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Abstract
Firstly, simulation is used to analyze the temperature curve in pre-stress hardening grinding (PSHG). Then, according to the start
and the end time of martensitic transformation, three time nodes are selected to study the pre-stress time characteristic; they are 1
s, 3 s, and 7 s after grinding. The influence of pre-stress on the initial temperature and content of martensite transformation in
cooling is analyzed; the results indicate the content of martensite increases over the pre-stressed unloading time. To test the
theory, experiments of PSHGwith different unloading times are carried out. Themicrostructure of the grinding hardening surface
is observed and explored by scanning electron microscopy (SEM). Then, the SEM images are binarized to get the martensite
content on the hardening surface. The experimental results show martensite content is consistent with the theoretical analysis.
Lath martensite and flake martensite can also be found in these pictures. Flake martensite slightly increases while unloading at 7
s, as it forms at a lower temperature. So the pre-stress time characteristic influences both the martensite content and the
morphology of martensite formed.
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1 Introduction

The increasing miniaturization of electronic and mechanical
devices requires certain surfaces to be finished to a high de-
gree of hardness, roughness, residual stress, etc. Further prog-
ress of their development is expected not only in the wide
application of new structural materials but also in improving
the properties of traditional materials by controlling their
chemical composition and structural state [1–4].

In 1996, Brinksmeier et al. proposed to use the enormous
amount of heat generated in the contact zone to produce the
strengthened layer of parts [5]. The new technique was named
grind hardening (GH). They found that GHwas a surface self-
quenching process, where martensite transformation took

place by short-time austenitization. After that, the hardness,
strength, and impact resistance of the workpiece were all im-
proved, which will benefit the working performance such as
wear resistance, corrosion resistance, and so on [6, 7].

However, the tensile residual stress is easily got in the hard-
ening layer due to the effect of grinding heat and force [8].
Residual compressive stress improves the service life, while re-
sidual tensile stress has an opposite effect [9]. Surface residual
tensile stress is often found in the heat-treated component, which
is harmful to the working performance of the workpiece [10].

If a certain thickness of the strengthened layer and residual
compressive stress can be obtained after GH, it will greatly
improve the properties of the workpiece. Controlling residual
stress is difficult for machining technology studying. The shot
peening and vibration aging process are routine means for
controlling residual stress [11, 12]. Although these methods
can control residual stress, they cannot be used in GH.

In 2015, Xiu et al. proposed a pre-stress combined with GH
to gain residual compressive stress on a machined surface
[13]. It uses the inner metal elastic deformation recovery to
reduce the tensile residual stresses [14]. Shi et al. studied the
PSHG from different pre-stress, grinding depth, and feeding
speed of a workpiece and found these parameters had an ob-
vious influence on the grinding hardening layer [15].
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To further study the effect of the pre-stress on microstruc-
ture transformation during grinding, the pre-stress time char-
acteristic study is proposed. Three time nodes are selected to
study the pre-stress time characteristic. Pre-stress raises the
starting temperature of martensite formation (Ms), and it can
also increase the fraction of martensite formed. To test the
theory, the experiment is carried out. Experimental results
prove that pre-stress changes the morphology and properties
of martensite formed.

2 Grinding temperature simulation

2.1 Heat source model for GH

The moving heat source theory has been widely used by most
analyses that have been developed to predict the temperature
rise at the grinding zone [16–18]. The heat source is arranged
on the circular arc of the contact surface between the wheel
and the workpiece, and it is the sum of infinite moving line
sources [19]. Therefore, the circular arc of the heat source
model is established in this study, as in Fig. 1.

The contact arc is equally divided into n parts; the value of
moving heat source in different parts can be written as:

qi ¼ i2 � 3qw=n
2

� � ð1Þ

The heat transferred into the workpiece causes the temper-
ature of the workpiece surface to rise. The total heat flux q in
the grinding region is calculated from the tangential grinding
force.

q ¼ F t vs−vwð Þ
blg

ð2Þ

where vs is the wheel speed, vw is the feed rate of the wheel, b
is the width, Ft is the tangential grinding force, and lg is the
contact arc length.

F t ¼ 28282� ap
� �0:86 vsð Þ−1:06 vwð Þ0:44 ð3Þ

lg ¼
ffiffiffiffiffiffiffiffiffi
apds

p ð4Þ

where ap is grinding depth, and ds is the wheel diameter.

The moving heat source transferred into the workpiece can
be calculated by the heat distribution ratio:

qw ¼ εq ð5Þ

The heat distribution coefficient ε is derived from the con-
tact model of the grinding zone [20, 21]:

ε ¼ 1

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kρcð Þs
kρcð Þw

s ð6Þ

where (kρc)w and (kρc)s are the thermal characteristics of
the workpiece and the grinding wheel.

