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Abstract  Grind-hardening process is a complex hybrid process integrating heat 
treatment process with high material rate grinding. The modelling of the process 
thus is quite complex and a number of aspects need to be considered. The present 
chapter presents a holistic model able to predict the grinding forces, temperature 
distribution, metallurgical changes, surface hardness and residual stresses. The 
model is composed of a number of sub-models that are also verified experimentally.

3.1 � Introduction

The grinding process is characterized by a series of stochastic engagement 
between the grinding wheel grits and the workpiece, that depend on a number of 
factors such as the grinding wheel microstructure, the process parameters and the 
geometry of the grinding wheel. These engagements result in the generation of the 
chips but also in heat within the grinding area. The modelling of the grinding pro-
cess (and grind-hardening process as the mechanics and kinematics of the process 
are the same), requires the consideration of the topography of the grinding wheel. 
Topography models can be developed and feed info in chip formation models in 
order to derive estimations of the grinding exerted forces and the heat generated. 
It has been shown, mainly for the grinding process, that strong relationships exist 
between the topography of the grinding wheel, the process forces, the heat genera-
tion and the grinding wheel wear.

Based on the wheel topography models, the chip thickness and the surface 
roughness can be predicted. As already mentioned, besides the forces and the 
generated energy, the topography of the grinding wheel affects the grinding area 
temperature and the subsequent metallurgical transformations and the sub-surface 
integrity of the ground part. In the present chapter, an approach to modelling the 
various aspects of the grind-hardening process is presented. As it is expected, the 
model is composed of a number of sub-models, as can be seen in Fig.  3.1, that 
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34 3  Grind-Hardening Process Modelling

are either solved analytically or with the use of finite element method. All the 
sub-models presented are validated with experimental results and provide insights 
on how the process behaves under different processing conditions.

3.2 � Grinding Kinematics—Grinding Wheel Topography

Toenshoff et  al. [1] indicated that the grinding process kinematics is a series of 
stochastic engagements that depend on a number of factors such as the microstruc-
ture of the grinding wheel, the process parameters and the geometric parameters. 
Through the analysis of grinding kinematics, a number of process characteristics 
can be determined that will be used later on for estimating the grinding forces and 
the process energy.

The grinding wheel topography modelling is very important in understanding 
the result of the interaction between the grinding wheel and the workpiece material. 
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The microstructure of the grinding wheel is characterized by the number of static 
and active grains. Active grains are considered to be the ones that are in contact 
with the workpiece material and contribute to the formulation of chips and the heat 
generation due to friction. On the other hand, the static ones are all the grains in the 
contact surface, either they participate or not in the material removal process.

3.2.1 � Static Grains

Static grains are the grains that are in the grinding wheel–workpiece interface. In 
the past, most of the relative research studies presented attempted to calculate the 
number of static grains using experimental results. A number of different experi-
mental methods can be used such as photography, photogrammetry, profilometers, 
etc. for the calculation of the number of static grains. Toenshoff et al. [1] based on 
previous studies proposed a simple empirical model for the estimation of the num-
ber of static grains

where ns is the number of static grains, c is the specific cutting edge density, z is 
the profile depth and e2 is an empirically determined exponent. It is evident that 
such an approach relies on experimental results.

A simplified method for estimating the number of static grains as a function of 
grinding wheel specifications and process parameters was presented by Salonitis 
et  al. [2]. By considering a finite volume including all the grains in the contact 
area, as it can be seen in Fig. 3.2, the number of static grains intersected by the 
grinding arc area can be determined. This finite volume will have its three dimen-
sions equal to contact length, grinding wheel width and grain height. The grains 

(3.1)ns = c · ze2

Fig. 3.2   Finite volume for 
the estimation of the number 
of the active grains
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are considered spherical, thus the height of each grain will be equal to the average 
grain diameter. The volumetric concentration of grains in the finite volume can be 
determined from the following equation:

where Vg is the volumetric concentration of abrasive grains in the grinding wheel, 
ns the number of static grains, Vgrain the average volume of each grain and Vtot the 
finite element volume.

Therefore the number of static grains can be estimated from the following 
equation:

where Vg is the volumetric concentration of abrasive grains in the wheel, lc is the geo-
metric length of contact zone (lc =

√
deae), de is the equivalent diameter, ae is the 

depth of cut, b is the grinding wheel width and dg is the average diameter of the grains.
The volumetric concentration of abrasive grains is a function of the grinding 

wheel structure. The volumetric concentration of the abrasive grains, the grain 
diameter and the porosity of the grinding wheel are characteristics defined while it 
is being manufactured and its specifications are depicted qualitatively in its speci-
fications (Fig. 3.3). Malkin [3] proposed an empirical relationship for the volumet-
ric concentration and the grinding wheel structure number (S):

(3.2)Vg =
ns × Vgrain

Vtot

(3.3)n = 6 · Vg ·
lc · b
π · d2g

(3.4)Vg =
2(32− S)
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The average grain diameter is correlated with the grain size number M from the 
grinding wheel marked with the following equation:

The above equation approximates the grit dimension dg as 60  % of the average 
spacing between adjacent wires in a sieve, whose mesh number equals the grit 
number M.

3.2.2 � Active Grains

During the grinding process, only a small number of grains are contacting and 
interacting with the workpiece material. This fraction of static grains is character-
ized as “active” or “kinematic” grains, and can be determined from the following 
equation.

where Φa is the fraction of static grains that are active.
The fraction of static grains that are active depends on a number of factors, 

such as the elasticity and the deformation of the grinding wheel, as well as of the 
workpiece during the grinding process, etc. The volumetric concentration of the 
bonding material on the grinding wheel can be considered as a metric of this frac-
tion, since this parameter greatly affects the elasticity of the grinding wheel.

Since a grinding wheel is composed of grains, bonding material and air (as 
internal pores), the volumetric concentration of bonding (Vb) can be estimated 
from the following equation:

The volumetric concentration of grains (Vg) can be estimated from Eq. (3.4). The 
volumetric concentration of the pores (Vp) is a function of the “hardness” number 
of the grinding wheel, and the following equation can be used [3].

where n is an integer (n =  1, 2, 3, 4, …) corresponding to the hardness letter  
(E, F, G, H, …), respectively. The above equation is valid for grinding wheels 
having Vg ≤ 60 %.

For extracting the relationship between the fraction of the active grains and the 
volumetric concentration, the experimental data stated in [4, 5] were used. Based 
on a reference fraction of active grains and the experimental dependence of the 
number of active grains on the volumetric concentration of bonding material Vb 
(Fig. 3.4) a normalized factor was introduced.

(3.5)dg = 15.2 ·M−1

(3.6)na = �a · n

(3.7)Vb = 1−
(

Vg + Vp

)

(3.8)Vp =
1

100

(

45+
S − 2n

1.5

)
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The fraction active grains can therefore be determined by the following equation:

For the definition of the reference fraction the results of Hou and Komanduri 
[5] have been used. Based on the statistical distribution of abrasive grains to 
the surface of a grinding wheel and the loading conditions, they have shown 
that although the number of grains passing through the grinding zone may be a 
million or more per second, the actual contacting grains are only a small frac-
tion of those (~3–4 %) and the actual cutting grains are even less (~0.15 %). This 
result was obtained for a conventional alumina wheel A46H8V, and thus, the pro-
posed model for estimating the fraction of grains that are active was calibrated 
for bonding material H, and fraction 3.8 %. For assessing this reference value, in 
the same paper, in the case of a high material removal rate grinding process, the 
fraction of the active grains was estimated to be 18 % (for grinding A24R6B). 
The proposed model, for such wheel specifications, estimates the fraction to be 
19.5 %.

The approach presented is based on both existing experimental results and a 
simplified representation of the grinding wheel structure. Additionally, a number 
of empirical models for describing the topography of the grinding wheels have 
been presented in the past. Toenshoff et  al. [1] combined these models and pre-
sented a generic equation:

where Nkin is the number of active grains, cgw is a constant for the grinding wheel 
effect, e1 is an experimentally determined exponent, q is the speed ratio, ae is the 
depth of cut and deq is the equivalent diameter of the grinding wheel.

