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Abstract
The purpose of induction-heating-assisted ultrasonic surface rolling process is to introduce the temperature field into the ultra-
sonic surface strengthening process of materials and use the influence of heating temperature on the mechanical properties 
and microstructure of the material so that a surface-modified layer with improved performance can be obtained. Many studies 
on the ultrasonic surface rolling process have been conducted at room temperature. In this study, the effect of temperature 
on the surface integrity of carburised 18CrNiMo7-6 steel after ultrasonic surface rolling process was studied by induction 
heating. Compared with the result of ultrasonic surface rolling process at room temperature, below 250 °C, with the increase 
of heating temperature, the residual compressive stress and residual compressive stress depth of the sample increase continu-
ously. The maximum surface residual compressive stress and residual compressive stress depth can be obtained at 250 °C, 
the surface residual compressive stress increases by 29%, and the residual compressive stress depth increases from 1700 to 
2450 μm. The surface hardness of the sample also shows an increasing trend when the heating temperature is from 100 to 
250 °C, and the hardness influence layer increases with the increase of heating temperature. The minimum surface rough-
ness can be obtained by ultrasonic surface rolling process at 100 °C. In addition, the induction-heating-assisted ultrasonic 
surface rolling process parameters are optimised by grey correlation analysis method, and the optimum process parameters 
to achieve the best surface integrity are obtained as follows: static pressure of 400 N, rotation speed of 50 r/min, feed rate of 
0.04 mm/r, and heating temperature of 250 °C. The order of significance of influence on surface integrity is static pressure 
> rotation speed > feed rate > heating temperature. The conclusion has a certain guiding significance for the anti-fatigue 
manufacturing of materials.

Keywords  Induction heating · Ultrasonic surface rolling process · Surface integrity · Carburised 18CrNiMo7-6 steel · Grey 
correlation analysis method · Parameter optimisation

1  Introduction

The working performance, reliability, and service life of 
mechanical equipment has attracted research attention [1–3]. 
How to increase the service life and decrease the fatigue 
failure of mechanical parts is particularly important. Surface 

deformation strengthening can improve surface roughness, 
increase surface hardness, introduce residual compressive 
stress, and change the dislocation density of the material [4, 
5], and is an effective method to improve surface proper-
ties. The commonly used methods of surface deformation 
strengthening are shot peening [6], laser shock strengthening 
[7], chemical heat treatment [8], rolling [9], and ultrasonic 
surface rolling process (USRP) [10–12]. Among these meth-
ods, USRP combines traditional rolling and ultrasonic vibra-
tion, which can improve the material microstructure, repair 
the disordered lattice arrangement, and realise the nanocrys-
tallisation of the metal surface, thus greatly extending the 
fatigue life of the metal workpiece [13].

18CrNiMo7-6 alloy steel has good shock resistance and 
heat resistance, so it is the first choice for transmission gears 
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and other key components in heavy machinery equipment 
[14]. After the carburising heat treatment, the surface of the 
18CrNiMo7-6 alloy steel has high hardness and the core 
maintains the original toughness. This structure has been 
widely studied [15] because it improves the performance of 
the material and has broad application prospects in the key 
components of advanced engineering equipment. Through 
USRP technology, a deformation layer can be formed 
on the surface and the material properties can be further 
improved. However, the improvement of performance by 
USRP is limited because of low plasticity and high hard-
ness on the surface of carburised steel. According to the 
research, heating can soften the material and increase the 
slip mechanism, thereby reducing the deformation energy 
required for severe plastic deformation of materials [16]. 
Induction-heating-assisted ultrasonic surface rolling process 
(IH-USRP) experiment is based on the normal USRP experi-
ment, and the temperature field is introduced into the USRP 
strengthening process of the material. Under the influence 
of heating temperature, the surface of the material produces 
greater plastic deformation, thereby obtaining a better sur-
face modification layer. Li et al. [17] studied the effect of dif-
ferent temperatures on the surface microstructure of USRP 
material and found that USRP at different temperatures can 
significantly increase the surface hardened layer depth and 
reduce the surface roughness. Zhang et al. [18] carried out 
heat-assisted ultrasonic burnishing on Fe-based laser clad-
ding coating, and found that compared with ultrasonic bur-
nishing at room temperature, the sample after heat-assisted 
ultrasonic burnishing has higher hardness, lower porosity, 
and better wear resistance. Juijerm et al. [19] studied the 
deep rolling to the aluminium alloy AA6110 fatigue behav-
iour effect at 160, 200, and 250 ℃, and conclude that with 
the rolling temperature increases, the residual compressive 
stress decreases, and the hardness increases.

A reasonable heating method is necessary. During the IH-
USRP, the heating temperature is required to be controllable 
and not too high, so as not to cause the structure change of 
the material; the heating layer depth is controllable and only 
the surface of the workpiece is heated without causing the 
overall heating; heating should be rapid to reduce the heating 
temperature to the initial residual stress state effect. In the 
current research on heating-assisted surface strengthening, 
the commonly used heating methods include laser heating 
[20], induction heating [21], and resistance wire heating 
[22]. Induction heating is a new method by which, through 
the principle of electromagnetic induction, eddy currents 
are generated inside the workpiece and their energy pro-
vides the heat. Induction heating has a skin effect, that is, 
the eddy current generated by the alternating magnetic field 
inside the heated workpiece is only scattered on the surface 
of the workpiece, but almost no eddy current occurs inside 
the workpiece. The higher the alternating magnetic field 

frequency, the more obvious the skin effect and the shal-
lower the heating depth. Compared with traditional heating 
methods, induction heating has the advantages of fast heat-
ing, energy saving, environmental protection, non-contact 
process, and strong controllability [23].

