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Automotive transmission components are subjected to cyclic loads and, thus, must have a
reliable fatigue performance. Since fatigue cracks nucleate at the surface, it is necessary to
guarantee that its surface integrity accomplishes the required specifications. Typically,
those components are finished by wet grinding after carburising heat treatment. However,
there is an increasing demand to reduce pollutants and hazardous lubricants in the in-
dustry, and eco-friendly finishing operations have been highly encouraged. To this end, it
is necessary to understand the effect of these novel finishing processes on surface integrity
and, consequently, on fatigue behaviour. This study aims to assess the surface integrity
and the fatigue performance of cryo-ground surfaces of 27MnCr5 steel, extensively used in
fabricating shafts and gears for gearboxes. Fatigue specimens for pure torsion tests were
initially case-hardened and afterwards finished using two different cryogenic grinding
conditions applying liquid N, and, as a reference, using the conventional wet grinding
process. First, the surface integrity was analysed in terms of texture, residual stresses,
microstructure, and microhardness. Second, the batches of specimens were tested under
pure torsion fatigue. Surface residual stress relaxation was also measured during fatigue
tests. Finally, fracture surfaces were observed to identify crack initiation sites and establish
correlations with the surface integrity. Specimens produced by cryogenic and conventional
wet grinding did not show microstructural defects or hardness reductions in the carburised
layer. All conditions induced compressive residual stresses, and they barely relaxed during
fatigue tests. Compressive residual stresses induced by cryogenic grinding were 10—20%
lower than those generated by conventional wet grinding. This decrease resulted in a
minor reduction of the fatigue resistance (4—6%) compared to the wet grinding. Impor-
tantly, this study demonstrates that with a slight geometrical radio correction in the design
of the mechanical components (around 2.2%), cryogenic grinding generates pieces with the
same fatigue strength as conventional grinding. Therefore, it confirms that cryogenic
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cooling could be a potential solution to replace pollutant coolant/lubricant fluid in grinding

operations.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Grinding has been widely used to achieve good surface quality
and high dimensional accuracy on mechanical components
[1]. However, this process requires complex cooling systems
with big pumps and large quantities of liquid coolant. These
requirements aggravate the manufacturing process in envi-
ronmental and cost terms since the common coolant/lubri-
cant utilised is based on cutting oils or synesthetic water-
miscible emulsions [2]. These fluids create three main prob-
lems in grinding processes.

1. The lubricant/coolant fluids are mixed with the swarf, and
thus they require additional procedures to separate, clean
and dry the sludge until recycled.

2. These fluids need to be replaced after a time of use,
creating pollutant fluids that require external treatment
until their final disposal. Consequently, this treatment in-
creases the production cost.

3. Due to the necessity of a large quantity of coolant/lubricant
fluids, big pumps are required to recirculate the fluids,
increasing energy consumption. According to some au-
thors [3], pump energy consumption can be 45% of the total
energy in the grinding process, which directly increases the
cost of the ground components.

To reduce the above-mentioned environmental issues,
sub-zero and cryogenic strategies have emerged as ecological
solutions to improve grinding operations. These strategies use
carbon dioxide (CO,) [4] or liquid nitrogen (LNy) [5] to replace
traditional wet cooling. These fluids have a freezer quality due
to the lower temperature achieved at atmospheric pressures
(—78 to —195.8 °C). In sub-zero and cryogenic grinding pro-
cesses, the cooling liquid directly impacts the grinding wheel
freezing the grain of the wheel and reducing the temperature
produced in the process [2,6,7]. Cryogenic fluids can also be
mixed with a minimum quantity of lubricant (MQL) to reduce
the joint wheel-workpiece friction [8].

The automotive industry is not an exception for the prob-
lems caused by conventional cooling systems used in grinding
operations of mechanical components, such as shafts and
gears of gearboxes. Particularly, shafts are subjected to cyclic
in-service loads that cause bending and torsional fatigue [9].
To improve the fatigue performance of shafts made in steel, a
carburisation treatment is applied, which increases the
hardness near the surface as carbon content increases, lead-
ing to higher fatigue strength [10,11]. After carburising treat-
ment, the final surface must be smooth to enhance fatigue
performance, and this is obtained by conventional wet
grinding. The environmental and economic issues above-
mentioned encourage the use of eco-friendly processes such
as cryogenic grinding to finish shafts used in transmission
components.

