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Abstract
With the increasing requirements of environmental protection, energy conservation, and low consumption, minimum quantity 
lubrication (MQL) technology has attracted people’s attention. In the grinding process, the cooling performance of MQL has 
always been the focus. In this study, considering the influence of the grinding wheel speed, grinding fluid flow rate, and gas 
pressure on the useful flow rate, the MQL grinding cooling performance was studied and analyzed, and the MQL grinding 
heat transfer coefficient model, grinding energy partition model and grinding temperature calculation model were established. 
Grinding experiments were carried out with maraging steel 3J33 as the experimental object, of which the results verified the 
accuracy of the model. The error of temperature calculation model is 9.45%. The influence of different parameters on the 
surface processing quality of the workpiece was studied through experimental results. The results show that the grinding 
wheel speed and gas pressure have a more significant influence on the useful flow rate of the grinding fluid. The grinding 
fluid flow rate but significant impact on the surface quality of the workpiece.

Keywords Minimum quantity lubrication · Grinding · Useful flow rate · Heat transfer model · Process optimization

1  Instruction

In recent years, with the deepening of the application of aer-
ospace engineering, higher requirements are raised to obtain 
high performance and high-degree control of the manufac-
turing process. Grinding has become one of the most widely 
used processing methods to achieve the required quality and 
meet the requirements of high-quality parts [1–5]. During 
grinding, many of the abrasive grits are in contact with the 
work piece each second, but only a portion of these grits 
play the cutting role in the real process, and the others do 
not participate in the real cutting, but generate heat by rub-
bing and ploughing the work piece surface in the grinding 
contact zone [6, 7]. High heat generation and temperature in 
the grinding contact zone are associated with a high nega-
tive rake angle, and with a great contact length in grind-
ing process [8, 9]. The heat disperses to the grinding ship, 
wheel, and work pieces. However, only a small proportion 
of grinding heat is removed by abrasive dust, and most heat 
is transferred to work pieces, which may lead to various 
types of thermal damage to the work piece, such as burning, 
phase transformations, unfavorable residual tensile stresses, 
and cracks [10–13]. Sun et al. [14] found that the tempera-
ture rise could cause the transformation of the material 
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microstructure. Xi et al. [15] analyzed the effect of grinding 
temperature on the properties of heat affected zone on the 
surface of work piece materials, and pointed out that high 
grinding temperature will introduce more residual tensile 
stress. Therefore, to ensure the performance and quality of 
the work pieces, the grinding temperature must be under 
control. In general, flood grinding fluid is used to reduce 
the grinding force and the grinding temperature. However, 
the extensive use of cutting fluid will also bring environ-
mental problems, and greatly increase the processing cost. 
Moreover, a number of researches show that the dry grind-
ing has higher grinding force, grinding temperature, sur-
face roughness and longer wheel life than overflow cooling 
[16]. Grinding with insufficient grinding fluid may result in 
defects, such as thermal damages and dimensional inaccura-
cies, besides, dry grinding fail to achieve successful yield 
results [17].

A promising alternative to dry grinding and flood grind-
ing fluid lies in MQL grinding which requires only a small 
amount of grinding fluid, therefore, it is regarded as a kind 
of near-dry grinding. According to the experiments, MQL 
technology can be of great help to the reduction of grind-
ing force, grinding temperature and surface quality [16, 
18–23]. This is because that under the action of compressed 
gas makes it easier for the grinding fluid to pass through the 
air boundary layer around the grinding wheel to reach the 
grinding area [8, 24].

Grinding temperature has a key influence on the qual-
ity of work piece, and a considerable research effort has 
been made to both theoretical and experimental aspects of 
heat transfer in grinding. Due to the random distribution of 
grits on the wheel, the grinding force is periodic. Accord-
ingly, the heat flux into the work piece is not continuous 
as a function of both location and time. Hamid Jamshidia 
and Erhan Budak [25] established a temperature prediction 
model base on a time dependent heat source. It can be seen 
from the experiment result that the temperature predicted 
is within the range from 10–15 °C which is higher than the 
experimental temperature. Ding et al. [26] conformed that 
the new model is more appropriate for the analysis of grind-
ing energy partition. In this model, the velocity of the work 
piece was considered.

However, for the thermal analysis of MQL grinding, 
the traditional thermal models are not enough. There are 
many factors with an impact on the distribution of MQL 
grinding temperature. Sharmin et al. [27] designed a modi-
fied nozzle, and found that lower temperature could be 
observed by the modified nozzle. Studies show that the 
type of grinding fluid and additives will also affect the 
cooling performance of MQL and the surface temperature 
of the work piece [28–30]. The convective heat transfer of 
MQL jet will impact the distribution of grinding heat. And 
it is necessary to consider the character of MQL jet when 

investigating the grinding temperature of MQL grinding. 
Hadad and Sadeghi [31] proposed a model of heat distribu-
tion which considered the effect of the MQL jet. Based on 
this point and the moving triangular heat source model, a 
temperature prediction model was created, in which the 
MQL jet is deemed as a homogeneous two-phase fluid 
with equal liquid and gas velocities and temperatures in 
the flow cross-sectional area. However, under the action 
of the viscous force, the droplets will attach to the surface 
of the work piece, and separate from the compressed air. 
Therefore, in the grinding region, the MQL jet should not 
be regarded homogeneous two-phase fluid. Li et al. [32] 
investigated the effect of nanofluid minimum quantity 
lubrication (MQL) on the temperatures in surface grind-
ing, and proposed a model for convective heat transfer 
coefficient based on the boundary layer theories.

