indentation - controlled region of behaviour. A plot of the function

6a(c) in Eq. (4.9) is shown in Fig. 4.2 for nonzero and zero xr. For
an initial crack size ca the two cases represented have totally
different failure paths. Path 1 is the Griffith limit in which

failure occurs spontaneously at ('(a = ¢ I‘o =K /(\{ 1/2. Path 2 is
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Fig. 4 2 Plot of functlon,d (c) in Eq. (4.9) for radial cracks with
and without residual contact stress. Curve 1 and 2
indicate respectively paths to fail under equilibrium

fracture conditions.
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distinguished by a stage of precursor radial expansion, from c(')
to S prior to the system reaches an instability at 6a = 6::, which

defines the inert strength. Eq.(4.10)thereby give the inert, residual

-stress - sensitive strength and the substitation of Eq.(4.11)into (4.10)gives
o 4/3 4/3 1/3

P
6m_3Kc

b4 (X P) (4.12)

Now in the opposite limi‘tfr-‘of small cracks, i. e. 'X. P <</aQ,

”
a solution of identieal form to Eq.A (4. 10) may be written,

o0
69 - 3 kg _4*""/‘:.4/31}r (/uQ) (4.13)
with the superscr:,pt Q denotu;g a microstructural - controlled region.
Fig 4.3 shows Eq%,#’(4.12) and (4.13) as straight lines in (logarithmic)
?n (P) coordinatz;sfu.':v The 'lin;:er;fction point at P = P in this plot
convveniently delifnadtes_ th‘e‘” two‘?_regions of behaviour. It is noted

that be equating 6 and 694 we obialn

- (4.14)

* 3 s il L ;
where P is an.analogou ra¢es the microstructural
- |
s J -

driving force.;' "

Substituting“Eq. (4.14) for/MQ into Eq. _(4.8) gives the

general strength~/ load characteristics as

QF &AM Es e Y& was)
which passes th?ough a maximum at

SR G S e B (4.16)

ey = (4% (e + 1)/ )23 (4.17)

The Eq. (4.16) gives the corresponding critical applied stress

which defines strength and Eq. (4.17) gives the critical crack size at
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instability. A plot of this gene ion is included in Fig. 4.3.

4.2 Basic Experimental Techniques

The four - point bending test was selected as a means for
measuring failure stresses of the indented specimens. Such test
obviated the need for uniaxial tensile testing, with its attendant
gripping and alignment problems.. T;ﬁs;the specimens and the four -
point bending fixture used iﬁJthis study were designed so that precise
measurements of fa;lura stresses could be obtained.- The four - point
bending fixture yas chosen tofbe constructed suitable for specimens in

the form of rectaﬁgular shape.‘ Accordlng to ASTM specifications (31)

(1) the separatlgn of the lOadng edges should not be less than 19 mm

oy
i il Y
moment arm or separation of adjacgg} suppert and loading edges should
Nt 423 44

and at least three'timeé'the thiékhess of the specimen, (ii) the

be greater than the width of the specimen and at least four times the
it ey T

thickness of the specimen. Thus the specimén§ were prepared in the

form of bars Of dimension 63 mm x 7 mm X S;Qﬁ“and 60 mm x 6 mm X 5 mm
at sintering temperature 1250° c and 1345°'c, respectively, and the
four - point bend;ng fixturd) Wwas constructedand set up as shown in
Figs. 4.4"and 4.5, with an inner span of 19 mm and an outer span of
60 . mm-. The loading was obtained By connecting thc)loading fixture
intd the underside of the crosshead of a Shimudzu testing machine and
seating the loading support on a compression load cell (maximum load
100 KN). The test fixture was designed to allow for the symmetrical

alignment of the axes of the loading fixture and loading support.

The bar specimen was indented midway along its length (Sect.