2.2 Simulation parameters (Table 1)

2.3 Calculation of temperature field

In grinding, the workpiece material undergoes complex phase
transformation. Therefore, latent heat produced by phase
transformation is an important reason affecting the tempera-
ture field. The change in phase transformation latent heat with
time and temperature is nonlinear. Phase transformation latent
heat in this simulation is achieved by considering the specific
heat capacity at different temperatures.

Then considering the heat conduction and initial and
boundary conditions, the temperature field is simulated.

2.4 Grinding temperature

The transient temperature field can be obtained by cyclically
loading heat source. And the temperature field distribution can
be obtained in Fig. 2.

Figure 3 shows the temperature curve at a point on the
surface of the workpiece. The highest temperature is set to
be 0 s, and the temperature exceeds 1000 °C. The temperature
falls quickly then slowly after grinding. To study the pre-stress
time characteristic on martensitic transformation, the pre-

x

vw

3qw

ls

Fig. 1 Moving heat source model

Table 1 Simulation parameters

Grinding simulation Parameters

Grinding mode Dry grinding, up-grinding

Wheel speed vs 30 m/s

Feed rate vw 200mm/min

Grinding depth ap 0.15 mm

Grinding width b 10 mm

Wheel diameter ds 350 mm

Workpiece material AISI1045

Heat distribution coefficient 0.4 [22]

Room temperature 20 °C
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stress unloads during cooling. Here, three time nodes are se-
lected to study the pre-stress time-characteristic. They are be-
fore Ms(tu = 1s), during martensitic transformation (tu = 3s),
and after the martensitic transformation is done due to tem-
perature that decreased slowly (tu = 7s).

3 The effect of pre-stress on martensitic
transformation

3.1 The transformation process

The formation of grinding hardening surface is a complex pro-
cess of structural transformation under the combined action of

grinding force and grinding heat. In this process, external stress
plays a positive role in the transformation of structure.

When the temperature exceeds Ac1(t1), ferrite and pearlite
transform to austenite at the same time. With the increase in
temperature, the austenization becomes increasingly obvious.
Meanwhile, grain coarsening accompanies the whole heating
due to the grains’ competitive growth.

As the grinding wheel passes by, the temperature reaches
the highest point, and then it starts to fall. When the time
arrives t2, the temperature drops down to Ms. The martensitic
transformation starts after the temperature is just below Ms.

Pre-stress changes the starting temperature of martensite
formation and the morphology and properties of martensite
formed [23, 24].

3.2 The effect of pre-stress on Ms

The free energy changeΔGγ→M associated with the martens-
itic transformation in Fe-C can be expressed as [25, 26]

ΔGγ→M ¼ ΔGγ→α þΔGα→M ð7Þ
whereΔGγ→α is the free energy change accompanying face-
centered cubic (fcc) (γ)→body-centered cubic (bcc), or body-
centered tetragonal (bct) (α), and it is also the driving force of
the martensite transformation.

ΔGγ→α ¼ ΔGγ→α
Fe þ 4:184� 10500−3:425Tð Þ ð8Þ

ΔGγ→α
Fe is the free energy change accompanying fcc(γ)→bcc

or bct(α) for pure iron, and it can be written as

ΔGγ→α
Fe ¼ −1661:59−530:8� 10−2T
−16:92� 10−4 � T 2 þ 124:5� 10−2TlnT

ð9Þ
Fig. 3 Temperature curve

Fig. 2 The distributions of
temperature field
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ΔGα→M is the free energy change forming martensite from
fcc, and it is also called transformation resistance.

ΔGα→M ¼ 2:1σ0:2
M s

þ 900 ð10Þ

where σ0:2
M s

is the yield strength of austenite at Ms.

σ0:2
M s

¼ 130þ 2800xc þ 0:2� 800−Tð Þ ð11Þ

Ms can be calculated as ΔGγ→M = 0.
When the external stress σ is applied at T1(T1 >Ms), the

mechanical driving force ΔGmech due to the external stress σ
is added to the chemical driving force ΔGT1 . When the total
driving force ΔGT1 þΔGmech is equal to the critical stress

ΔGγ→M
MS

, the stress-induced martensitic transformation starts

[27].

ΔGγ→M
M s

¼ ΔGT1 þΔGmech ð12Þ

For an external uniaxial tensile or compressive stress σ, the
associated mechanical driving forceΔGmech can be expressed as

ΔGmech ¼ 1

2
σ γsin2θcosα� ε 1þ cos2θð Þ½ � ð13Þ

where “-” represents compressive stress, and “+” represents ten-
sile stress; the latter is adopted in this paper. γ is the shear strain
along the transformation shear direction on a habit plane. ε is the
normal component of the transformation strain. θ is the angle
between the axis of applied stress and the normal to the habit
plane. α is the angle between the shear direction of the transfor-
mation and the maximum shear direction of the applied stress on
the habit plane.

