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Abstract
Aiming to improve the dynamic and static contact performance of 40Cr alloy parts, a grind-strengthening (GS) compound 
process is applied to the finish machining and surface quenching heat treatment of 40Cr alloy steel, which makes the mate-
rial undergo a modification behavior of dynamic phase transformation introduced by high grinding heat and severe plastic 
deformation (SPD). The microstructure evolutions of material during the GS process comprise dynamic recrystallization 
(DRX) and phase transformation. The flow property of material can be critically affected by microstructure transformations 
during the GS process, which has a significant impact on the grinding force and temperature. A modified Johnson–Cook 
(J-C) constitutive equation considering grain size was established in this study. The flow stress can be calculated by the 
model during machining and the grinding force can be predicted. Moreover, the grinding temperature can be calculated by 
an analytical model according to the predicted grinding force. In addition, the grind-strengthening experiment was con-
ducted. The applicability of the modified J–C model can be verified. The results show that the grinding forces obtained by 
the modified J–C model are more accurate. Furthermore, by comparing the prediction of temperature field distribution and 
the gradient microstructure introduced by dynamic phase transformation of the ground strengthening layer, the prediction of 
grinding temperature based on the analytical method is consistent with the experiment results. And the creation mechanism 
of grind-strengthening layer can be revealed profoundly.

Keywords  Grind strengthening · Surface modification · Grinding force and temperature · Modified J–C model · Dynamic 
recrystallization

1  Introduction

A principal objective of grind strengthening is the creation 
of a strengthened surface after removing materials with 
specific attributes that enable the functional machining 
of products. Grind-strengthening technology can be used 
to obtain a modified superficial layer with high micro-
hardness and high strength caused by phase transforma-
tion and dynamic recrystallization under high grinding 
temperature, high strain, and strain rate conditions [1–3]. 
From the surface integrity perspective, the microstructure 
evolution of ground surface and subsurface is perhaps the 
most critical since it determines mechanical and physical 
properties [4, 5].

40Cr, a typical low-alloy structural steel, composed of 
pearlite and ferrite is commonly used as the essential parts 
including gears, shafts, sleeves, and connecting rods as 
examples. The service performances of the components are 
extremely dependent on the finish machining method, and 
grinding is a frequently applied process solution. Moreover, 
grind-strengthening technology, as a green and efficient fin-
ish machining method, utilizes the high heat and SPD to 
result in austenite transformation of material, and air cool-
ing is applied for the heat treatment of quenching [6]. In 
comparison, traditional grinding is difficult to achieve this 
composite strengthening function. Zarudi and Zhang [7] 
further studied the microstructure transformation mecha-
nism of hardened steel during the grinding process. It can 
be stated that the changes in temperature, stress, crystal-
lographic structure, and dislocations have a critical impact 
on the transformation of the material microstructure. And 
the higher cooling rate and SPD can inhibit the appear-
ance of ferrite and bainite, which also can refine austenite 
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grains and ultimately precipitate the formation of fine mar-
tensite [8]. In the past several years, in addition to the phase 
transformation, many researchers have developed a strong 
passion for the investigations of dynamic recrystallization 
behavior during the hot processing of steel. The DRX model 
was established based on the hot compression tests of 40Cr 
[9]. It provided a strong foundation for studying the DRX 
behavior during thermal deformation of 40Cr steel. Duan 
et al. [10] investigated the microstructure evolution mecha-
nism of AISI1045 and AISI52100 during the hard cutting 
process. It pointed out that the grain refinement is caused by 
phase transformation and dynamic recrystallization behav-
ior due to high cutting heat and SPD. The finite element 
analysis was applied to predict the cutting force and tem-
perature with the comprehensive consideration of coupling 
effect of thermal–mechanical and phase transformation met-
allurgy. And the established model was validated by cut-
ting experiments. In addition, concerning the fully hardened 
steel material under drilling conditions, it was noted that the 
white layer of the drilling surface was a combination of the 
phase transformation and the grain refinement caused by the 
drilling heat and severe plastic deformation [11, 12]. Hence, 
there is another important style for the modification of the 
machined surface, which is the grain refinement mechanism 
in addition to the phase change mechanism.

