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Hardness, Young's modulus and yield stress in 
mammalian mineralized tissues 

J. D. C U R R E Y ,  K. BREAR 
Department of Biology, University of York, York YO 1 5DD, UK 

The hardness, Young's modulus of elasticity, tensile yield stress, ultimate stress and calcium 
content of 65 specimens from mammalian long bones and dental tissues were determined. The 
hardness was a very good predictor of the Young's modulus and yield stress, but a less good 
predictor of ultimate stress. The relationship in each case was nearly linear. All of these 
properties have the same type of non-linear relationship to the calcium content of the 
specimens. Over the range of calcium contents used here, hardness would be a useful guide 
to the mechanical properties of mineralized tissues in situations where conventional test speci- 
mens could not be produced, or where variations in mechanical properties over small distances 
are of interest. 

I .  Introduct ion 
Biological hard materials are often difficult to test 
mechanically because they come in small pieces and 
awkward shapes. Although adequately large speci- 
mens can often be made of bone, some mammalian 
mineralized structures, such as the auditory ossicles or 
the components of teeth are too small to make stan- 
dard specimens from. Furthermore, as our under- 
standing of mineralized tissues deepens, it is becoming 
more important to be able to determine the variation 
in properties over small distances, considerably smaller 
than the size of standard test specimens. One possible 
method of estimating those mechanical properties of 
mineralized tissues that require large specimens would 
be to infer them from mechanical properties that can 
be tested on small specimens. 

Microhardness is such a property. Microhardness is 
determined by measuring the size of the impression 
made by a diamond indentor, which is pressed into a 
surface with a small known load. Microhardness of 
bone and teeth has been investigated a number of 
times [1-5]. In most of these studies the hardness was 
considered as a mechanical property in its own right, 
not giving insight into other properties. However, 
Evans [2] reported a correlation coefficient of 0.52 
between hardness and Young's modulus, and of 0.45 
between hardness and tensile strength in human bone, 
without giving other information. Evans et  at. [6] 
showed, among other things, that the Young's modu- 
lus could be inferred from a knowledge of hardness. 
Hodgskinson et al. [7] make some inferences about the 
Young's modulus of cancellous and neighbouring 
compact bone from microhardness measurements. 
Hardness is a somewhat unsatisfactory property 
because, unlike Young's modulus, tensile strength or 
fracture toughness, it is rarely important in its own 
right. However, there is a great deal of theoretical 
and experimental work showing that, if a material is 
capable of undergoing plastic flow, then hardness is 
related quite closely to yield stress [8]. 
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The work of Evans et  at. [6] was the first to show 
clearly the relationship between Young's modulus and 
hardness. However, it was based on only ten speci- 
mens, the Young's modulus was determined from a 
nearby piece of bone, not the bone on which the 
hardness determinations were made, and no measure- 
ments of yield stress could be made. In this paper, 
based on measurements on 65 specimens, it is shown 
that the microhardness of mammalian mineralized 
tissues is strongly correlated with yield stress, over a 
range of stresses from 30 to 180 MPa, and even more 
strongly correlated with Young's modulus, over a 
range of 5 to 30 GPa, and that it would be useful in 
estimating these mechanical properties. The relation- 
ship between hardness and ultimate tensile stress is 
clear, but less strong. We also show that, where com- 
parisons can be made, the results of Evans et al. are 
completely consistent with these results. 

2. Materials  and m e t h o d s  
Specimens were machined from the compact bone of 
various mammals, and from the dentine and cementum 
of a Narwhal's tusk (Table I). These specimens were 
chosen, using previous knowledge, to give a good 
range of values of Young's modulus. About one-third 
of the specimens were from Polar bears, because we 
had available a range of ages which gave, as a result, 
a good range of values of Young's modulus. The 
specimens were loaded to failure in tension, wet, at a 
strain rate of 0.2 sec -1 . Strain was measured with an 
extensometer on the central 11 mm gauge length. The 
Young's modulus of elasticity, yield stress and failure 
stress were detem~ined from the stress-strain curve. 
Yield stress was taken to be the stress at which the 
curve deviated by a strain of 0.002 from the pro- 
longation of the initial, linear part of the curve. 

