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Abstract The present study was undertaken to investigate

the potential usability of Knoop micro-hardness, both as a

single parameter and in combination with operational

parameters, for sawblade specific wear rate (SWR)

assessment in the machining of ornamental granites. The

sawing tests were performed on different commercially

available granite varieties by using a fully instrumented

side-cutting machine. During the sawing tests, two funda-

mental productivity parameters, namely the workpiece feed

rate and cutting depth, were varied at different levels. The

good correspondence observed between the measured

Knoop hardness and SWR values for different operational

conditions indicates that it has the potential to be used as a

rock material property that can be employed in preliminary

wear estimations of diamond sawblades. Also, a multiple

regression model directed to SWR prediction was devel-

oped which takes into account the Knoop hardness, cutting

depth and workpiece feed rate. The relative contribution of

each independent variable in the prediction of SWR was

determined by using test statistics. The prediction accuracy

of the established model was checked against new obser-

vations. The strong prediction performance of the model

suggests that its framework may be applied to other gran-

ites and operational conditions for quantifying or differ-

entiating the relative wear performance of diamond

sawblades.

Keywords Knoop hardness � Wear � Diamond tool �
Granite � Abrasiveness � Rock testing

1 Introduction

Granites are the widely used group of structural engineering

materials due to their unique characteristics such as high load

bearing capacity, resistance to weathering and other envi-

ronmental influences, aesthetic properties and ability to take

a highly polished finish. However, compared to other groups

of natural stones such as marbles and travertines, the

machining process of granites exhibits significant difficulties

in terms of diamond tool wear and sawing rate due to their

high abrasiveness and hardness (Gunes Yılmaz et al. 2011).

Thus, in order to attain the economically best sawing con-

ditions, an ideal balance between tool wear and sawing rate

needs to be achieved (Konstanty 2005).

During the sawing process, wear of the sawblade seg-

ments is the result of tribological interactions in the saw-

blade–stone interface (Fig. 1). While the diamond-stone

contact mainly causes wear of the diamond grains, the

chip-bond contact is associated with bond wear. Conse-

quently, the segment wear is the comprehensive result of

these two tribological contacts (Li et al. 2002). It is now a

well-established view that blade wear is mainly influenced

by stone properties, segment specifications and operational

conditions. Due to the large number of parameters

involved, establishment of a universal wear model is an

extremely hard task, and therefore, the problem of pre-

dicting diamond tool wear in this field of stone processing

is inevitably handled with regard to specific applications

and empirical approaches.

Regarding circular sawing of granites, investigations

into studying the factors that influence diamond tool wear
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were particularly devoted to the following main areas:

Rock properties (physico-mechanical, mineralogical and

petrographic); segment specifications (diamond grit quality

and concentration, matrix bonding system and matrix wear

mechanisms); operational parameters (feed rate, cutting

depth, peripheral speed and coolant type); and cutting

mode (up-cutting and down-cutting). Brief descriptions and

main findings of these studies are presented in Table 1.

With reference to Table 1, the methodology followed in

this study differs from the previous literature in two key

aspects. First, the potential use of the instrumented Knoop

micro-hardness as a single predictor of SWR was investi-

gated. This could be of particular interest to the practi-

tioners working in the stone processing industry because in

materials science it is known that micro-indentation tech-

niques can provide useful information on surface removal

processes, such as machining and abrasive wear (Marshall

and Lawn 1986). Second, to include the influence of

operational parameters on SWR, a holistic approach was

adopted in which a combination of the Knoop micro-

hardness and operational parameters was evaluated simul-

taneously. For this purpose, two fundamental productivity-

related operational parameters relevant to circular sawing,

namely the feed rate (Vf) and cutting depth (d), were varied

at different levels to achieve different sawing rates

(Qw ¼ Vf � d) ranging between 50 and 200 cm2/min. By

performing multiple regression analysis on the experi-

mental data, a SWR prediction model was established. The

prediction accuracy of the model was checked against new

observations. Detailed analytical interpretations and dis-

cussions of all experimental findings were made.

2 Materials and Methods

2.1 Material

The granite varieties used as the test samples were selected

from a commercial stone processing plant. Here the term

‘‘granite’’ is used in the commercial sense which covers

hard crystalline acid igneous rocks as well as non-quartz

bearing basic and ultrabasic igneous rocks (ASTM 2008).

All samples were dimensioned according to the require-

ments of the performed tests. The samples were free from

visible anisotropic features, cracks and indications of

weathering. Thin sections were prepared from the samples

to determine their modal composition and grain size dis-

tributions (Tables 2 and 3, respectively). In the case of

coarse-grained varieties, however, polished hand speci-

mens were also examined to determine their grain size

distributions.

2.2 The Knoop Hardness Test

The Knoop hardness test (also referred to as ‘‘micro-

hardness’’ or ‘‘micro-indentation’’ test) was developed by

Knoop et al. (1939) at the National Bureau of Standards as

an alternative to the Vickers test which had been designed

for measuring the hardness of metals based on micro-in-

dentation technique. Although widely used for testing

ceramics, glass and hard metals, several applications of this

test have also emerged in the general field of rock material

characterization (Cardu and Giraudi 2012; Cardu et al.

