JOURNAL OF MATERIALS SCIENCE35 (2000)6065— 6074

Microstructural aspects of the fracture process in
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Fracture toughness tests were conducted in the transverse and longitudinal directions to
the osteonal orientation of human femoral cortical bone tissue to investigate the resulting
damage patterns and their interaction with the microstructure. The time history of damage
accumulation was monitored with acoustic emission (AE) during testing and was spatially
observed histologically following testing. The fracture toughness of the transverse
specimens was almost two times greater than the fracture toughness of the longitudinal
specimens (3.47 MNm~3/2 vs. 1.71 MNm~3/2, respectively). The energy content of the AE
waveforms of transverse specimens were greater than those of the longitudinal specimens
implying higher fracture resistance in the transverse crack growth direction. The results
showed that the propagation of the main crack involved weakening of the tissue by
ultrastructural (diffuse) damage at the fracture plane and formation of linear microcracks
away from the fracture plane for the transverse specimens. For the longitudinal specimens,
the growth of the main crack occurred in the form of separations at lamellar interfaces. The
lamellar separations generally arrested at the cement lines. Linear microcracks occurred
primarily in the interstitial tissue for both crack growth directions. © 2000 Kluwer
Academic Publishers

1. Introduction were conducted in the transverse and longitudinal di-
The fracture process in composite materials occurs agections to osteonal orientation to investigate the effect
an accumulation of microscopic cracks followed by of microstructure on the fracture resistance of cortical
their coalescence into macrocracks [1,2]. Like syn-bone. During testing, the time history of the formation
thetic composite materials, damage in the form of mi-of damage and growth of the main crack was monitored
crocracks has also been observed in cortical bone folwith acoustic emission and spatial information about
lowingin-vivoorin-vitro loading [3-6]. The location of damage was evaluated by histology following testing.
these microcracks within the microstructure of cortical
bone has been extensively investigated [7, 8] and the
degradation of the material properties of cortical bone2. Materials and methods
due to microcrack accumulation has been demonstrate@dortical specimens were obtained from the diaphyses
[4,5,9-11]. However, the manner by which micro- of the left and right femora of a 53 year old female
cracks coalesce, grow and interact with the microstrucedonor (Musculoskeletal Transplant Foundation, Edison
ture in relation to fracture of cortical bone tissue is notNJ) who had no known skeletal pathologies. Wafers, 3
well understood. Gaining insight into microcrack coa-mm in thickness, were cut in the longitudinal-tangential
lescence and growth is integral to the understanding gblane of the diaphysis using a low speed saw (Buehler,
the fracture of human cortical bone. Furthermore, thd_ake Bluff IL). Compact tension specimens were then
fracture of normal bone tissue needs to be understoomhachined from the wafers. The specimen widit,
to understand fractures due to aging, exercise, over-usgas 14 mm and the crack length to width ragg W,
and disease. was 0.25 (Fig. 1). The notch was machined either par-
The objective of the current study was to investigateallel (longitudinal,n = 3) or perpendicular (transverse,
both qualitative and quantitative aspects of the coalesh = 4) to the osteonal orientation with a low speed saw.
cence and growth of microcracks, as well as their in-Grooves were machined on both faces, leaving 1.5 mm
teraction with the microstructure to provide additional thickness between the grooves (Fig. 1). Each specimen
insight into the mechanisms of fracture of human cor-was precracked using a razor blade attached to a micro-
tical bone. For this purpose, fracture toughness test®me (American Optical Co., Buffalo NY) via custom
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toughness tests confirmed that all cracks propagated at
least 8 mm#& =115 mm, Fig. 1) in all specimens.

The critical stress intensity factdk¢) was calculated
from the load-displacement curve, as reported previ-
ously by others [13, 14]. The critical stress intensity
factor (Kc) was defined as:

Pe
Ke= gz f(a/W) )

Where

Figure 1 Schema of the grooved compact tension specimen.