Various USRP parameters have different effects on the 
integrity of the sample surface. Hu et al. [24] carried out 
a USRP experiment on 60Si2CrVAT steel and found that 
as the static pressure increased, the residual compressive 
stress first increased and then decreased, and the hard-
ness continued to increase. As rotation speed and feed rate 
increased, the hardness and residual compressive stress 
decreased, while the surface roughness increased. Mei et al. 
[25] provided a similar conclusion. Luan et al. [22] carried 
out USRP experiments at different temperatures and found 
that the surface roughness and residual compressive stress 
increased initially, and then decreased as the temperature 
increased. We hope that after the USRP experiment, the 
sample will have higher hardness and lower surface rough-
ness while having larger residual compressive stress. The 
grey correlation analysis method can transform the multiple 
evaluation objectives comprehensive optimisation into the 
single grey correlation degree optimisation, and the grey 
correlation value is used to characterise the comprehensive 
performance of the system. Thus, the optimised parameter 
combination scheme is obtained [26], to investigate surface 
integrity of carburised 18CrNiMo7-6 steel after IH-USRP, 
and determine the heating temperature and USRP param-
eters. The effect of heating temperature was studied by com-
bining theoretical analysis with experiments, and according 
to the grey correlation analysis method, the USRP param-
eters of carburised 18CrNiMo7-6 steel were optimised by 
orthogonal experiment. The optimal process parameters to 
achieve the best surface integrity and order of significance 
of various control factors to the effects of surface integrity 
were obtained.

2 � Material and method

2.1 � Material of workpiece

The material used in this study is 18CrNiMo7-6 alloy steel, 
which has high toughness and good comprehensive mechan-
ical properties. Its main element composition is listed in 
Table 1 [15].

Carburising heat treatment is carried out on this mate-
rial to study carburised 18CrNiMo7-6 steel. The specific 
carburising heat treatment process [27] is described as fol-
lows: methanol and isopropanol were used as the carburising 
agents. The sample was maintained for 180 min at 920 ℃ 
and 1.25% carbon potential for carburising. Then, heat pres-
ervation was carried out for 120 min at 900 ℃ and carbon 
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potential 1.1% for diffusion. The material was cooled to 
830 ℃, held for 60 min at 0.9% carbon potential, and then 
quenched to room temperature in oil, and finally heated to 
180 ℃ for 3 h tempering. Figure 1 shows a diagram of the 
carburising heat treatment process.

After carburising and quenching, the material element 
composition changed, the material surface carbon content 
increased, and its surface has high hardness and anti-fatigue 
performance. According to the relevant research [28], scan-
ning electron microscopy (SEM) was used to observe the 
metallographic structure of carburising heat treatment 
18CrNiMo7-6 steel and electron back-scattered diffraction 
(EBSD) was applied to quantitatively analyse the phase 
content. The results showed that the metallographic struc-
ture of the carburised layer mainly retained austenite and 
martensite. With the increase of the depth of the carburised 
layer, the content of retained austenite decreased, the con-
tent of martensite increased, and the microstructure of mar-
tensite changed from flake to lath. The hardness distribution 
of the carburised 18CrNiMo7-6 steel surface modification 
layer was measured. Wire-cutting technology was used to 
cut a small part of the sample along the cross-section direc-
tion, and then the cross-section was ground and polished. A 
Vickers hardness tester was used to measure the hardness 
distribution of the sample perpendicular to the surface and 
along the depth direction. The measurement results are pre-
sented in Fig. 2. According to relevant standard documents 
[29], the depth of the carburised layer is the vertical distance 
from the sample surface to the Vickers hardness value of 550 
HV. Figure 2 shows that the hardness reaches the maximum 
value of 640 HV on the surface of the carburised layer and 
decreases gradually along the depth direction. The hardness 

value at 0.7 mm from the surface of the sample is 548.3 
HV and finally stabilises at 410 HV of the base material. 
Therefore, the depth of the carburised layer of the sample 
is 0.7 mm.

The carburised 18CrNiMo7-6 steel sample used in this 
study is a cylindrical sample of diameter 35 mm with length 
of 150 mm. Before the USRP experiment, the sample has to 
be ground on the MKA1320/H grinding machine to remove 
the black oxide skin on the surface.

2.2 � Experimental equipment

The IH-USRP experiment was executed on the CAK4085 
numerical control lathe. The entire experimental equipment 
consisted of two parts: USRP equipment and induction heat-
ing equipment. Figure 3 shows the schematic of the experi-
mental equipment.

The USRP equipment is composed of an ultrasonic gen-
erator, a transducer, a horn, and a rolling tool head. The 
ultrasonic generator converts low-frequency current into 
high-frequency energy and supplies it to the transducer. 
Thereafter, the transducer converts the energy into ultra-
sonic vibrations, and the tiny vibration is amplified and 
transmitted to the rolling tool head through the horn. The 
rolling tool head contains the rolling ball, and the rolling 
ball uses silicon nitride ceramic material to reduce the con-
duction of the temperature from the sample surface to the 
USRP equipment during the IH-USRP as much as possible. 

