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MACHINABILITY PARAMETERS IN FINISH FACE MILLING OF LOW
ALLOY Cr-Ni STEEL WITH THR K30 CARBIDE TOQOL

PART II: SURFACE FINISH, MACHINED SURFACE. TEXTURE, MINOR
CUTTING EDGE AND NATURE OF CHIPS.
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ABSTRACT

The second conttibution presents the resulis of finish face mlling 1n which
the performance of THR K30 reporied in terms of surface roughness and
machined surface allerations when 2z low alloy steel in its hardened
conditions was milled. The assessmenl  of surface finish and (he
mechapisms  irvolved in  particular front and back culling were defined,
Delails arc given corresponding to, the geometry of ool. elastic deformation
and fced marks transfered (o surface during front cutling.  Also, in Dback
cutling, the surface refining by burnishing process on the 1railing end
culling edge was comprehensively explained. The effect of minor flank
wear width on surface refining has been studied. Based om the findings, the
THR K30 ool gave the least surface roughness value and the brightest
surlace.

The surface roughness wvalues could be the delermining [lactor and provide
the necessary inforamiions in 2 decession 1o change from surface grinding
10 face milling.
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1- INTRODUCTION

The final condition of the machined surface is coatroled by the chip-
workpiece as well as the wol-workpiece interactions. Earlier reseach work
was concerned with the machining of metals that led to the significant
understanding of surface roughness characteristics [1-16]. Observations
were made of built up edge, side flow, wear of tools and the orgin of surface
roughness. Some other work were concerned with the machining of
difficult to machine alloy steels to improve and enhance machined surface
quality (17-241. Using wvarious coated tools and refractory cutting tool
materials have been more used in order Lo improve (ool wear and culling
capacity [25-31). Recently, a number of papers [32-35] have been published
in which the steels turning process with using the CBN (ool has been
suggested as a substitute for (he grinding process. On the other hand, there
are very few data available in the literature dealing with the milling
process {36-39), which is widely used in the arearospace industry.

The purpose of ihis investigation is a continuation of these attempts to find
if vertical spindle surface grinding can be replaced by face milling. In this
study, the model of resulting surface in fine face milling is proposed. It was
desired 10 establishing relationships between the minor flank wear of the
THR K30 (wol, cutting speed and feed and surface finish in finish face
milling. It is 1then followed by 1he concept of burnishing aciion on the
trailling end cutting edge (o improve surface finish is basically
investigated. Moreover observations of the burnished machined surface,
minor cuiling edge conditions were examined by SEM and EPMA.

2- EXPERIMENTAL CONDITIONS

Choice of 1ools, work materails, the culter. the culling conditions, cootact
condition and the cutlting action were previously stated in (he first paper.

J- EXPERIMENTAL PROCEDURE AND MEASUREMENTS

The surface roughness test specimen was sawed and removed from the
bolster after every single pass and the roughness of e¢ach surface was
determined.  The specimen was placed on the surfcom 300B iable and its
position was fixed during measutements in which the diamond stylus was
s¢l at a position 16 mm away {rom the engagament edge in order Lo
simulate the cutter cenire line position durieg the cutting. The readings of
roughness were laken at different positions along the surface and in the
direction of feed motlion. The cenire line average height method, CLA for
the assesment ol surface lexiure was adopled.

The SEM was uscd 1o analyse the texwre of the machined surface
qualitatively. A single picce of 20x10x5 mm was cut 3 mm [rom the plane of
the engagement of the workpiece where Lhe steady state machining
condition was established. In  addition, chips and worn tip were also
cxaminced on the SEM. The distribution of the melal over the minor [ank
area was dewermined vsing an EPMA,
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1- Model of Resulting Surface in Cutting Region

In face milling the patlern of sucface irregularities is specified by lwe
forms of cutting, i.e. (i) front cutting and (ii) back cuuing. It is difficult (o
avoide back cuuting because of elastic recovery of metal being cut and run
out of spindle. Hence, al machined surfaces produced in this investigation
are specified 1o the method in which the machined surface is influenced by
back cutting action. Fig. (1) shows a model of resuliing surface with
sharpened and worn region of finish face milling. [n this figure, a small
volume element of cutting region, enabling relalionships between main
cutting edge in front cutting, trailling end cutting edge in back culling and
work material 1o be inferred from the 100l geomeury and work material
property. When cutting with main cutting edge, Fig. (la), all chips were
gencraled with full depth of cut and the profile of cutting edge is (ransfered
(0 the machined surface. However, the high vertical force Fz generated
during cuuing, the steels will cause a local elastic deforinalion in region
near the cutting point as indicaled by, 4. I may be added that, the ridges
corresponding to the geomeuy of (oo, feed marks and irregulacties on the
minor flank transfered to surface during front culling will be included in
the elastic recovery deplh as long as the roughness value is lower than the
amount of elastic recovery,d .

