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Research on the Size Effect
of Specific Cutting Energy Based
on Numerical Simulation
of Single Grit Scratching
A method of research on the size effect of the specific cutting energy based on the numeri-
cal simulation has been proposed. The theoretical model of the research on size effect of
specific cutting energy using single grit scratching simulation has been presented. A
series of single grit scratch simulations with different scratching depths have been car-
ried out to acquire different material removal rates. Then, the specific cutting energy has
been calculated based on the power consumed and the material removal rate. The rela-
tionship between the specific cutting energy and the material removal rate has been given
which agrees well with that presented by Malkin. The simulation results have been ana-
lyzed further to explain the size effect of specific cutting energy.
[DOI: 10.1115/1.4039916]
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1 Introduction

The specific grinding energy is defined as the energy consumed
per unit volume of material removal during grinding process. The
phenomenon that specific grinding energy decreases with the
increase of grinding depth or sectional area of the chip is called
size effect. The size effect was first presented by Shaw [1], and
then, Malkin validated the existence of the size effect [2]. Malkin
presented that total grinding energy consists of cutting and sliding
energy [3]. Even after subtracting the sliding energy, the size
effect still exists [4–6]. The phenomenon that specific cutting
energy increases with the decrease of material removal rate is
called size effect of specific cutting energy.

The size effect during grinding process is composed of the size
effect of the sliding energy and cutting energy. The sliding energy
is caused by the wear flat on the tip of grit according to the
description of Malkin, and the wear flat is difficult to avoid for
high speed scratching. Therefore, the study of size effect of spe-
cific cutting energy is extremely difficult due to the companion of
sliding energy. Most of the studies focused on the size effect as a

whole [7]. There are several different explanations of the size
effect. Shaw presented that the existence of size effect results
from the metal internal defects [1]. Because the probability is
small that small-volume metal contains dislocation, so the small
nondeformed chip thickness corresponds to a higher flow stress.
But it was found that the density of dislocation is large in the
shear zone in metal cutting experiments [8]. It is obvious that this
theory is not a good explanation for size effect. Pashley gave an
explanation of size effect from the view of work hardening [9].
Rowe and Chen explained the size effect by the presentation of
“sliced bread analogy” [10]. Size effect is a very complex phe-
nomenon, and a previous research showed that specific energy
during grinding process is related not only to grinding process
parameters, but also to the mechanical properties of the workpiece
material [11]. It is extremely different to study size effect of spe-
cific cutting energy by experiment due to the exist of wear flat in
reality, and few literatures focused on the size effect of specific
cutting energy during grinding process due to the extremely low
realizability.

Grinding is a very complex process. It is a common method to
abstract the complicated scientific problems to simple problems
by academic analysis and experimental research. Therefore, the
study of the grit–workpiece interaction through single grit scratch-
ing test is an important contribution to the explanation of the
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physical processes that occur during grinding. Single grit scratch-
ing test has been widely used to study the material removal mech-
anism [12,13]. Numerical simulation could reveal the phenomena
that are difficult to investigate or unclear in the material removal
mechanism and has been widely used in single grit scratching pro-
cess [14–16].

In this study, a method of research on the size effect of the spe-
cific cutting energy based on the numerical simulation has been
proposed. The theoretical model of the research on the size effect
of specific cutting energy using single grit scratching simulation
has been presented, and the specific cutting energy has been calcu-
lated based on the power consumed and the material removal rate.
The relationship between the specific cutting energy and the mate-
rial removal rate has been given. The conclusion has been got that
the flow stress increases with the decrease of removal rate, which
explains the relationship between specific cutting energy and
material removal rate well. It is also found that the pile-up ratio
decreases with the increase of scratching depth, which could
explain the size effect of specific cutting energy from another
perspective.

2 Theoretical Model

The removal of the metallic material is achieved by the forma-
tion of chips in the grinding process. However, most of the grind-
ing energy is not consumed by the formation of chips but by wear
flat of grit slides on the surface of workpiece, but the sliding pro-
cess cannot remove material. The working condition of a single
grit in grinding process is shown in Fig. 1. Malkin presented that
the grinding forces and specific grinding energy consists of cutting
and sliding. So the forces applied on the single grit and specific
grinding energy can be expressed as [3]

Ft ¼ Ft;c þ Ft;sl (1)

Fn ¼ Fn;c þ Fn;sl (2)

u ¼ uc þ usl (3)

where Fn and Ft are the tangential and normal force applied on the
single grit, respectively. Ft,c and Fn,c are the tangential and normal
force for cutting, and Ft,cl and Fn,cl are those for sliding. The u is
specific grinding energy; uc and usl are specific cutting energy and
specific sliding energy, respectively.