2012; Amaral et al. 2000).

The Knoop hardness test involves applying a given load

onto the surface of a test specimen via a pyramidal dia-

mond indenter and measuring the projected area of the

residual impression using a high-powered microscope. The

shape of the indenter used is an elongated pyramid with the

angle (h) between two opposite faces being 172�30’ and
the angle (/) between the other two faces being 130�. The
Knoop hardness (HK) of the material is defined as the ratio

between the indentation load and a parameter representa-

tive of the area of residual impression and calculated using

the following formula (Chicot et al. 2007):

HK ¼ P

APAC

¼ P

L2tgð/=2Þ=2tgðh=2Þ ¼ 14:229
P

L2
ð1Þ

where HK is the Knoop hardness (expressed in kgf/mm2 or

MPa), P is the load on the indenter (standard load being

200 g % 1.96 N), APAC represents the projected area of

contact, and L is the length of the largest diagonal of the

indent left by the indenter (mm).

In this study, micro-hardness measurements were taken

on factory-polished samples (25 mm thickness, 75 mm

width and 150 mm length) using the Shimadzu Micro-

hardness Tester, Type-M, equipped with a Knoop indenter.

All through the tests, the recommended standard load

1.96 N was applied on any sample with a dwell time of

40 s (TS EN 14205 2004). The mean Knoop hardness

value (HK) of each individual granite sample was calcu-

lated on the basis of 40 measurements taken along four

Fig. 1 Tribological interactions at the sawblade–stone interface Xu

and Li (2003)
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Table 1 Diamond tool wear-related studies in the circular sawing of granites

Author(s) Description of the study and main findings

Mamalis et al. (1979) Wear modes of sawblade segments when processing Colombo and Impala granites were investigated. It was observed that the
change in geometry and diamond particle wear characteristics was different for the two tested granite varieties. This was
attributed to their diverse textural properties

Ertingshausen (1985) Sawing trials were carried out in the up-cutting and down-cutting mode when processing Colombo Red granite. In the shallower
cutting depths of cut, the down-cutting mode produced higher segment wear than that of the up-cutting mode. However, this
relation reversed when the depth of cut exceeded 25–30 mm

Wright (1986) Sawing trials on six Korean granites were performed. The Shore hardness proved to be a good indicator of sawblade wear
performance

Cassapi (1987) Statistical prediction equations of the specific wear rate (SWR) were developed using various rock properties as the input
parameters. Grain size and rock hardness were found as the most dominant parameters affecting SWR

Jennings and Wright
(1989)

The results of mechanical tests and mineralogical properties of different granites were correlated with the measured sawblade
wear rates. It was concluded that neither the mechanical strength measures (compressive strength and tensile strength) nor the
quartz content alone correlated with wear rate

Liao and Luo (1992) Sawing tests were performed on Indian Imperial red granite using sawblades with different bonding systems. Wear of the metal
matrix was due to cavitation erosion in front of the diamond particles. The sawblade containing higher hardness of the matrix
bond and less damaged diamond grits presented a better wear performance

Wang et al. (1995) Comparative testing of two types of coolants was carried out in a granite processing plant. It was found out that the coolant type
could be one of the factors affecting the life of sawblade segments. However, the effectiveness of coolant varied according to
the composition of segments, diamond concentration and the properties of the granite

Luo (1996) Wear behavior of worn diamond grits and metal bond were investigated while sawing a granite sample. Too low diamond grade
or concentration resulted with greater number of macro-fractured grits and/or grit pullout on the bond surface

Unver (1996) Rock properties influencing SWR were investigated by performing sawing trials and regression analysis. A prediction model of
the SWR was established as a function of NCB cone indenter hardness number, mean quartz grain size and mean plagioclase
grain size

Konstanty (2000) Matrix wear mechanisms were examined when sawing natural stones. Diamond breakdown (pullout) was found as the
predominant form of segment wear on granitic stone materials

Li et al. (2002) Tribological interactions that occur at the interface between diamond segments and granite were analyzed. Wear performance
was greatly dependent on the machining parameters. Also, the wetting and bonding between diamond grits and matrix were
found responsible for high wear performance of the segments

Denkena et al. (2003) The influences of cutting parameters on segment wear and cutting forces were examined when processing the Imperial Red
granite. Feed rate was found to play a significant role on the segment wear rate and force ratio

Konstanty (2003) Sawing tests were performed on granites to examine the factors affecting diamond retention in sawblade segments. The diamond
breakdown and/or pullout were observed as the predominant form of segment wear. Also, retention characteristics were
independent of the diamond grit size and showed some relation to the ductility of bonding matrix