It can be found from the literature review that the ther-
mal analysis of MQL grinding is not enough. In this arti-
cle, the MQL jet in the grinding zone will be considered 
as two parts, i.e., the compress air and cooling droplets. 
Besides, the heat transfer coefficient of compress air and 
cooling droplets was calculated separately. On this basis, 
a temperature rise model of grinding was established. Due 
to the air boundary around the wheel, not all the cooling 
droplets can enter into the grinding zone. The “useful flow 
rate” model was established, based on which the convec-
tion heat transfer coefficient of MQL grinding model was 
constructed. In this manner, the grinding heat partition 
ratio could be calculated more accurately. However, in the 
existing literatures, there were few studies on the construc-
tion of MQL grinding heat calculation model based on 
the consideration of the effective flow of grinding fluid. 
In this study, the surface grinding experiment of 3J33 was 
carried out. The surface temperature of the work piece 
was measured by thermocouple to verify the correctness 
of the temperature rise model and the calculation of heat 
distribution ratio. According to the experiment results, the 
influence of MQL grinding parameters on surface quality 
was analyzed.

2  Theoretical Thermal Model of MQL 
Grinding

In this section, the grinding thermal analysis of grinding 
under the condition of MQL was developed based on the 
existing grinding thermal analysis. In the modeling, the 
effect of MQL on grinding heat distribution was considered. 
During the MQL grinding process, the heat generated in the 
grinding zone is transferred into wheel, chip, and workpiece, 
while a part of heat in the workpiece flows into the MQL jet. 
The heat distribution in grinding zone is shown as Fig. 1.
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2.1  Energy Partition Analysis

There are three stages in the grinding process: sliding, 
ploughing and cutting. In sliding and ploughing, the fric-
tion at wheel/chip and wheel/workpiece interface will pro-
duce a lot of heat. Moreover, the plastic deformation of the 
workpiece surface under the action of extrusion pressure 
will also produce a lot of heat. These two stages are the 
root source of grinding heat. The heat generated during 
grinding will be transferred to chip, wheel, workpiece and 
grinding fluids, which can be expressed as:

where q is the total heat flux generated in grinding zone, qch 
is the heat flux to chip, qs is the heat flux to wheel, qw is the 
heat flux to workpiece MQL oil mist.

The average heat flux density in the grinding area can 
be calculated as:

where Ft is tangential grinding force, vs is the grinding wheel 
speed, lc is the contact length, b is the grinding width, ap is 
the grinding depth and ds is the grinding wheel equivalent 
diameter.

The ratio of heat flux distribution to chip can be esti-
mated by the total heat flux generated in the grinding zone 
and the heat flux taken by the chip. The heat partition to 
the chip can be expressed as:

(1)q = qch + qw + qs

(2)q =
Ftvs

lcb

(3)lc =
√

ap.ds

The heat flux transferred to chips can be estimated as 
[29]:

where vw is the moving rate of the heat flux and corresponds 
to the workpiece feed rate.

The limiting chip energy can be expressed as:

where ρw is the density of workpiece material, cw is the spe-
cific heat capacity, and Tmp is the melting point temperature 
of workpiece material.

The heat flux in the workpiece is the key factor that 
affects the temperature rise of workpiece in the grinding 
zone. Under the condition of MQL, the MQL jet will take 
away a lot of heat, so the convective heat transfer of MQL 
must be taken into account when calculating the heat flux 
flowing into the workpiece. The heat flux transferred into 
the workpiece and lubricant can be estimated as [33]:

where k is the thermal conductivity, β is a constant which 
depends on the shape of heat source (β = 1.06 for the triangu-
lar distribution heat source), αw is the thermal diffusivity of 
workpiece material, and Tmax is the maximum temperature at 
the grinding zone which can be measured by thermal couple.

The heat partition to workpiece and grinding fluid can 
be expressed as:

The MQL jet mainly takes away the heat from the 
grinding zone in the form of convective heat transfer, and 
the heat flux that transfers to the MQL oil mist can be 
calculated as:

and the heat partition to MQL oil mist can be expressed as:

where h is the convection heat transfer coefficient of MQL 
jet, T0 is the temperature rise of workpiece, Te is the ambi-
ent temperature (25 °C), and Tin is the initial temperature of 
MQL oil mist.