3.2), with symmetrical alignment so as to produce radial cracks




Fig. 4.4
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Illustration of components of the four - point bending
fikturerdesignéd| and «Constructed in @ccordance with

ASTM specifications.
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.~ FigM4.s Schematic of bend fixture. (a) Specimen at A is
ma nd_ £ (a) Sp |
o WIANT Fie HVEABRE T = moacpencenay
9 o ‘rotatable hardened steel ways (lower pair indicated
at C) support the rollers and are free to pivot

about bearings, one of which is indicated at D.;
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perpendicular to the subsequent applied tension. The indented
specimen was then mounted on the loading support with the indented
face on the tenside side. The specimens were finally loaded to

failure at preselected constant - displacement rate, with the applied

_load recorded on a chart recorder. The failure stresses (strengths)

‘were evaluated using simple beam theory (30):

G = 3 -1 /532 ‘ : (4.18)
-t
where Q is the failure load, b the specimen width, d the specimen

thickness, lo and li the outeﬂiand inner half - spans of the four-

point bending fi%tgte, respectively.

—_ it
Ilpl 3 '
4.3 Experiment f

FRAS 44
# 4

i - "-‘
4.3.1 Exploratory. Tests/.

e J,J

=

(a) Effect of Stress Rates on Strength

= i“'-'m _:J =iy

4

24 It has been indicated ifi-Sect. 3.3.3 that the

¥

cattle bone m;i;rial is highly susceptible-to moisture - assisted
slow crack growgh. In order to obtain itsméquilibrium strength data,
the effect of moisture - assisted slow crack growth must therefore be
minimized during strength tests. This may be done by performing
strengtb tests in oil.) Furthermore a suitable stress. rate should

be selected : if the stress rate is too low, an appreciable slow
crack growth effect will occur ; on the other hand if the stress rate
is toc high; the dynamic effect will take place. Thus in order ;o be
able to select the most appropriate stress rate, which make the oil

environment being effectively inert, strengths of the indented

specimens were measured as a function of stress rate. A fixed
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indentation schedule was adopted so that a consistent starting crack

size was produced for all specimens : each bar was indented in air at

S
its center with a Vickers indenter at a peak load of P = 10 N and was
left in air for more than 60 min to allow for saturation of post -
indentation slow crack growth (Sect. 3.3.3). Immediately before
commencing four - point bending tests at a prescribed crosshead
speed (Sect. 4.2), the indentation site was covered with a drop of
immersion oil. Fig. 4.6 shows strength behaviour of the 10 N indented
4
30 |- . . .
¢  broken from indentation sites
X broken from pre-existing flaws
20 - -
2 e -&
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Fig. 4.6 Failure stress as a function of corsshead speed of the
crosshead testing machine. Each data point represents

the mean value strength of at least 5 tests.
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cattle bone material as a function of crosshead speed. Each data
point represents the mean and standard deviation (at least 5

specimens) at each crosshead speed.

The results summarized in Fig. 4.6 demonstrate
that an appreciable moisture - assisted slow crack growth takes
place at stress rates corresponding, to crosshead speeds below 1.0 mm

m.in‘1 and an appreciable dynamical éffect at stress rates correspon-
o
ding to crosshead speed above 12.0 mm min~. Strengths tend to be

a plateau at stress pates corresponding to-crosshead speed between
1.0 and 12.0 mmaﬁinfl. THus this range of stress rates tend to be

the most appropgfa;é to be use&*for inert strength tests. In the

present work thescrqssheadCSpeéa of 2.0 mm min-1 was chosen to

deliver stress in /the 1nert stréqgth tests.
i Sl

(b) Effbct of Surf&ée Finishing on Strength

1 ,.l,, .