Tönshoff et al. (2003) Based on the results of sawing trials conducted on Pink Porrino granite, the importance of analyzing process forces under
different machining conditions was emphasized. The tangential force was found to play a decisive role on the wear behavior
and chipping process of the diamond grits

Xu and Li (2003) An experimental study was carried out to examine the effect of swarf in granite sawing. It was observed that the difficulty in
ejecting the swarf at the segment-granite contact zone might result with progressive wear of diamond grains

Yu and Xu (2003) Wear states of the diamond segments were examined while sawing three granite varieties with different mineral compositions. A
better wear performance was observed when processing granites containing relatively more feldspar and less quartz contents

Xu and Li (2004) Influence of using coated and uncoated diamond segments on sawblade wear performance was investigated. It was observed that
the wear performance of segments containing coated diamonds was superior to those of uncoated ones. This was attributed to
the increased bonding between coated diamond grains and bond matrix

Xu and Zhang (2004) A granite sample was subjected to sawing trials under different operational conditions, and wear performance of the sawblade
was measured for each sawing condition. Under the light of experimental data, a neural network model directed to segment
wear prediction was proposed

Güneş Yılmaz (2011) Using a number of mineralogy-based rock hardness indexes, abrasive wear potential of different granite varieties was
comparatively investigated. The calculated overall rock hardness indexes that are based on Rosiwal hardness and Vickers
number proved to be statistically reliable indicators of granite abrasivity

Gunes Yılmaz et al.
(2011)

The influence of physico-mechanical and petrographic properties of granites on SWR was investigated. Maximum grain size of
both the quartz and K-feldspar minerals was observed as the major factors influencing SWR. Correlations between individual
physico-mechanical properties and SWR were poor. Also, quartz content alone was not a good indicator of SWR

Aydin et al. (2013) Influences of the individual operational parameters and rock properties on SWR were examined. By employing statistical
analyzes, various SWR prediction models were established. For practical considerations, the prediction model involving
Vickers hardness and plagioclase content as the input parameters was suggested as the most suitable model
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alignments making 45� relative to each other. Results of

the Knoop hardness tests are given in Table 4 along with

their coefficient of variation (CoV) values.

2.3 Experimental Rig

The sawing tests were carried out in the down-cutting

mode (Fig. 2) on specially dimensioned rectangular granite

blocks using a PC-controlled fully instrumented side-cut-

ting machine; details of which are given elsewhere (Gunes

Yılmaz 2013; Güneş Yılmaz 2009). The rig facilitates

precise adjustment of cutting depth (d) and workpiece feed

rate (Vf) as well as recording of instantaneous active power

consumption (P) and process forces (Fh, Fv). As the cutting

unit, a granite processing sawblade of 400 mm diameter

containing 24 metal bonded diamond segments was used

throughout the tests. The diamonds (SDA 85) were sized at

40/50 US mesh with a 20% concentration. For each series

of tests, a surface area of 1800 cm2 was sawn on any

workpiece block, which is considered as suitable for lab-

oratory-scale wear studies in granitic rocks (Ertingshausen

1985). Before any series of sawing tests, to facilitate sim-

ilar sawing conditions for all granite varieties, the segment

surfaces were dressed following a procedure similar to that

of the described by Yu et al. (2006). It has been established

that granites require peripheral speeds around 25–35 m/s to

optimize blade life (Konstanty and Tyrala 2013; Xu and

Zhang 2004; Jennings and Wright 1989; Brook 2002; Xu

et al. 2001). Therefore, the sawblade peripheral speed was

set as 30 m/s. By considering the diameter of the sawblade

used (400 mm), the cooling water flow rate was kept as

15 l/min (Sonmak 2011).

2.4 Specific Wear Rate

Wear performance of the diamond sawblade was evaluated

in terms of specific wear rate (SWR) which is defined as

the ratio of radial wear of the sawblade segment surface to

Table 2 Modal compositions
Sample code Q (%) Kf (%) PI (%) B (%) Hrn (%) E (%) Px (%) 01 (%) Other

SI – – 42 – 6 – 44 – 8

S2 – 36 9 43 – 12

S3 – 78 4 9 4 5

S4 11 30 41 4 12 2

SS 18 36 25 – 15 3 – – 3

S6 22 24 40 8 4 – – – 2

S7 27 28 32 7 4 – – – 2

S8 24 30 29 5 8 2 – – 2

S9 20 56 14 2 7 – – – 1

S10 12 62 17 7 – – – – 2

S11 36 48 9 6 – – – – 1

q quartz; Kf K-feldspar; PI plagioclase; B biotite; Hrn hornblende; E epidote; Px pyroxene; Ol olivine

Table 3 Grain size distributions

Sample

code

q (mm) mean-

max.

Kf (mm) mean-

max.

PI (mm) mean-

max.

B (mm) mean-

max.

Hrn (mm) mean-

max.

Px (mm) mean-

max.

01 (mm) mean-

max.

