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Abstract

The edge chipping resistances of six CAD/CAM dental restoration materials are analyzed and

correlated to other mechanical properties. A new quadratic relationship that is based on a

phenomenological model is presented.

Objective—The purpose of this study was to further analyze the edge chipping resistance of the

brittle materials evaluated in Part 1. One objective was to determine why some force-distance

trends were linear and others were nonlinear. A second objective was to account for differences in

chipping resistance with indenter type.

Methods—Edge chipping experiments were conducted with different indenters, including some

custom-made sharp conical indenters. A new force – distance quadratic expression was correlated

to the data and compared to the linear and power law trends.

Results—The new quadratic function was an excellent fit in every instance. It can account for

why some materials can be fit by a linear trend, while others can be fit by the power law trend.

The effects of indenter type are accounted for variations in crack initiation and by the wedging

stresses once an indentation hole is created.

Significance—The new quadratic force – edge distance function can be used with edge chipping

data for all brittle materials, not just those evaluated in this study. The data trends vary from linear

to nonlinear depending upon the material’s hardness, fracture toughness, and elastic modulus.
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1. Introduction

Part 1 showed how the edge chipping test may be used to evaluate CAD/CAM dental

restoration materials [1]. The traditional linear analysis [1–11] that relates the force to create

a chip (F) to the distance from the edge (d) is:
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(1)

The constant Te is the “edge toughness” which is the slope of a line on a force versus

distance plot. Edge toughness varies with indenter type and quantitative values could vary

by as little as 10% or as much as a factor of two with indenter for a given material [11]. The

edge chipping methodology and Eq. (1) were recently applied to brittle denture tooth

materials [12]. Fig. 1 shows contrasts in the chips and indentations in a hard dental ceramic

and a soft denture tooth material.

Part 1 showed that a power law relationship often was a better fit to the data:

(2)

where A and n are constants. Thouless et al. [13] derived a model based on buckling of an

edge flake that predicted n = 3, but their loading geometry was somewhat different than the

usual edge chipping procedures with pointed indenters. (The forces in their model and

experiments were applied in a distributed fashion parallel to the edge and at a location

between the crack and the side surface.) They obtained:

(3)

where λ is a constant, E is the elastic modulus, cf is the critical crack length at instability. An

indentation fracture mechanics model for edge chipping by Chai and Lawn [14] for edge

chip resistance supports the power law Eq. (2), but only for the case of n = 1.5. Although

some of our data in Part 1 [1] and earlier work [11] matched the power law with n = 1.5,

much of the data did not. Our exponents ranged from as small as 1 to as large as 2.

As discussed in Part 1, the nonlinearity and the dependence of results on indenter type stem

from the multistep chipping process: (a) formation of a small indentation; (b), formation of

short stable radial cracks; (c), propagation of some of the radial cracks downward and

parallel to the side surface; and (d), unstable crack propagation toward the side surface of

one or a pair of cracks causing the chip to pop off. In some of the experiments described in

Part 1 [1], the experiments were interrupted and the specimens examined prior to chip pop-

off. There were significant differences in steps (a) and (b) depending upon indenter type. At

small forces the relatively blunt Rockwell C indenter created shallow depressions with no

cracking. Radial or cone cracks initiated only at larger forces. Vickers or 120° sharp conical

indenters initiated cracks at small forces. Thus it is not surprising that the force-distance

trends are different and that much greater force was needed to form chips with the Rockwell

C indenter. Different amounts of deformation and fracture occur during a test sequence and

nonlinear effects should be expected.

Although Part 1 showed that much of the data could be matched by the power law Eq. (2),

problems remained with the interpretation of the exponent n and the constant A. Is n a
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fundamental material parameter indicative of a material’s chipping behavior? Can it be

related to other material properties such as fracture toughness?

Similar questions have arisen in the past about interpretations of power law fits of hardness

data for brittle materials. As will be shown below, a simple relationship that has found

widespread utility for interpreting hardness data may have an analog for edge chipping.

There are some parallels in hardness and edge chip testing. Both involve deformation and

fracture. Fracture around an indentation can alter the hardness response of brittle materials

and can dramatically change the “indentation size effect (ISE)” [15–26] whereby hardness

varies with force or indentation size.

The hardness, H, of a material is determined by the ratio of an applied load to the contact (or

projected) area of an indentation:

(4)

where F is the applied load, l is a measure of the indentation size (typically, the diagonal

size) and the constant depends on indenter geometry. Hardness usually varies with

indentation force. The hardness of ceramics is very high at small indentation forces.