It has been found in a qide range of ceramics

| that the strengths for as - machined surfaces:were considerably

higher, by 50 %, than those for as - polished surfaces (32). The
results were interpreted in terms of a.residual compressive stress
layer in ‘the initi;l machined surface. “Such a surface - stress

layer will complicate.the strength .analysis and-will dead to
significant errors in the evaluation of material parameters if it is
not taken into account properly. Therefore to ensure that cattle

bone materials used in the strength test runs free of any pre- exXisting
surface stresses, preliminary sests were made on the following
surface finished specimens : 1200 mesh SiC paper ground surfaces,

2.5/um diamond paste polished surfaces, 1/um diamond paste polished

surfaces.
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Similar to the exploratory test of stress rates
on strength, a fixed indentation schedule, in which a peak load of
P = 10 N was used to introduce a consistent starting crack size into
all specimen surfaces, was adopted (Sect. 4.3 (a)). The indented
bars were subsequently broken in the four - point bending tests at

a crosshead speed of 2 mm minT {Sect. 4.2).

The results of the strength tests are plotted
v
in Fig. 4.7. Each data point represents the mean and standard

deviation of at d@ast three specimens broken at the indentation

sites. L
a

The systematlc decrease in strength from 21. 2%2.0

MPa to 14.3%0.03 MPa as the surface flnxshlng changes from 1200 mesh

SiC paper ground surface to 1/umjdlamond paste polished surface
demonstates that residuhl_gompressgbe stresses have been introduced
into the surfaces of cattle bone material during grinding with SiC

b .

papers and sdéﬁicompress1ve stress layers WG%? removed with progres-

sive removal of;Qrinding damage layer by a Polishing procedure.

Thus it can be concluded from these data that grinding damages do
strengthen cattle béne material.; However, as we wish to evaluate
toughness parameter of cattle bone material from the indentation-
contrélled strength data, the' surface (ofl specimens uéed in such tests
are therefore polished down to 1/hm diamond paste with considerable

time to ensure that no pre - existing surface - stressed states

exist.
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4.3.2 Procedure and Results

- With the data obtained in the exploratory tests
(Sect. 4.3.1), we are now in a position to run a proper indentation -
controlled strength tests since such data provide a means to prepare
the most suitable surface finish of test materials (1 um diamond
paste finish) and to choose the mast appropriate cross head speed
(2.0 mm min“‘) used in delivering stresses onto the indented
specimens in oil environment. Moreover, in order to be able to

4 deduce the MCroé_gﬁétural efélect on strengths of cattle bone
materials, two se";Sof éattle bone materials sintered at 1250° C
and 1345° C we'r: c)iosen as ;:es(g materials. These were specimens of
minimum (0.6 ym) griAan' s,izl_és ang';ma‘;dmum (6 um) grain sizes that

i "
could be prepared withoutithe od,a‘fhgrence of second phase material
F s i =g
. P e ol
(Sect. 2.2.2). g —

e T

7 \A series of strength tests wa_{s,run for the two sets

w |

- of specimens 51{e_r the widest possible range-_‘“o'f. indentation loads
(Sect. 3.2). Ed&ch test piece was polished wWith a series of grit
sizes of Si & papers (8005 1000 ;21200 mesh) andtdiamond pastes (2.5,
1 um). By this means, smooth surfaces 1 um diamond paste finish
were cbtained} , (When the polishing process| was c;mpleted, each
specimen was indented midway along its length of its prospective
tensile surface with a Vickers indenter at a prescribed peak load
usi'.ng standard loading facilities (Sect. 3.2) and with symmetrical
alignment so as to produce radial cracks perpendicular to the
subsequent applied tension. The indented specimens were then taken

( to failure in four-point bending and simple beam theofy was used to

evaluate the corresponding tensile stress on the crack (Sect. 4.2).
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The average interval between mdentation and bending was about 2 hrs,
during such time the cracks were exposed to air to allow for saturation
of postindentation slow crack growth. During the bend test, the
indented sites were covered with a drop of immersion oil and a
crosshead speed of 2 mm min_1 was used so that fracture occurs under
essentially equilibrium fracture conditions (Sect. 4.3.1 (a)). All
broken specimens were examined ¢ptically to confirm that failure had
occurred from the indentatioﬁJsite;.a few specimens broken from other
ovigin s (more frequently at reiatively low indentation loads where
pre-existing flaws dom:mate) Jhm‘l these were duly deleted from the
data accumulatlgn; Logarlthmlciﬁlots of the measured strength as a
function of indentation foad aéb shown in Fig. 4.8. Each data point