In recent years, the investigations of grain refinement sur-
faces created by the machining process have aroused wide-
spread interest and attention. Grain refinement is known 
as an excellent strengthening method to enhance compre-
hensive mechanical properties [13, 14]. During the super-
critical carbon dioxide (scCO2)-assisted grinding process 
of ultrahigh strength 300 M steel [15], dry and cryogenic 
cutting of AISI4340 steel [16], the laser shock peening pro-
cess [17], dry and minimum quantity lubrication grinding of 
single-crystal nickel-based superalloys [18], there was obvi-
ous grain refinement behavior in the machined superficial 
layer. The research results indicated that grain refinement 
can not only make an outstanding contribution to the micro-
hardness but also can form residual compressive stress on 
the machined surface and improve the wear resistance of 
the part surface. Tsuji and Maki [19] discussed three-grain 
refinement mechanisms incorporating phase transformation 
and SPD for steel: (a) phase transformation after SPD, (b) 
phase transformation prior to SPD, and (c) reduplicate SPD 
and phase transformation. These three mechanisms of grain 
refinement have the potential to create new nanostructured 
materials and discover new metallurgical phenomena.

The microstructure evolutions including dynamic recrys-
tallization and phase transformation have a crucial influence 
on the mechanical force and the surface residual stress dur-
ing the machining process [20]. Pan et al. [21, 22] proposed 
a cutting force prediction model considering the effects of 
DRX. The prediction accuracy had been improved. Zhang 

et al. [23] believed that material separation is primarily 
caused by the comprehensive impact of mechanical shear 
and thermally driven microstructure transformation dur-
ing the cutting of titanium alloys. Because the flow stress 
is greatly affected by the phase component. Therefore, a 
constitutive model considering phase transformation was 
established, which can effectively predict chip separation 
and microstructure distribution. Ding et al. [24] studied the 
mechanism of microstructure transformation impact on the 
micro-grinding force during machining maraging steel. A 
hybrid iterative model coupling phase transformation kinet-
ics and grinding mechanics was developed. The results 
showed that the established model had high applicability. 
The influence of microstructural transformations on grinding 
process was better understood. Therefore, the plastic flow 
deformation and removal of heterogeneous materials during 
the machining process are closely related to the microstruc-
ture. In this study, 40Cr alloy steel was machined by strong 
grinding parameters to achieve ground superficial layer 
modification. As a result, the grind-strengthening process 
integrates almost simultaneously phase transformation and 
dynamic recrystallization to obtain ultra-fine grained and 
high strength-toughness creation surfaces [25]. Hence, it is 
necessary to study the impact of microstructure evolution 
on grind strengthening. These previous studies have indeed 
done more in-depth and basic research on the microstructure 
evolution mechanism of steel during thermal deformation 
processes such as phase transformation, DRX, and SPD 
during the cutting, drilling, and milling process. However, 
there are few reports on the feedback influences of theoreti-
cal models of material microstructure evolution on defor-
mation resistance and heat generation during the grinding 
process. Hence, the grain refinement behavior during the 
grind-strengthening process leading to the variety of the 
yield strength of the material and affecting the changes of 
force and heat can be researched in this study for revealing 
the influence of microstructure on the grinding process.

In the compound process of grind strengthening, the 
microstructure modifications resulting from the grinding 
heat and SPD occur in the material deformation zone. The 
modification of materials could significantly influence the 
flow stress and macro-grinding force in the process of grind 
strengthening. Firstly, due to the material being removed by 
the abrasive particles with a negative rake angle geometry, 
the strain and strain rate can be calculated by the slip line 
analysis model [26]. Then, considering the grain refinement 
phenomenon in the material thermal deformation process-
ing, the material grain size can be predicted by Johnson-
Mehl- Avrami-Kolmogorov model through strain, strain 
rate, grinding temperature, and flow stress. A modified J–C 
model based on dynamic recrystallization grain refinement 
was established. The material flow stress and grinding force 
are calculated based on the variations in grain size. Finally, 
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the grinding temperature can be solved according to the ana-
lytical model with the triangular moving heat source based 
on the microstructure evolution. The predicted grinding 
force and temperature are verified by grind-strengthening 
experiments. In comparison to the traditional J–C model, 
the effectiveness of considering grain size influence on the 
improvement of existing model is verified.