(3.9)(normalized factor) = 20.535 · Vb − 0.217

(3.10)�a = �ref × (normalized factor)

(3.11)Nkin = cgw ·
(

1

q

)e1

· a
e1
/2

e ·
(

1

deq

)
e1
/2

Fig. 3.4   Variation of the 
number of active grains 
per unit area with the 
volumetric concentration of 
bonding material (based on 
experimental data from [4])
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3.3 � Process Forces Semi-empirical Modelling

The grinding forces can be analyzed into a tangential (Ft) and a normal component 
(Fn). Alternatively, grinding forces can also be described by their horizontal (Fh) 
and vertical (Fv) components as can be seen in Fig. 3.5. Since the diameter of the 
grinding wheel is much larger than the depth of cut, the horizontal component can 
be assumed to be identical to the tangential one.

The total grinding force can be represented as the sum of the grinding force 
exerted for the chip formation, for the plastic deformation (plowing) of the work-
piece and for the sliding of the grinding grains on the workpiece surface.

where Ft,sl, Ft,ch and Ft,pl are the tangential force for sliding, for chip formation 
and for plowing, respectively. The cutting forces include the forces exerted for 
chip formation and plowing:

3.3.1 � Sliding Forces

Malkin [3], based on experimental results, has correlated the sliding forces with 
the friction coefficient between the workpiece material and the grinding wheel, the 
average contact pressure and the area of contact:

where μ is the friction coefficient between the workpiece material and the abra-
sive grains, pm is the average contact pressure of the abrasive grains on the work-
piece and Aa is the actual area of contact between the abrasive grains and the 
workpiece.

(3.12)Ft = Ft,sl + Ft,ch + Ft,pl

(3.13)Fc = Ft,ch + Ft,pl

(3.14)Ft,sl = µ · pm · Aa

Fig. 3.5   Relationship 
between grinding force 
components
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3.3.1.1 � Average Contact Pressure

Malkin [3] has conducted a number of experiments with various grinding wheels 
and different process parameters and has proved that the average contact pressure 
depends solely on the cutting curvature difference.

The average contact pressure pm is usually experimentally defined. Assuming 
that there is a linear relationship between curvature difference Δ and average con-
tact pressure pm (Fig. 3.6):

The cutting curvature difference Δ characterizes the degree of non-conformity 
between the wheel radius and the cutting path radius. Its value is strongly depend-
ent both on the peripheral speed of the grinding wheel and the workpiece speed. 
When the peripheral grinding wheel speed uc is significantly larger than the 
workpiece speed uw, as for the case of the grind-hardening process, the curvature 
difference can be expressed as [3]:

Thus the average contact pressure can be estimated by:

where de is the equivalent diameter, and k1 and k2 are linear coefficients that are 
experimentally defined and can be considered to be a function of processing envi-
ronment (grinding machine, coolant type, etc.).

(3.15)pm = k1�+ k2

(3.16)� =
4υw

deυc

(3.17)pm = k1
4uw

deus
+ k2

Fig. 3.6   Average contact 
pressure as a function of 
curvature difference (based 
on experimental results 
presented by Kannapan and 
Malkin [6])
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3.3.1.2 � Actual Area of Contact

The actual area of contact between the grains and the workpiece depends on the 
process parameters and on the grinding wheel composition. The specification of 
a grinding wheel describes comprehensively its composition as can be seen in 
Fig. 3.3.

It is assumed that the heat is generated only between the grains and the work-
piece material. Therefore, the actual area of contact is the product of the number 
of active grains na adjacent to the workpiece surface and the average wear flat area 
Ag per grain.

The average wear flat area is considered to be equal to that of a circle having 
diameter lwf equal to the two-thirds of the average grain diameter (Fig. 3.7):

3.3.1.3 � Friction Coefficient

Friction coefficient is usually related to the grinding force ratio (λ) that links the 
normal component of the grinding forces with the tangential ones. The force ratio 
depends on grinding parameters, grinding wheel condition, work material, etc. For 
a sharp wheel, it is relatively low, as tangential force component is higher com-
pared to normal force and for dull wheel it is opposite. The ratio of the sliding 
components of the forces is equal to friction coefficient (μ) between wear flat and 
work. Similarly, the ratio of the cutting components (ϕ) depends on tip angle of 
grain [3]. Therefore, the grinding force ratio can be expressed using the following 
equation [7]:

Grinding force ratio depends on both ϕ and μ, however, when the chip formation 
is more dominant than sliding; ϕ will be governing the force ratio. Similarly, if 

(3.18)Aa = na · Ag

(3.19)Ag =
1

4
π l2wf =

πd2g

9

(3.20)� = ϕ
Fn,c

Fn

+ µ
Fn,s

Fn

Fig. 3.7   Grain–material 
interaction dg
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sliding is more dominant then μ will have more dominance grinding force ratio 
[8]. Therefore, for the case of grind hardening it is safe to assume that the force 
ratio equals the friction coefficient.

Salonitis et  al. [2] derived both theoretically and experimentally that force 
exerted due to chip forming and plowing is negligible (less than 3 % of the total 
forces) in comparison to the sliding force, supporting further the validity of the 
assumption to use the force ratio for assessing the friction coefficient. Their 
experimental work on grind hardening using different alumina grinding wheels 
indicates that there is a strong dependence of force ratio to the workpiece speed, 
whereas the depth of cut change impact is not so significant (Fig. 3.8).

3.3.1.4 � Sliding Forces

Combining the above-mentioned equations, the tangential grinding forces due to the 
grits sliding on the workpiece can be estimated using the following closed equation:

3.3.2 � Cutting Forces

The cutting forces can be determined from the specific energy which is defined as 
the energy expended per unit volume of material removed. The specific energy is 
given by the following equation:

where uc is the specific cutting energy and Ft,c is the sum of chip formation and 
plowing forces.

(3.21)Ft,sl =
3

100× 15.22
µ ·Φa · b · l2wf ·M

2(32− S)
√

de · ae
[

k1
4uw

de · us
+ k2

]

(3.22)uc =
Ft,c · us
b · ae · uw

0.30

0.35

0.40

0.45

0.50

0.3 0.5 0.7 0.9

Workpiece speed - uw (m/min) 

A 60 J7 V A 60 K7 V
A 60 L7 V A 60 M7 V
A 60 N7 V A 90 L7 V
A 120 L7 V A 60 L5 V
A 60 L8 V Regression

0.30

0.35

0.40

0.45

0.50

0.2 0.3 0.4 0.5

F
or

ce
s 

R
at

io
 -
λ 

Depth of Cut - ae (mm) 

Fig. 3.8   Forces ratio dependence on depth of cut and workpiece speed (based on [2])



43

The cutting energy is the sum of the chip formation and the plowing energy.  
It has been shown [3] that the cutting energy asymptotically approaches the chip 
formation energy as the metal removal rate is increased (Fig. 3.9). Furthermore, 
it has been proven experimentally that the chip formation energy has a constant 
value that does not depend on the process parameters, the grinding wheel specifi-
cations or the workpiece material. Almost all the relevant studies have indicated an 
indicative value of specific cutting energy being equal to 13.8 J/mm3.

Based on the experimental results presented in [3], the following equation can 
be drawn:

From Eqs. (3.22) and (3.23), the cutting forces can be estimated using the follow-
ing closed format equation:

3.3.3 � Model Implementation and Validation

Salonitis et al. [2] validated the model for the grind hardening of AISI 52100 for a 
number of different alumina grinding wheels. They concluded that cutting forces 
account typically for less than 3 % of the total forces (Fig. 3.10). Thus the tangen-
tial component of the process forces (Eq. 3.12) can be considered equal to the slid-
ing component (Eq. 3.19) neglecting the cutting forces.