Table 1   18CrNiMo7-6 alloy 
steel element composition 
(wt%)

Element C Cr Ni Mn Si Mo P S Fe

Content 0.21 1.58 1.4 0.72 0.34 0.26 0.01 0.004 Rest
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Fig. 2   Hardness distribution of surface modification layer of carbur-
ised heat treatment sample
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This material not only insulates the heat, but also has high 
temperature resistance, high hardness, and light weight. The 
rolling ball selects three small balls of ϕ 4 mm to support a 
large ball of ϕ 8.731 mm to reduce the friction of the rolling 
ball inside the rolling tool head. The inner hole of the rolling 
tool head is designed to accommodate the rolling ball suit-
able. In addition, a force sensor is installed inside the USRP 
device, and the force sensor adopts a strain gauge sensor 
with high-precision wheel-spoke structure, with a measuring 
range of 0–100 kg. It has the advantages of strong anti-bias 
load ability, high precision, good sealing, and stable and 
reliable performance. The induction area of the force sensor 
is clamped on the horn through two flanges, and the exterior 
of the force sensor is fixed with the shell of the USRP device 
by bolting. When the rolling tool head is subjected to force, 
the pressure is transferred to the induction area of the force 
sensor through the rolling tool head and the horn. Then, the 
strain gauge in the force sensor generates an electrical signal 

to be transmitted to the external digital display meter. Thus, 
the pressure value can be read out.

The induction heating equipment consists of high-fre-
quency induction heating machine, induction heating coil, 
cooling water pump, and cooling bucket. The model of high-
frequency induction heating machine is TGG-15 kw. The 
induction heating coil is wound by a round copper tube and 
the shape is an open U-shaped coil. The gap between the 
coil and the sample is 5–15 mm, which can ensure that the 
sample and induction heating coil can be fully coupled and 
provide maximum heating efficiency. The high-frequency 
induction heating machine is placed on the slide box of the 
CNC lathe and moves synchronously with the USRP equip-
ment. In the process of induction heating, the induction 
heating equipment needs to continuously circulate cooling 
water through the cooling water pump and cooling water 
bucket to prevent the machine from overheating. In addition, 
to measure the induction heating process temperatures of 

Fig. 3   IH-USRP device: a sche-
matic and b photo of experi-
mental device
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the sample, an infrared thermometer with a thermocouple 
is also used.

2.3 � Measuring equipment and method

During the IH-USRP, the sample temperature is measured 
by an infrared thermometer installed with a thermocouple, 
which directly contacts the measuring position of the work-
piece. After the IH-USRP experiment is completed, the sam-
ple is tested to detect the residual stress and microhardness 
and surface roughness.

Residual stress has a significant influence on the proper-
ties of the mechanical parts, and high residual compressive 
stress can effectively restrain the crack initiation [30]. The 
residual stress is measured by an X-ray residual stress ana-
lyser. The device uses Bragg’s law to calculate the residual 
stress by measuring the rotation angle and azimuth angle of 
the X-ray entering the grain boundary of the material. By 
using electro-dissection layer equipment, we measure the 
residual stress distribution along the depth direction. The 
electrochemical corrosion method is used to layer the sam-
ple. The corrosion solution is saturated NaCl solution, the 
voltage used is 20 V, the layering time is 5 s, and the layering 
depth is 10 μm. The microhardness is measured by a HVW-
1000Z Vickers automatic microhardness tester. The selected 
loading speed is 0.05 mm/s, the loading time is 10 s, and the 
load is 5 N. Surface roughness and surface topography are 
important indexes to evaluate the USRP sample surface qual-
ity. The sample is tested by NPFLEX 3D surface topography 
measuring equipment. The surface roughness of samples are 
evaluated by the arithmetical mean deviation of profile Ra 
and the maximum profile height of profile Rz. To accurately 
evaluate the residual stress, hardness, and surface roughness, 
and to ensure data reliability, each USRP parameter process-
ing area takes three points to measure and find the average 
value. In addition, the metallographic structure of the sample 
can be observed by VHX-2000E optical microscope (OM), 
which can magnify the sample by 20–5000 times. Before 
observing the metallographic structure of the sample, the 
wire cutting technique should be used to cut the observed 
part into a small sample approximately 10 × 10 × 5 mm, and 
the testing surface should be ground, polished, and corroded.

3 � Results and analysis

3.1 � Temperature gradient of sample in induction 
heating process

Induction heating has a skin effect, and the induced current 
in the workpiece is AC current, which is mostly distributed 
on the sample surface and decreases exponentially from the 
surface to the inner layer. For cylindrical workpieces, if the 

surface current is I
0
 , then the current density along the work-

piece radius x direction can be expressed as follows [31]:

where � is the depth of current penetration, which can also 
be called heating layer depth.

In the process of induction heating, the energy of the 
metal being heated is first generated in the � layer, and the 
inner metal is heated by heat conduction. At the distance of 
(2.5 − 3)� from the surface of the workpiece, the current den-
sity almost drops to zero. The current depth can be received 
according to Eq. (2) [32]:

where � is the resistivity of the workpiece (Ω cm), � is the 
relative permeability, and f  is the power frequency.

In general, as the temperature rises, the metal resistivity 
increases, and the relative permeability decreases. In this 
experiment, the temperature does not change much, so the 
temperature effect on the resistivity and relative permeability 
of the workpiece is ignored. At the temperature of 100 °C, 
for carburised 18CrNiMo7-6 steel, the resistivity is approxi-
mately 0.25 × 10

−4Ω ∙ cm , the relative permeability is around 
195 [31], and the frequency of induction heating power is 30 
kHz. Thus, we can calculate the current penetration depth 
� = 0.104mm . According to this result, at the beginning of 
heating, the heating occurs on the surface, and then gradu-
ally conducts to the interior, and the heating layer thickness 
increases with the extension of time.