2 � Constitutive model of material based 
on grain size

Grind-strengthening technology, a green and efficient dry 
grinding method, integrates the finish machining and surface 
hardening heat treatment. The material undergoes austeniti-
zation and dynamic recrystallization transformation caused 
by elevated grinding heat and SPD during grinding. There-
fore, the ground surface of grain refinement martensite can 
be formed by dynamic recrystallization transformation and 
air cooling during the grind-strengthening process. It can be 
used to obtain an excellent machined surface. The schematic 
diagram of microstructure evolution and grain refinement 
mechanism of the grind-strengthening layer is explained in 
Fig. 1. The reduction of prior austenite grains can lead to 
the increase of transformation driving force, the density of 
high-angle grain boundary, and martensite content. Thus, 
the comprehensive mechanical properties of the material are 
improved. The strengthening mechanism of the prior austen-
ite grain refinement can be analyzed according to the classic 
Hall–Petch relation [27]:

(1)
�y = �0 + Kyd

−1∕2

�c = �c0 + Kcd
−1∕2

TB = TB0 − KBd
−1∕2

where �y , �c , and TB are the yield strength, crack growth 
resistance, and ductile–brittle transition temperature, respec-
tively. �0 , �c0 , and TB0 are material constant. Ky, Kc, and KB 
are the Hall–Petch coefficients, and d is the grain size of 
prior austenite. It can be seen from Eq. (1) that the refine-
ment of the prior austenite grains has a positive effect on the 
strength and toughness of the material, and it also reduces 
the ductile–brittle transition temperature. A decrease in the 
size of martensite and an increase in the dislocation density 
within the martensite can be caused by the refinement of the 
prior austenite grains [28]. The enhancive dislocation den-
sity is the essential reason for the strengthening of austenite 
refinement. Therefore, the grain refinement mechanism can 
not only improve the strength but also improve the plasticity 
and toughness of the material, which is of great application 
value to the balance of strength and toughness of steel.

The microstructural modification and grain refinement on 
the material plastic deformation zones are produced by ther-
mal–mechanical phase transformations and DRX behavior. 
The flow characteristic of material can be changed. The DRX 
grains are assumed with isothermal grain growth. For medium 
carbon steel, the volume fraction Xdrx of DRX is a function of 
the thermal–mechanical coupling action time t [29]:

where t0.5 is the time when Xdrx is 50%. R is the gas constant, 
and T is the current temperature of material. Z is the Zener-
Hollomon parameter (a parameter summarizing deformation 
temperature and strain rate). It can be written as

(2)Xdrx = 1 − exp[−0.693(
t

t0.5
)1.5]

(3)t0.5 = kmdZ
nmd exp(

Qmd

RT
)

Fig. 1   a The grain refinement, SPD, and thermal influence mechanism of the grind-strengthening layer. b Temperature-deformation-microstructure 
map for 40Cr steel derived from grind-strengthening experiment and related analysis
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where 𝜀̇ is the strain rate and Qdef is the deformation acti-
vation energy. The size of DRX grain ddrx is obtained by 
Sellar’s model as

where ε is the plastic strain and d0 is the initial grain size. 
According to the simple mixture rule, the final grain size 
can be as follows:

The material yield stress is constant for the traditional 
J–C model. In this study, the Hall–Petch equation can 
also relate yield strength to the average grain size as [30]

where A is the yield strength of material and Ah-p and Kh-p 
are coefficients of the Hall–Petch equation. Therefore, the 
modified J–C model considering the effect of grain size on 
yield stress can be used for the grind-strengthening process, 
which can be expressed as follows:

where B, C, m, and n are the material constants; T is the 
shear plane temperature; T0 is the room temperature; and 
Tm is the melting temperature. The parameters of the 40Cr 
alloy steel–modified J–C model and material constants are 
described in Table 1.

3 � Modified grinding force and temperature 
model

The methodology used in this study focuses on predicting 
grinding force and temperature considering microstructure 
evolution in the grinding process, which relies on the thermo-
mechanical loadings applied onto the grinding contact area. 
Grinding force is a comprehensive macroscopic manifestation 

(4)Z = 𝜀̇ exp(
Qdef

RT
)

(5)ddrx = �−0.5d0.4
0
exp(

30000

RT
)

(6)d = ddrxXdrx + d0(1 − Xdrx)

(7)A = Ah - p + Kh - pd
−0.5

(8)

𝜎 = (Ah - p + Kh - pd
−0.5 + B𝜀n)(1 + C ln

𝜀̇

𝜀̇0
)

[
1 − (

T − T0

Tm − T0
)m
]

of the interaction between the abrasive grains and workpiece. 
It can lead to high grinding heat, plastic deformation, and 
microstructure evolution. Because grinding force is a large 
amount of negative rake angle abrasive grains to participate in 
removal. Therefore, the study of single abrasive cutting force 
can be the basic research of macro-grinding force [31]. Many 
studies have shown the cutting force of the single abrasive 
grain is superimposed with three-stage: chip formation, plow-
ing, and rubbing forces. The geometry structure of abrasive 
grain is assumed as a cone with the cone tip flattened as exhib-
ited in Fig. 2.