The process parameters and the grinding wheel specifications have an important 
impact on the grinding forces, indicatively in Fig. 3.11a their effect as predicted 

(3.23)uc = uch + upl = uch +
28.1

uwae

(3.24)Ft,c = Ft,ch + Ft,pl = b · ae
(

us

uw

)−1[

uch +
28.1

uwae

]

Fig. 3.9   Specific energy as a 
function of material removal 
rate (based on [3])
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is shown in the model. Salonitis et  al. [2], experimentally proved the models 
prediction and shown that the depth of cut has a significant effect on the process 
forces (Fig. 3.11b). The key specification characteristic was determined to be the 
grinding wheel hardness.

3.4 � Modelling Heat Generation and Partition

As it has been noted, grind-hardening process relies on the selection of a proper 
set of parameters that can result in high heat generation rates in the grinding area. 
The heat generated should be adequate for the workpiece material to undergo heat 

Fig. 3.10   Sliding and cutting forces versus depth of cut [2]
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treatment and increase finally its surface hardness. In common grinding processes, 
the primary goal is the reduction of the generated heat and even more important 
the reduction of the heat entering the workpiece material as to avoid damaging the 
lattice structure of the material. It is evident that in grind hardening, we have the 
opposite goal: generating high heat flux rates and disseminate locally in the work-
piece material.

During the grind-hardening process the heat generation mechanisms, as shown 
in Fig. 3.12, are:

•	 the friction among abrasive grains and workpiece material (wear flat),
•	 the plastic deformation in shear planes during material removal and
•	 the plastic deformation of workpiece material without material removal 

(plowing)

The dominant heat generation mechanism is that of the friction among abrasive 
grains and workpiece material while the other two have significantly less contribu-
tion. Lavine [9, 10] studied the heat generation due to plastic deformation in shear 
planes and revealed that no significant error is expected if neglected in the case of 
dull wheels, such as the ones used for grind-hardening applications. Malkin [3] on 
the other hand, proved that for grinding operations with very high removal rates, 
as is the case of grind hardening, the magnitude of the plowing energy is negli-
gible in comparison with that of the heat generated by friction and the heat con-
sumed for chip formation.

The actual amount of heat generated during the process equals to the grinding 
wheel spindle power:

where P is the grinding wheel spindle power, Ft is the tangential component of 
the cutting forces, uw is the workpiece speed and us is the grinding wheel speed. 
The plus sign is considered for up-grinding processes whereas the minus sign for 

(3.25)P = Ft · (us ± uw)

Fig. 3.12   Heat generation 
mechanisms during grinding
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down-grinding processes. Since during grind hardening, the grinding wheel speed 
is much higher than that of the workpiece, the above equation can be simplified to:

3.4.1 � Heat Partition

The heat generated is transferred to the workpiece, grinding wheel, chips, cool-
ant and surrounding environment. The heat transferred to the surrounding envi-
ronment, due to irradiation, is considered negligible when compared to the heat 
dissipated to other heat sinks involved in the heat balance. Furthermore, the heat 
transferred through the coolant fluid can also be considered negligible as the cool-
ant fluid cannot easily enter the grinding zone given that the grinding wheel rotates 
towards the fluid flow (Fig. 3.13) [11]. Additionally, even if some amount of cool-
ant fluid enters the grinding zone, it will boil immediately since the temperature 
of the workpiece surface in this region exceeds 900  °C [12], and therefore, the 
maximum heat that could be convected by this fluid is the heat required to boil the 
fluid [13].

It can be argued therefore that the heat generated, due to grinding wheel—
workpiece interaction, is dissipated to the workpiece, grinding wheel and the chips 
(Fig. 3.14). This heat balance can be expressed in terms of heat fluxes as:

where qt is the heat generation flux and qw, qs and qch are the amounts of heat con-
vected by the workpiece, the grinding wheel and the chips, respectively.

The heat generation flux can be calculated from the power consumed during the 
process.

(3.26)P = Ft · us

(3.27)qt = qw + qs + qch

(3.28)qt =
P

b · lc

uw

us

uwus

(a) (b)

Fig. 3.13   Coolant fluid application during grind-hardening process for a prismatic and b cylindrical 
workpieces
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where b is the grinding wheel width and lc is the geometrical contact length 
between the workpiece and the grinding wheel:

where de is the equivalent diameter and ae is the depth of cut. However, the 
geometric contact length is an underestimation of the real contact length. The 
shape of the contact area is deformed, due to the elastic and plastic behaviour of 
the wheel and the workpiece system. Experimentally, it has been shown that the 
actual contact length can be 50–200 % greater than the geometrical contact length 
[14, 15]. For the purposes of the present work though, the geometrical contact 
length will be used, since no analytical expressions of the actual contact length 
have been derived for the case of high material removal rate grinding processes 
such as the grind hardening.

The amount of heat transferred by the various “sinks” (grinding wheel, work-
piece, chips, coolant, etc.) is of great interest for the process modelling. In the lit-
erature, a number of theoretical models have been presented, that can be classified 
in two major categories (Fig. 3.15):

•	 “grain” models, in which the analysis takes place at the interaction plane 
between the grinding wheel grit and the workpiece material (most of these mod-
els are based on Lavine et al. [16] work, indicative studies include the work by 
Rowe et al. [13, 17–20], Guo and Malkin [21–24], and

•	 “grinding zone” models, in which the analysis takes place at the interface 
between the grinding wheel and the workpiece (typical examples of such mod-
els include the works by Jin et al. [25], Toenshoff et al. [26], Rowe et al. [17, 
20, 27].

For the grind-hardening process modelling, a grinding zone model is adapted due 
to higher simplicity and experimental verification of the results in a number of 
publications [11, 28, 29].

(3.29)lc =
√

ae · de

Fig. 3.14   Grinding heat 
transfer to workpiece (qw), 
to chips (qch) and to grinding 
wheel (qs)
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3.4.2 � Heat Dissipation by the Chips

As aforementioned, heat is dissipated with process chips. In case of shallow grinding, 
this amount of heat can be neglected; however, for high material removal rates [30], 
as is grind hardening, this heat dissipation should be taken into consideration. The 
heat flux convected by the chips can be expressed as a function of specific energy dis-
tributed over the grinding zone:

where ech is the specific energy convected by chips, ae is the depth of cut, uw is the 
workpiece speed and lc is the geometric contact length

The chip temperature may easily reach the melting point as argued by Malkin [3]. 
Therefore, the maximum specific energy convected by the chips can be assumed to 
equal the required energy for raising the temperature of the chip to the melting point:

where Tmp is the melting point.
The ratio of the heat flux partition to chips can be therefore estimated by the 

heat flux convected by the chips and the total heat flux generated.

3.4.3 � Heat Dissipation by the Grinding Wheel

The partition of the heat between the workpiece and the grinding wheel has 
been thoroughly investigated. Malkin [3], Lavine [9], Rowe [13, 20, 30, 31] and  
Jin et  al. [25] are few of the researchers that studied this subject. The partition 
ratio Rws is defined as the fraction of the heat shared by the workpiece and the 
grinding wheel entering the workpiece.

(3.30)qch = ech ·
ae · uw

lc

(3.31)ech = ρw,T=Tmp · cw,T=Tmp · Tmp

(3.32)Rch =
qch

qt
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Fig. 3.15   Heat partition models formulation
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The partition ratio in earlier grinding studies was approached based on heat transfer 
models that compared the grinding process to that of machining and the grains were 
thought of as machine tools. Most of these models were based on Hahn’s [32] pre-
liminary modelling work that partitioned the heat between the grain and the work-
piece. However, in machining, the majority of the heat is generated at the shear plane 
and the heat enters the tool through the tool–chip interface. Since in grinding, most 
of the heat is generated by friction at the grain–workpiece interface, and the contact 
area is much larger, the simplified heat partitioning model developed by Rowe et al. 
[20], which assumes that the grinding wheel and the workpiece can be thought of as 
two sliders, seems to better simulate the heat transfer during grinding. The aforemen-
tioned partition model is utilized for the present study:

where factor βw is the coefficient of heat diffusion of the workpiece and factor βs 
is the average heat coefficient of the grinding wheel defined, respectively, as:

where k, ρ and c are the average values of thermal conductivity, density and 
specific heat of the workpiece or the respective effective values of the grinding 
wheel for a temperature equal to that of the contact zone.

