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Figure 2: Crack path in a transversal orientated sample.
Cracks propagated at about 45° to initial notch direction
exhibiting crack branching as major visible toughening
mechanism. The labelled ‘meandering cracks’ are branches
that join the main crack again after some micrometer
propagation. Additionally, uncracked ligament bridging could
be observed. Cross sections of enamel rods are visible in the
ESEM images (b & c) and appear as ellipses. As these images
show, crack propagation mainly occurred within the protein-
rich rod sheaths.

Figure 3: Crack path in a longitudinally orientated sample.
Enamel rods are roughly perpendicular to the surface in the
lower part of the sample and parallel to the surface in the
upper part. Crack propagation occurred within the protein-rich
rod sheaths and the crack path followed the inclined direction
provided by enamel rods. Uncracked ligament bridging
occurred within the transition region where rod orientation and
crack direction changed.
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Figures 4 and 5 show the fracture surfaces of a transversal and a longitudinal sample. In the
transversal sample (Figure 4), the single enamel rods are very well visible and three different
fracture areas can be distinguished. They are marked with ‘A’, ‘B’, ‘C’ and enlarged images
of these regions are displayed. In the longitudinal sample (Figure 5), two regions can be
distinguished – the one close to the notch with a wavy rod arrangement (‘A’) and the upper
part of the sample (‘B’) where enamel rods run very straight and parallel to the sample
surface.

Figure 4: Fracture surface of a transversal enamel sample: Single enamel rods can be
recognized easily. Three differing fracture areas can be distinguished – noted with ‘A’,
‘B’, and ‘C’. Enamel rods are very straight and parallel to the fracture surface with an
inclination downwards of about 22° in area ‘A’. Fracture in this region occurred
completely parallel to enamel rod long axes. In region ‘B’, layers of enamel rods are
fractured. In region ‘C’, several rods are fractured and enamel rod long axes are inclined
to the fracture surface. Arrows indicate single broken rods (A), broken rod layers (B), and
several broken rods (C).
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Figure 7: *
IRK / *

IIRK -ratio. Both sample
groups are included (transversal: blue tones,
longitudinal: red tones). The ratio increases
slightly with increasing crack length.

4. Discussion

In this study we present the first fracture resistance curves for enamel derived from fracture
mechanical testing and evaluation of SENB samples and show that enamel exhibits rising
fracture resistance behaviour. Macroscopically, shear fracture occurred [29] with fracture
surfaces at 45° to acting tensile stresses independent of sample orientation. On the
microstructural level, one could observe that stable crack propagation predominantly occurred
within the protein-rich sheaths that envelop enamel rods and separate them from adjacent rods
and interrod regions. In the longitudinal orientation, the oblique orientation of enamel rods
apparently forced cracks on their oblique paths. This indicates that it was more favourable for
cracks to propagate within the protein-rich phase than to cross enamel rods and break HAP
crystals apart. However, in the transversal orientation, oblique crack propagation was not
caused by enamel rod orientation. The cracks could as well propagate straight ahead from the
notch by meandering around single rods like intergranular crack propagation commonly
occurs in ceramic materials. The question arises why even so in this case, shear fracture
happened. In our opinion there are two reasons that might have promoted shearing in the
transversal samples: HAP crystallite orientation within the interrod region or shearing of
proteins forming the rod sheaths. Inside the interrod region the orientation of HAP crystallites
differs substantially from their orientation within the rods. Thus, the local tilted direction of
HAP crystallites within this area might have forced cracks on their oblique paths. Furthermore
we assume that water and proteins accumulate within the interface between rods and interrod
region as already proposed by other researchers [7]. Consequently, this interface is
mechanically weaker than rods and interrod region and fracture along this interface is most
probable. This indeed could be observed in this study (see ESEM images in figures 2 and 3).
Thus, it is possible that fracture occurred by shearing deformation of this weak interface:
crack propagation probably was promoted by proteins that were stretched under shear up to a











15

BIOMATERIALS 31 (2010) 375-384

Acknowledgements
This manuscript was submitted to the Journal of Biomaterials (Elsevier;
http://www.elsevier.com/wps/find/P10_162.cws_home/main) and is available online by 29
September 2009 under doi:10.1016/j.biomaterials.2009.09.050.
Printed version: Bechtle S, Habelitz S, Klocke A, Fett T, Schneider GA. The Fracture
Behaviour of Dental Enamel 31: 375-384 (2010).

The authors gratefully thank Dr. Neda Meshkin for specimen preparation and Profs. Sally M.
and Grayson W. Marshall of the Department of Preventive and Restorative Dental Sciences,
University of California for their scientific support. Financial support for this study was
provided by NIH/NIDCR grant RO1:DE017529.