As shown in Fig. 2, when the undeformed chip thickness h 
is very small, the grinding force is mainly composed of rub-
bing and plowing force. The chip formation force is generated 
when the interference depth is greater than the critical chip 
thickness hc. Single abrasive grain cutting can be simplified 
to two-dimensional orthogonal cutting. The rubbing force is 
produced by the elastic or elastic–plastic contact between the 
abrasive wear plane and workpiece [32]. It can be obtained by 
the integral of normal stress and shear stress in a fixed length:

where

where LVB is the abrasive top friction length. � is the friction 
coefficient. b is the contact width between the abrasive grain 
and specimen. hn, � , and �n are the nominate undeformed 
chip thickness, the geometric rake, and the nominated rake 
angle, respectively. �w and �w are the shear stress and the 
normal stress. The �0 and �0 can be decided by the procedure 
parameters:

(9)

⎧⎪⎪⎨⎪⎪⎩

Ftg,rubbing = b

LVB∫
0

�w(x)dx

Fng,rubbing = b

LVB∫
0

�w(x)dx

(10)b =

{
2r cos 𝛼 h < hn
2(r cos 𝛼n + (h − hn)∕ tan(−𝛼)) h ≥ hn

(11)

⎧⎪⎨⎪⎩

𝜎w(x) = 𝜎0((LVB − x)∕LVB)
2 for 0 < x < LVB

𝜏w(x) = 𝜏0 for 0 < x < LVB(1 −
√
𝜏0∕𝜎0)

𝜏w(x) = 𝜇(𝜎w(x)) for LVB(1 −
√
𝜏0∕𝜎0 < x < LVB

Table 1   Material constants for 40Cr [25]

Parameters A (MPa) Ah-p (MPa) Kh-p (MPa) B (MPa) C m n T0 (℃)

Values 785 574 112 540 0.0124 1.18 0.29 20

Parameters Tm (℃) kmd nmd Qmd (kJ/mol) Qdef (kJ/mol) R d0 (μm) 𝜀̇
0
(s−1)

Values 1500 2.5 −0.8 230 171 8.314 25 1
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where �0 is the prow angle of the workpiece directly in front of the 
abrasive grain, and it can be set to zero since the cutting width is 
much larger than the contact thickness [33]. When the abrasive 
grains start to cut, a small amount of material accumulate at the front 
of the abrasive grains, and a large amount of material accumulates 
on both sides of the abrasive grains. At this time, it is in the plowing 
state. The contact state is alike to the Brinell indentation experiment. 
As a result, the plowing force may be estimated using the indentation 
force function in the normal direction in the direction of the critical 
rake angle half. In addition, there is also friction. Hence, the normal 
and tangential plowing force can be expressed as

where �c is the critical rake angle. Fp can be calculated by 
the Brinell hardness-pressure equation:

When h is greater than hc, that is, when the actual rake 
angle is greater than ac, the chip generation stage can be 
entered. Therefore, according to the change of h, the cut-
ting force can be expressed in two stages:

(12)

⎧
⎪⎪⎨⎪⎪⎩

�0 = k0

�
1 +

�

2
− 2�0 − 2� + 2� + sin (2� − 2�)

�

�0 = k0 cos (2� − 2�)

� = �p + � − sin−1
�√

2 sin
�
�0
�
sin

�
�p
��

�p = 0.5 cos−1 (�)

(13)

⎧⎪⎨⎪⎩

Ftg,plowing = Fp

�
sin

�
�c

2

�
+ � cos

�
�c

2

��

Fng,plowing = Fp

�
cos

�
�c

2

�
+ � sin

�
�c

2

��

(14)Fp = 2�rhHB

(15)

