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Analysis of Integrity of Surface of Hardened Chromium-Nickel Steel after Finishing Grinding
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The paper is focused on the surface integrity in grinding of chromium-nickel steels. These steels are high alloy with
an austenitic structure, which guarantees corrosion resistance in combination with high toughness and strength.
They are used in various areas. The variety of their use also requires good properties in terms of technical pro-
cessing. Most high-alloy chromium-nickel steels are well weldable and moldable, but their machinability is a prob-
lem, which was also experimentally monitored in the fine grinding process.
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1 Introduction 2 The analysed material is austenite chro-

mium-nickel steel with the label 1.4571

The submitted paper deals with the issue of grinding
of chromium-nickel steel, namely cold hardened chro-
mium-nickel steel. An evaluation of performed experi-
mental verifications is based on a surface integrity, meas-
urement of surface roughness, surface microhardness and
residual stress.

Austenitic chromium-nickel cold hardened steel

Steels represent one of the most frequently applied
construction materials these days, especially thanks to
their fine strength characteristics in proportion to their
cost. At the same time, we speak of a very variable mate-
rial, as by a choice of suitable alloying elements we are
able to modify its structure and, thus we may affect me-
chanical, chemical and physical properties. [1,2]

Non-stabilized chromium-nickel austenitic steels pos-
sess relatively low slippage and strength, however, they
possess fine plastic properties. The properties predeter-
mine steels to be a suitable material for cold working. As
Kuzicin states [3], as a result of cold working there also
occurs an increase in strength and slippage and a reduc-
tion in ductility.

Machinability of chromium-nickel steels

From the standpoint of machinability, we classify
high-alloy chromium-nickel steel as hardly machinable
materials. As the company Sandvik Coromant [4] as-
sumes, relative machinability of anticorrosive austenitic
steels is about 60%. Worse machinability, at the level of
around 30 %, is measured in duplex or super-austenitic
steels. The basic reason of reduced machinability of the
steels is an origin of high temperatures and forces in the
zone of cutting. Among others, it is caused by their phys-
ical properties, especially low thermal conductivity. That
results in above-mentioned high temperatures in the zone
of cutting. [5-7].

Another problems that we face in machining of high-
alloy chromium-nickel steel is hardening of a surface
layer by a friction of a tool with a machined surface to-

(316Ti).

Firstly, an analysis of structures of samples was per-
formed and then we started to examine a process of grind-
ing. We paid our attention to properties, as we dealt with
a titanium-stabilized, molybdenum-alloyed austenitic
chromium-nickel steel. Its main component was austenite
and it is described by the following characteristics:

e interstitial solid solution of carbon in y-iron (at-

oms of an additional component are inserted into
the space of a crystal lattice among atoms of
basic materials. However, it is possible only in
case that atoms of an additional elements are
markedly smaller than atoms of a basic mate-
rial),

e crystals of austenite have light (light grey) col-
our under a microscope,

e soft, resilient, ductile and nonmagnetic,

e in carbon and low-alloy steels it occurs only in
high temperature,

e in high-alloy steel (alloyed by nickel and man-
ganese), austenite remains also in common tem-
peratures.

An original material was machined into a required
shape and profile by cold rolling. A sample was taken
from the semiproduct. The structure analysis followed.

(fig. 1.)

gether with a formation of scab on a tool in a set period R e o % e o100 ymEeR

of cutting speeds. Fig. 1 Structure of steel 1.4571 (316Ti) after cold roll-
ing
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Material hardening

The given material with its thickness of 8 mm and
width 40 mm is used in production in a transformed state.
It is machined by cold forming [8]. In our case it is roll
bended by the roll bending machine by the company
THOMANN (fig. 2 and 3) between rollers to form an O-
shape of the product. In this process the material obtains
specific properties that affect further machining as well as

Fig. 2 Material inserted between rollers prepared for
bending

Fig. 3 Material being bent between rollers into an O-
shape product (a flange)

Material after hardening
Flanges were cut into samples after bending. The sam-
ples were analysed and experimental verifications in
a process of grinding took place. Even these samples
were cut into smaller units for a structural analysis. Fig.
4.a shows the structure in the sample from the outer cir-
cumference of bent flanges. It is possible to observe visi-
ble enlargements of austenite grains. The enlargement is
caused by bending of the material as it is an outer side of
a curve of the bent sample.
Fig. 4.b shows a structure in the sample from the inner
circumference of bent flanges. It is visible that austenite
grains diminished. This was due to compressive forces as
it is an inner side of a curve of the bent sample.