The heat flux in workpiece can be calculated as:

(4)Rch =
qch

q

(5)qch = ech

apvw

lc
=

apvw

lc

(6)ech = �wcwTmp

(7)qw =
kv0.5

w

��0.5
w
a0.25
p

d0.25
s

Tmax

(8)Rw =
qw

q

(9)qmql = h(T0 + Te − Tin)

(10)Rmql =
qmql

q

Fig. 1  Grinding heat distribution
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The heat partition in workpiece can be expressed as:

Thus, heat partition in wheel is:

2.2  The Convection Heat Transfer Coefficient of MQL

As discussed above, a part of the heat generated in the 
grinding zone is transferred to MQL. In order to deter-
mine the heat flux transferred to the MQL, the convection 
heat transfer coefficient of the MQL must be calculated. 
After the MQL jet passes through the air boundary layer 
to the grinding zone, under the action of viscous force, 
most of the droplets attach to the surface of the work-
piece, and only a few of the droplets will be dispersed in 
the compressed gas. Compared with the material flow rate 
of compressed gas, the droplets dispersed in compressed 
gas can be ignored. When calculating the heat transfer 
coefficient of MQL in grinding zone, the convective heat 
transfer coefficient of compressed gas and the convective 
heat transfer coefficient of droplets can be considered 
separately.

When the effect of droplets is not considered, based 
on the theory of conduction of heat, the convection heat 
transfer coefficient of gas flow can be calculated as:

where Re is the Reynolds number, Pr is the Prandtl number 
and Nu is the Nusselt number; Re = vgρglc/μg, Pr = μgCp/kg. 
Where ρg is the density of gas flow, vg is the average veloc-
ity of gas flow, μg is the dynamic viscosity of gas, Cp is the 
specific heat capacity of air.

The droplets entering the grinding zone are attached to 
the surface of the workpiece under the action of viscous 
force, and the droplets are spread out on the surface of the 
workpiece (see Fig. 2).

The spreading area can be calculated as:

The diameter of spreading area can be calculate as [34]:

(11)qwb = qw − qmql

(12)Rwb =
qwb

q

(13)Rs = 1 − Rch − Rwb − Rmql

(14)ha =
kNu

lc

(15)Nu = 0.706P1∕3
r

R1∕2
e

(16)A = 1∕4�D2

where θ is contact angle. For the single droplet, the convec-
tion heat transfer coefficient can be calculated as:

where Cl is the specific heat capacity of grinding fluid. Then 
the total convection heat transfer coefficient of MQL oil 
droplet can be expressed as:

where Q’ is the flow rate of grinding fluid which penetrate 
into grinding zone, V is the volume of grinding fluid droplet.

Therefore, the convection heat transfer coefficient of 
MQL can be expressed as:

2.3  Grinding Temperature Model

Based on the moving heat source theory, uniform rectangu-
lar heat source model assumes two-dimensional heat trans-
fers in the x–z plane with uniform rectangular heat source 
distribution on the workpiece surface along the contact zone. 
The heat distribution is uneven with the increase of grinding 
depth. Triangular heat source model assumes a triangular 
heat source distribution in grinding zone (Fig. 3). When both 
models predict only slight differences for the same average 
heat flux at the contact zone, the temperature response with 

(17)
D =

3

√

√

√

√

√

V

�

2

1

tan�

(

1

cos�
− 1

)

[

1 +
1

3tan2�

(

1

cos�
− 1

)2
]

(18)V =
4

3
�

(

d

2

)3

(19)hs =
Cl�lV

A

(20)hl =
Q�

V
hs

(21)h = ha + hl

Fig. 2  Droplet spread on the surface
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the triangular distribution has been found to be more con-
sistent with measured temperature profiles. For this moving 
heat source model, the temperature rise in the workpiece is 
given by [35]:

where for triangular heat source distribution:

2.4  Useful Flowrate

In the grinding process, the total rotation of the grinding 
wheel will form an air barrier layer around the grinding 
wheel and produce backflow in the wedge zone formed 
between the grinding wheel and the workpiece, which will 
prevent the grinding fluid from entering the grinding zone. 
And part of the droplets in the MQL jet will be suspended in 
the air, which does not play the role of cooling and lubrica-
tion. Therefore, only a part of the grinding fluid ejected by 
MQL enters the grinding zone and plays the role of cool-
ing and lubrication. This part of the grinding fluid is called 
effective grinding fluid. The ratio of the flow Q’ to the total 
flow Q is the useful flow rate ratio ξ

(22)
T0(x, z) =

qwb

�kw

lc∕2

∫
−lc∕2

e−(vw(x−a)∕2�)

× K0

{

vw

2�w

[

(x − a)2 + z2
]

1

2

}

f (a)da

(23)f (a) = 1 + (2a∕lc)

The useful flow rate of grinding fluid is mainly affected 
by grinding wheel speed, gas pressure and grinding fluid 
flow rate. In order to obtain the useful flow rate, the sur-
face grinding temperatures under different conditions were 
measured.

3  Experiment Procedure

3.1  Parameters Detection

3.1.1  Contact Angle Test

After the grinding fluid reaches the surface of the workpiece, 
it will adhere to the surface of the workpiece and spread 
out. Due to the surface tension of the droplet, the droplet 
cannot fully spread out on the surface of the workpiece, and 
will form a certain angle with the surface of the workpiece, 
which is called contact angle. The value of the contact angle 
reflects the wetting performance of the grinding fluid. The 
smaller the contact angle, the larger the wetting area and the 
better the heat transfer performance. In this study, a contact 
angle measuring instrument was used to measure the contact 
angle, as shown in Fig. 4.