A number of attempts have been reported having focused on determining the 
effective properties of the grinding wheel. Rowe et al. [20] attempted to measure 
experimentally the coefficient of the heat diffusion. Kim et al. [33] simulated the 
grinding wheel, in the grinding zone, as a thermal composite consisting of abra-
sive grains and fluid between them. They used the “law of mixtures” for deter-
mining the effective properties. The thermal composite body is considered to be 
consisted of grains and air between them, since no cooling fluid enters the grind-
ing zone during the grind-hardening process [28]. Using the “law of mixtures”, the 
effective thermal properties can be determined by equation:

where is is the effective value of the property of the thermal composite (density, 
thermal conductivity and specific heat), ig and ia are the properties of the grain and 
the air, respectively. Finally, ϕ is the surface density of the thermal composite.

The surface density is a means of estimating the concentration of active grains 
on the surface of the grinding wheel. The volumetric concentration of grains 
on the grinding wheel that can be estimated by using the empirical relations 

(3.33)Rws =
qw

qw + qs

(3.34)Rws =
(

1+
βs

βw
·
√

us

uw

)−1

(3.35)βw =
√

kw · ρw · cw

(3.36)βs =
√

k̄s · ρ̄s · c̄s

(3.37)īs = ϕ · ig + (1− ϕ)ia
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presented, is quite higher than that on the surface, since no differentiation exists 
between the active and static grains and thus, cannot be used for estimating the 
effective thermal properties. The surface density of the grinding wheel can be 
determined as the fraction of the real contact area to the total surface area:

where Aa is the real contact area determined from the total number of active grains 
and the wear flat area, lc is the length of the arc contact and b is the width of the 
grinding wheel.

3.4.4 � Heat Entering the Workpiece

Once the heat partition ratio among the grinding wheel and the workpiece and 
the heat flux dissipated by the grinding chips have been determined, the heat flux 
entering the workpiece can be derived by combining Eqs. 3.27 and 3.33 as:

The heat partition to the workpiece and the grinding wheel can therefore be esti-
mated from the following equations

3.4.5 � Model Implementation and Validation

The model proposed for the heat partition has been validated for the case of dry 
grind hardening of AISI 52100  and AISI 1045. In grind hardening the grinding 
wheel speed is many times higher than the workpiece speed. The speed ratio (us/
uw) is usually in the range of 1,000–8,000. Thus for the case of grind hardening 
with a corundum grinding wheel of a workpiece made of AISI 52100, the heat 
that enters the workpiece lies between 48 and 63 %. Similar findings are noted for 
AISI 1045 as well. As a comparison, for conventional finish grinding process (with 
depth of cut between 0.005 and 0.050 mm and a speed ratio less than 40), the heat 
partition ratio is between 75 and 90 %. The use of CBN wheels could reduce sig-
nificantly the heat partition ratios (30–50 %), since CNC grits present higher ther-
mal conductivity and thus absorb more heat.

Using the heat partition model described, the heat partition to the chip, the 
workpiece and the grinding wheel as a function of workpiece speed and depth of 
cut was calculated and presented in Fig. 3.16. The heat that enters the workpiece 

(3.38)ϕ =
Aa

lc · b

(3.39)qw = Rws · (qt − qch)

(3.40)Rw =
qw

qt

(3.41)Rs =
qs

qt
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is in the range of 40–60 % of the total generated heat. The portion of heat entering 
the workpiece increases with the increase of the workpiece speed. Increasing the 
depth of cut, results in the slight reduction of portion of the heat that enters the 
workpiece.

It can be thus concluded that most of the heat generated is shared between the 
workpiece material and grinding wheel, with only a small portion rejected with the 
grinding chips (with a maximum portion of 10 %). Comparing to other high mate-
rial removal rates, during high efficiency deep grinding (HEDG) most of the heat 
is dissipated through chips [34] whereas for the case of creep feed grinding, up to 
80 % of the heat is dissipated by the cutting fluid and only 3–4.5 % is conducted 
within the workpiece material [33].

3.5 � Modelling of Temperature Distribution

Having determined the amount of heat entering the workpiece, the next step is to 
calculate the temperature distribution within the workpiece material. A number of 
theoretical models have been presented for the estimation of the temperature field 
in grinding [13, 16, 22, 23, 35–39], that are based on the “moving heat source” 
model developed by Carslaw and Jaeger [40].

The driving equations are different based on whether the modelling of the pro-
cess is on prismatic or cylindrical workpiece geometries. Furthermore, the use or 
not of a coolant fluid affects the boundary conditions. A common characteristic of 
both models presented hereafter is that since the heat source width is quite larger 
than the heat penetration depth, they are modelled in two dimensions with infinite 
length.
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3.5.1 � Modelling of Prismatic Workpiece Geometries

The basic theoretical model for estimating the temperature distribution in 
prismatic workpieces is shown in Fig. 3.17. A workpiece of finite dimensions is 
considered. The heat source moves along the positive direction of the x-axis on 
the workpiece surface with a constant velocity uw. The coordinate system x′Oz′ is 
fixed at the start of the heat source and moves along with it. The global coordinate 
system xOz is fixed to the workpiece and coincides with the moving coordinate 
system at the instant t = 0.

For modelling purposes, the grinding process is assumed to be quasi-station-
ery and therefore, the temperature field is the solution to the following differential 
equation:

where T is the temperature rise relative to the ambient temperature To and aw is the 
thermal diffusivity of the workpiece material. The boundary conditions the solu-
tion should follow are defined by the heat source and the heat convection to the 
air and the coolant fluid (if used). The initial condition for solving the differential 
equation is:

The heat source distribution affects the calculated temperature filed. A number of 
different distribution models have been presented in the literature as can be seen in 
Fig. 3.18.

For the case of grind hardening, the heat source distribution is assumed to 
present triangular distribution over the contact length, with its peak being at the 
direction of movement. It has been proven experimentally that the heat genera-
tion rate is proportional to the rate of material removal [30]. Since the material 
removal rate varies linearly across the contact zone with its maximum value at 
the direction of movement, it is safe to assume that the heat flux distribution 
will present its peak at the leading edge of the contact zone. The above argu-
ment can be also justified by the chip geometry according to Jin and Cai [41]. 
Temperature predictions, using a triangular heat source distribution, have 
also been found to be more consistent with temperature measurements in the 

(3.42)
∂2T

∂x2
+

∂2T

∂z2
+

uw
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∂T
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= 0

(3.43)T(x, z)|t=0 = To

Fig. 3.17   A theoretical 
temperature model of grind 
hardening for prismatic 
workpieces
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workpiece sub-surface during a grinding pass [20]. Therefore, the heat source is 
expressed by the following equation:

3.5.1.1 � Dry Grind Hardening

Grind hardening, at least initially, was performed without the use of a coolant 
fluid. In that case the heat is transferred to the surrounding through convention 
everywhere besides the area where the heat source lies. The boundary conditions 
in that case can be described through the following equations:

where ha is the heat transfer coefficient to the surrounding air.

3.5.1.2 � Wet Grind Hardening

In order to better understand the need and usage of the coolant fluid during grind 
hardening, the process will be compared with that of the creep feed grinding, 
which presents many similarities. Both processes are characterized by very slow 
workpiece speeds and extremely large cut depths. However, the friction heat gen-
erated due to these process characteristics can either be catastrophical in the case 
of creep feed grinding or beneficial in the case of grind hardening. In the case of 
creep feed grinding, the heat generated is removed with the aid of a copious sup-
ply of cutting fluid delivered, at high pressure, to the grinding zone. On the other 
hand, in the case of grind hardening, the heat generated is dissipated inside the 
workpiece so as to raise the surface temperature and induce metallurgical trans-
formations. When bulky materials are grind hardened, the quenching of the work-
piece is achieved by the dissipation of the heat inside the workpiece. However, 
for utilizing the process with thick or small diameter cylindrical parts, the cool-
ing rate achieved is not so significant as to allow the martensitic transformation. 

