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Abstract: Plunge grinding experiments were carried out on CSS-42L. stainless steel with the white fused alumina

wheel. The grinding forces were measured with variations in accumulated material removal volume. Then the mor-

phological features of worn grinding wheel were analyzed by optical microscopy and the grinding temperatures were

measured with a thermocouple. For comparison, C45 steel was ground under the same conditions. The results in-

dicated that the grinding forces of CSS-421. were at least twice that of C45 steel. When the accumulated removal

volume overcame 375 mm?®, strong adhesion was found between the abrasives and workpiece CSS-421.. Neverthe-

less, adhesion was hardly found after 800 mm® workpiece C45 steel was removed. In order to enhance the machi-

ning property of CSS-42L., a brazed CBN wheel was incorporated into the grinding of CSS-42L., and the grinding

forces and temperatures were found significantly decreased, whose maximum decreasing amplitude was about 70 %

and 80% , respectively.
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0 Introduction

Aircraft engines represent one of the most
sophisticated of engineering technologies. Gears
on engine shafts have to tolerate vibratory stres-
ses, bending moments and high rotation speeds,
elevated temperatures and aggressive lubrica-

[5] " Simultaneously, excellent toughness in

tion
the core is expected to resist continuous impact.
And high temperature hardness is also needed to
make gears work well. To meet all these require-
ments, in 1990s, researchers from the United
State developed CSS-421. which bears all the
properties mentioned above, and appropriate heat

So this

kind of steel has great potential in aviation, aero-

treatment can make it perform better'®",

space, shipbuilding and chemical industry. As
one of the most commonly used final processing
methods, grinding can eliminate distortion caused
by heat treatment'® and determine workpiece sur-

face integrity and., consequently, work piece
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functionality In many cases, especially for avi-

ation gear and bear, grinding shows itself to be
the only economic material removal process™" .
However, the research on the grindability of CSS-
421 has received rather limited attention. Under-
standing its behavior in the grinding process is
therefore of vital importance.

In this study, the grindability of CSS-42L
was experimentally investigated during the plunge
grinding with the white fused alumina (WA)
wheel and the comparative experiments were con-
ducted on C45 steel. The rules of variations in
grinding force, worn wheel surface and grinding
temperature were probed in detail. Furthermore,
a brazed CBN wheel was employed to grind CSS-

421. to improve the grinding condition.

1 Experimental Set-up

The experimental set-up was schematically

illustrated in Fig. 1. Plunge surface grinding ex-
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periments were conducted on a HZ-Y150 surface
grinder. The WA grinding wheel (WAS80L5V)
was used in the experiments. The diameter was
150 mm and the wheel width was 16 mm. A 5%
solution of water-based emulsion was used as
coolant for the grinding test.

The workpiece specimens were 25 mm along
the grinding direction, 5 mm wide and initially
25 mm high. The CSS-421. specimens used in this
experiment were in annealed condition, and the
C45 steel specimens were in tempered condition.

Spectrum analyzer was used to identify the chemi-

cal component of CSS-421., and the result was lis-
ted in Table 1.
properties of the two workpiece materials were

listed in Table 2.

The physical and mechanical

PC
data-acusition

Dynamometer |—— 3 Amplifier

Table of grinder _Y»

Fig. 1 TIllustration of the experimental set-up

Table 1 Chemical component of CSS-42L

Element C Cr A\ Ni

Mo Co Nb B Mn Si

Mass fraction/ % 0.15

14. 00 0. 60 2.00

4.50 13.00  0.025 <C0.001 <C0.2 <<0.25

Table 2 Physical and mechanical properties of

the used workpiece materials'’*'"’

CSS-42L

C45 steel
Item
(annealed) (tempered)

Density /(g * cm™?) 7.93 7.85

Tensile strength (¢,) /MPa 1 200 =600
Thermal conductivity /
15.3 50
(Wem™t«K™)
Hardness /HRC 35—38 28—32

The normal and tangential grinding forces,
F. and F,, were measured using a piezoelectric
( Kistler
9272), coupled to charge amplifiers and a PC run-

transducer-based type dynamometer
ning Dynowear software. The sampling frequency
was 3 kHz. The temperature response on the
workpiece surface was measured using a grindable
foil/workpiece thermocouple consisting of a con-
stantan foil insulated on both sides by mica sheets
and sandwiched between two pieces of a split
workpiece. The workpiece acted as the other
thermocouple pole. The cold junction was im-
mersed in ice water. The signal was gathered by a
dynamic signal recorder NI USB-6211 and ana-
lyzed in self-developed software based on Lab-
viewS8. 6. Smoothing and drift compensation were
conducted before the grinding force signal was
read so as to wipe off disturbance and guarantee

the accuracy. To minimize the impact of accidents

during the test, each process was repeated at least
three times, and obvious problematic data should
be eliminated. The morphology of worn wheel
surfaces was analyzed using a KH-7700 3D video
microscope.