Typically, the fatigue failure of a machined component
nucleates near the surface as micro-failures [12,13] and
consequently, the final surface integrity (microstructure,
surface texture, residual stresses, and microhardness)
induced by the finishing operation, such as grinding, will have
a high impact on the fatigue performance [14]. The effect of
surface texture/topography on the fatigue behaviour of the
machined component has been analysed using Murakami's
model or stress concentration factors [15,16]. Recently, Macek
et al. [17] studied the fatigue behaviour of the 2017A-T4 alloy
and proposed quantifying the surface topography of fractures
in terms of S, S,, and Sy. The research showed a correlation
between surface roughness parameters in the fracture with
the stress ratio and the number of cycles in the fatigue tests.

Additionally, the same authors [18] studied the bending
and torsion fatigue fractures of samples of S355]J2 steel to
determine the relationship between the loading course, fa-
tigue life, and the characteristic features of their surface to-
pographies. In this research, the authors also try to correlate
fatigue specimens' surface topography with fractures' surface
topography. Unfortunately, the research did not show a clear
correlation between them because crack initiation could
depend on additional parameters like punctual local valleys or
residual stresses in the material. Although the effect of sur-
face roughness on fatigue is relevant, this is negligible in the
presence of high residual stresses [19,20] or when average
roughness is below 0.4 um [21]. For instance, Yang and Liu [22]
found that the fatigue strength of Ti—6Al-4V samples
increased when the compressive residual stress increased,
although this improvement was not evident when residual
stresses were relaxed. Hashimoto et al. [23] compared the
relation of surface integrity between a hard turning and a
grinding process over the rolling contact fatigue life of sam-
ples of AISI 52100 steel. The authors found hard-turned sur-
faces had lower roughness and thermal damage than ground
surfaces, leading to improved fatigue life.

Therefore, evaluating the surface integrity characteristics
of the novel cryogenic approaches and linking them to the
final fatigue behaviour of the component is vital to validate
the use of these ecological strategies in the industry. Beyond
this scope, some studies have already analysed the surface
integrity of several materials under specific sub-zero and
cryogenic processes. These researchers have demonstrated
that with CO,+MQL technology [8] and LN, [6,9], it is possible
to obtain similar mean surface roughness compared to con-
ventional wet cooling. Furthermore, LN, ground surfaces also
showed lower tensile residual stresses than wet grinding [10],
promoted by the considerable reduction in the temperature of
the process [9,10].

Although these researchers suggest that cryogenic
grinding can improve surface integrity, only a few studies
focus on fatigue behaviour. Balan et al. [24] found that the
fatigue life of steel plates pre-manufactured by additive
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manufacturing improved by 170% when using the cryogenic
surface grinding with LN,. This improvement was a conse-
quence of the improvement in surface roughness and gener-
ation of compressive residual stresses. Fredj and Sidhom [25]
used plates of AISI 304 to compare the effect of cryogenic
grinding and wet grinding on fatigue behaviour using a three-
point bending test. The authors found that the cryogenic LN,
increased the high cycle fatigue life compared to those spec-
imens generated using wet grinding.

As already explained, the carburisation treatment is
essential to produce automotive transmission components
with excellent mechanical properties and then obtain the final
surface by finishing operations. The literature review high-
lights that the studies that analyse the effect of cryogenic
grinding on fatigue behaviour are limited to surface grinding
for plates and materials without any surface carburisation
treatment. Undoubtedly, it is fundamental to address the
impact of cryogenic grinding on the surface integrity, and fa-
tigue behaviour of carburised steels since its performance
significantly differs from untreated steels. Furthermore, these
results could be transferred into the automotive industry
since carburisation treatment is usually applied in trans-
mission components prior to finishing operations.

This study aims to analyse the effect of cryogenic grinding
on surface integrity and fatigue behaviour of carburised
27MnCrS5 steel. For this purpose, we produced fatigue samples
using two cryogenic grinding conditions and conventional wet
grinding as a reference. First, the surface integrity (texture,
residual stresses, microhardness, and microstructure) of the
fatigue specimens was analysed. Then fatigue tests were
conducted, and residual stress relaxation was measured.
Finally, a fractography analysis of broken samples was con-
ducted. This methodology allowed us to establish a relation-
ship between the surface integrity and fatigue performance of
the specimens produced by the three different grinding
conditions.

2. Material and methods

To compare the fatigue performance of mechanical pieces

Table 1 — Weight percentage chemical composition for
the 27MnCr5 in percentage.