W =14 mm,a/W =0.25. B,g= 3 mm andByg = 1.5 mm are the un- f(a/W) = (2+a/W)"(0.886+4.64a/W

grooved and grooved thickness of the specimen, respectively. _13 32a2/W2 +14 72a3/ W3
—5.6a%/W*/(1—a/W)¥? 2)
made fixtures. The razor was aligned with the plane of
9 P B = (ByBug)"/? (3)

the groove and the specimen was precracked jimb
increments along a distance of 506. The specimens . . i .
were kept wet in distilled water during all machining WhereP; is the critical loada is the initial crack length,

and preparation stages. The specimens were kept froze§ IS the specimen width,q is the ungrooved speci-
in distilled water until testing. men thickness, anf is the grooved thickness (Fig. 1).

P. was obtained by taking the intersection of the load
displacement curve with a secant line through the origin
having a slope that was 5% less than the slope of the ini-
tial linear portion of the load displacement curve [12].

Prior to fracture toughness testing, two acoustic emisAverage Ke values for the transverse and ang|tud|-
sion (AE) transducers (T1 and T2, Fig. 2) were Cou_naI groups were compared by the Mann-Whitney test
pled to the specimens with cyanoacrylate glue. Thép< 0.05).

specimens were loaded in a servohydraulic testing ma-

chine (Instron, Canton MA) at a displacement rate of ] } }
0.09 mm/min using fixtures that conformed to ASTM 2-2- Histological evaluation _ _
Standard E399-90 [12]. The specimens were kept We.lfollowmg mechanical testing, specimens were fixed
throughout testing using a continuous saline drip atamin 70% ethanol overnight and bulk stained in 1%

bient temperature. AE signals were amplified 40 dgPasic fuchsin [15]. Specimens were embedded in
(PA1 and PA2, Fig. 2). The amplified signal was sam-Poly(methylmethacrylate) and sectioned to 2aM

pled at a rate of 8 MHz using an AE data acquisitionthiCkness using a d_iamond coated saw. The sections
board (AEDSP 32/16, Physical Acoustics Corporation Véreé glued to acrylic plates and ground to 1M
Princeton NJ) and recorded on a personal computer ifflickness. Final polishing was performed with.in

real time. The threshold of acquisition was set at 45 dg?iamond suspension. _

to eliminate false triggers due to extraneous noise. |f€€ sections were obtained from the transverse
Loading was stopped when the load value dropped beiPecimens: one section was taken as close as possi-

low 10 N for the longitudinal and 30 N for the transverse P!€ 0 the fracture plane; and, two sections were taken
specimens. Histological observation following fracture 0-85 mm above and 0.85 mm below the fracture plane
(Fig. 3). Five sections were taken from the longitudi-

nal specimens perpendicular to the crack propagation

Load L

2.1. Fracture toughness testing and
acoustic emission
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Figure 3 Location of histological sections taken from the compact ten-
sion specimens. All sections were taken transversely to the osteonal
orientation. A top view of the sections is shown on the right. The shaded
regions show the areas that were histologically quantified.

Figure 2 Acoustic emission test set up.
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direction every 0.85 mm, starting from the crack tip

(Fig. 3). Thus, for both specimen orientations, the sec-

tions were taken perpendicular to the osteons. smpine | ||
Microcrack counting was performed manually us- L—:”*.T

ing transmitted light microscopy at 2@0magnification U | T L Tirea
for the sections from the transverse specimens and & .-_.ﬁ..J JJJ«

100x magnification for the sections from the longitudi-

nal specimens. Different magnifications were required i Tomal s s -.,-_I,I'.,m

to accommodate the differences in the crack lengths

. . . Tsiol srmrgy B[ 6fdki
between the transverse and longitudinal specimens. ‘-"r“

The microcracks that were counted were defined as ik vt i P *1]||;\'||'Il'r
linear (or curvilinear) structures showing increased dYegagarn Faramesers ;
penetration in comparison to the tissue surrounding T i e ='";||"=:“11-J|JF.-
them. Macroscopically visible cracks were not coun-
ted, nor were submicroscopic cracks below the reso- | ood cber armplnate rorvent A7 '.eullf'a_- (4]
lution of the magnification at which the counting was % ool -
being conducted. Thus, microcracks were defined a: 0 S i "*"",."-r A
cracks that were visible at the microscope eyepiece at
the given magnifications. Figure 4 Schema of an AE waveform (or hit) and the extracted wave-

formfeatures, i.e. amplitude, duration, rise time and counts. Based on the

The number of microcracks for each section Wasextracted waveform features, the envelope detected waveform (EDW) is

counted in the _regions highlighted in Fig. 3. For the constructed. The six pattern parameters characterizing the shape of the
transverse sections, the region was evaluated by countbw are obtained by integration.