In the experiments, grinding wheel balancing
instrument was employed to keep the wheel's bal-
ance. The WA wheel was dressed with a single-
point diamond dresser to ensure a sharp tool sur-

face.

2 Results and Analyses

Grindability of any material under industrial
speed feed conditions was generally judged by va-

rious grinding responsestH?¥¥l,

For the present
study, the grinding forces and worn wheel surface

were taken into consideration.
2.1 Grinding force

Grinding force is a process variable with im-
portant influence on the wheel wear, ground sur-
face quality as well as the heat flux at the contact

L4151 Under the condition of a wheel speed

zone
v, of 23 m/s, a table speed v, of 13 m/min and a
depth of cut a, of 15 pm, the normal and tangen-
tial grinding forces were measured during the

continued grinding experiments, and the results

were presented in Fig. 2. As can be seen from
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Fig. 2, a transition period occurred during the
grinding process after the truing process has been
done. With 116 mm® workpiece having been re-
moved, the normal grinding force of CSS-421. in-
creased rapidly from 45 N to 115 N and the tan-
gential grinding force increased from 30 N to
53 N. Then both of the grinding forces kept sta-
ble after the transition until the accumulated re-
moval volume overcame 375 mm®. Before long
both of the grinding forces fluctuated obviously.
The fluctuant amplitude of the normal grinding
force was 20 N and the tangential grinding force
was 10 N. On the other hand, the normal grind-
ing force of C45 steel increased to 40 N and the
tangential grinding force increased to 25 N after
37.5 mm?® C45 steel was removed. Subsequently,
both of the grinding forces grew comparatively
steady, and neither of the wave amplitudes excee-
ded 5 N. The normal grinding force of CSS-42L
was more than 2.5 times that of C45 steel while
the tangential force was twice that of C45 steel in
plunge surface grinding with the WA wheel.

Grinding of any material may be assessed in

CSS-421L
C45 steel

100 200 300 400 500
Accumulated removal / mm®

(a) Normal force

CSS-42L
C45 steel

100 200 300 400 500
Accumulated removal / mm’

(b) Tangential force

Fig. 2 Measured grinding force versus accumulated re-

moval

terms of several responses, for example, the
grinding force required, the grinding temperature
and the surface integrity. However, all these re-
sponses are substantially influenced by the work-
piece material characteristics. According to Table
3, the tensile strength (g,) of CSS-42L is about
twice that of C45 steel. Compared with C45
steel, more energy was consumed when the same
volume of CSS-421. was removed. Thus, the
force required in the removal of CSS-42L is much
more than that of C45 steel. That means, more
heat was produced in the contact zone of the
wheel-workpiece of CSS-42L.. At the same time.,
the thermal conductivity of CSS-421. was only
15.3 Wem '« K", less than one third that of
C45 steel (50 W+ m '« K '), The heat evacua-
ted by CSS-421. would be far below that of C45
steel, and consequently higher grinding tempera-
tures would be generated quite easily in the con-
tact zone. As a result, the WA wheel wore to
dulling at a very high speed during the grinding of
CSS-421..