As shown in Fig. 1. There is a wear flat on the tip grit. For steel
workpiece, the sliding forces are proportional to the area of the
wear flat. So the forces applied on the single grit could also be
expressed as [3]

Ft ¼ Ft;c þ l�pAa (4)

Fn ¼ Fn;c þ �pAa (5)

where �p is the average contact stress between grit and workpiece,
and l is the coefficient of friction. Aa is the area of wear flat.

In general, girt can be simplified as a cone with a spherical tip.
When the tip of ideal grit is always no wear exists that is the area
of wear flat is equal to zero, then the Ft,cl and Fn,cl and usl can be
ignored, and Eqs. (1)–(3) can be simplified as following:

Ft ¼ Ft;c (6)

Fn ¼ Fn;c (7)

u ¼ uc (8)

The research process of the relationship between the specific
cutting energy and the material removal rate can be greatly

Fig. 1 The working condition of a single grit [3]

Fig. 2 The procedure of numerical calculation

Fig. 3 Comparison of simulation and test results: (a) cutting
force and (b) thrust force
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simplified comparing to that provided by Malkin when the ideal
grit which is never worn during scratching process is applied to
single grit scratch test. But the most serious problem is that such
an ideal grit does not exist. Numerical simulation provides a

solution to the problem, in which the wear can be defined as
nonexistent.

3 Numerical Simulation

3.1 The Process of Simulation. Single grit scratch simula-
tion is performed with ADVANTEDGE (Third Wave Systems, Eden
Prairie, MN), which integrates advanced finite element models for
single grit scratch. The procedure of numerical calculation is
shown in Fig. 2. Numerical simulation involves many models
including material constitutive model, friction model, and thermal
property model. The precision of the numerical simulation
depends on the model whose accuracy is the worst.

3.2 The Physical Model. The Fe–Cr–Ni stainless steel and
cubic boron nitride have been selected as the workpiece and grit
material, respectively. Fe–Cr–Ni stainless steel is a commonly
used material for steam turbine blades which is a kind of austen-
itic stainless steel. The steam turbine blades of Fe–Cr–Ni stainless
steel usually formed using grinding process. The material model
is the most important model in numerical simulation. Common
material constitutive models include the Power–Law (P–L), the
Johnson–Cook mode (J–C), and the Wright–Batra [17]. The mate-
rial models including material constitutive and thermal property
model of cubic Boron Nitride were offered by material library of
ADVANTEDGE. The P–L constitutive model for workpiece material
is used in the simulation, which considers strain strengthening,
strain rate strengthening, and thermal softening. The material con-
stitutive model of Fe–Cr–Ni stainless steel based on P–L relation-
ship could be expressed as:

rs ¼ r0 1þ es

e0

� �1
n

� 1þ _es

_e0

� �1
n

� c0 þ c1T þ c2T2 þ c3T3 þ c4T4 þ c5T5
� �

(9)

Fig. 4 The thermal conductivity and heat capacity Fe–Cr–Ni
stainless steel

Fig. 5 The geometrical model

Table 1 The design of simulation

Simulation no. 1 2 3 4 5 6 7 8 9

Scratch depth (lm) 5 6 8 12 16 32 40 52 64

Fig. 6 Scratch morphology and temperature distribution (scratching depth 5 40 lm)

Fig. 7 The comparison of segmental chip: (a) the segmental
chip acquired by simulation (scratching depth 5 5 lm) and (b)
the segmental chip presented by Malkin (scanning electron
microscope) [3]
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where rs is the flow stress, and r0 is the yield stress at reference
strain and temperature. T is the current deformation temperature,
e0 is the reference strain, _eo is the reference strain rate. m is strain-
hardening exponent, n is the strain rate-hardening exponent, and
c0� c5 are material constants of constitutive model. The material
constitutive model of Fe–Cr–Ni stainless steel has been developed
by high temperature Hopkinson pressure bar technology, which is
expressed as the following [18]:

Fig. 8 Cross sections of scratches under different scratching depth: (a) scratching depth 5 5 lm; (b) scratching depth 5 6
lm; (c) scratching depth 5 8 lm; (d) scratching depth 5 12 lm; (e) scratching depth 5 16 lm; (f) scratching depth 5 32 lm; (g)
scratching depth 5 40 lm; (h) scratching depth 5 52 lm; and (i) scratching depth 5 64 lm

Fig. 9 Forces and power consumed by the scratching process
(scratching depth 5 40 lm)

Fig. 10 Specific cutting energy versus material removal rate
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rs ¼ 1266:02 1þ es

0:001

� � 1
32:4465

� 1þ _es

0:001

� � 1
21:1104

� 1:0031þ 1:4784e�4T � 5:7693e�6T2 þ 1:9978e�8T3ð

�3:0683e�11T4 þ 1:6089e�14T5
�

(10)

The proposed constitutive model has been incorporated in
ADVANTEDGE to model orthogonal metal cutting process. Orthogo-
nal turning tests with the same parameters as the simulation have
been carried out in computer numerical control machine center.
The comparison of test and simulation forces is shown in Fig. 3.
The average error of the tangential force and normal force were
15.26% and 4.45%, respectively, which proves that the above
material constitutive model has a high precision [18].