Steel C Mn Si Cr B Ti Cu S P Al
27MnCr5 0.29 1.21 0.27 1.09 0.0002 0.002 0.19 0.028 0.015 0.023

conventional wet grinding, the steel 27MnCr5 provided by
Sidenor Aceros Especiales S.L.U. was selected. This material is
widely used for producing machined components (shafts,
gears ...) of gearboxes in the automotive field. Table 1 shows
the chemical composition of this ferrite-perlite steel. In the
initial state, this material presented a ferrite-perlite structure
with a surface hardness around 400—450 HV.

The geometry of the material is a cylindrical fatigue sam-
ple, following the specifications of the standard ASTM E466-96
(2002) [26]. Initially, the specimens were turned to obtain the
geometrical shape and dimensions of Fig. 1. However, a
diametral overstock of 0.5 mm was left in the central section.
Then, the material was carburised to achieve a martensitic
structure with a surface hardness of 720—770 HV (59—64 HRC)
and a carburised layer between 0.7 and 0.9 mm.

Next, the specimens were divided into two batches: 1)
specimens produced by cryogenic grinding and 2) by con-
ventional flood grinding. The specimens of the first batch were
ground using cryogenic grinding conditions studied in previ-
ous research [6]. In this research, we found a process working
window for the cryogenic cylindrical grinding technology, in
which the cryogenic ground surfaces achieved the surface
quality required for automotive applications. Therefore, the
two best grinding conditions that achieved the lowest surface
roughness and good process stability were extracted. These
two different cryogenic conditions (CGA and CGB) are shown
in Table 2.

To grind the cryogenic specimens of batch number one, a
Danobat LG-400S grinding machine, using a cubic boron
nitride (CBN) grinding wheel from Mirka® Cafro with ref.
3D1V-400-15-5-25-27-B107-SA-100-V69 M was employed. The
specimens were clamped to the machine using a self-
adjusting chuck that dragged the sample from the left side
and a counterpoint on the right side. To grind the samples a
transverse feed strategy was selected. This strategy followed
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Fig. 1 — Final geometry of torsional fatigue specimens.
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the contour of the sample in two steps: i) roughing step using
conventional wet grinding and ii) finishing step by cryogenic
grinding. In a roughening step, a conventional wet grinding
was carried out to obtain a diametral overstock of 0.3 mm in
the central section of the sample. For this process, the trans-
verse feed was set at 20 mm/min. To finish the specimens’
preparation, samples were ground using LN, as a cooling
system to achieve the final dimensions shown in Fig. 1. The
transverse feed was set at 10 mm/min in this second step. The
LN, was supplied from a pressurised tank of 2 bar, using a
phase separator followed by a conduit with a circular nozzle of
5 mm in diameter. The LN, jet was set over the wheel, inclined
45° from the horizontal plane but close to the wheel-piece
assembly. Before the cryogrinding process, the grinding
wheel was dressed to ensure the same surface quality for each
specimen. The complete set-up for the cryogenic grinding is
shown in Fig. 2.

Specimens of batch number two were used for the con-
ventional wet grinding. In this case, the specimens were
ground following a close condition and a similar strategy to
the automaker industrial plant to produce shafts. A Lizzini IG
FXS grinding machine, using a CBN wheel from Molemab®
with the ref. B107-900804 was employed to produce the
specimens. Table 3 shows the WG condition and feeds used
for this wet condition. The grinding strategy consisted of a
unique plunge grinding with high-speed oscillations in three
steps: roughing, semi-roughing, and finishing. Before the wet
grinding process, the wheel was dressed to ensure the equal
quality of the results.

For cryogenic LN,, approach 24 specimens were prepared,
12 specimens per the grinding condition of Table 1, while for
wet, 12 specimens were made following the machining con-
ditions of Table 2. In total, 36 samples were ground to analyse
the effects of LN, and wet grinding on the fatigue behaviour of
the carburised 27MnCr5 steel.

As mentioned in the introduction section, prior to fatigue
tests, the surface integrity of the LN, and wet specimens was
characterised in terms of texture, residual stresses, micro-
structure defects, and microhardness profiles. The surface
texture was analysed on one specimen per grinding condition
using the Alicona IFG4 optical profilometer. The images'
magnification objective was 50x, and the vertical and lateral
resolutions were 100 nm and 2.135 um, respectively. Over the
extracted images, surface roughness profiles were measured,
obtaining the following surface texture parameters Ry, R, Ry,
Sa, Ssk and Sy,,. For the three first parameters, three repetitions
were measured, and the mean and the standard deviation
were reported.