Hardness decreases with increasing force and gradually approaches a constant value at large

force. Data are sometimes fitted to the Meyer law: [16,27–29]

(5)

where C is a constant and n is the Meyer or logarithmic index denoting the degree of

curvature for the hardness-load relationship. (This n is not the same as the one in Eq. (1).) If

n = 2, hardness is constant and independent of the force. For most ceramics, n < 2, and

hardness decreases with increasing force. There is no theoretical basis for applying the

Meyer law to brittle materials. Although some (e.g., Sargent and Page [30,31]) have

designated group of ceramics with comparable values, the exponents ultimately did not

provide much insight as to material behavior.

The inadequacy of the Meyer analysis for brittle materials and metals alike led to alternative

curve fits to hardness-force or hardness-indentation size data. Bernhardt [32] proposed a

function in 1941:

(6)

where F is the load, l is the indentation diagonal size, and a1 and a2 are constants. Mitsche

[33] in 1948 and Bückle [34] in 1954 discussed a similar power series expansion:

(7)

The constant a0 may correspond to an elastic deformation or residual stresses from specimen

preparation [23,35], but it is often set to zero. The simple quadratic function Eq. (6) may be

modified by multiplying both sides by l:
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(8)

There is a physical foundation for the polynomial fits, Eqs. (6) and (8). The term Fl is

proportional to the external work done by the indenter which is a function of F and h, the

indenter penetration depth. h is proportional to l for self-similar indentations.

Bernhardt [32] related the a1l term in Eq. (6) to “the surface created by the indentation”

which includes not only the area of the indentation faces, but also surfaces of internal

structural defects. A number of investigators have attempted to correlate surface energy or

fracture processes to the a1 term [26,33–41]. The fracture could either be formation of large

cracks emanating from Vickers or Knoop indentation corners, or dense microfracture

damage zones in and around the indentation. Li et al. [38,39] related this term to frictional

and elastic contributions in their “proportional specimen resistance” model.

Bernhardt [32] related the a2l2 term to plastic deformation. Others have described it as the

“work of permanent deformation” [37] or the “volume energy of deformation,” [38,39] or

the a2 term as the “true hardness,” [36] in the absence of fracture or other surface effects.

So the quadratic polynomial expression has found widespread acceptance for hardness data

interpretation. The inclusion of separate terms for fracture and deformation processes seems

to be very appropriate for brittle materials. It should be borne in mind that there may be

interactions between the fracture and deformation terms. A strict apportionment of energy

contributions may be a simplification. For example, Yoo et al. [42] showed that fracture

around an indentation enhanced the plasticity of MgO.

Quinn and Quinn [40,41] analyzed the overlapping contributions of cracking and

deformation to the ISE trends. They showed a dramatic change in the ISE trend occurred at a

critical force or indentation size. The transition correlated with the material’s brittleness, B,

a new index of the brittleness:

(9)

B is a ratio of the energy of deformation (e.g., H, hardness) to the energy of fracture, (e.g.,

fracture surface energy or GIc, the critical strain energy release rate) for a material.

The widespread and successful application of Eqs. (6) and (8) to hardness data for brittle

materials, and the physical significance of the a1 and a2 terms, suggests that a similar

quadratic relationship may be applicable to edge chipping:

(10)

where here F is the force on the indenter at the instant a chip pops off, d is the distance away

from the edge, and a1 and a2 are constants, different from those in Eqs. (6)–(8). Multiplying

each side by d, gives:
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(11)

Although this equation has units of energy, and surface and volume components, one must

be careful since the edge distance is perpendicular to the axis of force application. In this

paper, this equation is applied to the data of Part 1 [1]. At the present, this model of edge

chipping resistance is phenomenological in nature. Further analysis is deferred to the

Discussion section where it is shown that the terms may have fundamental significance.

Three topics are explored in this paper. First, experiments that clarify the role of indenter

type on chipping resistance are reported. Second, the new force – distance trend is applied to

the data. Third, the edge chip resistance parameters are correlated to properties such as

fracture toughness and hardness.