⎧⎪⎪⎨⎪⎪⎩

Ftg,chip =
𝛼s∫
𝛼c

𝜏 cos(𝛽−𝛼)

sin𝜑 cos(𝜑+𝛽−𝛼)
2r2 cos2 𝛼d𝛼

Fng,chip =
𝛼s∫
𝛼c

𝜏 sin(𝛽−𝛼)

sin𝜑 cos(𝜑+𝛽−𝛼)
2r2 cos2 𝛼d𝛼

hc < h < hn

where � is the shear flow stress, which can be obtained by 
Eq. (18). � is the friction angle. � is the shear angle. r is the 
grain radius. The � and � can be acquired by

The shear flow stress of workpiece material can be cal-
culated by the modified J–C model of Eq. (8), which is as 
follows:

From the above analysis, the shear flow stress depends 
on the material constitutive parameters, plastic strain, 
strain rate, and temperature during machining. There-
fore, the solution of plastic strain and strain rate is nec-
essary. In this study, due to the material being removed 
by a negative rake angle tool during the grinding process, 
the strain and strain rate can be calculated by utilizing 
a model based on slip line analysis [26]. The schematic 
for the deformation analysis of material in grinding is 
illustrated in Fig. 3.

The total strain of the deformation material can be cal-
culated according to the weighting of the deformation area 
of the chip and machined surface, as follows:

(16)

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ftg,chip =
𝛼n∫
𝛼c

𝜏 cos(𝛽−𝛼)

sin𝜑 cos(𝜑+𝛽−𝛼)
2r2 cos2 𝛼d𝛼+

h∫
hn

2𝜏(rcos𝛼n+(h−hn)∕ tan (−𝛼)) cos (𝛽−𝛼n)
sin𝜑 cos (𝜑+𝛽−𝛼n)

dh

Fng,chip =
𝛼n∫
𝛼c

𝜏 sin(𝛽−𝛼)

sin𝜑 cos(𝜑+𝛽−𝛼)
2r2 cos2 𝛼d𝛼+

h∫
hn

2𝜏(rcos𝛼n+(h−hn)∕ tan (−𝛼)) sin (𝛽−𝛼n)
sin𝜑 cos (𝜑+𝛽−𝛼n)

dh

h > hn

(17)
{

� =
�

4
−

�

2
+

�

2

� = arctan�

(18)

𝜏 =
1√
3
(Ahp + Khpd

−0.5 + B𝜀n)(1 + C ln
𝜀̇

𝜀̇
)

�
1 − (

T − T0

Tm − T0
)m
�

Fig. 2   Interference model of 
single grit and workpiece
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The shear strains of the chip and matrix are, respectively, 
expressed as

where �chip and �workpiece are deformation area weights for 
chip and matrix, and �avg is the average rake angle. �PD,�PB , 
and � are the inclination angles of PD, PB, and BC, respec-
tively. These parameters can be obtained by geometrical 
relationships.

In the same way, a weighting function is applied to derive 
the total strain rate from the strain rates of the chip and 
matrix:

(19)� =
1√
3

�
�chip�chip + �workpiece�workpiece

�chip + �workpiece

�

(20)

�chip =

√
2 sin �PD

sin
�
�∕4 + �PD

� +
cos

�
�avg + �PD

�

cos
�
�avg − �0

�
sin

�
�0 + �PD

�

(21)�workpiece =

√
2 sin �PD

sin
�
�∕4 + �PD

� +
sin

�
�PD + �∕2

�

sin
�
�PB + �∕2

�
sin

�
�PD + �PB

� +
sin(�∕2)

sin(�) sin (� + �∕2)

(22)𝜀̇ =
1√
3

�
𝜐chip𝛾̇chip + 𝜐workpiece𝛾̇workpiece

𝜐chip + 𝜐workpiece

�

(23)𝛾̇chip = 2vs
𝛾chip√

2sin
�
𝜋∕4 + 𝜃PD

�
PD

(24)𝛾̇workpiece = 2vs
𝛾workpiece√

2 sin
�
𝜋∕4 + 𝜃PD

�
PD +

sin (𝜓+𝜃∕2)

sin𝜓
PC

where vs is the abrasive linear velocity, PD and PC are the lengths 
of PD and PC, respectively. The strains and strain rates can be 
applied to calculate the shear flow stress by Eq. (18). Then, the 
cutting force of a single grit can be calculated. The total cutting 
force of a single abrasive grain is the sum of rubbing, plowing, and 
chip formation force, respectively. It can be expressed by