Thermal properties of Fe–Cr–Ni stainless steel including ther-
mal conductivity and heat capacity have been measured by a laser
flash diffusivity apparatus, and the measurement results are shown
in Fig. 4 This material has a phase transition at 600–700 �C. The
transition could cause the change of thermal physical properties.
Using polynomial fitting method, the relationship of specific heat
capacity and temperature has been fitted at 20–600 �C and
600–1000 �C, the result of the fitting are shown as following:

Cp ¼ 0:3746þ 4:8492e�5T þ 6:1368e�7T2 20 �C < T < 600 �C

(11)

Cp¼ 2:6061�4:1607e�3Tþ1:9122e�6T2 600�C<T< 1000�C

(12)

Using polynomial fitting method, the relationship of thermal
conductivity and temperature has been fitted at 20–500 �C and
500–1000 �C, the result of the fitting are shown as following:

K¼ 16:1603þ2:7521e�2T�1:6998e�5T2 20 �C< T< 500 �C

(13)

K¼ 33:2295�1:7109e�2Tþ9:0011e�6T2 500�C< T< 1000�C

(14)

The ball on disk test has been carried out to determine the fric-
tion coefficient between grit and workpiece. The friction coeffi-
cient is defined as 0.25 according to the results, which has been
inputted into ADVANTEDGE. The initial temperature is generally
considered to be the room temperature, which was defned as
25�C and inputted into ADVANTEDGE.

3.3 The Geometrical Model. The geometrical model is
shown in Fig. 5. The computer-aided design model of the single
grit has been developed and inputted into ADVANTEDGE which is a
cone with the tip radius of 0.05 mm. The upper part of the cone is a
cylinder for restricting the position of single grit on the simulation
process. The grid at the tip of the cone is meshed very small to
ensure the precision of the simulation, and the grid away from the
tip is relatively large to improve the simulation efficiency. The
workpiece is a cuboid, and the computer-aided design model can be
defined directly in ADVANTEDGE by inputing the size parameters. The
dimension of the workpiece is 1.2 mm� 0.8 mm� 0.5 mm, as
shown in Fig. 5. The adaptive finite element mesh is the most
important feature of the ADVANTEDGE. So the grid of the workpiece
is not necessary to be meshed finely in the modeling process. The
grid of workpiece closed to the grit is automatically refined appro-
priately, and the grid away from the grit is refined slightly during
the simulation. The simulation precision and efficiency could be
guaranteed due to the feature of ADVANTEDGE. The single grit is
fixed, and the workpiece move relatively to the single grit with
defined scratch depth. The related movement velocity and scratch
depth could be inputted into ADVANTEDGE directly.

4 Design of Simulation

In the study of the relationship of specific energy and removal
rate, the grinding speed should remain the same in order to elimi-
nate the effect of grinding speed on the specific energy. The mate-
rial removal rate of grinding depends on the feed rate of
workpiece and the grinding depth when the grinding speed is con-
stant. For a single grit scratch test, different material removal rates
could be got directly by changing the scratching depth when the
scratching speed is constant. A series of simulations have been
designed with different scratching depths to acquire different
removal rates. The scratching speed was 30 m/s for all group sim-
ulations. The design of simulation is shown in Table 1.

5 Results and Discussion

The simulation result of scratch morphology and temperature
distribution is shown in Fig. 6. The material temperature of the
contact area between the single grit and the workpiece is close to
the melting point of the workpiece material. The phenomenon
also exists in all group simulations which are listed in Table 1.
The chip formation is extremely fast due to the high scratching
speed. There is not enough time to pass the heat out, and single
grit high speed scratching process can be considered an adiabatic
process, which results in the temperature of the contact area is
closed to the melting point. This viewpoint has been presented by
Malkin and Guo [3]. Part of the material of workpiece flows
toward the side of the grit to form the side flow and burr. At the
same time, the segmental chip presented by Malkin is also found
in the simulation results. The segmental chip acquired by simula-
tion and that presented by Malkin are shown in Fig. 7. Malkin has
presented the reason for the formation of segmental chip that is
the shear resistance of the material decreases due to localized
heated caused by intense plastic deformation [3]. As shown in
Fig. 6, the temperature between the two lamellas is higher than
that of the other parts, which confirms the viewpoint presented by
Malkin.