References
[1] Lussi A. Dental erosion: From diagnosis to therapy. 1st ed. Basel: Karger; 2006.
[2] Gray H, Bannister LH, Berry MM. Williams P.L. Gray’s Anatomy: The anatomical basis
of medicine & surgery. 38th ed. Churchill Livingstone; 1995.
[3] Frazier PD. Adult human enamel: an electron microscopic study of crystallite size and
morphology. J Ultrastruct Res 1986; 22: 1-11.
[4] Habelitz S, Marshall SJ, Marshall GW, Balooch M. Mechanical properties of human
dental enamel on the nanometre scale. Arch Oral Biol 2001; 46: 173-83.
[5] Daculsi G, Menanteau J, Kerebel LM, Mitre D. Length and shape of enamel crystals.
Calcif Tissue Int 1984; 36: 550-5.
[6] Nanci A. Ten cates’s oral histology: development, structure and function. 7th ed. St Louis:
Mosby; 2003.
[7] Maas MC, Dumont ER. Built to last: the structure, function and evolution of primate
dental enamel. Evol Anthropol 1999; 8: 133-52.
[8] Imbeni V, Kruzic JJ, Marshall GW, Marshall SJ, Ritchie RO. The dentin-enamel junction
and the fracture of human teeth. Nat Mater 2005; 4: 229-32.
[9] Koester KJ, Ager JW, Ritchie RO. The effect of aging on crack-growth resistance and
toughening mechanisms in human dentin. Biomaterials 2008; 29; 1318-28.
[10] Kruzic JJ, Nalla RK, Kinney JH, Ritchie RO. Crack blunting, crack bridging and
resistance-curve fracture mechanics in dentin: effect of hydration. Biomaterials 2003; 24;
5209-21.
[11] Nalla RK, Kinney JH, Tomsia AP, Ritchie RO. Role of alcohol in the fracture resistance
of teeth. J Dent Res 2006; 85; 1022-6.
[12] Nalla RK, Kruzic JJ, Ritchie RO. On the origin of the toughness of mineralized tissue:
microcracking or crack-bridging? Bone 2004; 34: 790-8.
[13] Nalla RK, Kinney JH, Ritchie RO. Effect of orientation on the in vitro fracture toughness
of dentin: the role of toughening mechanisms. Biomaterials 2003; 24: 3955-68.



16

BIOMATERIALS 31 (2010) 375-384

[14] Mowafy OM, Watts DC. Fracture toughness of human dentin. J Dent Res 1986; 65: 677-
81.
[15] White SN, Luo W, Paine ML, Fong H, Sarikaya M, Snead ML. Biological organization
of hydroxyapatite crystallites into a fibrous continumm toughens and controls anisotropy in
human enamel. J Dent Res: 2001; 80: 321-6.
[16] Hassan R, Caputo AA, Bunshah RF. Fracture toughness of human enamel. J Dent Res
1981; 60: 820-7.
[17] Xu HHK, Smith DT, Jahanmir S, Romberg E, Kelly JR, Thompson VP, Rekow ED.
Indentation damage and mechanical properties of human enamel and dentin. J Dent Res 1998;
77: 472-80.
[18] Park S, Quinn JB, Romberg E, Arola D. On the brittleness of enamel and selected dental
materials. Dent Mater 2008; 24:1477-85.
[19] Anstis GR, Chantikul P, Lawn BR, Marshall DB. A critical evaluation of indentation
techniques for measuring fracture toughness: I, direct crack measurements. J Am Ceram Soc
1981; 64: 533-8.
[20] Lawn B. Fracture of brittle solids. 2nd ed. Cambridge: Cambridge University Press; 1993.
[21] Quinn DQ, Bradt RC. On the Vickers indentation fracture toughness test. J Am Ceram
Soc 2007; 90: 673-80.
[22] Bajaj D, Arola DD. On the R-curve behaviour of human tooth enamel. Biomaterials
2009; 30: 4037-46.
[23] Jelitto H, Felten F, Swain MV, Balke H, Schneider GA. Measurement of the total energy
release rate for cracks in PZT under combined mechanical and electrical load. J Appl Mech
2007; 74: 1197-211.
[24] Munz D, Fett T, Ceramics – Mechanical properties, failure behaviour and materials
selection. 2nd ed. New York: Springer; 2001.
[25] Kounga Njiwa AB, Fett T, Lupascu DC, Rödel J. Effect of geometry and electrical
boundary conditions on R-curve for lead zirconate titanate ceramics. Eng Fract Mech 2006;
73: 309-17.
[26] Oesterle LJ, Shellhart WC, Belanger GK. The use of bovine enamel in bonding studies.
Am J Orthod Dentofac Orthop 1998; 114: 514-20.
[27] Sanches RP, Otani C, Damiao AJ, Miyakawa W. AFM characterization of bovine enamel
and dentine after acid etching. Micron 2009; 40: 502-6.
[28] Habelitz S, Marshall GW, Balooch M, Marshall SJ. Nanoindentation and storage of
teeth. J Biomec 2002; 35: 995-8.
[29] Bargel HJ, Schulze G. Werkstoffkunde. 7th ed. Springer; 2000.
[30] Chai H, Lee JJW, Constantino PJ, Lucas PW, Lawn BR. Remarkable resilience of teeth.
Proc Natl Acad Sci 2009, 106: 7289-93.
[31] Lin C, Douglas WH. Structure-property relations and crack resistance at the bovine
dentin-enamel junction. J Dent Res 1994; 73: 1072-8.
[32] Tesch W, Eidelmann N, Roschger P, Goldenberg F, Klaushofer K, Fratzl P. Graded
microstructure and mechanical properties of human crown dentin. Calcif Tissue Int 2001; 69:
147-57.
[33] Lee JJW, Kwon JY, Chai H, Lucas PW, Thompson VP, Lawn BR. Fracture modes in
human teeth. J Dent Res 2009; 88: 224-8.
[34] Nanci A. Ten Cate’s oral histology. 7th ed. St Louis, Missouri: Mosby; 2008.