A martensite plate, whose orientation yields a maximum
value of mechanical driving force ΔGmech, will be formed.
The maximum value ΔGmech is obtained when α = 0 and
dΔGmech/dθ = 0. θ = 41∘ can be obtained, using γ = 0.22 and
ε = 0.03 as values for the martensitic transformation [28].

ΔGmech ¼ 0:126σJmol−1 ð14Þ

As the degree of supercooling required to reach the appro-
priate driving force for initiating the reaction is reduced, and
the Ms temperature is thereby raised to Ms

′ by the applied
stress.

Patel and Cohen gave an equation expressing the effect of
external stress on the Ms

′ as [29]

dM
0
s

dσ
¼ ΔGmech

d ΔGγαð Þ=dT ¼ 0:126σ
6:79

KMPa−1 ð15Þ

where ΔGγα is the driving force. Equation (15) suggests ap-
plied pre-stress for the start of the martensite transformation in
the present steel is expected to increase linearly with an in-
crease in pre-stress.

3.3 Amount of martensite under different pre-stress
unloading times

For martensitic transformation, the following formula is used
[30, 31].

f ¼ 1−exp −α M
0
s−T

� �h i
ð16Þ

where α depends on the material of the steel, and it is also
affected by external stress [26].

α ¼ 1:243� 10−2−6:9752� 10−5σ ð17Þ

The martensitic transformation can be divided into two parts
based on the cooling as in Fig. 4. In section A, for the grinding
temperature Tmax < T <Ms(Ms

′), the fraction of martensite stays
at zero. In section B, for the temperature Ms(Ms

′) < T <Mf, the
fraction of martensite increases as the temperature drops down.
While for the temperature T <Mf, the cooling rate becomes
slow, and austenite becomes thermally stabilized due to a slow
temperature drop. Therefore, the transformation of martensite is
retarded. The growth of martensite almost stops after Mf [32].

As seen in Fig. 4, the content curve of martensite rises with the
decrease of temperature under different pre-stress unloading times.
When unloading pre-stress at tu = 1s, the external stress does not
affect the martensitic transformation. The onset temperature of the
martensitic transformation is stillMs. At the same time, the external
stress does not work on the growth ofmartensite due to unloading.
Besides, pre-stress does not affect martensitic transformationwhen
unloading external stress from 0 to t2(Ms). So the growth of mar-
tensite will be the same as unloading pre-stress between 0 and t2,
and the content curve is the same as unloading at 1 s.

The quantity ofmartensite depends on temperature. Therefore,
when the temperature drops just below Ms(Ms

′), a small part of
the martensite forms quickly. As the temperature keeps falling,
another part of martensite forms. As a result, the transformation
continues in a stress-free state after unloading the external stress.

When unloading pre-stress at tu = 3s, the temperature is about
300 °C. The onset of martensitic transformation raises toMs

′ due
to external stress, so the transformation takes place earlier.
Meanwhile, the martensite grows rapidly under pre-stress until
the pre-stress unloading at 3 s. Then the speed of transformation
returns to the state without pre-stress. Also, with the same pre-
stress, unloading later causesmoremartensite during t2 to t3(Mf).

The martensite transformation is finished at tu = 7s, and the
temperature is about 180 °C. The pre-stress plays a positive
role until the transformation stops, so the fraction increases
rapidly. Therefore, the growth of martensite will be the same
unloading pre-stress after t3, and the content curve is the same
as unloading at 7 s (t3 < 7s).

Therefore, pre-stress has a time-characteristic on micro-
structure transformation of the GH hardening layer.

In practical production, hardness is affected by the
martensite content directly, and the retained austenite
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can reduce the quenching deformation, improve the
toughness of steel, or improve the dimensional stability
of precision parts.

4 Experiment

4.1 Experimental condition

The experiment is carried out on the surface grinder BLOHM
ORBIT 36, and the corundum grinding wheel is chosen with
the abrasive granularity F46. The wheel speed is 30 m/s and
the wheel’s diameter is 350 mm. Dry up-grinding is chosen to
obtain the hardening layer by using the grinding heat. The size
of the 1045 steel workpiece is 50 × 10 × 20 mm and it is fixed
on the clamp, as seen in Fig. 5.

4.2 Technical parameters (Table 2)

Table 2 shows the technical parameters.

4.3 Analysis of martensite fraction in the
microstructure

After grinding, the workpiece is cut along the cross-section
and processed into a 10 × 10 × 15 mm cuboid. The mono-
MMA is mixed with PMMA powder for a while and injected

Grinding wheel

Workpiece

Pre-stress
fixture

Fig. 5 Experiment process of PSHG(a)

(b)

(c)

Pre-stress σ = 25MPa 

Pre -stress σ = 41MPa 

Pre-stress σ = 75MPa 

Fig. 4 Martensite content under different unloading times and pre-stress: a
pre-stress σ = 25MPa, b pre-stress σ = 41MPa, and c pre-stress σ = 75MPa

Table 2 Grinding parameters

Workpiece
no.