2. Materials and methods

The properties the six commercial CAD/CAM materials that were evaluated in Part I1 are

shown in Table 1 of Part 1. Properties include: H, hardness; E, elastic modulus; KIc, fracture

toughness; GIc, critical strain energy release rate; and B, brittleness. Data for a fully dense

polycrystalline alumina from a different study is added here for comparison [43,44]. The

alumina was fully dense, and had an average grain size of 3 μm, a HV(9.8 N) of 16.6 GPa

(0.5),2 an elastic modulus of 400 GPa, a KIc as measured by chevron notched beam of 3.61

(0.13) MPa√m, a GIc of 32.6 J/m2, and a brittleness, B, of 510 × 10−6 m.

New experiments on the effect of indenter type were performed on the feldspathic porcelain

(Mark II®, Vita Zahnfabrik, Bad Sackingen, Germany) using specimens ground and

polished from small 3 mm × 4 mm cross section flexural strength bars. Sharp conical scribe

indenters with angles of 90°, 100°, and 140° were used in addition to our customary 120°

indenter. The same commercial edge chipping machine described in Part I was used to make

the new chips. Force was gradually applied in displacement control at 1 mm/min until the

chip abruptly fractured off the specimen.

3. Results

Fig. 2 and the first four entries in Table 1 show the results for different sharp conical

indenters on the feldspathic porcelain. All data in Fig. 2 and the first four rows of Table 1

are for data collected on the small bar specimens. For these small test pieces the data were

collected only over a range of 0–0.50 mm. A linear curve fit was adequate for the purposes

of comparison for the data collected over this narrow range. (Part 1 showed that the data for

this material over the greater range 0–0.60 mm was better fit by the power law function,

with exponents from 1.2 to 1.5). The slopes of the lines in Fig. 2, the edge toughness, Te,

varied with indenter shape. Blunt indenters required more force to cause fracture.

1Commercial products and equipment are identified only to specify adequately the experimental procedures and does not imply
endorsement by the authors, institutions or organizations supporting this work, nor does it imply that they are necessarily the best for
the purpose.
2Uncertainties in parenthesis are one standard deviation.
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The second set of three rows in Table 1 list data reported in Part 1 (see Fig. 7 of Part 1) on

larger blocks from a different batch of the feldspathic porcelain over a larger 0–0.60 mm

range, whereby the nonlinearity became more apparent. Nevertheless, Fig. 3 shows that the

new 140° sharp conical data matched the Vickers data from Part 1 very well: the linear fits

overlapped and the edge toughness values, Te, were indistinguishable.

Figs. 4–8 and Table 2 show the edge chip data of Part 1 is fitted very well with the new

quadratic relationship, Eq. (10). Two of the quadratic curves (Figs. 4 and 5 for the

feldspathic porcelain and the leucite glass ceramic) overlapped the power law function with

n ≈ 1.5, in accordance with the model of Chai and Lawn [14]. Figs. 6 and 7 (for the lithium

disilicate glass ceramic and the filled resin matrix composite) show how the quadratic fit

overlapped the power law fit with n greater than 1.5. Results for the nanoceramic filled

composite are not shown but are similar to the lithium disilicate glass ceramic and filled

resin composites. Fig. 8 shows how the linear, power, and quadratic fits were very similar

for the 3Y-TZP. Fig. 9 combines all the results including those for the alumina and shows

that the edge chip results for the dental materials form three groupings.

4. Discussion

The role of indenter type may be accounted for by a simple model based on the wedging

forces that act to open a crack. Appendix A has a simple model that relates the chipping

force for a sharp indenter of included angle 2θ to that of a sharp conical 120° indenter:

(12)

The edge toughness Te values from a linear regression of F–d curves should also have the

same ratio and the results are illustrated in Fig. 10 for the feldspathic porcelain. The

correlation is outstanding, notwithstanding the assumptions and simplifications of the

analysis. The sharper the indenter, the less the force necessary to make a chip. A Vickers

indenter has face-to-face angles of 136° 30° and edge-to-edge angles of 148°. The weighted

average of these angles is of the order of 140° and, as Fig. 3 shows, the linear edge chip

resistances measured by the 140° sharp conical and the Vickers indenters are

indistinguishable.