2.2 Morphological features of worn wheel surface

Morphological features of worn wheel surface
affect the geometric accuracy and the roughness
of the ground surface. Fig. 3 shows the micro-ob-
servations made on the worn surfaces of the WA
wheel. It can be seen that the worn wheel sur-
faces, especially the chip on the surface, which
underwent different accumulated removal work-
piece materials, were featured with different to-
pographies. According to previous research,
chips were classified into six basic types: Flow-
ing, shearing, ripping, knife, slice, and melt-
ing", which indicate different conditions of
grinding wheel. After removing 37. 5 mm® mate-
rials, chips of CSS-421. and C45 steel were almost
shearing-type and flowing-type, as shown in
Figs. 3(a, b). The cutting edge of the abrasive
was therefore sharp and the grinding forces were
low as a result of less attritious wear of grinding
wheel, as shown in Fig. 2. With the increase of
the accumulated materials removal, the chips of

CSS-421. became a slightly bigger, and some ad-



No. 6 Yang Changyong, et al. Investigation on the Grindability of CSS-421. Stainless Steel 709

hered to the wheel surface, as shown in
Figs. 3(c,e). After 375 mm® workpiece material
of CSS-421. were removed, the area adhering ma-
terials covered approximately 20% of the whole
wheel surface, as shown in Fig. 3(g). However,

obvious change of the chips of C45 steel on the

(2) After removed 375 mm’ CSS-42L

wheel surface was hardly observed until the accu-
mulated materials removal increased up to 800
mm®. And no wheel adhesion was found on the
wheel surface, as shown in Figs. 3(d,h). Also,
the chips of C45 steel were constantly finer than
that of CSS-42L.

%

o 08 5
(h) After removed 800 mm’® C45 steel

Fig. 3 Photograph for the worn surfaces of WA wheels

2.3 Grinding temperature of CSS-42L

Figs. 4,5 show the measured grinding tem-
peratures of CSS-421. under different experimen-
tal conditions, where v, was 23 m/s. With the in-
crease of table speed, the highest temperature ap-
peared at the point of about 6 m/min and then the
temperature dropped, as illustrated in Fig. 4.
That would be attributed to the fact that the table
speed has two "opposite" influences on the grind-
ing temperature.

On the one hand, the increase in table speed
caused the maximum undeformed chip thickness
hmax to grow for single grain, which can be calcu-

lated as

700
600
500

400 -

T/°C

300

200 -

100

2 4 6 8 10 12 14
v,/ (m * min™)

Fig. 4 Influence of table speed on grinding temperature

47}w 1/2
hmax_[mvap/ds} (D

where N, is the active cutting edge number, C a
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constant and d, the diameter of the grinding
wheel™,

The bigger h,., meant more energy con-
sumed, which produced more heat in the contact
zone and strengthened the heat resource.

On the other hand, the heat resource moved
faster and less heat was transferred into the
workpiece surface with a higher table speed.

When the table

6 m/min, the former influence served as the

speed was less than

dominant factor in grinding CSS-421. stainless
steel with WA wheels, then the grinding temper-
ature increased with the rise in table speed. When
the table speed exceeded 6 m/min, the latter in-
fluence dominated, so that an increase in table
speed led directly to a drop in grinding tempera-
ture.

It can be obviously seen from Fig. 5, the tem-
perature rose with the increasing depth of cut.
The rising tendency of the curve is approximately
linear. The temperature has exceeded 500 °C

when the depth of cut was only about 15 pum.

700
600
5001
400

T/°C

3001
2001
100

0 \ \ A ) )
a,/ um

Fig. 5 Influence of depth of cut on grinding temperature

Because of the high strength and low thermal
conductivity, the temperature in the contact zone
between wheel and CSS-421. will be very high.
The high temperature and pressure in the contact
zone caused the chip of CSS-421 easier to adhere
to the wheel surface, which corresponded to the
photograph for the worn surfaces of WA wheels

shown in Fig. 3.

3 Application of CBN Wheels

According to the above results and analyses,

the high temperature not only resulted in wheel
adhesion, but also accelerated wheel wear in
grinding of CSS-421. with WA wheels. Then, it
is important to keep the grinding temperature low
in order to achieve high performance grinding of
CSS-421.. For high performance grinding, new
types of CBN wheels have been developed, and
experimental studies on their grinding character-
istics and grinding conditions have been carried
outl'®®!  The advantage of CBN wheels have
been certified in the machining of difficult-to-ma-
chine materials, such as superalloys and titanium
alloys. The ground surface temperatures and
grinding forces for CBN wheels are much lower
than those for WA wheel with the same process-
ing parameters., Therefore, a brazed CBN wheel
was incorporated into the present study to achieve
high performance grinding of CSS-42L..

The brazed CBN wheel was shown in Fig. 6,
which has an external diameter of 150 mm, a
working width of 9 mm and an inside diameter of
32 mm. The CBN abrasive grains were 80/100
US configured in oblique line of 45° with a spacing

of 1.2 mm.