SI – – 1.0–3.6 – 0.36–0.7 0.7–0.9 –

S2 – – 0.8–1.6 – 0.36–0.7 0.7–2.9

S3 – – 10–30 – 1.4–2.5 0.4–0.7 0.6–3.0

S4 2.0–4.0 2.0–4.0 5.0–15 0.8–1.7 0.6–1.2 – –

S5 4.5–12 1.3–4.8 8.0–27 – 0.3–0. 6 – –

S6 4.0–10 7.5–19 4.5–13 0.36–3.4 0.36–0.7 – –

S7 5.0–15 8.0–35 4.0–15 0.3–0.5 2.0–3.0 – –

S8 1.0–4.0 0.5–2.0 1.0–4.0 0.2–0.8 – – –

S9 5.0–17 25–50 0.4–3.2 0.4–5.0 0.24–0.7 – –

S10 6.0–12 10–25 5.0–9.0 1.3–2.7 – – –

S11 7.5–30 15–38 1.6–3.3 0.6–2.8 – – –

q quartz; Kf K-feldspar; PI plagioclase; B biotite; Hrn hornblende; E epidote; Px pyroxene; Ol olivine
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the sawn area (lm/m2). Radial wear of the segments were

determined by measuring the heights of all segments before

and after each sawing test using a wide beam laser dis-

placement sensor. Before any measurement, the sawblade

was placed on a turntable and segment surfaces were

carefully cleaned with alcohol and dried. Distance mea-

surements between the sensor and segment surfaces were

taken along four parallel profiles spaced 0.33 mm apart on

each segment. To obtain an average value, the scanning

procedure on each profile was repeated four times.

Apart fromdirectmeasurements, thewear performance of

sawblade segments under different operational conditions

can also be evaluated indirectly by the analysis of cutting

force components of the process (Tönshoff et al.

2003, 2002).With this in view, to provide additional data for

the interpretation of wear results, the horizontal (Fh) and

vertical (Fv) forces acting on the sawblade (Fig. 2) were

measured for various operational conditions. Thereafter, the

tangential (Ft) and normal (Fn) force components were cal-

culated by using the following equations (Xu et al. 2002):

Ft ¼ P=Vc ð2Þ

Fn ¼ ðFhÞ2 þ ðFvÞ2 � ðFtÞ2
h i1=2

ð3Þ

where Ft = tangential force (N), P = active power (W),

Vc = sawblade peripheral speed (m/s), Fn = normal force

(N), Fh = horizontal force (N), and Fv = vertical force

(N).

2.5 Design of Sawing Experiments

In practical applications, the productivity of a stone sawing

process is determined by the parameter ‘‘sawing rate’’

(Qw), which is governed by two main operational param-

eters, namely cutting depth (d) and workpiece feed rate

(Vf):

Qw ¼ d � Vf ð4Þ

In this study, different combinations of cutting depth and

feed rate were employed to achieve sawing rates (Qw)

Table 4 Knoop hardness test results

Sample Knoop hardness HK,

(MPa)

Coefficient of variation CoV,

(%)

SI 5854.7 20.9

S2 5198.0 19.7

S3 5224.0 21.6

S4 3584.2 31.8

S5 3745.8 33.9

S6 4620.1 23.4

S7 4159.9 30.6

S8 3975.8 20.3

S9 4622.4 31.9

S10 3771.4 29.2

S11 4650.3 27.3

Fig. 2 Sawblade engagement

kinematics Ertingshausen

(1985)
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ranging from 50 to 200 cm2/min. Due to the constraints of

obtaining large number of dimensioned workpiece mate-

rials for each individual granite variety, the experimental

design and analysis was undertaken as follows. In the first

stage, sawing tests were carried out on three granite sam-

ples at different operational conditions to produce Test

design # 1 and Test design #2 (Table 5). Experimental data

from these two test designs (Table 6) were used to build a

prediction model of the SWR as a function of Knoop

hardness (HK), cutting depth (d) and feed rate (Vf). In the

second stage, a series of sawing tests were performed on

the remaining eight granite samples that were not used in

the development of the model (Test design #3, Table 5).

Thereafter, the results of Test design #3 (Table 6) were

used as the ‘‘hold-back’’ data set to check the accuracy of

the established prediction model. The details of all exper-

imental results are given in Table 6.

3 Results and Discussion

In this part of the study, the possibility of using Knoop

hardness (HK) for the prediction of sawblade specific wear

rate (SWR) was examined both as a single predictor and in

combination with two fundamental operational parameters,

namely the cutting depth (d) and workpiece feed rate (Vf).