(3.44)q
(
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)

=
{ qw

lc
x′, 0 ≤ x′ ≤ lc, z = 0

0, x′ ≤ 0 and x′ ≥ lc, z = 0

(3.45)
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Fig. 3.18   Heat source distribution models: 1 Top hat, 2 Triangular, 3 Inclined and 4 Triangular 
on an arc contact length
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Therefore, the application of a coolant fluid directly after the contact area is man-
datory for achieving the quenching of the part. The application of the coolant fluid 
also reduces the grinding wheel temperature thus, prolonging its life. Figure 3.19 
compares the application of the coolant fluid for creep feed and grind-hardening 
operations in the case of surface workpieces.

Following the process mechanics presented in Fig. 3.19b, the boundary condi-
tions can be derived. The heat is convected to air in front of the grinding area and 
to the coolant fluid behind the grinding area. Therefore, the boundary conditions 
of the differential Eq. 3.42 are:

where ha and hf are the heat transfer coefficient to the surrounding air and to the 
coolant fluid, respectively.

3.5.1.3 � Final Cooling Stage

The grinding wheel–workpiece interaction finishes when the grinding wheel exits 
the workpiece. The quenching of the workpiece surface is further enhanced by a 
final cooling phase. Coolant fluid is amply supplied to the workpiece until its tem-
perature drops to that of the environment. During this phase, the boundary condi-
tions (Eqs. 3.45 or 3.46 depending on whether coolant fluid is used) are replaced 
by the following equation:

where hf,final is the average heat transfer coefficient to the coolant fluid, and Τf is 
the cutting fluid temperature and lp the length of the workpiece.

(3.46)
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3.5.1.4 � Temperature Distribution Calculation

The solution of the differential Eq. 3.42 with the boundary conditions provides the 
temperature distribution within the workpiece material. The above equations can 
be solved either numerically or they can be numerically approached by using FEA.

3.5.2 � Modelling of Cylindrical Workpiece Geometries

The basic theoretical model for estimating the temperature distribution in cylindri-
cal workpieces is shown in Fig. 3.20. A cylindrical workpiece with a radius rw is 
considered. The heat source is assumed to be moving on the circumference of the 
cylinder with a constant velocity equal to that of the workpiece uw. The polar coor-
dinate system is fixed at the centre of the workpiece.

The differential equation that is governing the heat conduction problem is the 
energy equation expressed in polar coordinates:

where ρw, cw and kw are density, specific heat and heat conductivity of the work-
piece material, respectively, and r and θ is the cylindrical coordinates with r ≥ 0 
and θ ∈ [0, 2π).

The boundary conditions are defined by the heat source and the heat convec-
tion by the coolant fluid (if used) and the surrounding air. The initial condition for 
solving the differential equation is:

where To is the workpiece’s initial temperature.
The heat source distribution is assumed to present triangular distribution over 

the contact length with its peak towards the direction of moving, as has been 
assumed for the case of prismatic geometries as well. It is assumed that for time 

(3.48)ρw · cw ·
∂T
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= kw ·
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)

(3.49)T(r, θ)|t=0 = To

Fig. 3.20   Workpiece 
modelling (for simplicity 
only one quarter of the 
workpiece is presented)
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t  =  0 the heat source coincides with axis y, therefore, θ1 determines the heat 
source position at an arbitrary time t. Furthermore, θ1 and θ2 determine the length 
of the heat source, as shown in Fig. 3.20, which is equal to grinding wheel–work-
piece contact length. Finally, Δθcontact determines the workpiece surface to which 
the coolant fluid is applied for quenching assistance.

where ωw is the workpiece rotational speed and lc is the contact length between the 
workpiece and the grinding wheel.

The heat source triangular distribution expressed in polar coordinates is given 
by the following equation.

3.5.2.1 � Dry Grind Hardening

Under dry conditions (without the use of coolant fluid), the heat is transferred 
to the surrounding air through conduction from the workpiece surface besides 
the area where the heat source lies. The boundary conditions in that case can be 
described through the following equations:

where qw is the heat source distribution, ha is the respective coefficient between 
the workpiece material and the surrounding air and Ta is the surrounding air 
temperature. It is assumed that for time t  =  0 the heat source coincides with 
axis y, therefore, θ1 determines the heat source position at an arbitrary time t. 
Furthermore, θ1 and θ2 determine the length of the heat source, as shown in 
Fig. 3.20, which is equal to grinding wheel–workpiece contact length.

3.5.2.2 � Wet Grind Hardening

As mentioned during the prismatic geometry model presentation, during grind 
hardening the coolant fluid is usually supplied directly after the contact zone 
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for assisting the quenching of the workpiece material. In conventional grinding 
processes, the coolant fluid is applied to the wedge, formed by the wheel and the 
workpiece through a nozzle. Another difference from conventional grinding is that 
during grind hardening, the coolant fluid does not enter the grinding zone since the 
grinding wheel rotates towards the fluid flow. Therefore, the contact zone is under 
dry conditions. For cylindrical grind hardening, only one quadrant of the work-
piece is effectively cooled by the coolant fluid (Fig. 3.20). Thus, parameter Δθc is 
assumed to be equal to 90°. The boundary conditions in that case can be described 
through the following equations:

where qw is the heat source distribution, hf is the heat transfer coefficient 
between the workpiece material and the coolant fluid, ha is the respective coef-
ficient between the workpiece material and the surrounding air, Tf is the cutting 
fluid temperature and Ta is the surrounding air temperature. It is assumed that for 
time t = 0, the heat source coincides with axis y, therefore, θ1 determines the heat 
source position at an arbitrary time t. Furthermore, θ1 and θ2 determine the length 
of the heat source, as shown in Fig. 3.20, which is equal to grinding wheel–work-
piece contact length. Finally, Δθc determines the workpiece surface to which the 
coolant fluid is applied for quenching assistance.

3.5.2.3 � Final Cooling Stage

The grinding wheel–workpiece engagement ends once the workpiece has com-
pleted one full rotation. Afterwards, the workpiece rotates with full speed under a 
direct coolant flow rate until the workpiece temperature reaches environment tem-
perature. During this phase, the boundary conditions (Eqs. 3.53–3.57) are replaced 
with the following equation.
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3.5.3 � Modelling Using Finite Element Analysis

It is evident that the differential equations characterizing the grind-hardening 
process can be more easily solved using numerical methods or finite element 
methods.

In this case, the heat transfer problem (Eq. 3.42 or 3.48, depending on whether 
prismatic or cylindrical geometries are modelled) can be described by the follow-
ing equation:

where [K] is the conductivity matrix, [C] the specific heat matrix, {T} the vector 
of nodal temperatures, {T′} the vector of time derivative of {T}, {v} is the velocity 
vector, which is equal to zero as no mass transport is assumed in the current prob-
lem, and {Q} the nodal heat flow vector. Since the expected temperature is always 
below melting temperature, no phase change occurs and thus the enthalpy of the 
material does not need to be considered.

The procedure for developing and solving a finite element model for the case of 
grind hardening is shown in Fig. 3.21, and is identical either the geometry is con-
sidered prismatic or cylindrical. Since the heat source width is quite larger than the 
heat penetration depth, they are modelled in two dimensions with infinite length. 
The meshing of the geometry is determined by running the model a number of 
times, with the modelled geometry having in each run twice as many elements as 
in the previous run. The final meshing density can be determined when two suc-
ceeding runs presents less that 2 % difference. The elements distribution should be 
denser in the workpiece surface since the temperature is expected to be consider-
ably higher in this area. Their size can be increased gradually towards the work-
piece centre for the case of cylindrical geometries or as we move further away 
from the area of heat generation. Two typical examples of finite element models 
for a cylindrical and a prismatic workpieces shown in Fig. 3.22.