The total grinding force of a single abrasive grain 
is directly related to the undeformed chip thickness. In 
addition, the regions where the abrasive grains come into 
touch with the workpiece are non-uniform during the 
grind strengthening. In this study, it can be assumed that 
the undeformed chip thickness of abrasive grains obeys 
the Rayleigh probability density function as followed by 
[34]

where � is the function of the machining parameters, which 
can be written as

(25)
{

Ftg,total = Ftg,chip + Ftg,plowing + Ftg,rubbing

Fng,total = Fng,chip + Fng,plowing + Fng,rubbing

(26)f (h) =

{
h

�
exp

(
−

h2

2�2

)
h ≥ 0

0 h ≤ 0

(27)� =

√√√√√
apvw

2vslcCd tan
(
�

) −
h2
c

2

Fig. 3   Geometric model of 
material slip in cutting
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where ap is grinding depth, vw is the feed speed of work-
piece, vs is the wheel velocity, and lc =

√
apds is the real 

contact length of grinding zone. 2 � is the cone angle of 
abrasive grains and Cd is the dynamic grain density. There-
fore, the average grinding force can be expressed by

Then the average grinding force of single grain is mul-
tiplied by the number of active cutting blades to obtain the 
total grinding force:

where Ft and Fn are the macro-tangential and normal grind-
ing forces, respectively. bs is the actual grinding width.

To summarize, the grinding force model considering the 
microstructure evolution has been established. According to 
this model, the grinding force can be predicted.

The grinding temperature is the essential reason for the micro-
structure modification of the ground superficial layer during the 
grind-strengthening process. In this section, the predicted grinding 
force obtained by the above analysis can be applied to predict the 
average heat flux density in the grinding contact zone by

where Ft is the tangential grinding force. For the plane 
dry grinding, R is the heat distribution ratio, which can be 
expressed by [35]

(28)
{

E
(
Ftg,total

)
= ∫ ∞

0
f (h)Ftg,total(h)dh

E
(
Fng,total

)
= ∫ ∞

0
f (h)Fng,total(h)dh

(29)

{
Ft = CdbslcE

(
Ftg,total

)

Fn = CdbslcE
(
Fng,total

)

(30)q0 =
�Ftvs

lcbs

where (k�c)s and (k�c)w are the thermos-physical parameters 
of wheel and workpiece, respectively. The triangular moving 
heat source is widely incorporated in the temperature field 
calculation of surface grinding. The heat flux density can 
be written as

The moving heat source model of a two-dimensional 
solution can be proposed to the problem of plane grinding 
temperature field, which is extremely valuable in heat trans-
fer problems in mechanical engineering. The general equa-
tion for heat conduction is as follows [36]:

where T = T(x, z, t) notes the temperature is spatially and 
temporally dependent on x, z, and t, respectively. c is the 
specific heat capacity, k is the thermal conductivity, � is the 
material density, and vw is the feed rate. The initial tempera-
ture is set to 20 ℃. Table 2 lists the thermal–mechanical 
parameters of 40Cr.

Assuming that the heat transfer surface is adiabatic in the 
semi-infinite region, the solution of the differential equation 
(Eq. (33)) can be expressed by [37]

where a = k/ρc is the heat diffusivity, Qw = q(x�)dx�dt� is the 
heat input, and htrans is the heat transfer coefficient. Through 
integral and dimensionless processing of Eq. (34), the tem-
perature can be written as
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In Eq. (35), the dimensionless treatment of variables is 
as follows:

Through the above-mentioned temperature field model, 
the grinding temperature field can be solved analytically.

4 � Experiments and model validations

4.1 � Experiment set‑up of grind strengthening

40Cr steel and white corundum wheel (WA46L5v) are 
used in grind-strengthening experiments as workpiece and 
the grinding tool, respectively. The workpiece material is 
composed of pearlite and ferrite as shown in Fig. 4. The 
chemical element composition of the workpiece material 
is shown in Table 3. Grind-strengthening experiments are 
carried out on M7120A. The grind-strengthening experi-
ment site and equipment are shown in Fig. 5. During grind-
strengthening processes, the grinding forces were achieved 
by the Kistler 3-axis dynamometer (Kistler 9257B). The 

(36)