The statistical significance and validity of the relations

Table 5 Experimental design

Test design #1 (Samples S7, S8 and S11)

d = 10 mm; Vf = 0.50 (m/min)

d = 20 mm; Vf = 0.50 (m/min)

d = 40 mm; Vf = 0.50 (m/min)

Test design #2 (Samples S7, S8 and S11)

Vf = 0.33 m/min; d = 30 mm

Vf = 0.50 m/min; d = 30 mm

Vf = 0.66 m/min; d = 30 mm

Test design #3 (Samples S1–S6, S9 and S10

d = 30 mm; Vf = 0.50 m/min

Table 6 Experimental results

Expt.

no

Tested granite

sample

Cutting depth,

d (mm)

Feed rate Vf (m/

min)

Specific wear rate SWR

(lm/m2)

Tangential force

Ft (N)

Normal force

Ft (N)

Force ratio

Fn

1 S7 10 0.50 108.20 61.75 231.09 0.2672

2 S7 20 0.50 121.73 97.62 386.24 0.2527

3 S7 40 0.50 148.20 148.68 664.70 0.2237

4 S7 30 0.33 106.98 120.02 479.64 0.2502

5 S7 30 0.50 139.84 123.70 535.16 0.2311

6 S7 30 0.66 181.15 138.67 614.21 0.2258

7 S8 10 0.50 86.20 60.25 215.78 0.2792

8 S8 20 0.50 92.25 91.71 351.90 0.2606

9 S8 40 0.50 130.47 137.70 641.29 0.2246

10 S8 30 0.33 78.73 115.87 453.77 0.2553

11 S8 30 0.50 108.23 120.83 524.22 0.2305

12 S8 30 0.66 169.70 132.16 574.83 0.2147

13 S11 10 0.50 140.80 65.03 248.55 0.2616

14 S11 20 0.50 160.27 103.96 412.70 0.2519

15 S11 40 0.50 177.90 158.67 723.13 0.2194

16 S11 30 0.33 120.19 124.02 500.48 0.2478

17 S11 30 0.50 168.91 127.78 550.32 0.2322

IS S11 30 0.66 204.35 141.15 631.16 0.2236

19 S1 30 0.50 234.73 132.22 462.24 0.2665

20 S2 30 0.50 231.15 122.56 490.03 0.2501

21 S3 30 0.50 206.53 132.52 557.65 0.2376

22 S4 30 0.50 108.40 118.82 513.93 0.2312

23 S5 30 0.50 102.41 120.11 534.48 0.2247

24 S6 30 0.50 129.99 120.10 524.75 0.2229

25 S9 30 0.50 145.61 123.85 528.51 0.2343

26 S10 30 0.50 125.70 119.89 523.00 0.2292
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were determined by employing the coefficient of determi-

nation (R2) and probability value (P value) as the test

statistics. The R2 is the proportion of variance in the

dependent variable that can be predicted from the inde-

pendent variable. Higher values of R2 correspond to a

stronger relation between the dependent and independent

variables. The P value is the observed level of significance

for the test. In the presently made analyses, the conven-

tional 5% significance level was adopted. Hence, results

showing a P value of\0.05 were considered as statistically

significant at a confidence level of 95%.

3.1 Knoop Hardness as a Single Predictor

of Specific Wear Rate

The relation of Knoop hardness (HK) to sawblade specific

wear rate (SWR) is illustrated in Fig. 3 for a common

experimental condition to all tested granite samples: cut-

ting depth d = 30 mm and feed rate Vf = 0.50 m/min

(Table 6). It is seen from the figure that a high degree of

positive linear correlation exists between HK and SWR,

which is expressed as:

SWR ¼ 0:0631ðHKÞ�128:68 ðR2 ffi 0:87Þ ð5Þ

The prediction model provided in Eq. (5) is statistically

significant at the 95% confidence level (P value \0.05).

The coefficient of determination value (R2 % 0.87) indi-

cates that the model as fitted explains 87% of the vari-

ability in calculated SWR values. The high statistical

significance of the model suggests that the Knoop inden-

tation technique may have the potential to be used as a

convenient rock material property for wear performance

assessment purposes.

As Eq. (5) suggests, under the same operational condi-

tions of sawing, granites having higher Knoop hardness

values should be expected to cause faster tool wear. In

practice, this information may be used in ranking granites

according to their abrasive potential with respect to dia-

mond tool wear as well as estimating relative process costs.

However, as will be shown in the following, sawblade wear

performance is also influenced by the process parameters.

Therefore, the close correspondence observed above

between Knoop hardness and specific wear rate needs to be

further checked with respect to other operational

conditions.

The cutting depth (d) and workpiece feed rate (Vf) are

the two main productivity-related operational parameters

commonly considered in wear-related analyzes of granites

(Konstanty and Tyrala 2013; Xu and Zhang 2004; Webb

and Jackson 1998). In view of this, as the next step in the

present analysis, the relation of Knoop hardness to specific

wear rate is examined under different combinations of

these two operational parameters. Using experimental data

of Test designs #1 and #2 (Tables 5 and 6) these relations

are graphically illustrated in Figs. 4 and 5.