The material removal volume of unit length of scratch could be
acquired by comparison the cross section of workpiece defined in
Sec. 3.3 before and after scratching, and the cross section of work-
piece is shown in Fig. 8. The volume of material removed per unit

Fig. 11 Specific cutting energy versus material removal rate
presented by Malkin [3]
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time called removal rate could be calculated by combining the
material removal volume of unit length of scratch and scratching
speed. It is worth noting that the material removal rate is the
actual material removal rate which considers that the side flow
and burrs are not included in the material removal. Five material

removal rates were calculated by intercepting five different cross
sections for every scratch. The average of the five material
removal rates is taken as the removal rate of the corresponding
scratch process. ADVANTEDGE can record the forces applied on grit
and the power consumed by the scratching process timely as

Fig. 12 The simulation results of strain rate (scratching velocity 5 30 m/s): (a) scratching depth 5 6 lm; (b) scratching
depth 5 8 lm; (c) scratching depth 5 12 lm; (d) scratching depth 5 16 lm; (e) scratching depth 5 32 lm; (f) and scratching
depth 5 40 lm
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shown in Fig. 9. The forces and power curves are smooth, which
shows the stability of simulation. Then, the specific cutting energy
can be calculated by the following equation:

uc ¼
P

Qw
(15)

where uc (J/mm3) is the specific cutting energy; P (W) is the
power consumed of scratching process; Qw is the removal rate
(mm3/s).

The specific cutting energy under different material removal
rates is shown in Fig. 10. It is shown that the specific cutting
energy increases drastically with the decrease of removal rate.

Fig. 13 The simulation results of plastic strain (sScratching velocity 5 30 m/s): (a) scratching depth 5 6 lm; (b) scratching
depth 5 8 lm; (c) scratching depth 5 12 lm; (d) scratching depth 5 16 lm; (e) scratching depth 5 32 lm; and (f) scratching
depth 5 40 lm
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Malkin has also presented the change trend of specific cutting
energy with the variety of material removal rate as shown in
Fig. 11. The simulation results agree well with Fig. 11. It is worth
noting that the simulation cannot be carried out when the cutting
depth is extremely small due to the limitation of ADVANTEDGE

itself. The simulations just give the specific cutting energy when
the material removal rate is large. However, the simulation results

have shown the trend of specific cutting energy with the change of
material removal rate clearly.

The strain rate, plastic strain, and temperature of the workpiece
material have been analyzed for several groups simulations with
different scratching depths because of its representation. In order
to acquire comprehensive results, scratches for different scratch-
ing depths are cut along the centerline. The results of strain rate,

Fig. 14 The simulation results of temperature (scratching velocity 5 30 m/s): (a) scratching depth 5 6 lm; (b) scratching
depth 5 8 lm; (c) scratching depth 5 12 lm; (d) scratching depth 5 16 lm; (e) scratching depth 5 32 lm; and (f) scratching
depth 5 40 lm
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plastic strain, and temperature of the workpiece are shown in
Figs. 12–14, respectively. It is found that the strain rate increases
with the decrease of scratching depth due to the decrease of shear
angle caused by the increase of average negative rake angle, and
the increase of average negative rake angle is due to the blunt
round at the tip of grit. It is also found that the plastic strain
increases with the decrease of scratching depth, and the material
temperature decreases with the decrease of the scratching depth.
The strain rate, plastic strain, and temperature together determine
the flow stress of workpiece material according to Eq. (9). So the
material flow stress increases with the decrease of scratching
depth that is material removal rate according to the above analy-
sis. It means that more energy is consumed during the scratching
process due to the increase of the flow stress when the scratching
depth is small, which caused the size effect of specific cutting
energy.

Material removal mechanisms of different scratching depth
have different characteristics in terms of ploughing and cutting.
Prominent action will be determined by using the measure of pile
up ratio as shown in Fig. 15, and the pile-up ratio is defined as the
total pile-up area divided by groove section area, which is
expressed as following equation:

q ¼ AP

AG

where q is the pile-up ratio, AP is the total pile-up area, and AG is
the groove section area. The pile-up ratio for different scratching
ratio is shown in Fig. 16. It is found that the pile-up ratio

decreases almost linearly with the increase of scratching depth,
which could explain the size effect of specific cutting energy from
another perspective.

6 Conclusions

� A method of research on the size effect of the specific cutting
energy based on the numerical simulation has been proposed.
The theoretical model of the research on size effect of spe-
cific cutting energy using single grit scratching simulation
was presented.

� A series of single grit scratching simulations with different
scratching depths have been carried out, and the specific cut-
ting energy was calculated based on the power consumed
and the material removal rate. The relationship between the
specific cutting energy and the material removal rate has
been given which agrees well with that presented by Malkin.

� The conclusion has been got that the flow stress increases
with the decrease of removal rate, which explains the rela-
tionship between specific cutting energy and material
removal rate well.

� The pile-up ratio decreases almost linearly with the increase
of scratching depth, which could explain the size effect of
specific cutting energy from another perspective.
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Fig. 15 Cross section profile of scratch
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