3.1.2  Droplet Size Test

According to the atomization theory, the size of the spray 
droplets is different, and they are distributed regularly. In 
this study, the Sauter average diameter D32 was used to 
characterize the MQL spray droplets. Malvern laser parti-
cle size analyzer was used to measure the average diameter 
of MQL spray under different parameters. The model of the 
instrument is LDSA-SPR 1500A. The physical picture of 
the measurement system is shown in Fig. 5. The test result 
is shown in the Table 1.

3.2  Grinding Experiment

In this study, a Carver S600A machine tool was used for 
surface grinding experiments. The maximum speed of the 
machine tool spindle is 18000 rpm, and the maximum work-
ing stroke of the x, y and z axes are 600 mm, 500 mm, and 
300 mm. The grinding wheel used in the grinding experi-
ment is a CBN grinding wheel. The size of the workpiece in 
the grinding experiment is 15 mm × 15 mm × 70 mm, and the 
workpiece material is maraging steel 3J33. The main com-
ponents and material properties are shown in Tables 2 and 3.

The workpiece was connected to the German Kis-
tler-9139A three-dimensional dynamometer through a 

(24)ξ =
Q

�

Q

Fig. 3  Moving triangular heat source on the surface
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rectangular parallelepiped steel plate to measure the grind-
ing force during the grinding process. A NI-9351 thermom-
eter was used to connect the K-type thermocouple with the 
LAB view signal acquisition system to measure the grinding 
temperature of the workpiece surface. A green silicon car-
bide oil stone was used for dressing the grinding wheel after 

measuring each group of parameters in the grinding experi-
ments. The UNI-MAX MQL equipment was used during the 
grinding process with vegetable oil. The material properties 
of vegetable oil are shown as Table 4. The experiment equip-
ment is shown as Fig. 6.

As shown in Fig. 7, the workpiece was divided into two 
parts. There is a groove at the end of workpiece, and the 
thermocouple is placed in the groove. The thermocouple 
wire was clamped between Workpiece 1 and workpiece 2 
which were connected by screws. In addition, polyimide film 
was used for insulation and isolation between the two poles 
of the thermocouple and between the thermocouple and the 
workpiece. During the grinding process, due to the high tem-
perature generated in the grinding zone and the squeezing 
effect of the grinding wheel, the thermocouple is connected 
by insulated and isolated two poles and welded to form a 
thermocouple node, thereby forming a closed loop and real-
izing the measurement of the grinding temperature.

The cooling and lubrication effect of MQL is better when 
the MQL nozzle is positioned angularly toward the wheel 
(at approximately 10°–20° to the workpiece surface) [5]. 
Therefore, in the experiment, the values of nozzle angle 

Fig. 4  Contact angle test

Fig. 5  Droplet size test equipment

Table 1  The test result of 
droplet SMD diameter (μm)

30.12 mL/h 35.77 mL/h 41.53 mL/h 54.11 mL/h 66.41 mL/h 77.17 mL/h

2 bar 66.35 63.82 73.51 65.22 62.078 59.61
4 bar 30.54 28.31 30.57 28.95 35.47 43.61
6 bar 22.43 22.13 24.12 24.20 25.39 26.98

Table 2  Chemical composition 
(wt%) of 3J33 maraging steel

Fe Al Co Mn Ni Si Ti P C S

71.766 0.09 8.98 0.02 18.45 0.03 0.65 0.003 0.01 0.001
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and droplet deposition distance are taken as 15° and 40 μm, 
respectively. The cooling and lubrication effect of MQL 
mainly depends on the ability of the grinding fluid to pen-
etrate the air boundary and enter the grinding zone, which 
is mainly related to the gas pressure P, the flow rate of the 
grinding fluid Q and the wheel speed vs. The workpiece feed 
rate vw and grinding depth ae mainly affect the heat in the 

grinding zone, and have almost no effect on the penetration 
of the grinding fluid through the air boundary layer. There-
fore, in the experiment, the feed speed and grinding depth 
are taken as fixed values, which are 0.01 m/s and 8 μm, 
respectively. Other experimental parameters are shown in 
Table 5.

In order to study the influence of MQL cooling on the 
surface processing quality of the workpiece, the Form Taly-
surfi 200 roughness meter (Fig. 8a) and 9XF transmission 
reflection metallographic microscope (Fig. 8b) were used to 
detect the surface roughness and surface morphology of the 
workpiece under different experimental conditions, and the 
residual stress was detected by PROTO X-ray stress analyzer 
(Fig. 8c), the equipment parameter settings are shown in the 
Table 6.