Referring to Figs. 4 and 5, the good correspondence

observed above between the measured Knoop hardness and

specific wear rate values for different granite samples and

operational conditions implies that variations in the mineral

hardness of samples relevant to diamond tool wear have

been satisfactorily captured by the Knoop indentation

technique. During granite sawing, both the material

removal mechanism and the abrasive wear mechanism

occur in microscopic-scale, which are markedly affected

by the mineral properties (Xie and Tamaki 2007; Clausen

et al. 1996; Hausberger 1990). Hence, it is reasonable to

assume that tool wear performance will be greatly influ-

enced by the mineralogy-related parameters, more specif-

ically the hardness and abrasiveness of the main rock-

forming minerals. Of particular interest here may be the

Fig. 3 Relation between Knoop

hardness and specific wear rate
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examination of the relation between Knoop hardness and

quartz. This is because, being the hardest mineral con-

stituent in acidic granites, quartz is regarded as the most

relevant mineral to tool wear. It is generally accepted that,

other conditions being equal, the abundance of quartz will

be associated with higher tool wear rates (Wang et al.

1995). In the case of presently tested acidic granites, the

relation between Knoop hardness and quartz percentage

content is demonstrated in Fig. 6. It is seen that the Knoop

hardness values generally increase with increasing quartz

content.

3.2 Operational Parameters in Relation to Specific

Wear Rate

The data presented in Figs. 4 and 5 indicate that, for a

given granite sample, the magnitude of the measured

specific wear rate (SWR) is a function of both the Knoop

hardness and the employed operational parameters. To

show the individual influences of cutting depth (d) and feed

rate (Vf) on SWR, experimental data of Test designs #1 and

#2 are graphically illustrated in Figs. 7 and 8, respectively.

As the same figures indicate, increasing the sawing rate

(Qw = d � Vf) either by increasing the cutting depth (d) or

the feed rate (Vf) leads to increased tool wear. The

increasing trend in SWR as a function of cutting depth and

feed rate can be explained by the theoretical considerations

provided in the related literature. Kinematic models based

on the parameter undeformed chip thickness have been

widely used in the general field of machining science for

characterizing different aspects of the process. Regarding

circular sawing of stone materials, an idealized model of

the mean chip thickness (hm) produced per diamond grit

during sawing has been provided by Tönshoff and War-

necke (1982):

hm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vf

Vc

� �
1

C:k:r

� � ffiffiffiffi
d

D

rs
ð6Þ

where Vf is feed rate; Vc is peripheral speed; C is the

number of active diamond grits per unit area; k is partition

of segments at the circumference; r is chip shape factor;

d is cutting depth; and D is sawblade diameter. This model

facilitates to interpret the influences of operational

parameters, and sawblade specifications on the produced

idealized mean chip thickness. According to Eq. (6), other

conditions being equal, the magnitude of the produced

mean chip thickness will increase in the case of higher

cutting depths (d) and feed rates (Vf). Since larger chips

require higher contact stresses on individual diamond grits,

the severity of wear on the diamond grits and bonding

matrix will increase (Jerro et al. 1999; Tönshoff and

Warnecke 1982).

The chip thickness parameter and hence tool wear are

also closely related to the cutting force components of the

process (Polini and Turchetta 2004; Turchetta et al. 2005).

The parameter force ratio (Ft/Fn), which is the ratio of

tangential (Ft) and normal force (Fn) components (Fig. 2),

is considered as a useful parameter for describing the wear

state of a sawblade under different operational conditions

(Xu et al. 2003; Webb and Jackson 1998). It is expected

that a higher force ratio will be an indicator for a sharp

Fig. 4 Relation between HK

and SWR for test design # 1

(Vf = 0.50 m/min constant)
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segment surface, whereas a small force ratio will represent

relatively blunt segments with a lot of flat diamonds

(Denkena et al. 2003). Regarding the experimental results

of the present study, the relation between force ratio and

specific wear rate illustrated in Figs. 9 and 10 confirms this

expectation, where it is seen that lower force ratios are

generally associated with increased wear rates. As to the

influence of individual operational parameters, the varia-

tion in force ratio values (Ft/Fn) with cutting depth (d) and

feed rate (Vf) is illustrated in Figs. 11 and 12, respectively.

As seen, increasing either the cutting depth or feed rate

results in lower force ratios, indicating increased tool wear.

This observation provides further evidence on the influence

of operational parameters on sawblade wear performance.

3.3 Prediction Model of Specific Wear Rate

From the preceding experimental observations made, it is

clear that the tool wear performance depends not only on

the Knoop hardness but also on the employed operational

conditions. This leads to the conclusion that, for more

precise information on sawblade wear performance,

simultaneous evaluation of the Knoop hardness and oper-

ational parameters should be made. With this in view, in

this section of the study a holistic approach was adopted in

which the individual influences of Knoop hardness and the

operational parameters on SWR were evaluated. Accord-

ingly, using the experimental data from Test designs #1

and #2 (Experiment Nos. 1–18 in Table 6), a multiple

Fig. 5 Relation between HK

and SWR for test design # 2

(d = 30 mm constant)

Fig. 6 Knoop hardness versus

quartz percentage content
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regression prediction model of the SWR was constructed.