- " g &R

circumference

3 Sample grinding

In experimental verifications we used the grinding
machine BPH 21 NA [9], fig. 5, together with a standard
oxide grinding wheel from Aluminium Oxide - ALO;

with marked 98A60K9V (200x20x32) mm,
Recommendations for cutting parameters:
e 1 =2440 min’' - spindle speed,
e v, = 2554 ms! - cutting speed of the cutting
wheel

e a,=0.02mmx 10 - axial depth of cut,
e f=5;10;15 m.min" - feed,

e emulsion

Fig. 5 Grinding process
Surface roughness after grinding
Roughness of surface after grinding is one of basic

evaluated parameters of integrity of surface. The surftest
Mitutoyo SJ-400 (fig. 6 and 7) was used for measurement.
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Fig. 7 Recording of measurement of roughness on the
sample

Measurements were taken on each ground sample on
the outer and inner circumference. We expected different
values of roughness after grinding.

Measured values
Only selected parameters of surface roughness were
evaluated, they are defined by the standard STN EN ISO
4287:
®  Ra - arithmetical mean roughness value,
e Rz - mean roughness depth,

e Rt - total height of the roughness profile. [10]

Tab. 1. An average of measured values of roughness

Average values in pm Cutting
parameters
Measurement Ra | Rz Rt | n=2440 min"!
ve=25.5m.s!

Outer circumference (1) 1.30 [ 8.40 | 11.27 | f=5 m.min"!
Inner circumference (2) | 1.10 | 6.70 | 9.17 | ap = 0.2 mm
Outer circumference (3) 1.67 | 8.84 [ 11.40| f= 10 m.min"!
Inner circumference (4) | 0.67 [4.80| 6.70 | ap = 0.2 mm
Outer circumference (5) 1.13 | 7.87 | 10.20 | f= 20 m.min"!
Inner circumference (6) | 1.39 | 8.97 | 10.83 | ap = 0.2 mm
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An average of measured values of roughness
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Fig. 8 Average values of measured parameters of rough-
ness

Evaluation of surface roughness:
After averaging of measured values, there were obvi-
ous differences in measured values of roughness using
different grinding parameters.
The most favourable parameter values of roughness Ra,
Rz, Rt on the surface of verified samples were obtained
when applied the following grinding parameters:
e in the inner circumference - feed = 10 m.min"

and depth of cut @, = 10 x 0.2 mm (4),

e in the outer circumference - feed f'= 20 m.min"
and depth of cut @, = 10 x 0.2 mm (5).

e As itis shown in tab. 1 and the graph in fig.8.,

1

1

measured values of roughness were partially
lower in the inner circumference as on the outer
circumference of the flange. The differences
were due to a change of the structure and resid-
ual stress in the material and they were caused
by bending (compressional stress in the inner
circumference and tensional stress in the outer
circumference) and, at the same time, strength-
ening of the inner part of the curve may take
place.

After evaluation, the most suitable parameters of
grinding are as follow:
- n = 2440 min'; v, =25,54 m.s!; £ = 10
m.min!; @, = 10 x 0.2 mm

4 Residual stresses

X-ray diffractometry is applied for measurement of
residual stresses that act on the structure of polycrystal-
line material and on distances of crystal planes. Unless
there is no residual stress present, distances of crystallic
planes are defined by material properties. The distances
may change by an application of residual stress.