ing microcracks in 15 contiguous fields. For the longitu-
dinal specimens, the region was evaluated by counting
microcracks in 8 contiguous fields. Microcrack count- A®, EW, A@ E@. The waveform features of am-
ing was not performed on the fracture plane sectionglitude, duration, and rise time are accounted for in
of the transverse specimens due to excessive damagtge pattern parameters, and were thus, not included as
however the fracture plane sections were qualitativelyariables. The total amplitudedr, was also not in-
evaluated. cluded as a variable because it is highly correlated with
Three types of microcracks were classified on the bathe total energyEr. The EDW’s recorded during the
sis of their location in the microstructure: microcracksfracture of the transverse and longitudinal specimens
within the interstitial tissue (IT); microcracks within were pooled for each orientation and observations hav-
osteons (O); and microcracks along cement lines (CL)ing similar pattern parameters were grouped together
The number of microcracks for a section was dividedby K-means non-hierarchical clustering of observations
by the area of observation to obtain the numerical denaccording to McQueens algorithm [17]. For this study,
sity of microcracks (Cr.De., #/mfh Differences be- the EDW's, were grouped into three clusters for each
tween the microcrack densities for the three differentcrack growth direction (T-1, T-2, T-3and L-1, L-2, L-3).
microstructural locations (IT, O, and CL) were deter- Statistical significance of the difference between clus-
mined by the Mann-Whitney tesp(< 0.1). ters was determined by multivariate analysis of variance
(Wilks test, p < 0.05). Differences between individual
variables between clusters were determined by univari-

2.3. Identification of failure modes by ate analysis of variance (Tukey’s multiple comparison,
clustering of acoustic p < 0.05).

emission waveforms

Using MISTRAS software (Physical Acoustics Corpo-
ration, Princeton NJ), four waveform features were ex-3. Results
tracted: amplitude (AM), counts (CO), rise time (RT), 3.1. Fracture toughness and
and duration (DU) (Fig. 4). A triangle, referred to as acoustic emission
an envelope detected waveform (EDW) [16] was con-The fracture toughnes&g, of the transverse and lon-
structed by using the four waveform features (Fig. 4).gitudinal specimens were.47+0.40 MNm~%/2 and
An EDW approximates the shape of the waveform in1.714 0.37 MNm~%/? (meant standard deviation), re-
terms of waveform features. Six pattern parameterspectively. The fracture toughness of the transverse
were then calculated for each EDW: total amplitudespecimens was significantly greater than that of the lon-
(A7); total energy Er), 1st order amplitude and en- gitudinal specimensg < 0.05).
ergy momentsAW) and EW), respectively; and 2nd  For both the transverse and longitudinal specimens,
order amplitude and energy momern#é?) and E®),  the first AE waveform or hit generally occurred prior
respectively (Fig. 4). Pattern parameters were utilizedo the peak load at which crack propagation started
to define the shape characteristics of a waveform, suctFig. 5). In both crack growth orientations, as the crack
as the symmetry A and E®) and the peakedness frontadvanced, the load decreased and the total number
(A andE®) [16]. of AE hits increased (Fig. 5). The load history of the