The temperature of the eddy current penetration layer 
within a certain time and the development speed of the heat-
ing layer to the interior depends on the energy provided to 
the unit surface area of ​the part in per-unit time, that is, the 
specific power P

0
 . This parameter can be adjusted by adjust-

ing the heating power knob on the high-frequency induction 
heating machine.

To better control the sample heating temperature during 
the IH-USRP experiment and reduce the error caused by the 
heating temperature deviation on the experiment results, the 
variation of the sample temperature with time and the gradient 
distribution along the diameter direction are measured when 
the heating power is 430 W. When measuring, a thermocouple 
probe is used to touch the side of the heated workpiece, take a 
measurement at every 2-mm depth, and measure three times to 
find the average value. The result is shown in Fig. 4.

(1)Ix = I
0
e
−

x

�

(2)� = 5030

√
�

f�
(cm)
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3.2 � Determination of process parameters 
for IH‑USRP experiment

3.2.1 � USRP at room temperature

To explore reasonable process parameters of the IH-USRP 
experiment, the USRP was executed at room temperature, 
the effect of various USRP parameters on the surface modi-
fication layer of carburised 18CrNiMo7-6 steel sample was 
investigated through single-factor experiment. Taking the 
residual stress as the evaluation standard, we studied the 
effects of different static pressures, rotation speeds, feed 
rates, amplitudes, and number of passes. Five different levels 
are set for each factor. For the amplitude used in the USRP 
experiment, we use an ultrasonic amplitude measuring 
instrument (model YP0901B) to determine the amplitude 
of vibration. The instrument, a special equipment for meas-
uring ultrasonic amplitude, has a measuring range of 1–1200 
μm, measuring accuracy of 2 μm, and measurable ultrasonic 
frequency range of 50 Hz–100 MHz, and can rotate at any 
angle. When measuring, we align the ultrasonic amplitude 

measuring instrument with the rolling tool head and start the 
ultrasonic rolling equipment. The reading displayed by the 
ultrasonic amplitude measuring instrument is the amplitude 
in the current state. The ultrasonic generator we used has 
three blocks of low, middle, and high. The amplitudes of 
the three different blocks measured by our research group 
are 4, 6, and 10 μm. Therefore, the amplitudes of the three 
known values can be obtained by directly adjusting the three 
different gears in the follow-up experiments, thereby greatly 
simplifying the operation steps. However, because of the 
limitations of the ultrasonic generator, we can only use these 
three amplitudes for subsequent experiments. The designed 
experimental scheme is listed in Table 2.

After USRP at room temperature is completed, the resid-
ual stress of the USRP sample surface is measured. Figure 5 
shows the measurement results. We can observe that the 
residual compressive stress is introduced into the sample 
surface after USRP. With the increase of static pressure, 
rotation speed, feed rate, and number of passes, the residual 
compressive stress first increases and then decreases. It con-
tinues to increase as the amplitude increases. The residual 
compressive stress of the sample surface reaches the maxi-
mum when static pressure is 500 N, rotation speed is 50 r/
min, feed rate is 0.08 mm/r, amplitude is 10 μm, and num-
ber of passes is 2. However, under the amplitude of 10 μm, 
the operation of the USRP equipment is unstable. When the 
static pressure is greater than 400 N, the larger force has a 
negative impact on the thimble clamping of the lathe, so the 
6 μm amplitude and 400 N static pressure are selected as the 
process parameters for the subsequent IH-USRP experiment. 
The other parameters are 50 r/min rotation speed, 0.08 mm/r 
feed rate, and 2 passes.

3.2.2 � Determination of heating temperature

During the IH-USRP experiment, to guarantee that the 
heating temperature will not destroy the previous heat 
treatment state of the sample, the heating temperature 
should be lower than the martensitic transformation tem-
perature, which is related to the sample carbon content 
and can be calculated according to Eq.  (3) [22]. After 
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Fig. 4   Temperature gradient distribution of the sample during the 
induction heating process

Table 2   Single-factor experimental scheme of USRP at room temperature

No Static pressure (N) Rotation speed (r/min) Feed rate
(mm/r)

Vibration 
Amplitude
(μm)

Number of passes Prediction items

1 200/300/400/
500/600

100 0.08 6 2 Residual stress

2 400 25/50/75/100/125 0.08 6 2
3 400 100 0.04/0.08/0.12/0.16/0.20 6 2
4 400 100 0.08 4/6/10 2
5 400 100 0.08 6 1/2/3/4/5
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carburising heat treatment, the highest sample carbon con-
tent at approximately 0.8% [33] is on the surface layer, and 
the carbon content gradually decreases as it gets closer to 
the centre. Based on the surface layer carbon content, the 
lowest martensitic transformation temperature of carbur-
ised 18CrNiMo7-6 steel is calculated as 264 °C.

To verify this conclusion, Fig. 6 shows the metallo-
graphic diagrams of the surface microstructure of the sam-
ples heated to 250 °C and 300 °C observed on the OM. 
The martensite structure of the sample heated at 250 °C 

(3)Ms = 520 − [%C] × 320
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Fig. 5   Effect of USRP parameters on residual stress of sample surface at room temperature
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is visible on the diagram, but when heated to 300 °C, the 
clear martensite boundary becomes blurred and the mar-
tensite lath fuses, indicating that the martensite structure 
has changed. Therefore, the heating temperatures selected 
in the IH-USRP experiment are 100, 150, 200, and 250 °C. 
Moreover, two control groups were added to the experi-
ment: one was USRP at 25°C and the other was USRP at 
300 °C.