4  Results and Discussion

4.1  The Result of Grinding Heat Participation

The grinding heat distribution is the prerequisite for the 
calculation of the grinding temperature. To study the effect 
of the useful flow of the MQL grinding fluid on the heat 
flowing into the workpiece, the grinding heat flowing into 
the workpiece under the useful flow and without the useful 
flow is calculated with the result shown in Fig. 9. Through 
the comparison of the calculation results in the figure, it was 
found that the grinding heat distribution ratio calculated by 
considering the useful flow rate of the MQL grinding fluid 

Table 3  Material properties for maraging steel 3J33

Parameters Description Values

Em Modulus of elasticity 1.9E5 MPa
vp Poisson’s ratio 0.3
ρ Density 7830 kg/m3

Ch Specific heats 477 J/kg °C
Kh Thermal conductivities 25.3 W/m °C
Kt Thermal linear coefficient 10.6E−6
Tmp Melting temperature 1723 K
HV Vickers hardness 265 HV

Table 4  Material properties for vegetable oil

Parameters Description Values

kf Thermal conductivity 0.1744 (W/(m · K))
Cf Specific heats 2352 (J/(Kg ·°C))
ρf Density 0.856 (g/mL)
μ Kinematic viscosity 42.38  (mm2/s)
σ Surface tension coefficient 29.407 (mN/m)

Fig. 6  Grinding experimental setup
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is higher than that without the consideration of the useful 
flow rate of the grinding fluid by an average value of 15.8%. 
Due to the grinding process, part of the grinding fluid fails 
to enter the grinding area under the action of the flow field 
of the grinding wheel, which cannot be effectively cooled, 
resulting in an increase in the grinding heat entering the 
workpiece. In this case, the useful flow rate of the grinding 
fluid must be considered when calculating the grinding heat 
distribution.

4.2  The Result of Useful Flow Rate Ratio

According to the data obtained from the experiment, when 
substituting it into the model in Sect. 2, the useful flow rate 
of the grinding fluid under different experimental conditions 
are obtainable. The calculated results of different parameters 
are shown in Fig. 10a–c.

It can be seen from Fig. 10a that the grinding fluid flow 
rate has little effect on the useful flow rate of the grinding 
fluid which hardly changes with the flow rate of the grind-
ing fluid. This is because that the grinding fluid flow rate 
used by MQL cooling and lubrication is very small, i.e., 
50–200 mL/h, and a small amount of change will not result 

Fig. 7  Schematic diagram of thermocouple installation

Table 5  Parameters of experiment

Wheel rotation speed (vs) vs = 20, 25, 30, 35, 40 m/s

Feed speed (vw) vw = 0.02 m/s
Cutting depth (ae) ae = 8 μm
MQL flow rate (Q) Q = 35.77, 41.53, 

54.11,66.41,77.17 mL/h
MQL pressure (P) P = 2, 3, 4, 5, 6 bar

Fig. 8  Instruments used in surface quality detection. a Surface roughness, b surface morphology, c surface residual stress

Table 6  Parameters of related 
test instruments

Objects Detecting instrument Testing parameters

Surface roughness Form Talysurfi200 roughness tester (a) Moving speed: 1 mm/s
(b) Testing distance: 5 mm
(c) Sampling interval: 0.125 µm

Surface morphology 9XF transmission reflection metallo-
graphic microscope

(a) Magnification: 100 X
(b) Testing area: 80 mm × 50 mm

Surface residual stress PROTO X ray stress detector (a) Target: Cr
(b) Elastic Modulus: − 98.6124 MPa/°
(c) Bragg angle 2θ:156.31°
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in a significant impact on the useful flow rate of the grind-
ing fluid.

As shown in Fig. 10b, with the increase of the wheel 
speed, the useful flow rate of the grinding fluid first increases 
and then decreases. At high gas pressure, the kinetic energy 
of the grinding liquid droplets is large. When reaching the 
grinding area, the droplets collide with the wheel and work-
piece before splashing, which reduces the useful flow rate. 
With the increase of the wheel speed, the strength of the 
air boundary layer in the flow field of the grinding wheel 
increases. The hindering effect on the droplets increases, 
resulting in the decrease of the droplet velocity, thereby 
reducing the splashing of the droplets against the wall, and 
increasing the useful flow rate. In the case that the wheel 
is too high, the air boundary is so strong that it makes the 
grinding fluid droplets more difficult to penetrate into the 

grinding zone. The useful flow rate of grinding fluid would 
decrease.

It can be seen from Fig. 10c that with the increase of 
the pressure, the useful flow rate first increases and then 
decreases. In the case that the gas pressure is low, it is dif-
ficult for the grinding fluid droplets at low speed to penetrate 
into the grinding zone. Thus, the useful flow rate is small. As 
the gas pressure increases, the droplets penetration ability is 
enhanced, which leads to the increase of grinding fluid use-
ful flow rate. As the pressure continues to increase, when the 
pressure exceeds a certain value (4 bar), the velocity of the 
droplets becomes so high that the wall-impact splash phe-
nomenon occurs, causing the useful flow rate to decrease.

The useful flow rate of grinding fluid into the grinding zone 
is mainly affected by the wheel speed, the flow of grinding 
fluid and the pressure of compressed air. Based on the wheel 

Fig. 9  Proportion of grinding heat participated to workpiece under a different flow rate, b different wheel speed, c different gas pressure
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speed, the grinding fluid flow rate and the compressed gas 
pressure have a complicated effect on the useful flow rate, 
and the function form cannot be directly determined. There-
fore, the series is used for parameter fitting, and the function is 
performed according to the influence trend of each parameter 
on the useful flow rate. The final fitting form is expressed as 
follows:

(25)� = �1 + �2Q + �3vs + �4P + �5v
2

s
+ �6P

2 + �7Q
�8

The values of the parameters of �1 , �2 , �3 , �4 , �5 , �6 , �7 
and �8 in the grain size model are shown in Table 7. The 
units of wheel speed, gas pressure and grinding fluid flow 
rate are m/s, bar, and mL/h, respectively. For model verifi-
cation, MQL grinding experiment was carried out with the 
experiment parameters shown in Table 8. The comparison 
between the experimental results and the calculated results 
is shown in Fig. 11, and the error is 5.67%.