Residual stresses were measured in the hoop, and the axial
direction of the ground surfaces by X-ray diffraction (XRD)

Table 2 — Cryogenic grinding conditions to produce

fatigue specimens.

Surface Vs V,[m/ Infeed Traversal feed Coolant
name [m/ min] [mm/min] [mm/min]

s]
CGA 40 42 0.3 10 LN,
CGB 53 14 0.3 10 LN,

Self-adjusting
chuck

Grinding wheel

’a
.

Fatigue
sample

Fig. 2 — Set-up of the cryogenic grinding tests of fatigue
specimens.

Counter point

technique, employing a portable diffractometer (PROTO iXRD).
Residual stresses were measured at three points located in the
gage length of each specimen. Five specimens of each batch
were characterised, and the mean values were reported
including the specific standard deviations. Complementarily,
residual stresses were measured in run-out specimens to
evaluate residual stress relaxation. To take the measure-
ments, a CrKo (A = 2.291 A) radiation was used, with a voltage
of 25 kV and a current of 5 mA, using around collimator (1 mm
diameter). Measurements were performed in Q mode with 7
inclinations (varying Psi angle from — 37° to 37°) for axial and
circumferential directions. The (2 1 1) diffraction plane of the
martensitic structure was selected for the measurements.
Diffracted peaks were fitted by a Gaussian model, and the
diffraction elastic constants used to determine residual
stresses were:—-S1 = 12 x 10°° MPal!, %
S2 =6.04 x 10—6 MPa "

Regarding the microstructural analysis, one specimen per
grinding condition was cut out by an electrical discharge
machining (EDM) process to analyse the ground subsurface in
the hoop (cutting direction) and the axial direction. These
samples were mounted in resin capsules, where they were
polished and then attacked by a Nital (5%) solution. Finally,
the subsurfaces were observed through an optical microscope
equipped with a digital camera Leica DMC 2900. The micro-
graphs were taken using the Leica LAS software V4.9., with a
magnification of x500. Additionally, to analyse the reharden-
ing layer in the subsurface, certain samples were analysed
through the scanning electron microscope (SEM). The FEI
Nova NanoSEM 450 was used in this research. The samples
were directly analysed in the SEM, using a constant electron
high tension of 20 kV and a working distance of 5.6 mm.

To complete the surface integrity characterization, micro-
hardness profiles HV0.05 were measured on the transversal
section of three specimens per grinding condition, using a
ZWICK hardness tester and a loading time of 10 s. In-
dentations were generated in four steps of 25 um near the
surface, followed by four steps of 50 pm, seven steps of 100 um,
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Table 3 — Wet grinding conditions to produce fatigue specimens.

Surface Vg [m/s] V,[m/min] Roughinginfeed Semi-roughing Finishinginfeed Traversal feed Coolant
name [mm/min] infeed [mm/min] [mm/min] [mm/min]
WG 70 30 0.66 0.44 0.22 700 Water miscible,

semisynthetic emulsion 7.5%

and a final increment of 500 pm. Three repetitions per
indentation were performed and the mean values were ob-
tained to generate the plots.

Torsional fatigue tests were carried out in a MTS 809 test-
star hydraulic machine, using a stress ratio of R = —1, a test
frequency of 10 Hz and considering a run-out criteria of 2
million cycles. The fatigue strength of samples was deter-
mined using the commonly stair-case method [27-29]. After
the fatigue tests, all the broken samples were carefully ana-
lysed by the optical microscope previously described to
determine the failure initiation point. The initiations points
were also analysed by the SEM to investigate the failure along
the surface, using a constant electron high tension of 20 kV
and a working distance in the range of (15-30 mm).

3. Results
3.1 Surface integrity characterization

3.1.1. Surface texture

Three-dimensional (3D) profiles of the material surface were
generated with the optical profilometer. The extracted 3D
profiles are shown in Fig. 3. The measurements were taken
from the centre of the specimens (Fig. 3d). Due to contouring
traverse feed grinding, the imprint left by the wheel passing is
visible on the ground surfaces with variations in surface
texture ranging in (+0.5 um). The imprint on the cryo-ground
surface CGB (Fig. 3b) shows a minor slope with a more con-
stant pattern than the cryo-ground surface CGA (Fig. 3a),
which offers a similar imprint with a steeper slope.