The heat source is considered presenting triangular heat distribution and its 
length being equal to the grinding wheel–workpiece geometrical contact length. 
The workpiece feed speed can be modelled through the movement of the heat 
source on the workpiece surface with a constant velocity equal to that of the work-
piece feed. The heat transfer problem thus can be considered a quasistationary 
one. Therefore, for a finite time step, the heat source can be assumed to be static 
in a specific position on the workpiece surface and at the succeeding time step, the 
heat source will move over a length equal to the product of the workpiece speed 
with the time step duration. The time step duration affects the accuracy of the 
analysis results.

Another significant aspect of such modelling is the material properties to be 
considered for the workpiece material. Since the temperature exceeds in some 
cases 1,000 °C, it is important to consider temperature-dependent properties. The 
temperature dependence of the workpiece material results thus in a highly nonlin-
ear heat transfer problem.

(3.59)[C(T)]{T ′(t)} + [K(T)]{T(t)} + {v} = {Q(t)}
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3.5.4 � Model Implementation and Validation

Following the finite element model development process outlined in Fig.  3.21, 
Salonitis et al. solved it for the simple case of a prismatic workpiece material [28] 
and cylindrical ones [11] (Figs. 3.23 and 3.24, respectively). In Fig. 3.25, the tem-
perature as a function of heat flux and the distance below the grinding zone is shown.
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Fig. 3.21   FEA model generation and solving approach
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3.6 � Modelling of Metallurgical Changes

3.6.1 � Introduction Surface Heat Treatment Mechanisms

Heat treatment processes are used for the improvement of the workpiece perfor-
mance under dynamic loads and friction. In their simplest form, the entire work-
piece is heated above the austenitization temperature in a furnace, hold in that 
temperature for a specific period of time, and subsequently quenched with an 
appropriate medium (usually water or oil). This sequence of controlled heating 
and cooling alters the lattice structure within the material and as a result the sur-
face hardness can be increased.

However, usually it is not required by the design of the component to be heat 
treated throughout its geometry, making thus the conventional heat treatment 
approaches inefficient. Instead, surface or even localized hardening is required 
and can be used for the production of high added value and precision components. 
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Fig. 3.23   Temperature distribution calculated using finite element models for a prismatic geometry
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Fig.  3.24   Temperature distribution calculated using finite element models for a cylindrical 
geometry
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Fig. 3.25   a Body-centred tetragonal crystal structure of martensite in Fe-C alloys b iron atom 
displacements due to carbon atoms in martensite
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Such localized surface hardening methods can prove beneficial for industry due to 
their advantages such as increased flexibility, reduced lead times, and reduced heat 
treatment deformation.

The usual methods for surface and/or local hardening can be classified into two 
big categories: ones with and ones without alteration of the chemical composi-
tion of the workpiece material. Indicatively, local hardening methods with simul-
taneous change of chemical composition are the carbonization and nitridization 
methods. The hardening of the component without the alteration of chemical com-
position is achieved through local and rapid heating of the workpiece surface with 
the subsequent self-quenching to the rest of the workpiece material mass. In such 
cases, the heating is achieved through conventional methods such as flame torches 
(flame hardening) or by utilizing more state-of-the-art methods such us induction 
coils, laser beams and electron beams. Grind hardening can be considered as one 
of these methods, since the heat generated in the grinding zone is the root cause 
for the local and rapid increase of the workpiece temperature that results in the 
formation of martensite.

The high hardness values observed in a steel material is due to the presence of 
martensite in its structure. Martensite is one of the phases that the steel can take 
and represents a specific lattice structure, where the carbon atoms are trapped in 
octahedral structure. The key reason that the martensite structure is characterized 
by high strength and hardness is due to the trapped carbon atoms [42] that result in 
displacements of iron atoms in the body-centred crystal structure (Fig. 3.25). Such 
deformation of the crystal structure prohibits the displacement of deformations, 
increasing thus the strength and hardness of steel.

Martensite’s origin is austenite. When a steel material is heated above the aus-
tenitization temperature, carbon atoms have increased mobility and can freely 
move within the crystal structure. If the steel is cooled down with slow rates, the 
carbon atoms through diffusion have enough time to return to pre-austenitization 
phases such as ferrite and cementite. However, if the cooling is rapid, diffusion 
is prohibited and austenite is transformed to martensite. Since this martensitic 
transformation is diffusionless, the martensite has exactly the same composition 
as does its parent austenite. The carbon atoms do not partition themselves between 
cementite and ferrite but instead are trapped in the octahedral sites of a body-cen-
tred tetragonal unite cell (Fig. 3.25a).

The cooling rate of the austenite structure is critical and determines the lat-
tice crystal structure that will be formatted during the quenching. As it has been 
described, depending on the cooling rate, the austenite structure can be trans-
formed in various crystal structures such as ferrite, cementite, perlite, bainite and 
martensite. The effect of a specific cooling rate on the crystal structure is depicted 
in the CCT diagram (Fig. 3.26).

In Fig.  3.26, two diagrams are presented, the Isothermal Transformation (IT) 
with dashed lines and the Continuous Cooling Transformation (CCT) with con-
tinuous lines. These lines define the beginning and the end of specific transfor-
mations when the cooling curve of the workpiece material passes through these 
areas. The key difference between IT and CCT diagrams lies in the cooling 
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environment. IT diagrams describe the crystal transformations due to isothermal 
holding, whereas CCT diagrams represent the continuous cooling processes at 
various rates. Both IT and CCT diagrams are determined experimentally. Grind-
hardening process is described by CCT diagrams, since the cooling rate is high. In 
order to achieve the highest possible hardness, thus 100 % transformation of the 
crystal structure to martensite, the cooling curve should not enter the bainite area. 
The temperature where the Martensitic transformation begins (Ts), depends on the 
steel composition.

However, grind hardening and all other surface hardening processes are char-
acterized by very high heating rates and brief austenitizing periods. These char-
acteristics have a significant effect both on the metallurgy transformations and the 
temperature at which these are realized (Fig. 3.27).

3.6.2 � Austenitization Temperature

The austenitizing temperature depends on the heating rate, the peak temperature 
and the holding time of a specific material. In the case of 100Cr6, the correlation 
of these parameters was experimentally determined by Liedtke and Jonsson [43] 

Fig. 3.26   IT and CCT diagrams for 42CrMo4

3.6  Modelling of Metallurgical Changes



64 3  Grind-Hardening Process Modelling

and is shown in Fig. 3.28. The heating rate achieved during grind hardening always 
exceeds 300 K/s [11, 12] and thus, based on Fig. 3.28, the austenitizing tempera-
ture is found to be 920  °C. Knowing the temperature field and the austenitizing 
temperature, we are led to the determination of the HPD.

3.6.3 � Martensitization Temperature

The austenitization of the workpiece in elevated temperature, has another critical 
metallurgy effect that has to be taken into consideration as it reduces significantly 
the Ms temperature. In the case of 100Cr6, when the workpiece has been austeni-
tized at 860  °C, the martensite transformation begins at 245  °C, but for an aus-
tenitization temperature of 1050  °C, the martensite transformation will not start 
until the temperature falls beneath 135  °C. Since in the grind-hardening process 
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the peak austenitizing temperature depends not only on the process parameters but 
also on the distance from the workpiece surface, the Ms line of the CCT diagram 
has to be determined for each point in the workpiece. For the determination of the 
relation between the Ms and the peak austenitizing temperatures, the experimental 
data stated in [44] were used and an exponential relation was assumed to relate 
these parameters (Fig. 3.29):

Based on the above considerations and using the temperature history calculated 
for each workpiece node with the FEA analysis, a modified CCT diagram, 
presenting different Ac and Ms temperatures, can be plotted for each node. Based 
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on these CCT diagrams, the microstructure and the micro-hardness HVCCT on 
each workpiece node can be estimated. It should be noted however that the CCT 
diagram determined using this methodology, does not take into account the fact 
that during grind hardening, the workpiece undergoes high deformations at high 
strain rates which further alters the CCT diagram.