Each EDW was treated as a single observation thatansverse specimens was marked by sharp stepwise de-
was defined using selected variables taken from thecents in load that were closely linked with sharp step-
waveform features and the pattern parameters:E5Q, wise increases in the total number of AE hits (Fig. 5a).
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150 - 125 3.2. Histology
195 E 0 3.2.1. Transverse specimens
E 100 = it ot ; i
—_ E u T Qualitative observations of the sections taken through
é 100' E 75 the fracture plane revealed that the predominant mode
757 E % of damage for the transverse specimens was diffuse
-§ 50_5 50 3 damage in the form of excessive stain uptake that ap-
- ] o5 © peared bright under epi-fluorescence and dark under
257 2 B  transmitted light. Missing fragments of osteons, inter-
0= e 0 = stitial tissue and bundles of osteons were also observed
0 50 100 150 200 250 300 on this section (Fig. 6). The missing bone fragments on
(a) Time (S) one fracture surface were generally found to be adher-
ent to the mating fracture surface.
1 - 125 In contrast to the section taken through the fracture
125_5 E 0 plane, the sections taken approximately 0.85 mm above
Pt F100=F  and below the fracture plane exhibited damage in the
Z 1004 F 75 form of linear microcracks. In some cases, linear micro-
= 753 F % cracks coalesced into macrocracks running across the
-§ E =50 3 thickness of the specimen (Fig. 7a). The microcracks
50 . .
— ] n © appeared to run along and across lamellae both in the
257 3 % 8  interstitial tissue and in the osteons (Fig. 7b).
0; : : , =0 = The numerical density of microcracks, classified by
0 100 200 300 400 microstructural location, is given in Table | for the
(b) Time (S) transverse specimens. There were significantly more

Figure 5 Typical behavior of load versus time (unbroken line) and total
number of acoustic emission hits versus time (dashed line) for (a) trans- . . .
verse and, (b) longitudinal specimens. Zero time is set as the time WheEAB LE I_ Microcrack density (Cr:Dg., #mfpbased on microstruc-
the first acoustic emission hit (waveform) was received. The first AEturaI location (meat standard deviation)

waveform generally occurred prior to peak load after which crack prop-
agation occurred. The load decreased and the total number of AE hits
increased with advance of the crack front. The arrowheads mark the on-
set of stepwise decreases in the load history and corresponding increase, -\ <verse 0436

Interstitial
Tissue Cement Lines Osteons Total

; o . 1.2+1.0 22417 12.8+5.2
in the total number of AE hits in the transverse specimen. Specimens
Longitudinal  7.0+2.4¢ 1.0+1.1 2.9+0.8 10.9+4.1
Specimens

In contrast to the transverse specimens, the longitudinal L . . -
. hibited a smooth decrease in the load-ti Cr.De. is highest in the interstitial tissue for both the transverse and the

specimens (-?‘X ' ) . rT]gngitudinal specimens @@ 0.04, Mann-Whitney).

curve following attainment of peak load with a smoothscy.pe. is higher in the osteons than in cement lines only for the longi-

increase in the total number of AE hits (Fig. 5b). tudinal specimens (g 0.1, Mann-Whitney).

Figure 6 Section taken through the fracture plane of a transverse human cortical bone specimen stained with 1% basic fuchsin. The schema in the
lower left corner shows the location where the fracture plane section was taken. The two dark strips along the width, W, are the grooves. The direction
of crack propagation is from left to right. Clouds of densely stained regions (D) were observed. In addtion, missing osteons and interstitial tissue
fragments (O) were also observed. The missing material was associated with the opposite fracture surface.
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(b)

Figure 7 (a) Histological section taken about 0.85 mm away from the fracture plane of a transverse specimen. The schema in the lower left corner
shows the locations where the 0.85 mm sections were taken. The coalescence cracks running across the thickness of the specimen are shown by
arrows; (b) Higher magnification image of a histological section taken about 0.85 mm away from the fracture plane of a transverse specimen. Linear
microcracks were generally aligned perpendicular to the crack growth direction. The microcracks linked up to form the coalescence cracks (dotted
line), as also shown in Fig. 7a. The majority of the linear microcracks were observed within the interstitial tissue. Diffuse damage (D) wasialso prese

in the section.

microcracks in the interstitial tissue than along the ce-3.2.2. Longitudinal specimens

ment lines p <0.05) and in the osteong(< 0.05).  The histology of the longitudinal specimens revealed
Cr.De. inthe osteons was not significantly different thanthat the fracture plane was banded by diffuse dam-
that in the cement linegp(= 0.33). age (Fig. 8a). In addition to diffuse damage, extensive
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Figure 8 (a) A section taken perpendicular to crack propagation direction of a longitudinal specimen. The direction of crack propagation is into the
plane of the page. The fracture plane is banded by diffuse damage as observed by diffuse staining; (b) Higher magnification image of the framed
region in Fig. 8a. Damage parallel to the fracture plane can be observed as separations along osteonal and interstitial lamellae (O andyl).respectivel