Additional factors such as the nucleation and initial direction of the cracks also cause the

edge chip resistances to vary between indenter type. A sharp conical indenter creates a

random starburst array of small cracks around the indentation periphery. The ones that are

parallel or slightly aimed toward the edge are likely to become dominant, but we have

observed instances where initial cracks that aimed into the bulk became dominant. The usual

convention with Vickers indenters is to align one of the axes parallel to the specimen side so

that the starter cracks are parallel to the specimen edge. One might think that this

consistency of the starter crack orientation would lead to less scatter in the Vickers edge

chip data, but a review of the data in Part I showed that such is not necessarily the case. The

Rockwell C indenter is more problematic since it has a blunt tip. At short distances and

small forces, it does not nucleate any cracks. When cracks eventually do nucleate at greater
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forces, they are more apt to be cone cracks that then have to curve downwards and evolve to

form larger cracks parallel to the side surface during the chipping process. It is therefore not

surprising that the Rockwell C indenter needs greater force to make chips.

Fig. 11 shows edge toughness, Te, versus fracture toughness, KIc. Despite the fact the Te

estimate is based on a simple linear regression of the F–d data, the correlation is satisfactory

with a correlation coefficient, R2, of 0.97. The four data points connected by a vertical bar

for the feldspathic porcelain, correspond to several estimates of Te that were obtained from

different sample sets as reported in Part 1. Multiple points connected by horizontal lines for

other materials correspond to different values of KIc in Table 1 of Part 1. For example, the

filled resin composite had one KIc estimate of 1.1 MN/m1.5 from fractographic analysis of

50–100 μm critical flaws in strength test specimens [45]. An alternative value of 1.3 MN/

m1.5 was from short-bar chevron-notch testing [46] and closely matches a compact tension

plateau fracture toughness of 1.2 MN/m1.5 (on a rising R-curve) obtained for a very similar

variant of this material in a study by Shah et al. [47]. The latter two KIc values are for cracks

that grew a half millimeter or more, not unlike the size of the edge chips in this study. The

single edge V-notched beam (SEVNB) estimate of 1.64 MN/m1.5 may be too high, due to

notch root issues. A similar, but not quite as good, correlation of edge toughness, Te, to

fracture toughness, KIc, was found with the Te data in Part 1 from Vickers edge chip testing.

Poor correlations were obtained between Te (by either sharp conical 120° or Vickers

indentation) and the critical strain energy release rate, GIc, and with brittleness, B.

The quadratic Eq. (10) and power law Eq. (2) functions were usually better fits to the data

than the simple linear relationship, Eq. (1). While it might be argued that with enough terms

and fitting parameters, any function can match a data set, both Eqs. (10) and (2) have only

two parameters. A review of the data in Tables 1 and 2 shows that for the materials that had

a strong power law exponent, n > 1.6, the quadratic a2 term was large and the a1 term was

small. On the other hand, for the 3Y-TZP where the force-distance data was nearly linear (n

= 1.2), the quadratic a1 term dominated. In the intermediate cases with n ≈ 1.5, the a1 and a2

terms were comparable. A review of nearly all of the edge chipping data collected over more

than a decade for nearly forty ceramic, composite, and resin materials shows that all of the

data can be fit by force –distance trends that range from linear (n = 1) to the power law with

a maximum n of 2.0 [11]. Hence, the quadratic function can cover a range of edge chipping

behavior for almost all brittle materials. It is very interesting that the two oldest materials

with the weakest edge chip resistances, the feldspathic porcelain and the early generation

leucite glass ceramic, have low a2/a1 ratios and the power law exponents n ≈ 1.5. They are

brittle and “chippy.”

So what do the a1 and a2 terms in the quadratic phenomenological model mean? A simple

adaptation of the quadratic Eq. (10) converts it into a form (Eq. (11)) that has units of

energy, but as noted in the Introduction, some caution must be exercised. The F and d (force

and dimension) vectors are not parallel. Work is the force times the distance traveled in the

same direction. Nevertheless, the analysis in the appendix shows that the vertically applied

force can be transformed into a lateral wedging force that acts in the same direction as d.

Quinn et al. Page 7

Dent Mater. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Some concepts from instrumented indentation analysis may be applied to the edge chip

process. The indenter applies energy to the system which is converted into elastic and plastic

deformations associated with the formation of an indentation, and also the formation and

propagation of cracks. The indenter force, F, is a function of the depth of penetration, h: [48]

(13)

where the exponent m = 2 for a sharp conical indenter. Ap is a constant appropriate for

elastic–plastic contact and has units of N/m2:

(14)

where α is the half included indenter angle and is 60° for a 120° indenter. H is the hardness

at large enough forces such that it is constant, and E* is the combined modulus

incorporating the indenter and test material elastic moduli [48]. So Eq. (13) shows that force

depends upon the square of the depth.