3.6.4 � Retained Austenite

The micro-hardness calculated from the CCT diagram is based on the assumption 
that all austenite is transformed to martensite. However, the austenite transformation 
to martensite ends at a temperature, quite lower than that of the ambient. The extent 
of athermal transformation depends only on the degree of undercooling below the 
Ms temperature. The volume fraction of martensite transformation during undercool-
ing, can be determined by using an experimental equation developed by Koistinen 
and Marburger [45] for Fe-C alloys containing between 0.37 and 1.1 % carbon:

where f is the volume fraction of martensite and ΔT is the undercooling below the 
Ms temperature.

3.6.5 � Micro-Hardness

The hardness of the retained austenite is equal to that of the pre-treated material 
and therefore, the presence of retained austenite reduces the overall hardness of 
the workpiece. Considering that the overall hardness follows the inverse lever rule 
for a two-phase system, the overall hardness is given by the following equation:

(3.61)f = 1− e−1.10×10−2�T

(3.62)HV = f · HVCCT + (1− f ) · HVRet.Austenite

Fig. 3.29   Ms temperature 
dependence on peak 
austenitizing temperature for 
100Cr6 (based on [44])
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where HV is the overall hardness, HVCCT is the hardness read from the CCT 
diagram for the specific cooling path and HVRet.Austenite is the hardness of the 
retained austenite.

3.6.6 � Hardness Penetration Depth

The hardness penetration depth (HPD) is a quantitative metric for characterizing 
the process outcome. It is also a design characteristic—specification of the com-
ponent. From the process perspective, HPD is defined as the distance from the 
workpiece surface to its depth, where the hardness value is reduced to 80  % of 
the nominal value. There are a couple of different approaches in predicting the 
HPD theoretically. The HPD can be determined from the theoretically determined 
hardness profile as proposed by Salonitis and Chryssolouris [11] or can be approx-
imated to be equal to the depth where the temperature exceeds that of austenitiza-
tion as pointed out by Chryssolouris et al. [12]. It should be noted though, that the 
latter method can be used only when the critical quenching has been achieved, i.e. 
when bulky workpieces are hardened [12] and/or when coolant fluid is used for the 
grind hardening of small size workpieces [11]. The two methods were compared 
by Salonitis and Chryssolouris [11] and it was shown that the maximum error 
caused in the HPD estimation from the austenitization depth was ca. 8 %.

3.6.6.1 � Maximum Achievable Hardness Penetration Depth

Both experimental and theoretical results indicate that HPD increases as the heat 
entering the workpiece material does. The heat entering the workpiece is a func-
tion of the process parameters. Increasing the depth of cut increases the material 
removal and thus the heat generation rates. On the other hand, the decrease in the 
workpiece speed allows for more heat to be dissipated within the workpiece mate-
rial. However, higher values of heat entering the workpiece will result in a subse-
quent increase of the workpiece surface temperature. The workpiece temperature 
should not exceed the melting point of the material so as to avoid grain growth 
and increased retained austenite after quenching [42] that reduces the hardness of 
the treated layer [11]. Furthermore, the rapid melting and solidification that may 
occur in the heat affected zone during the surface hardening processes, results in 
coarsening and dissolution of the strengthening phases that degrade the strength-
ening of this area. The melting point depends on the workpiece material composi-
tion and can be calculated from its Fe-Fe3C diagram [46]. In the case of 100Cr6, 
for example, this critical temperature is equal to 1315 °C. Therefore, the heat flux 
rate inducing the melting temperature at the workpiece surface is the maximum 
allowable rate to be generated during grind hardening for a specific set of depth of 
cut and workpiece speed. The HPD that will result from this heat flux rate will be 
the maximum to be achieved from this set of parameters.

3.6  Modelling of Metallurgical Changes
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3.6.7 � Model Implementation and Validation

For the estimation of the metallurgical transformations, the hardness profile and 
the hardness penetration depth; the temperature field distribution and its evolution 
over time is required as input. The steps to be followed in order to fully character-
ize the process outcome are presented in Fig. 3.30, and can be considered as the 
continuation of Fig. 3.21.

3.6.7.1 � CCT Diagram Modification

The available CCT diagrams are for conventional heat treatment processes where 
both heating and cooling takes place under controlled quasi-stationery rates. 
However, since in grind hardening both the heating and cooling rates are very 
rapid, the CCT diagram needs to be modified accordingly. Indicatively, the proce-
dure for estimating the modified CCT diagram is presented hereafter. In Fig. 3.31, 
the temperature evolution for different depths below the workpiece surface is 
shown, as well as the various critical temperatures for the metallurgical changes.

Results from thermal 
analysis

Temperature distribution
Heating and cooling rates

Calculation 
of modified 

CCT diagram

Calculation 
of Hardness 
distribution

Calculation 
of HPD

Fig. 3.30   Metallurgical changes modelling steps
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The austenitization temperature in this case was estimated based on the 
method presented in Sect. 3.6.2, and is a function of the heating rate. For the pro-
cess parameters presented in Fig. 3.31, the heating rate at the workpiece surface 
is close to 1,200  K/s, whereas in the depth where the temperature equals that 
of austenitization is about 700 K/s. Based on the data presented by Liedtke and 
Johnson [43] and Fig.  3.28, austenitzation temperature equals 920  °C for heat-
ing rates that exceed 300 K/s. On the other hand, the martzitization temperature 
can be calculated using Eq. (3.60), as a function of the peak temperature. Due to 
the fact that the peak temperature is different for every location on the workpiece, 
different martensitization temperatures are calculated (Fig.  3.31). Based on such 
calculations, the CCT diagram can be modified for every point in the workpiece. 
Indicatively, Fig. 3.32 presents the modified CCT diagram that was estimated for 
the temperature distribution shown in Fig. 3.31.

3.6.7.2 � Hardness Distribution Estimation

The overall hardness will be different at each depth and can be calculated from the 
modified CCT diagram Eq. (3.62) as a function of the volumetric concentration of 
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retained austenite. As it has been already noted, this is a function of the extent of 
undercooling below the martensitization temperature. As a result, the concentra-
tion of the retained austenite is maximum at the workpiece surface and decreases 
with the distance from the surface. Table  3.1 summarizes the calculated micro-
hardness and Fig. 3.33 presents the experimental verification of the predictions.

3.6.7.3 � Hardness Penetration Depth Estimation

It has been already stated that HPD is defined as the distance from the workpiece 
surface to its depth, where the hardness value is reduced to 80  % of the nomi-
nal value. Based on the calculated hardness distribution (Fig. 3.33), the HPD can 
be determined. Alternatively, it can be estimated from the depth where the tem-
perature exceeds the austenitization temperature, as pointed out by Chryssolouris 
et al. [12]. They compared the two methods with experimental measurements and 
concluded that the calculation of the HPD using the hardness distribution provides 
better agreement with the experimental results. However, the effort needed for the 
determination of the hardness distribution is quite copious.

Table 3.1   Hardness distribution calculation

Distance from surface

0.00 mm 0.25 mm 0.40 mm

Heating rate (K/s) 1200 850 700

Austenitization temperature (°C) 920 920 920

Peak temperature (°C) 1056 965 920

Martensite temperature (Eq. 3.60 in °C) 133 173 197

Retained austenite (Eq. 3.61 in %) 41.3 36.5 35.5

CCT hardness (HV) 929 929 929

Calculated hardness (Eq. 3.62 HV) 690 735 740

Fig. 3.33   Model verification 
for micro-hardness 
calculation
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3.7 � Modelling of Residual Stresses

The residual stresses are the result of inhomogeneous plastic deformations during 
quenching. The generation of the residual stresses is quite complex, with numer-
ous affecting factors. The material type is one of the most important ones with 
heat transfer coefficient, thermophysical and mechanical properties, and phase 
composition influencing greatly the residual stresses. The higher the yield strength 
of the material the more elastic the thermal and transformation-induced macro-
scopic stresses will be generated in the part to be quenched. Thus, the residual 
stresses in general will be lowered with increasing yield strength of the material.