The principle of the method is in a measurement of
crystal lattice depending on elastic deformation and an
application of diffraction of radiation. This method rec-
ords only a deformation that is adequate to an amount of
residual stress. This method i s used together with the in-
strument Proto iXRD which can be applied to measure
residual stress by means of a mounted detector. [10,11]

Material is permanently deformed in case of an appli-
cation of external forces in machining processes. Against
deformation, there act inner forces that are predetermined
by structural elements and their mutual interaction (a

crystal structure of material).

Tension taking place in the material, after a removal
of all external forces acting on a material deformation, is
defined as a residual stress in the material. This stress
originates under a machined surface only when a plastic
deformation of the surface occurs. An origin and all pa-
rameters of residual stresses acting in surface layers of
a component are directly connected with selected tech-
nologies applied during its production. Actions and a na-
ture of residual stresses in surface layers of a machined
component results in a significant impact on quality of
a machined surface, a decrease of corrosion resistance, an
origin of cracks and, last but not least, affecting function-
ality and overall endurance. [11-13]

Fig. 9 Point of light showing the X-ray place
Results of measurements

A final residual stress is an integral value measured at
different angles of a mounted detector. A shear or tangen-
tional stress was stated under the term ShearStress. [11]

In Table there are stated values of a normal stress on
the surface and just below it. They are measured by means
of X-ray diffractometry.

Tab. 2 Values measured by X-ray diffractometry

number | Normal stresses | ShearStress
Unbent sample -595.5|+£]13.2]-23.0|+| 6.8 initial state
1 5164 |+£|15.0[-36.0|+| 7.6 outer curve
2 296.0 |+|18.4[-30.4 |+| 94
bent sample 3 -136.3|+£[11.2]-199 x| 5.7
4 -623.5|+|34.4| 30.1|+|17.6
5 -759.1 | £|11.6] -7.3|+| 59 inner curve
-688.6 |+|15.1[-20.2 |+ | 7.7|unground surface
1 1037.5|+£]30.7[-80.9 |+|15.7 outer curve
2 958.2 |+£]23.6[-83.0 |+ 12.1
ground sample 3 915.5|+]29.8[-79.2|+|19.3
4 897.0|£[25.3|-73.6 |+|12.9
5 914.6 |£]29.2[-78.8 |+|14.9
6 942.8|£]32.9|-84.0 |+|16.8 inner curve

In the unbent and unground sample there were meas-
ured compressive stresses of the value of 595.5 + 13.2
MPa. This was due to a fact that an initial material was
rolled up to the final state. This process left behind resid-
ual stresses in the material. In Table 2 the value is stated
with a negative sign (-). That sets the direction of the
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given stress. A negative sign defines stress as compres-
sive and a positive sign defines stress as fensional.

In the process of bending stresses were expected to be
tensional in the outer curve, as material is bent along the
curve and compressive stresses were expected in the inner
curve, as the material is compressed. Several measure-
ments were preformed on a bent but unground sample,
a bent and ground sample and in a direction from an outer
curve perpendicular even up to the inner curve of the sam-
ple.

The bent sample

1000
500
0

=500

Normal stress [MPa]

-1000

Measured points

Fig. 10 Residual stresses in the graph, measured in the
bent sample

5 measurements of residual stresses were performed
in the unground sample. As it is shown in Fig. 10, a meas-
ured value of a stress in point 1 (516.4£15 MPa) defined
a tensional stress in this point which was in accordance
with our hypothesis and, thus, that in a given area there
occurred a tensional stress as a result of bending. Even in
point 2 (296 + 18.4 MPa) we recorded a value equivalent
to a tensional stress.

By further measurement we reached the area in which
a structure was compressed. The value measured in the
point 3(-136.3 + 11.2 MPa) defined a compressive stress
in this point. This stress condition of compression in-
creases in a direction to the inner side of the curve which
was confirmed by values of residual stresses measured in
point 4 (-623.5 + 34.4 MPa) and in point 5 (-759.1 £ 11.6
MPa).