Fig. 10  Useful flow ratio under a different flow rate, b different wheel speed, c different gas pressure

Table 7  Useful flow rate fitting 
parameters of useful flow rate

β1 β2 β3 β4 β5 β6 β7 β8

− 14.566 − 0.112 2.5487 − 2.299 − 0.0004 − 0.0408 0.199 0.0253
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4.3  The Result of Grinding Temperature

The grinding temperature under different grinding condi-
tions was calculated and compared with the temperature 
measured in the experiment (as shown in Fig. 12), and the 
error of the model calculation result is 9.45%. The param-
eters of experiment are shown in Table 8.

It can be seen from Fig. 12 that, compared with dry 
grinding, the grinding temperature under MQL grinding 
conditions is lower, and MQL shows a good cooling effect. 
On the contrary, compared with wet grinding, the grinding 
temperature under MQL condition is slightly higher, which 
is because that MQL grinding only has a small amount of 
grinding fluid, and the heat carried by the grinding fluid 
is less than that under wet grinding conditions. It can be 
found that with the increase of the wheel speed, the grind-
ing temperature difference between MQL grinding and wet 
grinding is reduced. This is due to the fact that as the wheel 
speed increases, the air barrier is strengthened, thereby pre-
venting the grinding fluid from entering the grinding zone. 
The MQL grinding fluid can still enter the grinding area due 

to its strong penetrating force, maintaining a good cooling 
effect. Therefore, MQL grinding is more suitable for high-
speed grinding.

In this study, the grinding experiment was conducted 
under different conditions, and the grinding temperature 
was measured under different experimental conditions. Fig-
ures 13, 14, 15 show the changing trend of the grinding 
temperature and heat partition to MQL jet with the flow rate, 
the wheel speed, and the pressure of the compressed gas.

According to Fig. 13, when the grinding fluid flow rate 
is less than 45 mL/h, the grinding temperature tends to 
decrease with the increase of the grinding fluid flow rate; 
while at the grinding fluid flow rate greater than 45 mL/h, 
as the grinding fluid flow rate increases, the decreasing ten-
dency of the grinding temperature is slowed down. Due to 

Table 8  MQL grinding parameters, vw = 0.01 m/s, ap = 8 μm

Wheel speed vs [m/s] Grinding 
fluid flow 
rate Q 
[mL/h]

Gas pressure 
P [bar]

1 20 66.41 6
2 25 77.17 6
3 30 77.17 2
4 35 66.41 4
5 40 66.41 6
6 40 77.17 6

Fig. 11  Comparison between experimental and calculated results of 
the useful flow ratio

Fig. 12  Comparison of experimental temperature and temperature 
model prediction results

Fig. 13  Influence of flow rate on grinding temperature and heat parti-
tion to MQL jet
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the increase of the flow rate of the grinding fluid, the con-
tent of discrete items in the MQL jet continues to increase, 
resulting in a more intense energy exchange between the 
grinding fluid and the compressed air, thereby reducing 
the speed of the MQL jet. Under higher gas pressure, the 
increase of the grinding fluid flow rate can reduce the droplet 
velocity, and prevent the failure of the droplets to cool and 
lubricate due to splashing against the wall. Consequently, 
the heat partition to MQL jet increases, which lead to the 
decrease of grinding temperature. However, with the con-
tinuous increase of the grinding fluid flow rate, the droplet 
velocity becomes smaller, and the ability to penetrate the air 
boundary layer is reduced, slowing down in the downward 
trend of the grinding temperature.

As shown in Fig. 14, with the increase of wheel speed, 
the grinding temperature first decreases and then increases. 
As the wheel speed increases, the working abrasive grains 

increase per unit time and the grinding thickness decreases. 
The deformation of the debris increases and the abrasive 
particles that produce plough and scratching effects increase, 
leading to the increase of grinding temperature. In the MQL 
grinding process, if the gas pressure is too high, the lubri-
cant droplet velocity will be too high to be attached to the 
surface of the workpiece. As the wheel speed increases, the 
speed of the grinding fluid droplets is reduced because of the 
stronger air boundary. Besides, more lubricant droplets are 
attached to the workpiece, so that the useful flow rate of the 
grinding fluid is increased, and the heat partition to MQL jet 
increases. When the wheel speed increases to a certain value 
(30 m/s), the wheel speed will continue to increase, and the 
strength of the air boundary layer will become too strong, 
resulting in the reduction of the grinding fluid entering the 
grinding zone, which will eventually cause the decrease of 
the heat partition to MQL jet, and the increase of grinding 
temperature.