In contrast, in the conventional WG (Fig. 3c), the imprint
slope is clearly higher than in the cryogenic conditions. This
effect might be a consequence of the pressure generated by
the grinding wheel on the workpiece in the contouring
(grinding aggressiveness), which depending on the grinding
conditions, could induce slight vibrations in the process. On
the WG sample, this effect is almost negligible, probably
because of the high transversal feed (700 mm/min) that seems
to reduce the vibration in the workpiece.

Table 4 summarises the results obtained in the surface
texture measurements. In all tested surfaces, R, was less than
0.3 pm. Both cryogenic conditions produced rougher surfaces
(CGA, R, = 0.24 pm; CGB R, = 0.25 pm) than the conventional
wet grinding process (WG R, = 0.17 pm). This effect is also
predominant for R, and R, parameters. Additionally, in Fig. 3, it
is possible to see punctual valleys on the surface with depths
close to 1.5 um on all tested surfaces. The WG condition shows
a more homogeneous texture with a consistent patch between
peaks and valleys (uniform green and blue areas in Fig. 3c) that
might explain the reduction in surface roughness, especially in
the case of S,, which reached a smoother surface, S, = 0.21 pm.

Another clear difference between cryogenic conditions and
the wet condition is the skewness (Sgx). Although the values of
Ssk in the three conditions are similar, the sign is negative to
the WG condition, showing presence of more abrupt valleys
than peaks on the surface. The final difference between WG
and cryogenic conditions is the kurtosis value (Syy). For the
WG condition, the Sy, reach 3.85, indicating a leptokurtic
distribution with more peaks and valleys far from the mean.
The CGA and CGB conditions are near the mesokurtic
distribution.

3.1.2. Residual stresses

Fig. 4a shows the initial surface residual stresses induced in
the fatigue specimens produced by wet grinding and the two
cryogenic grinding conditions. It is essential to notice that all
grinding conditions produced compressive residual stresses
near the surface. These were more compressive in the axial
direction than in the hoop direction. The reference wet
grinding condition led to the most compressive residual
stresses (—699 + 66 MPa in the axial direction and
—569 + 74 MPa in the hoop direction). Surface residual stresses
were 11% lower in the axial direction and 20% in the hoop
direction when using LN, at a cutting speed of 40 m/s than
under wet conditions. The magnitude of surface residual
stresses decreased even more when using LN, at a cutting
speed of 53 m/s.

Surface residual stresses were measured in run-out spec-
imens to verify if they were relaxed during cyclic loading. As
shown in Fig. 4b, the average surface residual stresses of WG
samples presents a slight decrease during cyclic loading.
Comparing the average values after the run-out with the
initial values of Fig. 4a, the conventional WG samples show a
reduction of —11% in the axial direction and —9% in the hoop
direction. Curiosity, this effect is contrary in the cryogenic
samples (CGA, CGB), where both conditions show average
surface residual stresses in the hoop and the axial direction
approximately 5—8% higher than the initial values. However,
all run-out measurements present a discrepancy between
(+11%) that are in the uncertainty range (+74 MPa). Therefore,
we can conclude that residual stress relaxation is not signifi-
cant since it lays within the uncertainty of the measurements.

3.1.3.  Microstructure

The subsurface of the fatigue specimens was analysed to
reveal possible microstructure alteration in the material when
grinding at finishing conditions with different cooling
methods. Fig. 5 shows representative micrographs of the three
tested conditions in both axial and hoop directions. As it can
be seen, cryogenic conditions CGA and CGB did not induce
modifications in the microstructure of the surface layer.
Moreover, the hoop and axial direction present the same
martensite microstructure with zero defects and without


https://doi.org/10.1016/j.jmrt.2023.01.111
https://doi.org/10.1016/j.jmrt.2023.01.111

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:1792-1804

1797

Hm  CGA V=40 m/s V, =42 m/min

CGB V= 53m/s V,= 14 m/min

400 m

Surface analysed 2x2 mm

©

Fig. 3 — Surface texture of fatigue specimens obtained from the optical profilometer. a) CGA, b) CGB, c) WG, and d) Description

of surface analysed.

thermal damage. However, the result differs from the con-
ventional WG process, in which slight alterations were pro-
duced in the material subsurface because of the aggressive
grinding conditions.