Maximum compressive stresses (-759.1 + 11.6 MPa)
and tensional stresses (516.4£15 MPa) were compared
with a value of the elastic modulus by the company of the
initial material [-759.1 = 11.6 MPa << 193 MPa >>516.4
+ 15 MPa]. The measured values of stresses were much
lower than the value of the elastic modulus. This obser-
vation confirmed a fact that stresses originating by bend-
ing of the initial material do not exceed a maximum value
of the elastic modulus. That means that stresses took
place in a safe zone.

The grinding sample
10375
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800
3 4 5 6
Measured points

Fig. 11 Residual stresses in the graph measured in the
ground sample

6 measurements were performed on the ground sam-
ple. Values of residual stresses were modified as a result

of grinding on the bent sample compared to stresses
measured in the unground bent sample. From measured
values results that tensional residual stresses took place.
As it is shown in Fig. 11 all measured values were posi-
tive. That means there were tensional residual stresses. In
the outer curve the highest value of a tensional stress was
recorded. Even tensional stresses caused by grinding
were added to tensional stresses inserted into the material
caused by bending.

A maximum measured value of a tensional stress was
compared with the value of the elastic modulus of the in-
itial material [1037.5 + 30.7 MPa << 193 GPa]. Our
measured values of residual stresses were much lower
than the elastic modulus of the material. That means we
are in a safe zone.

To extend the analysis of integrity of surface after
grinding, we performed several grindings in which we
changed grinding parameters. They were defined in detail
in chapter 4.4. After regrinding of samples we measured
residual stresses as stated in Tab.3.

Tab. 3 Values measured by X-ray diffractometry

sample | normal stresses | shear stresses
3 1174.5|+]48.3] -26.8 |£| 25.0
1162.4 |+]47.5] -39.2 |£]| 24.6
918.3|+(32.4] -33.0 |[£] 16.8

4 1247.5 |+|53.3| -384 |£]| 27.6
1209.8 | +]46.3| -41.7 |£| 24.0

54 12279 |+|53.1] -31.9 |£| 27.5
1248.5 |+ |52.6| -52.2 |£| 27.2

As it is shown, a modification of parameters strikingly
affected amounts of stresses on the surface of ground
samples. In the following chapter we deal with a detailed
analysis of measured residual stresses.

Comparison of average values of residual stresses

In this part we compare normal and shear stresses. As
we ground bent samples by various grinding parameters,
we obtained enough sample surfaces that can be com-
pared regarding a modification of residual stresses before
bending, after bending, before grinding and after grind-
ing. As tensional stresses were inserted into a samples
surface by grinding, final results are all positive.

Ground samples were compared with the initial mate-
rial. No post production operation was applied to this
sample and that means that the sample was in an original
state after rolling. Further samples were bent, but without
any surface operations. Here we measured stresses in-
serted into the material by cold bending. In this operation
we had expected that tensional stresses were inserted into
the outer side of the curve and compressive stresses into
the inner side. Further samples were ground with a mod-
ified feed. There were inserted stresses into these sam-
ples, namely those originating by grinding. They are ten-
sional stresses. From the above stated facts it is obvious
that in points where there were compressional 1 stresses
after bending, there remained tensional stresses after
grinding. As stresses inserted into the surface by grinding
eliminated stresses inserted by bending and, as a result, in
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all ground samples there are measured tensional stresses.

Tab. 4 Average values of stresses in all samples

stress [MPa] normal shear
unbent sample -595.5 -23.0
bent outer curve 406.2 -33.2
sample | inner curve | -691.3 11.4
1 918.1 -78.8
ground 2 970.4 -83.1
SeiiTile 3 1168.4 -33.0
4 1125.2 -37.7
S5a 1238.2 -42.1
. The average normal stresses ,
g 1%:);)' 918.13 904 116845 11252 12382
T — [] I 3
2% [ |
f= 1

900 -595.5
-691.3 Measured samples

Bbent. outer circumference

W grinding. the inner circumf. (1)

m grinding, the inner circumf. (3)
grinding, the outer circumf. (5a)