According to the preceding conclusions and the lathe 
and USRP equipment actual working conditions, the IH-
USRP experimental scheme is established and listed in 
Table 3. The experimental parameters of the IH-USRP are 
400 N static pressure, 50 r/min rotation speed, 0.08 mm/r 
feed rate, 6 μm amplitude, and 2 passes. Taking tempera-
ture as a single-factor variable, the surface integrity of 
carburised 18CrNiMo7-6 steel after USRP at various tem-
peratures is studied. The sample are rolled into two sec-
tions at each temperature to guarantee data reliability, and 
the rolling length of each section is 10 mm. Figure 7 shows 
the samples processed by USRP at various temperatures.

3.3 � Residual stress

Figures 8 and 9 show the surface residual stress and residual 
stress distribution along the depth of the USRP samples at 
various temperatures. Figure 8 shows that the original sam-
ple has been ground, the initial axial residual stress on the 
surface is residual compressive stress, and the magnitude 
is − 469 MPa. The tangential residual stress is residual ten-
sile stress and the magnitude is 113 MPa. After IH-USRP, 
the axial and tangential residual stresses are both residual 
compressive stresses, and are obviously improved. They both 
increase at first and then decrease as the heating tempera-
ture increases, but the tangential residual stress is smaller. 
The axial and tangential residual stresses of USRP reach the 
maximum at 250 °C. To facilitate the analysis, the subse-
quent measurement only measures the axial residual stress.

Figure  9 shows that with the heating temperature 
increases from 25 to 250 °C, the residual compressive stress 
on the sample surface increases by 29% from − 843 to − 1088 
MPa, the maximum residual compressive stress increases by 
25.5% from − 1013.03 to − 1271.46 MPa. The depth of resid-
ual compressive stress increases from 1700 to 2450 μm and 
the depth of maximum residual compressive stress increases 
from 200 to 400 μm. The parameters show that the heat-
ing temperature is beneficial to the introduction of residual 
compressive stress after USRP. In the case of heating, the 
yield strength of the material decreases, making it easier to 

Fig. 6   Metallographic diagram at various temperatures: a 250 °C and 
b 300 °C

Table 3   Experimental parameters of IH-USRP

Frequency (kHz) Temperature
(°C)

Static pressure (N) Rotation speed (r/min) Feed rate
(mm/r)

Vibration 
Amplitude
(μm)

Number of passes

28 25/100/150/
200/250/300

400 50 0.08 6 2

Fig. 7   USRP samples at various temperatures: (a) USRP at 25 °C, (b) 
USRP at 100 °C, (c) USRP at 150 °C, (d) USRP at 200 °C, (e) USRP 
at 250 °C, and (f) USRP at 300 °C
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undergo deformation strengthening, thereby increasing the 
depth of the residual compressive stress layer [22]. Larger 
residual compressive stress and residual compressive stress 
depth can restrain the surface crack initiation and increase 
the anti-fatigue performance of the material. The results 
show that IH-USRP at the appropriate temperature plays 
a positive role in enhancing the sample anti-fatigue perfor-
mance. However, when the heating temperature exceeds 
the martensitic transformation temperature to 300 °C, the 
residual compressive stress and the depth of the maximum 
residual compressive stress decrease. Although a higher 
heating temperature is conducive to greater plastic defor-
mation of the material, the microstructure of the material 

undergoes dynamic recrystallisation because of the influ-
ence of temperature, resulting in a decrease in the residual 
compressive stress [21]. When the temperature is extremely 
high, the material undergoes a serious overaging effect and 
a high rate of static/dynamic recovery [19], which is also a 
reason for the decrease in residual compressive stress.

3.4 � Microhardness

Figure 10 shows the changing trend of surface hardness of 
USRP samples at various temperatures. The measurement 
results show that the sample surface hardness is 640 HV 
before USRP. After USRP at room temperature, the sur-
face hardness greatly improves to 858.5 HV. However, the 
surface hardness does not improve visibly after IH-USRP, 
and even decreases slightly at 300 °C. As the heating tem-
perature increases, the surface hardness increases at first and 
then decreases. The highest surface hardness is obtained by 
USRP at 250 °C, but is still lower than that of the USRP 
sample at room temperature. Figure 11 shows the hardness 
distribution of USRP samples with depth at various tem-
peratures. The hardness of samples with or without USRP 
both decreases gradually from the surface to the core, and 
finally tends to the hardness of the matrix material 410 HV. 
However, USRP has a certain effect on the surface layer, 
which increases the hardness of the surface layer, and the 
most obvious improvement in the hardness is USRP at room 
temperature. With the rise of the heating temperature, the 
influence layer of USRP on the sample hardness deepens 
gradually. The hardness influence layer of the USRP sam-
ple is 1.5 mm at room temperature. When the sample is 
heated to 250 °C, the hardness influence layer increases to 

Fig. 8   Surface residual stress of USRP samples at various tempera-
tures: (a) USRP at 25 °C, (b) USRP at 100 °C, (c) USRP at 150 °C, 
(d) USRP at 200 °C, (e) USRP at 250 °C, and (f) USRP at 300 °C

Fig. 9   Residual stress distribution along the depth of USRP samples 
at various temperatures
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500

600

700

800

900

)
V

H(
sse

n
dra

h
orci

M

Surface under different conditions

Fig. 10   Surface hardness of USRP samples at various temperatures: 
(a) USRP at 25 °C, (b) USRP at 100 °C, (c) USRP at 150 °C, (d) 
USRP at 200 °C, (e) USRP at 250 °C, and (f) USRP at 300 °C
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1.8 mm. When heated to 300 °C, although the influence 
layer of USRP on the hardness is further deepened, it has an 
adverse effect on the surface hardness, and the surface layer 
hardness at 0–700 μm is even lower than that of the sample 
without USRP.