It can be found from Fig. 15 that, as the compressed gas 
pressure increases, the grinding temperature first decreases 
and then increases, meanwhile, at different wheel speeds, 
the inflection point of the temperature curve varies. Specifi-
cally, when the wheel speed reaches 30 m/s, the inflection 
point of gas pressure is 4 bar, and the grinding tempera-
ture reaches the lowest value; while at the grinding wheel 
speed of 40 m/s, the gas pressure is 5 bar, and the grinding 
temperature reaches the lowest value. With the increase of 
the compressed gas, the speed of the MQL jet increases, 
and the penetration ability of the grinding liquid droplets is 
enhanced, making it easier to pass through the air boundary 
layer and enter into the grinding area. As a result, the heat 
partition to MQL jet increases. In the case that the pressure 
reaches a certain critical value, the gas pressure continues 
to increase, and the speed of the lubricant droplets would be 
too high. The grinding fluid droplets collide with the sur-
face of the workpiece and the grinding wheel, rebounding 
and splashing, which makes them unable to play the role 
of cooling and lubrication, resulting in the decrease of heat 
partition to MQL jet, and the increase of the surface grinding 
temperature of the workpiece.

5  Optimization Analysis of the Surface 
Quality

5.1  Effect on Surface Residual Stress

The residual stress on the surface of the workpiece will have 
an impact on the geometric shape and dimensional accuracy 
of the cost surface, as well as the fatigue strength of the 
workpiece, and further affect the performance and service 
life of the workpiece [35–38]. To study the influence of dif-
ferent MQL grinding parameters on, and better control the 

Fig. 14  Influence of wheel speed on grinding temperature and heat 
partition to MQL jet

Fig. 15  Influence of gas pressure on grinding temperature and heat 
partition to MQL jet
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residual stress on the surface of the workpiece, the MQL 
grinding experiments was conducted under different wheel 
speed, air pressure and flow rate.

The workpieces are subjected to thermal and mechani-
cal loads during grinding which results in the generation of 
residual stress. With a fast cooling, the expansion of grind-
ing surface layer is resisted by the subsequent unchanged 
volume in the depth, which results in compressive stress. 
It can be seen from Fig. 16 that the tangential and normal 
residual compressive stresses decrease with the increase of 
the grinding fluid flow rate. As the flow of lubricating fluid 
increases, both the grinding force and the grinding tempera-
ture decrease, but the grinding fluid flow rate shows a greater 

influence on the grinding force, and the residual compressive 
stress caused by the grinding load decreases.

Figure 17 shows that with the increase of the wheel speed, 
the tangential and normal residual compressive stresses first 
increase and then decrease. At the wheel speed of less than 
30 m/s, with the increase of the wheel speed, the MQL cool-
ing effect increases, and the grinding temperature decreases. 
Consequently, the tensile stress caused by the grinding ther-
mal load decreases, which in turn leads to an increase in 
the residual compressive stress. In the case that the wheel 
speed is higher than 30 m/s, the increase of the wheel speed 
will result in the increase of the strength of the air bound-
ary layer, the decrease of the cooling effect of MQL, and 

Fig. 16  Influence of grinding fluid flow on residual stress. a Tangential residual stress; b normal residual stress

Fig. 17  Influence of wheel speed on residual stress. a Tangential residual stress; b normal residual stress
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the rise of the grinding temperature. As a result, the tensile 
stress caused by the grinding thermal load increases, and the 
residual compressive stress on the surface of the workpiece 
decreases.

Figure 18 shows that, with the increase of compressed 
gas pressure, the tangential and normal residual compressive 
stresses first increase and then decrease. If the wheel speed 
is high, the compressed gas pressure will be increased, the 
cooling effect of MQL is enhanced, and both the grinding 
temperature and the tensile stress generated by the grinding 
thermal load are reduced. Besides, the residual compressive 
stress on the surface of the workpiece is increased. When the 
pressure exceeds a certain critical value (4 bar), the pres-
sure continues to increase, resulting the reduction of cooling 
effect, the rise of grinding temperature, and the increase of 
the tensile stress caused by the grinding thermal load, which 
leads to the reduction of the residual compressive stress on 
the surface of the workpiece.

5.2  Effect on Surface Morphology

After grinding, the surface morphology of each workpiece 
was detected by using 9XF transmission reflection metal-
lographic microscope under different grinding conditions. 
The image in Fig. 19 shows the surface morphology, and 
reveals that the parameters of MQL grinding have a great 
influence on the surface morphology of the workpiece. With 
the increased flow rate of lubricant, the grooves and pits on 
the surface decrease (Fig. 19a–c). Under low-gas-pressure 
condition, the pits on the surface are larger than those under 
high-gas-pressure condition (Fig. 19d, e). A comparison of 
Fig. 19c, f reveals that the change of wheel speed also has an 
impact on the surface morphology of the workpiece.

To further analyze the influence of different MQL grind-
ing parameters on the surface morphology, the grinding tests 
with different parameter combinations were carried out, 
and the surface roughness of the workpiece was detected 
by using the Form Talysurfi 200 roughness meter with the 
result shown in Fig. 20.