Microcracks generally arrested at cement lines (c). Coalescence of cracks (dotted line) parallel to fracture plane were also observed tmlitia longit
specimens.
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microcracking, that is, separations a|ong the osteonalABLE Il Pattern parameters of the three clusters obtained by
lamellae and within the interstitial lamellae, was ob- K-means non-hierarchical clustering method for the transverse and lon-
served (Fig. 8b). The microcracks in the longitudi- 9udinal specimens (meah standard deviation)

nal specimens were observed to occur primarily alongransverse

lamellar interfaces, in contrast to the microcracks inSpecimens T1 T-2 T3

the transverse specimens that occurred both along and

across lamellae. The microcracks in the interstitial tis Tolt:'t:ec’;ﬁ?tgs 455 129 15
sue generally were observed to arrest at cement linesp 89463  31.8:9.0 70.8-21.6
and did not cross osteonal boundaries. Similarly, theer(x10®) (dB2us) 52.2454.6 452.7:236.4 1830.1-438.5
microcracks within osteons were generally observed td\(” (1s) 13.0£9.7 64.7£26.1 195.2:37.5
be confined within the osteons and did not cross mtcﬁ(z) (us) 11.0£78  526+£23.3  151.5:27.9
U B mmbw o
Coalescence of Ilnear microcracks was also observeg .
for the longitudinal specimens (Fig. 8b). These coa- rangitudinal
Specimens L-1 L-2 L-3
lescence cracks were generally parallel to the fracture
plane and occurred in the form of linking up of the Total # of EDW’s 225 48 15
cracks within the interstitial matrix through osteonal C')” the cluster 36123 134143 —_—
lamellae or cement lines. . o Er(x10°) (dB%us) 13.4£10.4 72.7£22.4 211.0£48.5
The numerical density of microcracks, classified by yw (¢ 50-30 18.0L5.8 3421 6.1
microstructural location, is given in Table | for the lon- g® (.s) 43+26 151462 26.8£ 4.7
gitudinal specimens. There were significantly more mi-A® (us?) 11+13 1224+ 63 530+ 221
crocracks in the interstitial tissue than along the cemeng® () 1721 194+98 847349

lines (p < 0.05) and in the osteon(< 0.05). In con-
trast to the transverse specimens, the Cr.De. in the os-

teons was greater than that in the cement lines for the 10
longitudinal specimengy(< 0.01).

©
T

3.3. Identification of failure modes by
clustering of acoustic
emission waveforms
For the transverse specimens, the three clusters of Al
waveforms (T-1, T-2, T-3) were significantly differ-
ent when all six variables were considered together
(p=0.001). For example, Fig. 9a shows the amplitude
versus the 1st moment of amplitude plot for the three (a
clusters. The clusters can be observed to be distinct
There were significant differences between each of the
six corresponding variables of any two clusters for the
transverse specimenp & 0.05) (Table II).

With an increase in total energk;r, the total num-
ber of EDW'’s in the cluster decreased. For example,
the highest energy cluster (T-3) occurred only 15 times
during fracture of the 4 transverse specimens. The T-&
cluster waveforms were generally concomitant with the
onset of stepwise load descents (Fig. 5a). In contrast tc
the T-3 cluster, the total number of EDW’s in the T-1
cluster was 455 and in the T-2 cluster was 129 during ' ' ' T
fracture of the 4 transverse specimens (Table II). b 0 10 20 30 40 S0

For the longitudinal specimens, the three clusters of( ) 1st Order Amplitude Moment
AE waveforms (L-1, L-2, L-3) were also significantly
different (p =0.001) when all six variables were con- Figure 9 The clusters obtained by K-means clustering of the envelope
sidered together (Fig. 9b). Similar to the transversdietected waveforms for (a) transverse, and (b) longitudinal specimens.
specimens, a significant differenge € 0.05) between
each of the six corresponding variables of any two clusiongitudinal crack growth direction specimens. For the
ters for the longitudinal specimens was found (Table Il).transverse specimens, the T-1 and T-2 clusters gener-

The six variables, COEr, A®, EM, AR E@ of  ally accumulated continuously, but with periodic sharp
the EDW’s were also compared between the transvers@nd synchronous) increases (Fig. 10a). The T-3 cluster
and longitudinal clusters. All of the six variables were generally occurred at these sharp increases and was qui-
significantly greater in T-1, T-2 and T-3 than in L-1, L-2 escent at other times. In contrast to the transverse spec-
and L-3, respectivelyg < 0.05). imens, the three AE waveform clusters for the longi-

The manner in which the AE waveform clusters ac-tudinal specimens accumulated continuously and with
cumulated was different between the transverse ando apparent relationship to one another (Fig. 10b).