Analysing the above results, we obtain the following 
conclusions. During USRP, the material surface produces 
plastic deformation and strain hardening effect, so the sur-
face hardness is effectively improved after USRP. When the 
sample is subjected to USRP at a certain heating tempera-
ture, because of the influence of temperature, the lack of 
cold work hardening on the surface of the sample leads to a 
decrease in the hardness of the material surface compared 
with USRP at room temperature, which was the same result 
reported in another paper [17]. In addition, when USRP is 
carried out at room temperature, lubricating oil is added to 
the contact surface, and good lubrication helps increase the 
USRP surface strengthening effect and improve the surface 
hardness obviously. However, because of the high tempera-
ture in IH-USRP, the contact surface cannot be lubricated 
effectively, which leads to a decline of the USRP effect and 
subsequently affects the sample surface hardness after USRP 
[17]. The change of the surface hardness of the sample when 
the temperature is in the range of 100–250 °C deserves in-
depth analysis. In this range, as the heating temperature 
increases, the surface hardness of the sample also increases, 
indicating that heating has a beneficial effect. The increase 
of heating temperature reduces the surface strain energy of 
the material, which is beneficial to produce larger plastic 
deformation on the surface of the sample and a deeper work 
hardening layer [34]. The large plastic deformation is con-
ducive to grain refinement, and the finer the grain, the higher 
the surface hardness of the material [35]. In addition, the 

sample is not easy to cool after IH-USRP at a higher tem-
perature. During this process, carbides are precipitated on 
the surface of the sample due to the effect of temperature, 
which also increases the surface hardness of the sample [18]. 
However, when the heating temperature is extremely high, 
such as USRP at 300 °C, the microstructure of the sample 
material changes, which has an adverse effect, so the surface 
hardness becomes lower than the original sample.

3.5 � Surface roughness and surface topography

USRP causes large plastic deformation on the surface of 
the material through direct contact between the rolling ball 
and the surface, thereby affecting the surface roughness of 
the material. During USRP, the magnitude of rolling pres-
sure and number of passes affects the surface roughness of 
the sample, and then the fatigue life of the material [36]. 
Celik [37] studied the effects of different static pressures, 
feed rates, and number of passes on the surface roughness of 
Inconel718 alloy and found that the suitable process param-
eters could significantly reduce the surface roughness of the 
sample, and the number of passes have the greatest influence 
on the surface roughness, followed by feed rate and static 
pressure. Figure 12 shows the 3D topography of the USRP 
samples at various temperatures. After USRP, the sample 
surface undergoes plastic deformation, which makes the sur-
face smoother under the rolling pressure. This condition is 
beneficial to improve the material surface quality and reduce 
the stress concentration [38].

Figure 13 shows the variation curve of surface roughness 
Ra of the USRP samples at various temperatures. The meas-
ured values of Rz are listed in Fig. 13 at the same time and 
the change trends are roughly the same. The initial surface 
roughness before USRP is measured at Ra 0.194 μm and Rz 
2.421 μm. After USRP, compared with the initial sample, the 
surface roughness has an obvious decrease, which indicates 
that USRP has a better finishing effect. The surface rough-
ness after USRP at 100 °C is the lowest, which is obviously 
lower than USRP at room temperature. When the heating 
temperature is 100, 150, 200, 250, and 300 °C, compared 
with the initial surface roughness, the surface roughness Ra 
after IH-USRP decreases by 59.8%, 48.5%, 34.5%, 15.5%, 
and 12.3%, respectively. These results show that under the 
same USRP parameters, the appropriate heating tempera-
ture is beneficial to the softening of the material and can 
effectively improve the degree of plastic deformation, which 
enables the material to obtain a better surface modification 
layer so that its microstructure and mechanical properties 
are further improved [3]. However, the surface roughness of 
USRP at 250 °C and 300 °C is slightly higher than that of the 
samples with USRP at room temperature. The surface rough-
ness levels of the sample after USRP at 300 °C are Ra 0.194 
μm and Rz 0.441 μm, which are higher than those of the 

Fig. 11   Hardness distribution with depth of samples at various USRP 
temperatures
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sample of USRP at room temperature, but still lower than the 
initial sample. The reason is that surface roughness increase 
is due to the material surface dry friction behaviour and 
the higher heating temperature. During IH-USRP, a slight 
bond occurs between the heated material and the rolling ball 
[17], which is also evident from the surface topography of 
the USRP samples at various temperatures. As the heating 
temperature increases, the sample surface is oxidised, which 
is another reason for the increase in the surface roughness 
of the sample [22].

4 � Optimisation of IH‑USRP parameters 
based on grey relational analysis

4.1 � Orthogonal experiment

Residual stress, microhardness, and surface roughness 
are three important indexes that affect the anti-fatigue 
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properties of materials. To obtain the best anti-fatigue 
properties, we expect the surface residual compressive 
stress and the hardness to be the largest and the surface 
roughness to be the smallest. Celik [37] used a similar 
method to study the effects of four different static pres-
sures, feed rates, and number of passes on the surface 
roughness of Inconel 718 alloys, and obtained the optimal 
process parameters for achieving the best surface rough-
ness and the order of significance of the effect on sur-
face roughness. Therefore, based on previous work, static 
pressure, feed rate, rotation speed, and temperature are 
selected as processing factors, while the amplitude remains 
at 6 μm and the number of passes are 2. Four levels were 
selected for each factor and the orthogonal experiment was 
designed. During the study, a blank factor X was added to 
form L

16

(
45
)
 . The range of designed experimental param-

eters is listed in Table 4. The residual stress, microhard-
ness, and surface roughness are used as evaluation indexes 
to optimise the parameters. Table 5 shows the orthogonal 

experimental results. For convenience of analysis, the sur-
face residual stress takes its absolute value.