A typical residual stress profile generated is presented in Fig. 3.34. The most 
important factors are presented, being (a) the surface residual stress magnitude, 
(b) the maximum value measured and (c) the distance from the processed surface 
where the maximum value occurs and, finally (d) the beneficial depth.

Thermal surface treatments always result in residual stresses. The reasons for 
these stresses have been identified in a number of studies and can be summarized 
into (i) the thermal stresses due to thermal expansion or contraction during heating 
and cooling of the workpiece and (ii) the density changes due to the phase trans-
formations in the workpiece material. In case of multiphase materials, residual 
stresses are also generated due to the different thermal expansion coefficients of 
the various phases and due to chemical reaction products formed on the surface of 
the workpiece material.

In general when heat treating workpieces, the cooling rate at the surface is 
higher than at the centre. The early thermal contraction at the surface is resisted by 
the incompressible core, resulting in tensile yielding at the surface. The continu-
ous temperature reduction results in contraction of the workpieces core pulling the 
surface inwards. As a result of this inward pulling, compression stresses are gener-
ated near the surface. In materials with phase transformation, anisotropic volume 
change due to martensitic transformation adds to the complexity and magnitude 

Fig. 3.34   Typical surface 
residual stress profile [47]

3.7  Modelling of Residual Stresses
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of the residual stress pattern. The residual stress system is self-equilibrating; 
if certain regions have compressive residual stresses, then somewhere else there 
must be offsetting tensile stresses.

For the case of grinding, surface residual stresses is a result of the thermal 
deformation due to heat dissipation in the grinding zone, the pressure between 
the grinding wheel and the workpiece, and the phase transformation of the mate-
rial structure [48]. The balance between these three different mechanisms defines 
whether the final residual stresses are compressive or residual. It has been shown 
in past studies, focusing though on grinding and not grind hardening, that the pres-
sure applied from the grinding wheel to the workpiece induces compressive resid-
ual stresses. On the other hand thermal deformation due to the heat dissipation 
results in tensile residual stresses [49]. The challenge is to incorporate the result-
ing residual stresses due to phase transformation. Phase change results in volume 
change; depending on whether the new structure occupies more space than the 
original phase the residual stresses can be either compressive or tensile. For the 
case of grind hardening we observe two subsequent phase transformations. From 
ferrite/perlite mixture before grinding to austenite (existing only when the work-
piece material is above eutoctoid temperature) during the processing and finally to 
martensite due to quenching. Martensite presents body-centred tetragonal (BCT) 
crystal structure whereas ferrite presents body-centred cubic (BCC) crystal struc-
ture [42]. Since BCT occupies more space than BCC, martensitic phase transfor-
mation results into compressive residual stresses.

3.7.1 � Modelling Using Finite Element Analysis

Similarly, for the case of residual stresses modelling, the thermal model developed 
is used as a basis. Thermal elements are replaced with elastic-plastic elements. 
The resulting model undergoes a non-linear elastic-plastic structural analysis using 
temperature-dependent material properties and a multi-linear isotropic hardening 
model. The non-linear mechanical analysis problem is described by the following 
general finite element equation:

where [K(T)] is the temperature-dependent stiffness matrix, {F(t)} is the external load 
vector, {Fth(t)} is the temperature load vector and {u(T)} is the displacement vector.

For each load step, the nodal temperatures from the thermal analysis are read 
into the structural analysis. Nodal temperatures from thermal results are contin-
ued to be read into the structural analysis until the time when the model temper-
ature has reached the environmental one. The structural boundary conditions set 
to workpiece are quite simple; all nodes at the bottom end of the workpiece are 
fixed to all directions. The structural loading includes the application of pressure 

(3.63)[K(T)]{u(t)} + {F(t)} + {Fth(t)} = 0
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resulting from the grinding wheel–workpiece interaction at the elements that cor-
responds to the contact length for each load step. The non-linearity of material 
properties is taken into account through the von-Mises criterion, and plasticity is 
taken into consideration through kinematic strain-hardening law. The non-linear 
equation system solution is achieved through the Newton–Raphson algorithm, 
whereas Newmark integration scheme is applied for the numerical integration in 
the time domain. Salonitis [50] presented graphically the approach for predicting 
the residual stresses using FEA as shown in Fig. 3.35.

3.7.2 � Model Implementation and Validation

Salonitis [50] validated this model for the case of grind hardening of AISI 1050 
workpiece material both under wet and dry conditions. His analysis indicated that 
grind hardening without the application of coolant fluid result in tensile residual 
stresses across the whole depth of the heat treated layer (Fig.  3.36). The FEA 
model indicated that during dry grind hardening, the driving mechanism for the 
resulting residual stresses is the thermal deformation due to the high heat source 
generated in the grinding arc. Additionally, higher workpiece material results in 
lower martensite onset temperatures that leads to higher concentration of retained 
austenite. Austenite presents face-centred cubic (FCC) lattice structure with quite 
similar volume with original ferrite (BCC), thus the compressive stresses due to 
phase transformation are limited.

Fig. 3.35   Modelling 
approach for calculating 
residual stresses [50]
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3.8 � Integration of Models

Six models have been presented in the previous sections for simulating various 
aspects of the grind-hardening process. The models can be integrated all together 
for the holistic modelling of the grind-hardening process. In that case, we can 
identify five major phases that are sequentially connected for the estimation of the 
hardness profile, hardness penetration depth and residual stresses as a function of 
process parameters and the specification of the grind-hardening wheel (as can be 
seen in Fig. 3.37). During the first phase (phase A), the grinding forces as a func-
tion of process parameters and grinding wheel specification are determined. During 
the second phase (phase B), the heat generated within the grinding zone and its 
partition to the various heat sinks is estimated. In the subsequent phase (phase C), 
the temperature distribution along with the heating and cooling rates are estimated 
using finite element analysis. Phase D deals with the determination of the heat pen-
etration depth and the micro-hardness distribution based on the estimated modified 
CCT diagrams. Finally, within the last phase (E) the residual stresses are estimated 
by solving the coupled thermal and structural finite element model.

Such an analysis can be used for developing process “maps” (a database) for 
the prediction of the process outcome as a function of process parameters. This 
database is based on diagrams linking, as an example, the hardness penetration 
depth with the heat flux entering the workpiece for a number of combinations of 
process parameters. Figure 3.38 presents an abstract of such a database developed 
by Salonitis [51] for the prediction of hardness penetration depth. Additionally, in 
Fig. 3.39, the database maximum hardness penetration depth diagram is presented.

3.8.1 � Integrated Model and Database Validation

Salonitis et al. [52] used the database for estimating the process parameters to be 
used for achieving a specific hardness distribution and hardness penetration depth 
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to an actual industrial component (V-shaped guide). Having as a starting point the 
requirements and limitations, i.e. knowing the requested HPD and having a limi-
tation on a specific process parameter (e.g. the feed speed), the heat flux can be 
determined for this set of variables, from the database of charts shown in Fig. 3.38. 
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Fig. 3.38   Database diagrams for predicting the HPD as a function of process parameters (for 
AISI 52100—dashed lines are the experimentally tuned predictions) [51]
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In most cases, more than one combination of process parameters will give the 
requested result; the final selection lies in other issues, some of which are: the 
availability in grinding wheels, the grinding wheel wear, the grinding machine 
capabilities and the requested productivity. Figure 3.40 presents such an approach 
for estimating the process parameters graphically.

Fig. 3.39   Maximum hardness penetration depth predictions [51]
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3.8  Integration of Models
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The V-shaped guide had to be hardened on the surface of both flanks, with a 
minimum surface hardness of 650 HV1 and a hardening depth of at least 0.3 mm. 
Using the database in Fig. 3.38, the requested HPD can be achieved with various 
combinations of process parameters. Some of the combinations can be rejected 
even before validation based on experience. For validation of the predictions, 
both a 3-D FEA model and experimental measurements were developed and used 
(Fig. 3.41).
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