(a) Overall appearance of the wheel

(b) Configuration of grains on the surface

Fig. 6 Brazed CBN wheel
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Fig. 7 displayed the variation of grinding
forces of CSS-421. with the depth of cut when
v,=23 m/s and v, =6 m/min. It can be obvious-
ly found that the increase of depth of cut led to
the rise of both normal and tangential forces.
This phenomenon was attributed to the fact that
the accumulation in the depth of cut resulted in
the growth in the undeformed chip thickness, as
well as the length of contacting, which meant
more abrasive grains took part in grinding.
Therefore, the total grinding force built up. As
was shown in Fig. 7, grinding forces of the brazed
CBN wheel were obviously lower than those of
the WA wheel for both normal and tangential
forces. The largest normal and tangential forces
per unit width of the CBN wheel were 2. 4 N/mm
and 1.4 N/mm, respectively, while for the WA
wheel, they were 8 N/mm and 6 N/mm, respec-
tively. The increase of grinding forces of CBN
wheel caused by depth of cut seemed more gradu-
al. Ground with the CBN wheel, when the depth
of cutincreased from 5 pm to 25 pm, the normal
force rose from 0. 6 N/mm to 2. 4 N/mm, and
the tangential force rose from 0.4 N/mm to 1. 4
N/mm. But for the WA wheel, the rise seemed
steep. As the depth of cut increased from 5 pm to
25 um, the normal force grew from 1.2 N/mm to
8 N/mm, and the tangential force grew from 0. 8
N/mm to 6 N/mm. This was because for the
CBN wheel, abrasive grains had large outcropping
height (for grains of 80/100 US, the outcropping
height is about 50%—70%), which meant more
storage space for chips. Besides, CBN grains have

sharper blade and stronger cutting ability than

o 22 F,of WA wheel
XY F, of WA wheel -
F, of CBN wheel
P F;" of CBN wheel
z 7
& 2 D,
, 7
; m
7 < N
NN NG
NAIANTN DN

Fig. 7 Comparisons of grinding forces

WA grains, so the impact of the increase of depth
of cut on the grinding force was less.

Fig. 8 shows the grinding temperatures of the
two wheels with the change of the depth of cut
when v, =23 m/s and v, =6 m/min. It can be
easily found that the grinding temperature of the
WA wheel was higher than that of the CBN wheel
in all grinding parameters. For the WA wheel,
the depth of cut played an important role in grind-
ing temperature. When it was 5 pm, the grinding
temperature was 80 “C, and when it added to
25 pm, the grinding temperature soared to
600 C. But the situation became better when the
CBN wheel was employed. As the depth of cut
increased from 5 pm to 25 pm, the grinding tem-
perature kept below 100 °C all the time, and the
amplitude of variation was only 20 C or so. The
lower grinding temperature of the CBN wheel was
attributed on the one hand to decrease in heat-in-
tensity, and on the other to the high heat conduc-
tivity of the CBN abrasive grain, which is
1300 W/(m « K), almost 40 times bigger than

that of the WA grain.

7001
72 WA wheel

600F =5 CBN wheel
500F

400+

T/°C

300
200+
100+

Fig. 8 Comparisons of grinding temperatures

After having been removed 700 mm® CSS-
421, the topography of the worn brazed CBN
wheel was demonstrated in Fig. 9. It was hard to

find any chip adhered to the wheel surface.

4 Conclusions

(1) Grinding forces required in plunge grind-
ing of CSS-421. with the WA wheel were more
than that of C45 steel. The highest normal grind-

ing force and tangential force were 115 N and
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2 000.000 pm

Fig.9  Topography of worn brazed CBN wheel
53 N, which was about 2. 5 times and twice as
much as those of C45 steel, respectively.

(2) Chips of CSS-42L adhered to the wheel
surface and the adhesion area was about 20% of
the whole wheel surface after removing 375 mm®*
workpiece materials. At the same time, little ad-
hesion was found after 800 mm® workpiece of C45
steel were removed.

(3) Grinding forces and temperatures of
CSS-421. reduced obviously by using the brazed
CBN wheel, and the maximum decreasing ampli-
tude of grinding force was about 70% and that of

temperature was about 80%.
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