According to Fig. 20a, with the increase of the lubricant 
flow rate, the surface roughness of the workpiece decreases, 
but the decreasing trend is relatively gentle. The increase of 
the grinding fluid flow rate will result in the increase of the 
grinding fluid entering the grinding zone, the improvement 
of the lubrication effect, as well as the reduction of grind-
ing force, the plastic deformation of the surface material 
of the workpiece and the surface roughness. However, the 
amount of change in the flow rate of the grinding fluid in 
MQL grinding is small, and its effect on the improvement of 
lubrication conditions is limited. Therefore, the decreasing 
trend of the surface roughness is relatively gentle, and even 
when the flow rate of the grinding fluid increases to a certain 
extent, the surface roughness remains almost unimproved.

With the increase of the wheel speed, the surface rough-
ness of the workpiece continues to decrease, and the trend 
of the decrease of the surface roughness continues to slow 
down, as shown in Fig. 20b. The increase of the wheel speed 
makes more abrasive particles participate in the grinding 
per unit time, consequently, the thickness of the grinding 
decreases, and the grinding force is reduced, which leads 
to the decrease of plastic deformation of the material of the 
workpiece, and the surface roughness of the workpiece is 
reduced [39, 40]. However, the increase of the wheel speed 
results in the increase of the hindering effect of the air 
boundary layer, the decrease of the grinding fluid entering 
the grinding zone, the deterioration of cooling and lubri-
cating effect, and the rise of the grinding temperature, and 

Fig. 18  Influence of gas pressure on residual stress. a Tangential residual stress; b normal residual stress
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eventually the increase of the plastic deformation of the 
workpiece surface material. In addition, the surface rough-
ness of the workpiece increases.

It can be seen from Fig. 20c that as the gas pressure 
increases, the surface roughness of the workpiece first 
decreases and then increases, and the change trend is 
affected by the wheel speed. The higher the gas pressure, 
the higher the MQL jet velocity, and the more the grinding 
fluid entering the grinding zone. As a result, the cooling and 
lubricating effect is enhanced, the grinding force is reduced, 
and the grinding temperature is decreased, which in turn 
leads to a reduction in surface roughness. High MQL jet 
velocity will enhance the chip removal ability, and mitigate 
the damage to the machined surface by the wear debris. 
However, when the gas pressure exceeds a certain value, the 
effect of the increase of gas pressure on the reduction of the 
surface roughness decreases, and the surface roughness even 
increases. For example, if the grinding wheel linear velocity 
vs = 30 m/s, and the gas pressure exceeds 5 bar, the surface 
roughness begins to increase; while when vs = 40 m/s, if the 
gas pressure exceeds 4 bar, the roughness decrease trend 
begins to slow down.

6  Conclusions

In this study, the cooling performance of MQL grinding 
was studied by using theoretical modeling and experimen-
tal research, and the in-depth analysis of the mechanism 
of the influence of the MQL parameters on the cooling 
performance and the surface quality of the workpiece was 

conducted. According to the research, the following conclu-
sions were drawn:

(1) The MQL grinding thermal analysis was carried out, 
and the grinding energy partition model and heat trans-
fer model considering the useful flow rate of grind-
ing fluid were established, which were verified by the 
maraging steel 3J33 grinding experiment. These mod-
els can be used for MQL grinding temperature predic-
tion with the average error of 9.45%.

(2) Grinding wheel speed and gas pressure have a more sig-
nificant influence on the useful flow rate of the grind-
ing fluid. When improving the cooling performance 
of MQL grinding, the grinding wheel speed and gas 
pressure should be given priority. The grinding fluid 
flow rate has little influence on the useful flow rate of 
grinding fluid, but significant impact on the surface 
quality of the workpiece. As the grinding fluid flow 
rate increases, the surface quality is improved.

(3) In MQL grinding, the heat partition to MQL jet is avail-
able to be increased by changing the wheel speed, gas 
pressure and coolant flow rate reasonably. MQL grind-
ing is more suitable for high-speed grinding. The MQL 
grinding fluid can enter the strengthened air barrier 
with the increase of the wheel speed due to its strong 
penetrating force. It has been proven that high wheel 
speed and critical pressure may lead to higher heat par-
tition (17.2%) to MQL jet, which may lead to lower 
grinding temperature and better surface quality.

(4) Grinding wheel speed, gas pressure and grinding fluid 
flow will all affect the surface quality of the workpiece. 

Fig. 19  Surface morphology under different parameters. a 
Q = 35.44 mL/h, vs = 30 m/s; P = 4 bar; b Q = 54.44 mL/h, vs = 30 m/s, 
P = 4 bar; c Q = 77.17 mL/h, vs = 30 m/s, P = 4 bar; d Q = 54.44 mL/h, 

vs = 30  m/s, P = 2  bar; e Q = 54.44  mL/h, vs = 30  m/s, P = 4  bar; f 
Q = 77.17 mL/h, vs = 40 m/s, P = 4 bar
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With the increase of the flow rate of the grinding fluid, 
the surface quality of the workpiece is improved. The 
influence of grinding wheel speed and gas pressure on 
the surface quality of the workpiece is non-linear. If the 
wheel speed is constant, the gas pressure has a critical 
value. While when it is less than this value, the sur-
face quality of the workpiece will be improved with the 
increase of the gas pressure. While when it is less than 
this value, it will decrease with the increase of the gas 
pressure.
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