The hardness of the specimen was tested, wet, using 
a Leitz Wetzlar "miniload" microhardness tester, 
which produced square impressions whose diagonals 
were about 50 #m long. About six readings were taken 
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Figure 1 Diagram of the interrelations of the 
various mechanical and chemical variables. The 
symbols in each diagram are the same. (A) Red 
deer antler, (o) Polar bear femur (the different 
animals are not distinguished), (o) various 
specimens from [6] (11) Narwhal cementum, 
(n) Narwhal dentine, (x )  Walrus humerus, 
(~)  Brown bear femur, (O) Leopard femur, 
(0 )  Cattle femur, (zx) Horse femur, (0 )  Axis 
deer femur. Hardness is traditionally measured 
in kilograms-force per square millimetre. 
I kPmm -2 - 9.81MPa. 

from the machined and polished surface of that side of 
the specimen that lay tangential to the surface of the 
bone, antler or tusk. The hardness was determined 
from the shoulders of the specimen, which did not 
undergo yielding, a process which might possibly have 
affected the hardness. 

The calcium content of the specimen was deter- 
mined, colorimetrically, using the method of Sarkhar 
and Chauhan [9], from a small amount of material 
taken from just behind the fracture surface. Details of 
the mechanical testing are given in [10] and of the 
hardness testing in [7]. 

TAB LE I The provenance of the specimens used in this study. All of the animals from which the specimens were taken were mature 
except the Polar bears, which included five animals, aged from 3 months to 7 years. Values for the five bears are shown separately (details 
in [11]) 

Species Specimen N Mean Mean Mean Calcium 
Young's yield Vickers (rag g-i ) 
modulus stress hardness 
(GPa) (MPa) 

Narwhal Tusk dentine 8 9.2 35.9 21.8 240 
( Monodon monoceros) 

Narwhal Tusk cementum 7 5.7 33.7 18.8 235 

Leopard Femur 4 21.5 164.4 62.2 254 
( Panthera pardus) 

Horse Femur 2 26.0 156.7 69.8 273 
(Equus caballus) 

Axis deer Tibia 3 31.6 179.9 80.1 274 
(Axis axis) 

Walrus Humerus 5 14.2 71.8 36.8 245 
( Odobenus rosmarus) 

Cattle Femur 3 25.9 141.9 67.0 267 
(Bos taurus) 

Brown bear Femur 3 16.9 123.4 47.5 255 
(Ursus aretos) 

Polar bear Femur 5 6.7 63.1. 18.2 235 
(Ursus maritimus) Femur 5 11.2 83.0 29.4 251 

Femur 5 16.5 107.1 47.4 263 
Femur 5 18.6 123.3 58.7 259 
Femur 5 22.2 128.6 60.4 268 

Red deer Antler 5 6.1 44.3 11.7 196 
( Cervus elaphus) 

N, sample size; Vickers hardness has the dimension of stress, one unit = 9.8 MPa; calcium, mean calcium content of dried, defatted bone. 
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3. Resu l ts  
The essence of the results is given in Figs la to g. 
Young's modulus is very highly correlated with hard- 
ness (Fig. l a), and the relationship is essentially 
linear (a statistical analysis is given below). Although 
the relationship between yield stress and hardness is 
not quite as good (Fig. lb), it is still very clear and 
essentially linear. There is a much looser relationship 
between ultimate tensile stress and hardness (Fig. lc). 
Not surprisingly, since both Young's modulus and 
yield stress show a close, linear relationship with hard- 
ness, they are similarly related to each other (Fig. ld). 
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Since hardness is supposedly determined mainly by 
yield stress [8], it is interesting that the relationship 
between hardness and Young's modulus is, in our 
data, closer than that between hardness and yield 
stress. It is possible that this effect may be partly 
artefactual, caused by the greater difficulty of measur- 
ing yield stress precisely. 

Hardness will not, of course, actually determine the 
other mechanical properties; these mechanical relation- 
ships doubtless indicate a common relationship with 
another variable, almost certainly the mineral content 
of the tissues. Figs le, f and g show the relationships 
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of hardness and the mechanical variables to calcium 
content. They are all very similar in their general form, 
which is strongly non-linear. 