Anmplitude (dB)

0 100 200 300
) 1st Order Anrplitude Moment

o
2

Anplitude (dB)

N
<
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(tibia versus femur). Overall, the ratio of the transverse
fracture toughness to the longitudinal toughness in this
study was approximately two, which is consistent with
that reported for bovine bone [13].

4.2. Histology
In the current study, histological examination of both
the transverse and the longitudinal specimens demon-
strated that the primary form of damage at the frac-
Tty Tl T ture plane was diffuse damage (Figs 6 and 8). Diffuse
damage patterns have been associated with artificially
induced stress concentrations by others [26, 27]. In con-
trast, linear microcracks were observed in locations
away from the fracture plane for both the transverse
80 = and the longitudinal specimens (Figs 7b and 8b). Dif-

| ferent failure modes at and near the fracture plane may
70 - - .

be explained by consideration of the process zone at the

607 tip of the macrocrack. The stress level within the pro-
507 cess zone is generally well above the yield stress. Such
40 a stress state can be expected to result in generalized,
30 ultrastructural level damage (i.e., diffuse damage) at the
20— fracture plane. However substantially lower stresses ex-

n L-2 ist outside the process zone, and, thus, comparably less
10 __/ﬂ diffuse damage is expected to occur in the neighboring
M B S I LIS sections.
S0 100 150 200 250 300 The total microcrack densities of the transverse and
(b) Time (s) longitudinal specimens were B+ 5.2 #/mn? and

10.9 + 4.1 #/mn?, six to 40 times higher than that re-

Figure 10 Temporal sequence of the clusters of AE hits for: (a) a trans-POrted forin vivo microcrack densities [7, 8, 27]. The
verse specimen; and (b) a longitudinal specimen. difference in these microcrack densities strongly sug-
gests that the majority of the microcracks observed in
this study were due to damage accumulation during the
fracture process.
Previous investigations have reported that the ma-

Total Number of AE Hits

o~
QO
p
o -
o
b
=
—
3 o
o S
——
w
o
—r
o
3
N
]
3

Total Number of AE Hits
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4. Discussion

The interaction of microcracks with the microstructure
and their coalescence was investigated by conducting . L . o
fracture toughness tests on cortical bone tissue Wit?%”ty of thg_ln v!vomlcrocracks were obsgrved within
crack growth transverse and longitudinal to osteon oriine mterstl_tlal tissue [7. 8]. _Congstent with these pre-
entation. Differences in fracture toughness, AE pattern¥IOLIS stud|es,_ twas fouf‘d in this study _that the major-
and histological appearance of the damage were opty of fracture induced microcracks outside the process

served for the two crack growth directions. Thus, thisZONe occurred within the in'FerstitiaI tissue for t.)Oth .the
study suggests that the manner in which microcrack ansverse and the longitudinal crack growth directions
initiate and accumulate in the two crack growth direc- Table ).

tions is not the same, which provides insight into the

obser\(ed difference in the fracture resjstance of corticah_g_ Sources of identified acoustic emission
bone tissue in the two crack growth directions. waveform clusters