In Fig. 5d, it is possible to observe that a tiny rehardening
layer appears in the surface for both the axial and hoop di-
rection with a mean thickness of 1.7 um. It is also possible to
see that a thermally affected layer appeared behind the
rehardening layer with depths around 7—8 um. Although the
martensite is the predominant structure in the rehardening
layer and the rest of the material, the rehardening layer pre-
sents a more homogeneous structure with refined grains. The

martensite refinement might increase the compressive re-
sidual stresses in the WG specimens compared to the cryo-
genic specimen, explaining the differences in the residual
stresses compared to the cryogenic samples, which did not
present any defect in the subsurface.

3.1.4. Microhardness

Microhardness profiles of the three tested grinding conditions
are illustrated in Fig. 6. Notice that no significant differences
can be observed in the hardness profiles even when the
microstructural analysis of the WG sample shows a tiny
rehardening layer on the surface. The microhardness value is

Table 4 — Surface texture indicators of LN, and wet fatigue specimens.

Specimen Ry [pm] R, [nm] Rt [nm] Sa [pm] S Sian

CGA Vs =40 m/s 0.24 + 0.01 1.94 + 0.12 220+ 0.13 0.30 0.15 3.25
Vo = 42 m/min

CGB Vs =53 m/s 0.25 + 0.02 1.74 + 0.20 2.10 +£ 0.22 0.30 0.17 3.02
V, = 14 m/min

WG Vs =70 m/s 0.17 £ 0.01 1.29 + 0.06 1.52 +0.13 0.21 -0.17 3.85

Vo = 30 m/min



https://doi.org/10.1016/j.jmrt.2023.01.111
https://doi.org/10.1016/j.jmrt.2023.01.111

1798

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:1792-1804

WG CGA CGB
a) V=70 m/s V=40 m/s V=53 m/s
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Fig. 4 — Surface residual stresses in the axial and hoop direction. a) Initial values of the fatigue specimens, and b) Final

surface residual stresses of run-out fatigue specimens.

higher than 700 HV, s within the first 250 pm and above 650
HVj 05 within the first 500 um. Therefore, the properties of the
carburised layer were not affected by the tested conditions. It
is widely accepted that hardness value shows a good rela-
tionship with yield and rupture stress in steels [30]. Therefore,
the mechanical properties of the surface layer were not
negatively affected by the cryogenic LN, cooling approach
compared to the conventional wet grinding condition.

3.2. Fatigue characterization

Fig. 7 summarises the results obtained in the torsional fatigue
tests following the staircase method. The specimens manu-
factured under conventional flood grinding conditions ob-
tained the highest fatigue strength (rp = 618 + 29 MPa). The
fatigue strength of specimens produced by cryogenic grinding
conditions barely decreased with respect to the reference
condition: 4% when using a cutting speed of 40 m/s and wheel
speed of 42 m/min, and 6% when using a cutting speed of
53 m/s and wheel speed of 14 m/min.

The fracture of the broken specimens was observed to
verify if the cracks were initiated near the surface or below the
carburised layer. Fig. 8 shows examples of fractures of the
specimens manufactured by the three finishing conditions. It
is possible to identify that for all tested conditions, the failure
started along the surface and continued across the samples to
the centre of the material. The crack was nucleated near the
surface due to the highest shear stresses caused by the torque.
Thus, the surface condition had predominately affected the
crack initiation and early propagation stage.

4, Discussion

The fatigue strength was only slightly reduced when using
both cryogenic grinding conditions, and therefore, the final
surface integrity of the specimen influenced the fatigue per-
formance. In order to analyse the effect of surface integrity
(microstructural defects, mechanical properties-
microhardness, surface texture, and residual stresses) of
machined components on fatigue performance, a local

approach should be used [31]. As reported in the previous
section, only the conventional grinding WG produced alter-
ations in the near-surface microstructure. However, even with
the reported defects, the microhardness profile of the three
surface conditions was similar (differences lay in the uncer-
tainty of measurements), and, consequently, the mechanical
properties of the surface layer were similar too. Therefore, the
slight differences reported in the fatigue tests are linked to
variations in surface texture and surface residual stresses.