4.2 � Analysis of grey relational degree

According to the experimental results listed in Table 5, the 
processing parameters are optimised by multi-objective 
optimisation. Firstly, the data are normalised. We hope 
that the index of surface hardness and residual stress can 
be as large as possible. This index is calculated in Eq. (4) 
as follows [39]:

where max
j
yij is the maximum value in the  j column of the 

data column and min
j
yij is the minimum value in the j col-

umn of the data column.
We also hope that the index of surface roughness can 

be as low as possible. It is calculated in Eq. (5) as follows:

The degree of correlation between the normalised data 
and the ideal value can be expressed by grey correlation 
coefficient as

(4)xij =

yij − min
j

yij

max
j

yij − min
j

yij

(5)xij =

max
j

yij − yij

max
j

yij − min
j

yij

Table 4   L
16

(
45
)
 orthogonal experimental table

Level Factors

Static pres-
sure (N)

Feed rate 
(mm/r)

Rotation 
speed (r/min)

Tempera-
ture (°C)

X

1 100 0.04 30 25 /
2 200 0.08 50 100 /
3 300 0.12 100 200 /
4 400 0.16 200 250 /

Table 5   L
16

(
45
)
 orthogonal 

experimental results
No Factors Experimental results

Static pres-
sure (N)

Feed rate 
(mm/r)

Rotation 
speed (r/
min)

Tempera-
ture (°C)

X Surface 
roughness 
(μm)

Surface hard-
ness (HV)

Residual 
stress 
(MPa)

1 100 0.04 30 25 / 0.073 691.71 769.85
2 100 0.08 50 100 / 0.081 671.3 774.73
3 100 0.12 100 200 / 0.107 676.31 921.74
4 100 0.16 200 250 / 0.168 691.68 896.4
5 200 0.04 50 200 / 0.117 683.95 976.35
6 200 0.08 30 250 / 0.157 723.56 987.64
7 200 0.12 200 25 / 0.125 699.34 763.94
8 200 0.16 100 100 / 0.092 663.1 786.92
9 300 0.04 100 250 / 0.154 709.73 1049.32
10 300 0.08 200 200 / 0.143 669.24 985.7
11 300 0.12 30 100 / 0.078 669.53 828.46
12 300 0.16 50 25 / 0.088 691.68 793.47
13 400 0.04 200 100 / 0.081 673.95 857.74
14 400 0.08 100 25 / 0.12 758.48 787.94
15 400 0.12 50 250 / 0.143 729.35 1059.21
16 400 0.16 30 200 / 0.126 674.68 1007.25
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where x0
i
 is the ideal value of the experimental data, which 

is 1, and � is the resolution coefficient with a value in the 
range of [0,1]. The resolution coefficient � can be obtained 
as follows:

From the calculation of the preceding formulas, we can 
obtain Δv = 0.57 , εΔ = 0.57 . Due to εΔ < 𝜁 < 1.5εΔ , that is 
0.57 < 𝜁 < 0.86 , we take � = 0.6 . Finally, through the calcu-
lation of the grey correlation degree, multiple objectives are 
transformed into the evaluation of a single target, as shown 
in Eq. (11), and the value of the grey correlation degree is 
shown in Table 6.

where γij is the grey correlation degree value, Wk is the 
weight index in the experimental results, and the weight 
index has a value of 1.

According to the calculation results in Table 6, the mean 
value of the grey correlation degree of each control factor of 
IH-USRP can be calculated and listed in Table 7.

Delta in Table 7 is the difference between the maximum 
and minimum grey correlation degrees of each factor. The 
order of significance of four control factors on the surface 
integrity influence can be judged by the value. The higher 
the value, the more significant is the influence. Table 7 is 
shown in graphic form as Fig. 14. The larger the grey cor-
relation degree mean value is, the better the correspond-
ing performance characteristics are. Thus, when the grey 
correlation degree mean value reaches the maximum, the 
corresponding processing parameters are the optimal pro-
cess parameters. Figure 14 shows that the optimised pro-
cess parameters are as follows: 400 N static pressure, 0.04 
mm/r feed rate, 50 r/min rotation speed, and 250 °C heating 
temperature. According to the research results in Section 3, 
although USRP at 100 °C for the surface roughness index 
is the best, it is only obtained by single factor analysis of 
surface roughness. The surface integrity index is analysed 

(6)�ij =

min
i

minj
||
|
x0
i
− x

ij

||
|
+ �max

i
maxj

||
|
x0
i
− x

ij

|
|
|

|
|
|
x0
i
− x

ij

|
|
|
+ � maxi maxj

|
|
|
x0
i
− x

ij

|
|
|

(7)Δv =
1

nm

∑m

i=1

∑n

j=1

|
|
|
x0
i
(j) − x

ij

|
|
|

(8)εΔ =
Δv

Δmax

(9)Δmax ≤ 2Δv

(10)εΔ < 𝜁 < 1.5εΔ

(11)γij =
1

k

∑k

i=1
Wk�ij

by considering multiple objectives to achieve the relatively 
optimal effect by comprehensively considering surface 
roughness, surface hardness, and surface residual stress. 
For the residual stress index, USRP at 250 °C is the best 
and USRP at 250 ℃ is relatively good for the surface hard-
ness index. Therefore, according to the conclusions obtained 
in this section, the best surface integrity can be obtained 
by USRP when the heating temperature is 250 ℃. Accord-
ing to the ranking order in Table 7, the effect on the sur-
face integrity has the following order of significance: static 
pressure > rotation speed > feed rate > heating temperature. 
Wang et al. [40] used the same method to optimise the USRP 
parameters; they considered the influence of amplitude and 
concluded that the order of influence on the surface integrity 
is static pressure > rotation speed > feed rate.