® non-bent sample

o bent. inner circumference

m grinding, the outer circumf. (2)
m grinding. the outer circumf. (4)

Fig. 12 Graph containing average normal stresses from
all samples

We compared average values defined from measured
values. In samples that were not ground we measured
a modification according to the hypothesis, fig. 12. After
bending compressive stresses, measured in the initial ma-
terial, changed. In the outer side of the curve tensional
stresses were inserted due to bending. In the inner side of
the curve compressive stresses slightly increased. This
phenomenon was caused by tension (in the outer curve)
of the initial material. By compression (in the inner side
of the curve) of the initial material compressive stress in-
creased.

As it is shown in fig. 12, average values of normal
stresses are positive in all ground samples, i.e., grinding
totally eliminated compressive stresses. In comparison
with the initial material, values of stresses were signifi-
cantly modified.

In ground samples, as shown in fig. 12, parameters of
grinding significantly affected residual surface stresses.
In comparison with unground samples considerably
higher values were measured. By grinding of samples
marked 1 and 2, the feed f= 10 m.min"! and depth of the
cut a, = 10 x 0.2 m were applied. Average stresses in the
outer and inner curves were measured as positive and that
means that grinding left behind tensional stresses in sur-
face layers. In grinding no scales took place.

To grind samples marked as 3 and 4 we modified cut-
ting conditions, namely feed /= 5 m.min"! and depth of
the cut @, = 10 x 0.2 mm. By these cutting conditions we
measured increased surface stresses in both sides of the
curve. Moreover, scales took place in the outer curve on
the surface, fig. 13. This phenomenon negatively affected
surface integrity.

Fig. 15 Marks of points of measurement of residual
stresses.

Parameters were increased for the last samples
marked 5a and 5b compared to the rest, namely the feed f
=20 m.min"! and depth of the cut @, = 10 x 0.2 m. Resid-
ual stresses were measured only in the sample surface
marked 5a, as the surface of the sample 5b was placed in
the outer side of the curve. An average value of residual
stresses measured on the surface was the highest com-
pared to the rest average values. In fig. 15 we see points
where residual stresses were measured by red dots. In this
sample scales were formed by the above-stated parame-
ters of grinding, as seen in fig. 14. That might partially
affect an increase in surface stress. In fig. 14 there are
marked points with measured residual stresses.

Cutting parameters of grinding affect final surface
stresses. The most favourable residual stresses were
measured in surfaces | and 2, fig. 12. The grinding pa-
rameters n = 2440 min™'; v, =25.5 m.s”; f= 10 m.min’’;
h = 0.2 mm were the most suitable for grinding of a tita-
nium-stabilized, molybdenum-alloyed austenitic chro-
mium-nickel steel 1.4571 (316Ti).

5 Conclusion

Experimental verifications were dedicated to address
the issue contracted by the company. We deal with ma-
chining of a given steel 1.4571. Based on requirements,
we completed a structural analysis of the initial material
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and the bent material. Here we found out modifications in
the structure of the bent material which are specific for
this type of forming. Consequently, the bent sample was
ground according to set grinding parameters. After grind-
ing, results of an analysis of surface integrity were ob-
tained. Moreover, we provided results of surface rough-
ness measurements after which we selected the most suit-
able grinding parameters regarding quality of the ma-
chined surface. Another measurement was the measure-
ment of parametric integrity of the surface by means of
which we obtained values of residual stresses. We meas-
ured and compared residual stresses of all samples. After
a comparison of stresses of ground and unground samples
we selected the most suitable grinding parameters regard-
ing stresses caused by grinding.

From the above-stated results the most suitable grind-
ing parameters of a titanium-stabilized, molybdenum-al-
loyed austenitic chromium-nickel steel 1.4571 (316Ti)
for company conditions are as follow:

e 1n=2440 min'!

e y.=1532.32 mmin"
e f=10m.min!

e a,=0.2 mm measured 10 x
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