Indenter work is the integral of the area under the force–displacement curve

(15)

This expression shows that the indenter energy depends upon the cube of the depth of

indenter penetration. Utot includes both the elastic and plastic contributions to deformation.

Using H = F/πa2, where a is the indentation radius, and combining Eqs. (13)–(15), the total

indenter work may be expressed several ways:

(16)

The right hand side shows that the indenter work can be expressed in terms of the indention

radius a, a dimension in the same direction as the edge distance d. The first term on the right

inside the brackets reflects the plastic component of the indentation, whereas the second

term adds the elastic component whose significance depends upon the ratio of H to E. For a

rigid system with high E, the second term is negligible and all the work is expended in

plastic deformation. While it might seem surprising to see indention work expression

expressed in terms of the indentation diagonal size, it should be remembered that the

diagonal size is simply related to the indentation depth for a sharp conical indenter.

Some of the externally applied energy may be expended in crack formation and propagation.

Prior to attempting to correlate the a1 term to fracture energies, the complexities in the state

of stresses and strains near an edge are considered. In the edge chipping process, force is

applied at either a constant displacement or constant loading rate to the point of fracture.
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Loading “hiccups” may occur with stable crack extension and change of compliance of the

edge if a chip partially detaches prior to pop off. Chipping experiments are usually done

without careful recording of force-displacement data and only the peak force at fracture is

measured. We have recently started to monitor loading curves. The limited data collected to

date are linear to fracture with no “hiccups” or pronounced unloadings. Some evidence

(from post-mortem measurement of indentation shapes) suggests that as a chip begins to

detach from a test piece, the indenter may rest more on the intact side. Changes of

compliance and shifting of the force distribution around an indentation are difficult to

model. Cotterell and Kaminga [49,50] show that compliance changes and bending of a

partially detached flake are important factors in the formation of long slender flakes. A

model of indentation contract stresses in the vicinity of an edge without crack formation by

Schwarzer et al. [51] showed dramatic changes in the stress and strain fields near edges once

the contact indentation periphery reached approached the edge. Indentation shapes could be

distorted and the side wall pushed outwards. Metallographic techniques were used in an

early study by Samuels and Mulhearn [52] to show distortions in the elastic–plastic

boundary in indentations placed near edges. In some cases the boundary extended to the side

surface. Their work led to recommendations for a minimum distance of an indentation away

from a test piece edge for hardness testing. Obviously, such guidelines are not applicable to

edge chipping experiments. Fig. 1 and other images in [12] show indentation distortions for

brittle denture tooth materials with low hardness and elastic modulus. Our point here is that

dramatic changes in the stress and strain fields can occur around an indention site and a

crack during the edge chipping test sequence. A detailed mechanistic model may be

problematic, and a global energy balance approach may be more fruitful.

By analogy with the hardness Eqs. (6) and (7), the a1 term in quadratic Eq. (11) for edge

chipping may be associated with surface phenomena and fracture energies. The cracks sizes

and the forces in the chipping problem are much larger than those in the hardness problem,

however. Prior work on edge chipping indicates that chip shapes are remarkably consistent,

irrespective of material type [2,3,14,53] for a particular edge shape and indenter approach

angle. (Most of the experiments have used 90° edges with vertically applied forces. If the

shape of the edge or the indentation angle are changed, the chip geometries are altered

[6,54]. McCormick and Almond [3] stated: “In general, there exists linear relationships

between the maximum width, depth and thickness (distance from edge) of flakes.” So

although the chips form curved fracture surfaces, the dimensions, the shape, and hence the

area, are linearly dependent upon the edge distance d. For the Rockwell C indenter that they

used, the final chip height, C, to edge distance, d, ratio was 4.0. Analysis and experimental

observations on transparent materials [13,14] show that once a crack initiates at the contact

site, it grows downward into the bulk. It remains parallel to the side surface for a

considerable distance. Eventually it becomes unstable and suddenly curves toward the side

and pops off. Thouless et al. [13] measured the chip height C to be about six times the chip

depth, d. (Their loading system was a little different than what is usually used for edge

chipping experiments, however. They distributed a force over a short length parallel to the

edge, at a location not quite directly over the stably running crack.) Chai and Lawn [14] with