' |

represents the mean and’standaraﬂaéviation of three specimens breaking

from indentation crack at 3 precrkbed load. The inclined solid lines

', .-.-_‘,

are least - squares best Ilts to the mean value of quantity of 6!’

computed oveg-gll specimens 3 contalnlng re;§;1vely high load indenta-

. w : -
tions for each .set of specimens. At low loads, a strength plateau
occurs, indicating a region of behaviour which is microstructure

controlled.

An additional method of recording crack configuration
nedr the point 'of failure was also used in the strength test. This
involved plac1ng additional identical indentations along the longi-
tu§1nal center-line in the tensile face, loading the bar to faiilure
and finally examining the indentations which had survived each bar
failure. Accordingly three 10 N indentations were made within the

inner - span region of the cattle bone bars, with each indentation

spaced 2 mm from its neighbours to avoid intersetion effects. Such
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specimens were then loaded to failure in four-point bending. From
the investigations show that fracture originated from the central
indentation whereas other two indentations survived. Also the

radial cracks of the remaining indentations which perpendicular to
the tensile bend oxis areseen to be longer about 50 % than those
parallel to the tensile bend axis. This indicates that the radial
cracks perpendicular to the tensilé bend axis experienced the applied
tension and extended stably without failure whereas those parallel to
the tensile bend axis were unaffected by the bending. This evidence

‘l
of stable crack growth demons%rates the importance of taken into

account the influence of qui@gal contact stresses, which accompany
the indentation grack of”cattl@ bone material, into strength analysis.

In addition, the radial cracks perpendicular to the tensile bend axis

i ¢
ild s
must have been taken very close.tnﬂ%he instability configuration , and

-t ]
E—

accordingly provide a measure oﬁ?haximum crack size g before failure.

e I

The value of e! is useful in the evaluationqu some fracture parameters,

e.g. the crack - velecity exponent (33).

4.4 Discussion

The toughness Kc which is an important fracture parameter
for) ceramics may be evaluated from direct indentation”- crack
measurement data and is obtained.to be 0.07 MPa.m1/2 for cattle
bone material. Véo;ever, the exposure of the newly formed fracture
of the cattle bone material to a reactive enviromment (Sect. 3.3.3)
may result in considerable extension by slow crack growth, making

the value determined somewhat less than the true Kc. This error is

< difficult to avoid. The indentation / strength method overcomes
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thei problem due to post - indentation slow crack growth. This is

because the equilibrium strength of the indented flexural specimen
is independent of the initial indentation crack size. Accordingly,
the post - indentation slow crack growth has no consequence on the

equilibrium strength.

From the investigation of the effect of surface finishing
process, the result shown inhfig. 4.7‘indicates ﬁhat the material
is less immune torstrength degradation from post - preparation
contact events When their suriaces are prepared with a felatively
smooth finish, iiAe. polishingLQan to very fine diamond paste.
On the other hand, the g;;ﬁain§“g?ocess finished with SiC paper
lead to the presence Qf a sﬁrf;qe compression layer which may be
regarded as the cu@ulatiyé mani%égéation of a vast number of related
indentation events, suéh<that nqié?ﬁoring residual contact fields
show the overlapping;'fﬁoﬁever,;ékégébmpresgive stress will generally
leads to a gre;ter—mnptexfty—tn—crack—mspense and the determination
of the appropriéte stress intensity factorxfor fracture mechanics
analysis. Therefore, any pre-existing surface stress is preferably

removed before mn ‘attempt to evaluate [fracture parameters using

controlled surface crack has been made.

l

The evidence of stable crack growth, which is appeared on
the surviving intentations on the bar demonstrates that the simplistic
Griffith concept of the residual stress-free crack, in which failure
occurs spontaneously at some critical stress (See Fig. 4.2),is ‘mnot
applicable to the analysis of strength behaviour of cattle bone

material containing indentation crack. Thus, the residual contact
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stress has been incorporated in the fracture mechanics analysis in
order to provide a reliable fracture parameter which can reflect

the appropriate strength properties of cattle bone material.