� =
vw

√
t − t�

2
√
a

,X =
vwx

2a
, Z =

vwz

2a
, L =

vw

4a
,H =

2ahtrans

kvw

top-type thermocouple is applied to measure the grinding 
temperature of the 3 mm below the ground surface to verify 
the accuracy of analytical temperature field calculation. 
Firstly, the grinding strengthening layer is exposed by wire 
cutting. Then, the tested superficial layer is polished to the 
corrosion requirements. The saturated picric acid solution 
and 4% nitric acid alcohol solution are applied to obtain the 
prior austenite grains and martensite microstructure, respec-
tively. The characterizations of the grind-strengthening layer 
microstructure are observed with a Leica DMI5000M optical 
metallographic microscope. The applied grinding param-
eters are listed in Table 4.

4.2 � Microstructure modification of grinding 
strengthening layer

Figure 6 illustrates the observation of the grind-strength-
ening layer microstructure inspected from the longitudinal 
sections. Figures 6a, b are the martensite microstructures 
obtained by corrosion of an alcohol solution containing 4 
vol% nitric acids to observe the phase transformation dis-
tribution. Figure 6c, d are corroded by supersaturated picric 
acid solution, and the purpose is to gain the prior austen-
ite grains. It can judge the gradient microstructure refine-
ment mechanism of the grind-strengthening layer through 
the prior austenite grains. It can be seen that austenite and 
martensite transformation occur during the grind-heating 
stage and cooling stage after grinding, respectively, in the 
ground superficial layer. The grain unit of the martensite 
structure is a lath sub-crystalline structure, and the size 
of the lath unit has a crucial influence on the strength and 
stiffness of the material. The size of the martensitic lath 
and prior austenite grains is proportional [38]. The driving 

Table 2   Thermal–mechanical property constants of 40Cr

Density
ρ (kg/m3)

Thermal 
expansion 
coefficient 
(℃−1)

Young’s 
modulus
E (GPa)

Specific heat 
capacity
c (J/kg·℃)

Thermal 
conductivity
k (W/m·℃)

7850 24.82 206 467 41.84

Fig. 4   Optical microscope observation of the initial organization of 40Cr steel

2050 The International Journal of Advanced Manufacturing Technology (2022) 123:2043–2056



1 3

force of martensite transformation can be elevated by the 
DRX of austenite grains. [27] Therefore, the wear resistance 
and fatigue resistance of the material can be significantly 
improved [28]. From Fig. 6b–d, due to the SPD, elevated 
temperature, and high cooling rate near the ground surface, 
the austenite dynamic recrystallization transformation in the 
grinding heating stage happens to form an equiaxed prior 
austenite grain refinement layer. Finally, the quenching pro-
cess is realized by air cooling, so as to achieve a martensitic 
strengthening layer with a gradient grain refinement struc-
ture. The refine-grained martensitic structure can exhibit 
excellent strength, as well as high toughness.

4.3 � Grinding force and temperature verification

The thermal–mechanical-influenced material undergoes 
microstructure phase transformation and dynamic recrys-
tallization during grind strengthening. The grain refinement 
of material microstructure can have an important effect 
on the material flow stress and grinding force. The grind-
strengthening experiments have been implemented to verify 
the applicability of the current modified J-C and traditional 
J-C models. Figure 7 depicts the execution of the prediction 
program. The grinding forces of predicted and experimental 
are displayed in Fig. 8.

Figure 8 summarizes the grinding forces of experimental, 
the predicted by traditional, and modified J–C model under 
different grinding parameters. The modified J–C model 

based on the dynamic recrystallization can achieve a smaller 
prediction error for the grinding force compared with the 
traditional J–C model from Fig. 8. This is due to the grain 
refinement of the material microstructure caused by the 
thermo-mechanical coupling during the grind-strengthen-
ing process, which changes the material plastic deformation 
characteristics. The material flow stress has a strong correla-
tion with the change of grain size as a result of DRX trans-
formation [39], and it has a more profound consideration 
of the removal mechanism of the material 40Cr under high 
heat and severe plastic deformation. Therefore, the predic-
tion accuracy of the macroscopic grinding force is improved.

Figure 9 compares the experimental results with the pre-
dicted grinding forces by traditional J-C and modified J-C 
models. It can be seen that the predictions of the grinding 
force by the two models are consistent and positively corre-
lated with the variation of process parameters. The predicted 
grinding forces considering the microstructure evolution 
match better with the experimental results. According to 
the experimental and prediction results, it can be statisti-
cally obtained that the prediction errors of the traditional 
J–C model for the tangential and normal forces are 21% and 
15.2%, which are both greater than 11.3% and 6.67% of the 
improved J–C model. It is evident that the improved J–C 
model accurately predicts the grinding forces based on the 
microstructure evolution.