Table II gives the linear equations, derived from 
least-squares regression, relating Young's modulus 
and yield stress to hardness. The values of  R 2 (93.3% 
and 85.2% for Young's modulus and yield stress, 
respectively) are high, suggesting that using the 
equations for predicting the mechanical variables 
from a knowledge of the hardness would be a reason- 
ably reliable process. Furthermore, the constants in 
the equations (0.58 GPa for Young's modulus and 
8.2 MPa for yield stress) are quite small, showing that 
the relationship is not only reasonably linear, but the 

variables are also nearly proportional to each other. 
However, it could be that a power law might fit the 
results more closely. Indeed, the data of Evans et al. [6] 
fit a square-root relationship more closely than they 
fit a linear equation. Transforming the variables to 
logarithms and performing a linear regresson is a 
straightforward way of testing for this. This produces 
equations of  the form y = a x  b. Table II shows the 
results. The estimated exponents (0.92 and 0.88) are 
indeed less than unity. However, it can be seen that the 
values for R 2 for the equations on transformed data 
are less than those from the raw data. The reason for 
this is probably that the values near the origin become 
quite scattered when transformed (Figs lh and i). The 
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T A B L E  I I  Equat ions relating the mechanical variables to hardness.  Equat ions la  and b are derived f rom linear regression of  
unt ransformed data, Equat ions  2a and b f rom linear regression analysis of  logged data, and Equat ions  3a and b f rom power-law analysis 
of  unt ransformed data 

Young ' s  modulus  = 0.58 + (0.36 x hardness),  R 2 = 93,3% (la)  
Yield stress = 8.16 + (2.12 x hardness),  R 2 ~ 85.2% ( lb)  

Young ' s  modulus  = 0.49 × hardness °92, R 2 = 90.4% (2a) 
Yield stress ~ 3.53 x hardrless °88, R 2 = 78.3% (2b) 

Young ' s  modulus  = 2.56 + (0.142 x hardnessl2),  R 2 = 93.6% (3a) 
Yield stress = 14.7 + (1.33 x hardnessH) ,  R 2 = 85.3% (3b) 

18 



4 0  Figure 1 Continued 

2 0  

E 1 0  

5 

k 

X 

OD • 
g 

[] • 

• • 

[] D 

• g 

mm~ 

2 . 5  n I 
1 0  2 0  

(h) Hardness (kP mm -2) 

XO 
X 

g O  
~<>Oo  

• • oo 

*S • 

I 

5O 
I 

1 0 0  

~3 Q.. 
~E 

t~ 

>.. 

2 0 0  

1 0 0  

5 0  

2 0  

0 

QA OA 
A O 

D 

l i b  [] 
[] D 

A 

g O  • 
• • • Q O 0  

X 
xXX X 

El 

1 0  t I I 
2 . 5  5 1 0  

(i) Young's modulus (GPa) 

, , I  I 

2 0  4 0  

fact that the data become rather heteroscedastic 
should make us wary of performing linear regressions 
on the transformed data. 

Instead we have fitted power-law equations of the 
form y = a + c x  b. The results are also shown in 
Table II. The exponents (1.2 and 1.1 for Young's 
modulus and yield stress, respectively) are greater 
than unity, rather than being less than unity, as found 
in the transformed data. This is probably caused by 

the fact that equations of this form can have a non- 
zero intercept with the y-axis, which the equations of 
the transformed values do not. Certainly, although 
there is an increase in R 2 compared with the linear 
equation, it is extremely small, and the difference in 
the predicted values over the range where using these 
power-law equations and the linear equations as 
appropriate is also small. Furthermore, the equations 
with exponents greater than unity have larger values 
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for the intercept, whereas common sense would suggest 
that, at zero hardness, both Young's modulus and 
yield stress should also be zero. All in all, it is probably 
reasonable to take the exponent of unity (Equations 1 
and 2) as being a good model of the real situation. 

4. D i s c u s s i o n  
These results show that microhardness is a good 
predictor of both Young's modulus and yield stress, 
but not ultimate stress, over the range of mineraliz- 
ations tested here. The relationships are close to linear, 
the best estimates of the exponents being 1.2 and 
1.1, respectively. It is reassuring that the data of 
Evans et al. for Young's modulus as a function of 
hardness agree well with our results (Fig. la) despite 
the fact that hardness was tested on a different 
machine, and that their specimens included mammals, 
birds and reptiles, compared with our more restricted 
data set of mammals only. Our data set includes den- 
tal tissues, and they also fit into the general pattern 
quite well, although the cementum values for Young's 
modulus are somewhat low for a given hardness 
(Table I). 
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