In the conventional method, fracture mechanics measurements
are made on large - scale crack specimens. In the indentation
method the size of the cracks can be varied systematically via the

indentation load, thereby allowing f6r controlled progression from
o

macroscopic to micrescopic domains. - Accordingly the strength data
of cattle bone matéfials as a function of indentation load reveal

their strength aéfaﬁfqngtiqn df'grack size relative to grain size.

.

o 4
The microstructufayfégfect on their strength properties can thus be

4

observed. From Bhe;fesult;éhoﬁﬂ in Fig 4.8 (Sect. 4.3.2), the
" "4 . .* -')'i| #
intersection pointiatt P = P cogﬁgniently delineats the two regions

i i il

of behaviour : the i%déntation -Eédﬁtrolled region in which the

—

crack responsible for failure are large compared to grain size, and

the microstrugture - controlled region-in-wihith the strength -
W /

B

controlling cratk is of the same order as the grain themselves.

The deduced touéhness which is used to desé}ibe equilibrium fracture
processes ‘in the-indentation + controlled region will be represen-
tative for'the macroscopic .toughness, K:i An expression for K:’can

be obtained from Egs. (4.10) and (4.11), making use of the difinition

of X_ in Egs. (4.4).

" R 1/8 ,,P _1/3.3/4
Kc =1, (E/H) (émp ) (4.19)

R . ; : £ o]
where qv 1s another nondimensional constant characteristic of the

indenter geometry. Chantikul et al. (11) established a value,

R 3 R 1/4
n, = (2563 fv /27) = 0.59
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for the standard Vickers indenter by calibrating indenter crack
strength data on ceramics of known toughness. Using Eq. (4.19), K
deduced for cattle bone material with 6.0 um grain size and 0.6 um
grain size are 0.18 and 0.20 MPa m1 /2, respecitively. When
microstructure effects are present, Eq. (4.19) retains its validity

only in the limiting region of large P. Recalling Eq. (4.16),

we may expressed in the other two fbrms as

grmee W3 pep 2yi/3
éi p”f / (pap )13 (4.20)

!

It will be noted from Eq (4.20) that of the three measurable material
4 ’

Wy s [ *

constants 6Q AP 4 @and'P ’ only two are recg.xired to provide a

unique determination ©f. the strength characteristics in Fig. 4.8.

'.

e di -
It becomes apparent that tbb macroscopically determlned

—

toughness K is insufficient for',fdeseribing strength properties at
the nucrostruct.ural_lexel,_.’me _strangths_in 'the plateau region

are s1gn1f1cant1y lower than those obtained hby extrapolations from
the high load, indentatlon - controlled region. In this study, the
coarser grain cattle bone-material shows the relatively pronounced
plateau. Thus in the present experiments, it is the cattle bone
material sintered at 1250°C which by virtue of its| finer microstruc-
ture, has the superior response in the low - loaded region. However,
the plateauy strength themselves may constitute the most suitable
design parameters, not only because they relate directly to crack

behaviour in the domain of naturally occurring cracks but also

because of their insensitivity to extraneous contact - related events.
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Finally, it is particular importance to point out that
although the indentation cracks are artificially introduced entities,
there is considerable evidence to demonstrate that they do indeeci
simulate the essential qualities of naturally occurring surface

cracks in ceramic components (12). Therefore, the sharp - inden-

egarded as a representative model

of the typical individual « / ‘/’; encountered in practice of

mto the living system).

cattle bone mate
The results s
with the sevefi
allows for app: T; -‘ .' 10 e S b‘ ength degrading characteris-

tics for cattle
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