The top-type thermocouple is applied to measure the 
temperature about 3 mm below grinding surface. The 

Table 3   Chemical composition of the 40Cr steel (wt.%)

Element C Si Mn Cr Ni P S Cu Mo Fe

Component% 0.37–0.44 0.17–0.37 0.50–0.80 0.80–1.10  ≤ 0.30  ≤ 0.035  ≤ 0.035 0.030 0.10 Balance

Fig. 5   Experimental setup of grind strengthening
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grinding temperature analytical solution considering the 
microstructure evolution can be verified. The results of the 
analytical model and experimental match well as shown 
in Fig. 10a under the grinding parameter of (ap = 200 μm, 
vw = 0.03 m/s, and vs = 30 m/s). It can be noted that the 
predicted results by triangular moving heat source are 
consistent with the experiment results. Furthermore, the 

temperature field of the ground superficial layer is pre-
dicted by the solution of the temperature field. As illus-
trated in Fig. 10, the temperature of the ground surface 
reaches 974 ℃, which far exceeds the austenite transfor-
mation temperature. A grinding temperature of 782 ℃ 
is achieved (higher than the starting temperature of aus-
tenitizing Ac1 = 780 ℃) when the depth is at 400 μm. 
At a depth of 250 μm, the grinding temperature rises to 
843 ℃. That is close to the final austenitizing tempera-
ture (Ac3 = 840 ℃). A 400μm martensite transformation 
layer is obtained through air cooling. The predicted phase 
transformation layer is in accordance with the thickness 
of the metallographic structure of Fig. 10b. As a result, 
the temperature investigation based on the grinding force 
considering material microstructure evolution supplies 
theoretical support for the study of quenching penetration 
depth in the grind-strengthening process.

Table 4   The parameters of grind-strengthening process

Grinding
case no.

Grinding depth
ap (μm)

Workpiece feed speed 
vw (m/s)

Wheel speed vs
(m/s)

1
2
3
4
5

150
200
250
200
200

0.02
0.02
0.02
0.01
0.03

30

Fig. 6   Optical microscope metallographic observation of the grind-strengthening layer cross-section
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Fig. 7   Grinding force and heat 
prediction program
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Fig. 10   Simulation and experimental temperature field of grind-strengthening layer section
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5 � Conclusions

The metallurgical behavior of material microstructure has a 
strong correlation with its flow stress during the hot defor-
mation of grind-strengthening process. In view of solving 
the problem of the influence of phase transformation and 
DRX behavior introduced by high temperature and severe 
plastic deformation on grinding force and temperature of 
40Cr steel during the grind-strengthening process, a modi-
fied J-C constitutive equation of 40Cr was established to 
predict the macroscopic grinding force and temperature 
combined with the JMAK model. Then grind-strengthening 
experimental verification was carried out. The specific con-
clusions can be obtained as follows:

1.	 Through the analysis of the chip formation force of 
grinding by the two established material constitutive 
models, the grinding force can be predicted effectively. 
The prediction errors of tangential and normal grinding 
forces with the traditional J–C model are 21% and 15.2%, 
respectively. The modified J–C model considering the 
microstructure evolution has prediction errors of 11.3% 
and 6.67%. Therefore, the modified J–C model based on 
the microstructure evolution has higher accuracy in pre-
dicting the grinding force. This provides a theoretical 
basis for optimizing the grind-strengthening process.

2.	 The temperature field of grinding strengthening layer 
obtained by the analytical model considering micro-
structure DRX behavior is in accordance with the 
results of the experiments. According to the obtained 
temperature field and the observation of the grinding 
strengthening microstructure, the grinding strengthening 
mechanism is caused by the austenitization and DRX of 
the material. The driving force of martensite transforma-
tion can be increased by refinement of prior austenite, 
therefore improving the hardenability of the part surface. 
Refined austenite is a sufficient condition for the forma-
tion of fine lath martensite. Finally, a microstructure-
modified layer is formed, which presents a grain-refined 
martensitic structure. It can greatly improve the surface 
strength and wear resistance of parts.
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