The shape of the acoustic emission waveformsis afunc-
4.1. Fracture toughness tion of the elastic properties of the medium in which
In this study, it was found that the fracture toughnesghe wave travels, the location of the transducers, the
of human cortical bone was significantly greater in theshape and size of the specimen, and the frequency re-
transverse direction compared with the longitudinal di-sponse of the data acquisition system. Therefore, itmust
rection. In spite of its clinical relevance [18, 19], lit- be noted that the reported results of the acoustic emis-
tle is known about the fracture toughness of humarsion analyses are specific to the test conditions defined
cortical bone for crack growth transverse to osteonsn this study.
[20, 21]. The transverse fracture toughness obtained in In the current study, significantly different AE wave-
this study is less than that reported by Zioupos andorm clusters were recorded, implying the existence of
Currey [21]. However, the longitudinal fracture tough- different failure modes. The waveforms of T-3 and L-3
ness K¢, obtained in this study is in general agreementclusters were very low in number and very high in en-
with those reported previously [22—25]. Discrepanciesergy content when compared with the T-2, T-1, L-2 and
between the reported fracture toughness values may kel clusters (Table Il). These observations suggest that
attributed to differences in the method by which thewaveforms belonging to the T3 and L3 clusters were
fracture toughness is calculated, differences in speciassociated with growth of the main crack. Furthermore,
men geometry, loading rate, bone age, and bone sourtke concomitance of the T-3 cluster waveforms with the

6072



onset of stepwise load descents (Fig. 5a) strongly sugransverse waveform clusters reflects the greater crack
gests an association of the T-3 cluster with incrementafjrowth resistance transversely as reflected by the higher
growth of the main crack. fracture toughness for the transverse specimens.

The high number of AE waveforms in the T-1, T-2, In conclusion, this study has demonstrated that
L-1 and L-2 clusters (Table Il) suggests that these clusacoustic emission analysis in combination with histo-
ters emanated from the formation of linear microcrackdogical examination of damage can be a useful method
and diffuse damage. Histologically, linear microcracksto evaluate the development of damage during fracture
were observed on the fracture plane as well as on thef bone from a stress concentration.
sections above and below the fracture plane. In contrast,
diffuse damage was observed primarily on the fracture
plane sections. Thus, it may be reasonable to expe®cknowledgements
that there would be a higher number of AE waveformsyp;g study was supported by The Musculoskeletal
emanating from the occurrence of linear microcracksrransmant Foundation and NIH Grant AR 43785. The
than from the occurrence of diffuse damage. Itis thereysculoskeletal Transplant Foundation provided hu-
fore speculated that the T-1 and L-1 clusters are 0rigiyan, tissues. We also thank Ms. Teresa Pizzuto for her

nating from the formation of linear microcracks while qntributions in the histological staining.

the T-2 and L-2 clusters are associated with diffuse
damage since there were higher number of waveforms
in T-1 and L-1 clusters than in T-2 and L-2 clusters,
respectively.

The AE waveforms were grouped into three clus-

ters based on the observed failure modes (diffuse dam-,

age, microcracks, and growth of the main crack). In

future studies, it may be appropriate to group the AE i- e

waveforms into more than three clusters if a more de-
tailed description of failure modes becomes available. g
In this study, the assignment of the AE clusters to his-
tologically identifiable damage modes is speculative

and needs to be rigorously validated. To accomplish®.

such a validation, the assignment of an AE waveform

tical bone tissue, demonstration of a particular damage
mode without interference from other damage would10
be difficult.

The temporal records of AE data revealed that the1.

waveforms of the T-1 and T-2 clusters occurred and ac-

cumulated synchronously for the transverse specimeni:

in that the sharp periodic increases were synchronous
(Fig. 10a). This observation, along with the observation

that T-3 occurs only during stepwise load descents, sugs.

gests that the tissue at the tip of the main crack gradu-

ally weakens due to continuous accumulation of diffusel4-

damage and linear microcracks and is then followed b3i5
the growth of the main crack.

In contrast, for the longitudinal specimens, the wave-s.

forms of the three clusters occurred and accumulated
independently of one another (Fig. 10b). These results
suggest that, for the longitudinal specimens, there was
no temporal relationship between the accumulation of ;
diffuse damage and linear microcracks and growth of
the main crack.

Comparing the total energies of the waveform clus-
ters between the transverse and longitudinal specimeng
it can be seen that the total energy of the T-1, T-2, an

T-3 clusters were significantly higher than that of thezo.
L-1, L-2, and L-3 clusters, respectively (Table II). This 21.
observation is consistent with that found for synthetic22-

composite materials [28] in that the energy required to,
separate lamellae would be expected to be consider-
ably less than the energy required for transverse failure
of lamellae. Together, the higher energy content of the

. K. J. JEPSEND. J.

.P. ZIOUPOS, X. T. WANG andJ.

18.

9.D. L.
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