In conclusion, although the effect of heating temperature 
on the surface integrity of the sample was not significant, the 
heating temperature had a certain effect on the single surface 

Table 6   Calculation results of grey correlation degree

No Grey correlation coefficient Grey relational degree

Surface 
roughness 
(μm)

Surface 
hardness 
(HV)

Residual 
stress 
(MPa)

Calculated value

1 1.00 0.46 0.38 0.61
2 0.88 0.40 0.38 0.55
3 0.63 0.41 0.56 0.53
4 0.38 0.46 0.52 0.45
5 0.56 0.43 0.68 0.56
6 0.40 0.62 0.71 0.58
7 0.52 0.49 0.38 0.46
8 0.75 0.38 0.39 0.51
9 0.41 0.54 0.95 0.63
10 0.45 0.39 0.71 0.52
11 0.92 0.39 0.43 0.58
12 0.79 0.46 0.40 0.55
13 0.88 0.40 0.47 0.58
14 0.55 1.00 0.40 0.65
15 0.45 0.66 1.00 0.70
16 0.52 0.41 0.77 0.57

Table 7   Mean value of grey correlation degree

Level Static pressure Feed rate Rotation speed Temperature

1 0.54 0.60 0.59 0.57
2 0.53 0.57 0.59 0.56
3 0.57 0.57 0.58 0.54
4 0.63 0.52 0.50 0.59
Delta 0.1 0.08 0.09 0.05
Ranking 1 3 2 4
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integrity parameters, especially residual compressive stress 
and surface roughness. When USRP was at 250 °C, the max-
imum surface residual compressive stress and residual com-
pressive stress depth were obtained. Compared with USRP 
at room temperature, the surface residual compressive stress 
increased by 29% and the residual compressive stress depth 
increased from 1700 to 2450 μm. When USRP was at 100 
°C, the minimal surface roughness was obtained. Compared 
with USRP at room temperature, the surface roughness Ra 
decreased by 40.5%. These results showed the value of heat-
ing temperature on the surface properties of the sample after 
USRP. This research conclusion has a certain guiding sig-
nificance for the anti-fatigue manufacturing of materials.

5 � Conclusions

In this paper, a single-factor USRP experiment of carburised 
18CrNiMo7-6 steel was carried out and the optimum process 
parameters of USRP at room temperature were obtained. 
The experimental parameters of IH-USRP were determined 
based on the actual working conditions of the lathe and 
USRP equipment. Then, under these process parameters, 
the temperature field was introduced by induction heating to 
conduct IH-USRP. The residual stress, microhardness, and 
surface roughness of the USRP samples at various tempera-
tures were compared. The grey correlation analysis method 
was used to optimise the process parameters of IH-USRP. 
The optimised process parameters and their order of signifi-
cance on the surface integrity were obtained. The following 
conclusions can be drawn:

1.	 After USRP, the residual compressive stress was intro-
duced into the sample surface. As the heating tempera-
ture increased from 25 to 250 °C, the surface residual 
compressive stress and depth of residual compressive 
stress increased continuously. The surface residual 

compressive stress and maximum residual compressive 
stress of the sample increased by 29% and 25.5% respec-
tively; the residual compressive stress depth increased 
from 1700 to 2450 μm; and the maximum residual com-
pressive stress depth increased from 200 to 400 μm. 
However, when the heating temperature was higher than 
the material martensitic transformation temperature to 
300 ℃, the residual compressive stress decreased, which 
had an adverse effect.

2.	 Compared with USRP at room temperature, IH-USRP 
did not have a better effect on the surface hardness, and 
minimal difference was observed in the surface hardness 
after USRP at various temperatures. Although the sur-
face hardness was lower than that of the USRP samples 
at room temperature, it was still higher than those of the 
initial samples. As the heating temperature increased 
from 25 to 250 °C, the influence layer of the surface 
hardness increased from 1.5 to 1.8 mm. When the heat-
ing temperature was higher than the material martensi-
tic transformation temperature to 300 ℃, although the 
hardness influence layer was still increasing, the sample 
surface hardness decreased and the hardness at the sur-
face layer of 0–700 μm was even lower than that of the 
sample without USRP.

3.	 IH-USRP could still obtain a good surface finishing 
effect and the surface roughness obtained by USRP at 
100 °C was the best, indicating that the appropriate heat-
ing temperature was conducive to material softening and 
plastic deformation. The surface roughness increased 
with the increase of heating temperature. The surface 
roughness of USRP at 250 °C and 300 °C was higher 
than that of USRP at room temperature, which could 
be due to the high heating temperature resulting in the 
adhesion of the sample surface during USRP.

4.	 The IH-USRP process parameters were optimised by 
grey correlation analysis method. According to the best 
surface integrity as the evaluation index, the optimal 

Fig. 14   Effect of processing 
parameters on grey correlation 
degree
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process parameters were as follows: 400 N static pres-
sure, 0.04 mm/r feed rate, 50 r/min rotation speed, and 
250 °C heating temperature. The effects on surface 
integrity had the following order of significance: static 
pressure > rotation speed > feed rate > heating tempera-
ture.
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