Novovic et al. [21] stated that when workpiece surface
roughness values are between 2.5 and 5 um R,, residual
stresses have a higher impact on the fatigue life of machined
components. To quantify the effect of surface texture/rough-
ness on fatigue performance, the stress concentration factor
should be determined [32]. In a recent paper, Madariaga et al.
[31] calculated a stress concentration factor of 1.001 when
R, = 0.3 um on turned specimens. As reported in section 3.1.1,
the roughness was R, < 0.3 um on the tested surfaces. This
behaviour suggests that the stress concentration factor was
=1 and that roughness did not adversely affect fatigue per-
formance. Additionally, the samples produced by conven-
tional wet grinding showed a negative value of skewness
(roughness), which is associated with more abrupt valleys that
would lead to a decrease in fatigue strength. Nevertheless,
specimens produced by wet grinding showed the highest fa-
tigue strength. Thus, in the present paper, for the tested
conditions, the differences in fatigue strength were caused by
different initial surface residual stresses. This behaviour is
consistent with previous works where carburised steels were
treated by shot-peening. They also found that compressive
residual stresses significantly impact the torsional fatigue
behaviour [20,33].

With the objective of analysing the effect of surface re-
sidual stresses, three questions must be addressed: i) was
there a relaxation in the residual stresses and thus influenced
crack initiation-propagation? ii) why did residual stresses only
slightly influence the fatigue strength despite having different
values? and iii) can we establish a relationship between the
magnitude of surface residual stresses and fatigue strength?
We seek to answer these questions in the following
paragraphs.
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Usually, the main residual stress relaxation occurs during
the first loading, and the following cycles slightly increase the
relaxation [34]. As depicted in Fig. 4, surface residual stresses
of the WG condition present a slight reduction. However, to
cause surface residual stress relaxation, plastic strains must
be generated during loading. In this work, hardness was
~720HV, o5 at the surface and =450HV, o5 in the bulk mate-
rial. The yield stress (oy in MPa) of steels can be estimated
using Eq. (1), where HV is the hardness in kg/mm? Then, the
equivalent shear yield stress (ry) can be determined by Eq. (2)
when applying Von Mises criteria [35]. Using these equations,
a 7y = 1143 MPa in the surface and 7, = 694 MPa in the bulk
material are obtained. The highest shear stress applied in the
tests was 650 MPa on the surface (less in the bulk material).
This value does not exceed the calculated yield stress and
therefore confirms the absence of residual stress relaxation.
For this reason, it is possible to conclude that the variations in
residual stress measurements are effects of the uncertainty of
the grinding process itself and XRD measurements.
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Fig. 7 — Results of fatigue tests of fatigue specimens produced by wet and cryogenic grinding following the stair-case
method. Open circles are run-out tests and crosses indicate broken specimens.
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Since it has been confirmed that surface compressive re-
sidual stresses did not vary during the cyclic loading tests,
they prevent early crack initiation and propagation. Never-
theless, although the magnitude of surface residual stresses
produced by cryogenic conditions was >10—20% lower than
those generated by conventional wet grinding, the reduction
in fatigue strength was minor, below 4—6%. To justify this
effect, it is necessary to consider the mechanisms involved in
the fatigue fracture: crack initiation and propagation.

In a recent work conducted by the authors [36], the wet and
cryogenic grinding conditions employed in the present paper
induced compressive residual stresses only within 20 pm.
Being so, surface residual stresses generated by the different
grinding conditions only affected in the crack initiation, and
the crack propagation was dominated by the properties of the
carburised layer and bulk-material.

Although residual stresses induced by grinding processes
only affected the crack initiation stage, it is possible to
establish a reasonable empirical relationship between surface
residual stresses and fatigue strength. Fig. 9 shows the fatigue
strength regarding surface residual stresses in both axial and
hoop directions. As expected, the fatigue strength increased
when increasing the magnitude of compressive residual
stresses, since the mean stress at the surface layer is reduced.
Both axial and hoop residual stresses show a similar sensi-
tivity (slope).

Since the only difference in the CGA and CGB conditions
during the grinding operations was the grinding speeds. It
seems that the aggressiveness of the grinding process directly
affects the residual stresses produced on the surface, which
also are linearly affecting the fatigue strength. The variations
in the grinding wheel speed and the workpiece speed might
change the friction coefficient and the contact time between
the grinding wheel grains and the workpiece surface, which

625
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575 ' : '
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Fig. 9 — Fatigue strength vs surface residual str

may directly influence the temperature of the process and the
residual stresses.

5. Practical implications for shaft
manufacturing

The goal of this paper was to compare the surface integrity
analysis and the fatigue performance of specimens of
27MnCr5 steel produced by cryogenic grinding and conven-
tional wet grinding. Interestingly, the selected cryogenic
grinding conditions almost did not reduce the torsional fa-
tigue strength. Therefore, these conditions could be applied to
manufacture shafts of automotive transmission components.
This section aims to analyse the effect of determining fatigue
strength on shaft dimensioning.