The prediction equation of the established regression

model is given below:

SWR ¼ �333:84þ 0:0718ðHKÞ þ 1:436ðdÞ
þ 251:124ðVfÞ

ðR2 ¼ 0:96Þ
ð7Þ

where SWR is specific wear rate (l m/m2); HK is Knoop

hardness (MPa); d is cutting depth (mm); and Vf is feed rate

(m/min). The coefficient of determination (R2 = 0.96) for

this relation indicates a strong degree of statistical corre-

spondence between SWR and the considered independent

variables, indicating that that 96 percent of the variance in

SWR values can be predicted from the model. The

regression summary for SWR is illustrated in Table 7,

where it is seen that there are statistically significant rela-

tions (P values \0.05) between individual independent

variables (HK, d, Vf) and SWR.

The beta coefficients are the regression coefficients that

facilitate comparison of the relative contribution of each

independent variable in the prediction of the dependent

variable (Statistica Software 2015). The translated values

of beta coefficients into percentage contributions are given

in the last column of Table 7. As seen, the most influential

operational parameter affecting SWR is the feed rate (Vf),

with a contribution of 41.32%. The contributions of Knoop

hardness (HK) and cutting depth (d) on the SWR values are

35.31% and 23.37%, respectively. This observation is

consistent with the theoretical model provided in Eq. (6),

which implies that, compared to cutting depth, feed rate has

Fig. 7 Relation between

cutting depth and SWR

(Vf = 0.50 m/min constant)

Fig. 8 Relation between feed

rate and SWR (d = 30 mm

constant)
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a bigger influence on chip thickness and hence on tool

wear. The governing influence of feed rate on wear per-

formance can be attributed to the fact that by applying

higher feed rates the chip thickness increases, but so does

the load on each individual diamond grain (Tönshoff and

Asche 1997). In this case, the diamond grits on the segment

surfaces break rapidly, leading to high wear rates (Denkena

et al. 2003).

To check the predictive value of the presently derived

empirical model, specific wear rate values calculated from

Eq. (7) were compared with those measured in the labo-

ratory. As seen in Fig. 13, the calculated SWR values from

the model show a strong correspondence (R2 ffi 0.96) with

the measured ones.

3.3.1 Testing of the Prediction Model against New

Observations

For validation of the presently established model (Eq. 7),

one would like to check its accuracy when predicting new

observations. A common approach in experimental analy-

sis employed for this purpose is to assess the prediction

performance of the model against a set of data that was not

used to build the model (hold-back data). In this study, to

verify the validity of the model for other granites, experi-

mental data from Test design # 3 were used as the hold-

back data set (Experiment Nos. 19–26 in Table 6). The fit

of the predictive model to the hold-back data is shown in

Fig. 14. As seen from the same figure, a high degree of

positive linear correlation (R2 = 0.86) exists between

SWR values calculated from the model and experimental

values of the hold-back data. This relation is expressed by:

SWRHold�back ¼ 1:0034SWRModel þ 2:3804 ðR2 ¼ 0:86Þ
ð8Þ

The coefficient of determination of Eq. (8) indicates that

86 percent of the variance in the hold-back SWR values

can be predicted from the model. Therefore, it is possible to

suggest that the presently provided model in Eq. (7) may

have the potential to predict new observations in similar

applications. The accuracy of the model when predicting

new observations should be regarded as satisfactory in this

field of stone machining when the heterogeneity of granitic

stone materials is considered. It is known that, being

polycrystalline stone materials, the micro-hardness distri-

bution in granites exhibits varying degrees of scatter

depending on their mineral composition and texture (Xie

2010). A typical example of such scatter is shown in

Fig. 15 involving the recorded Knoop hardness values of

Sample 9.

As demonstrated in Fig. 16, the high values of coeffi-

cient of variation (CoV) associated with the determined

overall Knoop hardness values (HK) also confirm the

heterogeneity of the tested granite samples. For the 11

granite samples tested, the CoV values ranged from

approximately 20–35%. However, relatively less scatter is

observed in Samples S1–S3 which belong to the basic

igneous rock group. These three samples differ from the

rest of the samples in their mineralogical composition.

They are mainly composed of plagioclase and pyroxene

minerals (Table 2) showing a relatively narrow range of

hardness variability (i.e., Mohs hardness ffi 5–6.5). On the

other hand, however, samples S4–S11 fall into the group of

acidic igneous rocks which are mainly composed of quartz,

feldspar, hornblende and biotite minerals with Mohs

hardness values ranging from 2 to 7. As a result, in this

latter group of stone materials, minerals with high hardness

values alternate frequently with the softer ones, exhibiting

a less homogeneous media. Referring to Fig. 16 again, it

Fig. 9 Force ratio versus

specific wear rate (test design

#1)
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should be noted that the least scatter among the tested

acidic granites belongs to Sample 8. This may be attributed

to the fact that, compared to other samples, the overall

grain size of Sample 8 is governed by much smaller min-

eral constituents (Table 2), leading to a relatively more

uniform grain size distribution. This observation indicates

that larger spread of micro-hardness results may be

encountered in granites with non-uniform coarse-grained

textures. In such cases, it may be useful to carry out

increased number of indentations so as to obtain a better

representation of overall Knoop hardness.