Vickers indentation loading found that the critical crack length, c, of stable extension was

twice the edge distance, d. The final height of the popped-off chip was typically C = 5.1d
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and the width was D = 8.0 d. McCormick and Almond found that C/d = 3.8 with Rockwell

indenters [2,3]. The area of the approximately semicircular chip at the instability point is

proportional to c2. For a given geometry, the total area of the popped-off chip is proportional

to C·D. The fracture surface energy, Ufract, expended in forming the edge flake areas, Afract

is:

(17)

where γf is the fracture surface energy. The actual total fracture energy should also include

the additional fracture energy associated with the array of short starburst cracks emanating

from the initial indentation and the microfracturing immediately underneath the indentation,

but these contributions may scale with the indentation and chip size. So since c, C, and D are

proportional to the edge distance, d, the energy of fracture in the formation of chip is

proportional to d2, which matches the a1 first term on the right of Eq. (11).

(18)

Fig. 12 shows a1 versus GIc. Note both parameters have comparable units: force/length or

work/area. The ceramics seem to fit a trend marked by the line in the figure, but the two

resin matrix composites are well off the trend. The latter had significant plastic deformation

around the indentation sites and the a2 term dominated the best quadratic fit. The lithium

disilicate glass ceramic also falls off the trend line, and suggests that the microstructure

promoted microfracturing and localized deformation that contributed to its large value of a2

and small value of a1.

By analogy with the hardness Eqs. (6) and (7), the a2 term in the edge chipping quadratic

Eqs. (10) and (11) may be associated with deformation processes and not fracture. Hardness,

which is force per unit projected area of an indentation, is equivalent to the work required to

produce a unit volume of plastic deformation [48]. Thus, the plastic energy Up associated

with making a conical indentation of radius a and depth, ht can be expressed:

(19)

where θ again is the half included angle of the sharp conical indenter. An initial inspection

of Eq. (19) suggests that the harder the material, the more the energy expended in

deformation. H and a are related, however. The greater the hardness, the smaller is the

indentation size and volume. Fischer-Cripps [48] showed that:

(20)

Here it can be seen that the plastic energy is inversely related to hardness. Using Eq. (19)

and H = F/πa2, and θ = 60°, then a simple result is obtained:
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(21)

Eq. (21) shows that the energy is simply related to the peak force and the lateral size of the

indentation. In other words, both Eqs. (20) and (21) indicate that the softer the material, the

larger the indentation, and the greater the energy expended in plastic work for a given force.

With Eq. (20) in mind, Fig. 13 shows a2 versus the inverse square root of H. a2 has units of

N/mm2 or (Nm)/m3, whereas 1/√H has units of m/N0.5. Notwithstanding the mismatch in

units, the variations in the techniques used to measure hardness, and the considerable scatter,

there does seem to be a trend of increasing a2 with decreasing hardness. The data for the two

filled resin composites, which are very soft, are in a different region in the plot.

How do the indentation sizes compare to the chip distances? Fig. 1 shows some dramatic

differences. Much greater plastic energy was expended during the edge chipping of the soft

brittle polymer than for the hard 3Y-TZP.

If deformation processes dominate the edge chipping process, the a2 term in Eqs. (10) and

(11) should dominate. This is confirmed by outcomes shown in Table 2, and Figs. 6, 7 and

9. The corresponding power law fit gives exponents between 1.6 and 1.8 for the lithium

disilicate glass ceramic and the two filled-composite materials. In contrast, a material with

high hardness and high fracture toughness, such as the 3Y-TZP, consumes much less energy

in deformation, and most of the indenter work goes into fracture. The a1 term is more

important, and the F–d trend is more linear as shown in Figs. 8 and 9.

So in summary, the quadratic force–distance function fits all of the data very well. Although

it is a phenomenological model, the terms can be rationalized in terms of the indentation

energy being partitioned between fracture and deformation processes. It is probably too

much to expect a precise apportionment of indentation energy separately to fracture and

deformation with exact correlations of GIc and H to the a1 and a2 terms. In real materials, the

energies are probably mixed. For example, in materials which microcrack or promote crack

deflection (such as the lithium disilicate glass ceramic), extensive microfracturing around

the indentation may contribute more to the a2 volume deformation term than to the a1

fracture term. One advantage of the quadratic expression is that it is very versatile and can

match both linear F–d and power law trends by simple shifts in the magnitudes of the a1 and

a2 parameters. So it is not inconsistent with all the prior work [2–7,12] that has emphasized

the linear trend, or the new indentation mechanics model with a power law of 1.5 [14].