When a shaft of radius r is subjected to a torque M, the
maximum shear stress mmax is located in the outer diameter,
which can be calculated using Eq. (3) [37]. To determine the
minimum radius, the maximum shear stress must be lower
than the shear fatigue strength (rmax < 7p). Using Eq. (3), it is
possible to calculate the required ry, radius when using con-
ventional wet grinding conditions that lead to a rpw fatigue
strength in shafts subjected to a torque M (see Eq. (4)). Equally,
it is possible to determine the needed r; of a machining con-
dition that obtains a rp; fatigue strength in shafts with-
standing a torque M (see Eq. (5)). By dividing both expressions,
the relationship between required r,, and r; is given by Eq. (6).

mz% (3)
oW =T flr\f;z} )
ot = % (5)
Ti=Ty, ?—D‘j’ (6)

Table 5 shows the effect of tested cryogenic grinding con-
ditions on the dimensions of a shaft subjected to torsion.
Although the fatigue strength was reduced by 6% in the worst
case, the shaft's radius must only be increased by 2.2%. For
example, if a transmission component has a radius of 20 mm
when applying wet conditions, a diameter of 20.5 mm is
needed when using LN, at a cutting speed of 53 m/s and a
wheel speed of 14 m/min. Undoubtedly, the impact on the
final dimension is minimal, and the results obtained in the
paper support the use of cryogenic
manufacturing shafts.

conditions in

Table 5 — Impact of fatigue strength on shaft
dimensioning.

Grinding condition 7p [MPa] Ti/Tw
CGA Vs = 40 m/s V, = 42 m/min 592 1.014
CGB Vs = 53 m/s V, = 14 m/min 579 1.022
WG Vs = 70 m/s V, = 30 m/min 618 1
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6. Summary and conclusions

This research studied the effect of the cryogenic grinding
process on the surface integrity and torsional fatigue perfor-
mance of the carburised 27MnCr5 steel. By comparing the
surface integrity, the conventional wet grinding and the
cryogenic grinding produced surfaces with zero defects in the
microstructural analysis. Also, samples did not show any in-
fluence on the microhardness material characteristics that
change the mechanical properties of the carburised layer. For
this reason, the slight differences reported in the fatigue tests
are directly linked to variations in surface texture and surface
residual stresses. The following specific conclusions were
obtained.

e The cryo-ground surfaces were rougher than the reference
surface ground under the wet cooling, with maximum
differences of around 0.1 um for R, and S,. The rougher
surfaces of the cryogenic samples might be due to the
imprint produced by the grinding wheel in the transverse
contouring. Additionally, all tested samples produced
surface roughness R, less than 0.3 pym. With this limit, it
was also possible to demonstrate that the surface rough-
ness did not adversely affect the fatigue performance since
the stress concentration factor was estimated at ~1.

e Compressive surface residual stresses produced by the
cryogenic conditions were lower, around (10—-20%) than
those generated by conventional wet grinding for both the
axial and hoop direction. These residual stresses did not
relax during fatigue tests because the local stresses did not
exceed the yield stress. It should be noted that the yield
stress of the carburised layer is higher than the bulk
material.
The reduction in fatigue strength was minor, below 4—6%.
This reduction was mainly linked to the residual stresses
state since all specimens were broken at the surface, and
there was no stress relaxation during the fatigue tests. In
fact, the higher the compressive residual stresses, the
lower the mean stress at the surface and, consequently,
higher fatigue strength.
The slight differences observed in the fatigue strength are
reasonable since the grinding affected layer is very shallow
compared to the carburised layer. The surface condition
affects the crack initiation (all cracks nucleated at the
surface). However, most of the fatigue life is spent in the
crack propagation through the carburised layer, which was
comparable in all specimens.

In order to compensate for the slight decrease in fatigue

performance, shafts produced by cryogenic grinding

should only increase the radius by 2.2% compared to those
produced by conventional grinding.

This research demonstrates that the cryogenic grinding
technology could be used for applications of cylindrical me-
chanical components that require to be finished by grinding,
despite the slight changes in the surface integrity of the ma-
terial and the minimal variation in torsion fatigue perfor-
mance. Given the results of this research and the apparent
possibility of eliminating liquid coolants that contaminate the

environment in grinding processes, the authors propose to
continue researching the application of LN, as cooling liquid
to validate this technology in other grinding processes,
grinding strategies, different materials, and additional fatigue
conditions.
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