Apart from granite heterogeneity, the performance of

Eq. (7) to predict new observations is apt to be affected by

the random nature of interactions between diamond grains

and stone, which is closely related to the specifications of

the sawblade used (i.e., diamond concentration and grain

size, quality of diamond grains, bonding matrix properties).

It has been observed that, depending on the segment

specifications and the severity of sawing conditions, dif-

ferent kinds of new or worn diamond grits (Fig. 17) take

part randomly in the sawing process (Ertingshausen 1984;

Denkena et al. 2003). The problem is more compounded

when it is considered that even for a given group of stone

material (i.e., granite, marble, travertine) different segment

specifications are being formulated by different manufac-

turers. Obviously, this makes it an extremely challenging

task to establish a universal wear prediction model valid for

all sawblades commercially available in the market.

As the final step in the analysis, the SWR prediction

model provided in Eq. (7) is checked against all test data

Fig. 10 Force ratio versus

specific wear rate (test design

#2)

Fig. 11 Relation between

cutting depth and force ratio

(test design #1)
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(Experiment Nos. 1–26 in Table 6). Fig. 18 shows that a

strong degree of positive linear relation (R2 = 0.91) exists

between the calculated and measured values of SWR. This

relation is expressed as:

SWRMeasured ¼ 0:9195 SWRModel þ 10:943 ðR2 ¼ 0:91Þ
ð9Þ

The higher prediction accuracy of Eq. (9), compared to

that of Eq. (8), can be obviously attributed to the fact that a

certain portion of the observations have already been used

for building the model. Therefore, some degree of over-

fitting will be present. Nevertheless, the strong correspon-

dence between the calculated and measured values

Fig. 12 Relation between feed

rate and force ratio (test design

#2)

Table 7 Analysis of variance

for the regression model
Coeff SE T-stat p value Beta coeff Relative contr (%)

Intercept -333.84 31.4570 -10.6125 0.000000

HK 0.072 0.00684 10.4970 0.000000 0.584737 35.31

d 1.436 0.20665 6.9477 0.000007 0.387032 23.37

Vf 251.124 20.4462 12.2822 0.000000 0.684194 41.32

Regression summary for SWR: R2 = 0.9565; adjusted R2 = 0.9472; standard error of estimate = 8.2660;

number of observations = 18

Fig. 13 Relation between

calculated and measured SWR

values
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Fig. 14 Relation between

SWRModel and SWRHold-back

Fig. 15 Knoop hardness values

recorded for Sample 9

Fig. 16 Coefficient of variation

values associated with the

Knoop hardness values
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demonstrates the usefulness of the presently established

model in predicting tool wear performance.

From the preceding findings and discussions made, it is

possible to suggest that the framework of the approach

made in this study may be used as an efficient tool for

quantifying or differentiating the SWR performance of

diamond sawblades. However, as is the case with other

empirical prediction models that appear in the related lit-

erature, the presently employed methodology is not without

its limitations. It should be emphasized that the presently

established regression models are valid only for the tested

granite types and specific experimental conditions. There-

fore, the values of the regression coefficients in the pre-

diction models should be expected to change depending on

the workpiece properties and operational conditions. In this

respect, additional data in support of further research are

needed.

4 Conclusions

The study reported in the present paper was undertaken to

investigate the usability of Knoop hardness test in specific

wear rate assessment of diamond sawblades, both as a

single predictor and as part of a multiple regression pre-

diction model. For this purpose, the authors evaluated the

data of sawing experiments performed on different granite

test samples under varied operational conditions. The fol-

lowing main conclusions were drawn:

1. A close correspondence was observed between the

measured Knoop hardness (HK) and specific wear rate

(SWR) values for sawing rates ranging between 50 and

200 cm2/min. This finding suggests that the Knoop

indentation technique may be used as a convenient

rock material property in preliminary estimations of

sawblade wear performance.

Fig. 17 States of diamond

grains: sharp (i), flattened (ii),

micro-fractured (iii), macro-

fractured (iv), and grain pullout

(v) Ertingshausen (1984)

Fig. 18 Relation between

calculated and measured SWR

values for all test data
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2. The presently established multiple regression model

incorporating Knoop hardness (HK), workpiece feed

rate (Vf) and cutting depth (d) demonstrated that the

tool wear performance could be reliably estimated

under different operational conditions by using the

considered input parameters. Also, the SWR prediction

ability of the established model proved to be highly

successful when applied to new observations. Variance

analysis (ANOVA) of the model indicated workpiece

feed rate (Vf) as the most influential input parameter on

SWR with a contribution of 41.32%. The contributions

of Knoop hardness and cutting depth to SWR were

determined as 35.31% and 23.37%, respectively.
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