Additional support for the simple phenomenological model proposed in this work may be

found in the writings of one of the foremost authorities on hardness of materials, Prof. D.

Tabor of the Cavendish Laboratory of the University of Cambridge, who wrote about

cracking with spherical indenters: [55]

“…cracking is produced by a critical tensile stress. However, an energy balance

must also be satisfied that is, the released elastic strain energy must be sufficient to

provide for the surface energy involved in the production of the crack surfaces.

This is the classic approach of fracture mechanics, and one of its consequences is a
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scaling effect: the released energy involves volume and is proportional to L3, where

L is a linear dimension related to the size of the circle of contact, whereas the area

of the crack is proportional to L2. Consequently, the smaller the indentation, the

larger the stress (this determines the strain energy per unit volume) required to

produce cracking. The formation and growth of the crack are also influenced by

interfacial friction, differences in modulus between the indenter and specimen, and

the presence of surface flaws.”

As the photos in this and Part 1 show, chip formation and detachment is a complex mixture

of elastic, plastic, fracture and geometric processes. After nucleation and propagation, chips

may either pop off abruptly or even be pried off the sides. The point here is that although

edge chipping is a four-step process, the final chip event is a result of a roughly semicircular

chip going unstable and popping off the side of the specimen. As such, and as Fig. 11 shows,

fracture toughness, KIc, is the primary factor in controlling edge chipping resistance.

5. Conclusions

A new edge chipping equation that is based on a simple model is presented. All though

phenomenological in approach, the model is based on the apportionment of indentation

energy into fracture and deformation processes. Force–distance trends may vary from linear

to nonlinear depending upon the material’s hardness, fracture toughness, and elastic

modulus. Hard materials are more apt to have linear chipping behavior with most of the

energy expended in fracture processes. Softer materials are more likely to have nonlinear

chipping behavior with most of the energy consumed in deformation. Wedging stresses

account for differences in edge chipping resistances measured with different indenters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Edge chips in two materials showing contrasts in the indentation size relative to the chip

size. (a) shows a chip with a small indentation in the 3Y-TZP. (b) shows chips with large

indentations in a brittle denture tooth material. The tests were interrupted prior to the chip

popping off.
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Fig. 2.
Results on one batch of feldspathic porcelain material, but with different sharp conical

indenters. The dashed vertical line at d = 0.5 mm and the intercepts with the trend lines

correspond to the “edge strengths” as discussed in Part 1.
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Fig. 3.
Comparison of results for the Vickers and sharp conical 140° indenters for the feldspathic

porcelain.
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Fig. 4.
Edge chip results for the feldspathic porcelain with the 120° sharp conical indenter.
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Fig. 5.
Edge chip results for the leucite glass ceramic.
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Fig. 6.
Edge chip results for the lithium disilicate glass ceramic.
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Fig. 7.
Edge chip results for the filled resin composite.
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Fig. 8.
Edge chip results for the 3Y-TZP zirconia.
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Fig. 9.
Comparative trends for six dental restoration materials and the alumina.
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Fig. 10.
Normalized edge toughness as a function of included indenter angle, 2θ. The line is the

predicted tend from Eq. (12) based on wedging forces.
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Fig. 11.
Edge toughness versus fracture toughness. The bars connect multiple entries for a particular

material based on multiple fracture toughness or edge toughness entries.
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Fig. 12.
Quadratic term a1 versus the critical strain energy release rate, GIc. The bars connecting data

points correspond to different estimates of GIc from the different KIc outcomes in Table 1.
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Fig. 13.
Quadratic term a2 versus the inverse square root of hardness.
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Table 2

Edge chip parameters.

Material A (N/mn) constant
power law Eq. (2)

n Exponent power
law Eq. (2)

a1 (N/m) term a1d
quadratic Eq. (9)

a2 (N/m2) term a2d2

quadratic Eq. (9)

Zirconia, 3Y-TZP 715 1.18 (0.03) 510 230

Alumina 522 1.47 (0.05) 193 362

Lithium disilicate glass ceramic 437 1.71 (0.05) 44 459

Nanoceramic filled composite 403 1.61 (0.04) 70 396

Filled resin composite 419 1.83 (0.03) 16 484

Feldspathic porcelain 238 1.46 (0.05) 71 211

Leucite glass ceramic 246 1.52 (0.06) 80 177
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