Pre-stress/
σ (MPa)

Unloading
time/tu (s)

Feed rate/vw
(mm/min)

Grinding
depth/ap (mm)

1 25 1

2 25 3

3 25 7

4 41 1

5 41 3 200 0.15

6 41 7

7 75 1

8 75 3

9 75 7
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into the mold containing the small cuboid block for vacuum
cold mounting. Then, a cylinder sample of 30 mm in diameter
and 15 mm in height is made and numbered.

The sample with different sizes of the sandpaper is ground,
from coarse to fine. The direction of each grinding is vertical
to that of the previous one, and the residual impurities and

Fig. 6 OLYMPUS metallographic microscope

Fig. 7 The martensite under
different unloading times at σ =
25 MPa

Table 3 The surface hardness under different pre-stress and unloading
times

Workpiece
no.

Pre-stress /σ
(MPa)

Unloading
time/tu (s)

Martensite
content

Hardness
(HV)

1 25 1 79.3 744.6

2 25 3 81.8 748.5

3 25 7 83.2 761.1

4 41 1 74.3 773.2

5 41 3 76.2 797.3

6 41 7 77.3 826.3

7 75 1 74.4 749.4

8 75 3 76.6 752.3

9 75 7 77.4 767.2
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grindingmarks on the surface are removed. Then, water grind-
ing is carried out to make the surface smooth.

The sample is polished on the metallographic polishing
machine to improve the smooth and bright, until its surface
appears like a mirror.

The polished sample is cleaned and dried with a blower.
Then, the sample is corroded with an alcohol solution contain-
ing 4% of nitric acid. Finally, the surface-treated is studied
through the OLYMPUS metallography microscope, which is
shown in Fig. 6.

The three pictures in Fig. 7 column 1 show the sur-
face structure of the workpiece after PSHG with the
pre-stress 25 MPa. It is difficult to distinguish the met-
allurgical structure. To observe the martensite, these pic-
tures are processed, as shown in Fig. 7 column 2. The
white region is martensite, and the black region includes
residual austenite and undissolved carbide region. The

Fig. 8 The martensite fraction under different unloading times

Fig. 9 The flake martensite under
different unloading times at σ =
25 MPa: a tu = 1 s, b tu = 3 s, and
c tu = 7 s
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content of martensite in the hardening layer is obtained,
too.

Figure 8 shows martensite fraction increases as the pre-
stress unloading time goes on. The experimental results agree
with the theory in section 3.

Besides, the hardness of the grinding surface under
different pre-stress and unloading times is depicted in
Table 3. Since martensite content affects hardness direct-
ly, it can be concluded the hardness of the workpiece’s
grinding layer improves with the increase of the pre-
stress unloading time.

For medium carbon steels and some alloy steels, lath mar-
tensite forms at higher temperatures belowMs, and flake mar-
tensite forms at lower temperatures [33].

In order to observe flake martensite, the metallographic
picture of 10 μm was obtained in Fig. 9 column 1. Another

procession is taken as seen in column 2, because black is
contributed to separate flake martensite.

Figure 10 shows the flake martensite pictures with pre-
stress 41 MPa and 75 MPa. The flake martensite fraction is
obtained in Fig. 11, as the pre-stress unloading time goes on
the flake martensite fraction increases.

5 Conclusions

In this study, simulation, theoretical and experimental, is car-
ried to study the effect of pre-stress time characteristic on GH.

Small pre-stress on the workpiece can raise the starting
temperature of martensitic transformation during GH, and it
can also promote the growth of martensite on the hardening
layer.

Fig. 10 The flake martensite
under different unloading times at
σ = 41 MPa(5) and 75 Mpa(6): a
tu = 1 s, b tu = 3 s, and c tu = 7 s
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The trend ofmartensite content during cooling is almost the
same unloading before t2(Ms). While unloading after t3(Mf),
the trend is the same, too.

Unloading pre-stress during t2 and t3, the content of mar-
tensite in the hardening layer varies. The martensite content
increases over the unloading time. Besides, an earlier
unloading pre-stress can make the grinding surface more
toughness, while a later unloading pre-stress can make the
grinding surface more hardening.

For medium carbon steels and some alloy steels, lath mar-
tensite forms at a higher temperature below Ms, and flake
martensite forms at a lower temperature. When the pre-stress
releases at 1 s and 3 s, the pre-stress has little effect on the
formation of flake martensite due to the high temperature. The
pre-stress promotes more flake martensite when unloading at
7 s.

The pre-stress has time characteristic in grind hardening.
The ideal microstructure can be obtained by effectively con-
trolling the unloading time of pre-stress in a certain range.
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