Conversely, in back cuning, Fig. {(1b), the elastic recovery value A,
represents the actual depth of cut. [n relation 10 the diagram, small chips
formed at the (railing cutting edge, whilsy, very thin chips were cur off or
burnished by railing end cuting edge. In deep, at this elastic recovery
depth 4, there is elastic deformation of the metal surface due o burnishing
process on the trailing end cutting edge. DBut. on the trailing culling edge
as the depth is increased, he metal is plastically deformed and pushed up
and eventually a small chip is formed, Fig. (lc).

Since the hard malerials is characierize by the high ratio of
nardness/modulus of elasticity, high stress at Lhe tocl-workpiece contact
will cause appreciable amount of local elastic recovery [24). The calculated
value of hardness/modulus was of the order of 0.02 indicating that Lhe
material has an appreciable amount of eclastic recovery of the order of 10
pm. This was alse evident from the comparison of the measurements of the
actual workpiece thickness left  behind and of (he theoretical workpiece
thickness.

4.2- Sucface Rgughness

[n the light of the model proposed and previous discussion, it is clear that
the railing end cutting edge was significanilly involved in production (he
machined surface in both front and back cutting, Thus, there was a need {0
exame lhe effect of minor flank wear on the surface generaled. The CLA
vazlues perpendicular (o the machining marks anrd the magniwde of the
associated minor f(lank wear are recorded and shown in Fig. (Za).

The (rend is first shown a deterioration followed by an improvemcnt and
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then finally deteriorating beyond the values initially recorded. [t is
believed that these three regions have some relations Lo those found during
the investigation of wear versus cutting time as shown in Fig. (2b), in
which an initial rapid wear () followed by almost uniform wear (II) and
then final sharp increase in wear {(III). Fig. (3) shows a reproductions of
actual Talysurf tecords. By examining the results in Figs. (2) and (3), trend
line can be extracted and the conclusion can be reached, that the surface
finish can be affected considerably by minor flank wear during front and
back cutting action. However, the surface roughness was minimum at
minor flank wear value of about 150 pm where 1his value represents the
optimom performance for the THR K30 tool.

a- Effect of Speed

The effect of cutting speed on the surface roughness using tools having an
optimum minor flank wear value, i.e. 125 to 150 um. and sharp one, in both
front and back cutting is shown in Fig.(4a,b) respectivly. This figure also
shown, a comparisén between geometrically calculated surface roughness
(16} and the actwal surface roughness obtained by the THR K30 tools. In
general, the increase of the speed reduces the surface roughness for both
front and back cutting. However, better surface [finish is achieved with
worn tool compared with sharp 100! in all tests conducted. Although the
general trends observed are simillar, the actwal surface roughness values
are considerably higher (han the geometrically calculated wvalues at a
cutting  speed below 130 m/min in {ont cutting and below 90 m/min in
back cutting. For the sake of comparison, at cutting speed of 110 m/min, the
surface roughness achieved was of about 0.7 pum in froat cutting whilst was
of aboul 0.4 pym in back cutling. Al the highest test speed of 176 m/min, the
machined surface had the lowest roughness value of 0.2 pum in back cutting.
To the other knowledge, it is the best finished surface roughness in fine
face milling up to ihis time.This means that a better surface finish has been
achieved in back cutting than in front cutting at the same speed, indicating
to the agreemenl between the proposed model and actual roughness
readings. This is ascribable to the burnishing process conducted by the
trailling end cutting edge as explained by ihe model in Fig. (lc).

b- Effect of Feed

Fig. (5) shows the effect of feed on the surface roughness of botr front and
back cutting. A consistent and general trend was noted in the increasing of
surface roughness values with increasing feeds in both f{ront cutting, Fig.
(5a) and back cutling, Fig. (5b), showing that front cuuding produced higher
surface roughness values than back cutling at the same feed per tooth.
However surface coughness values were lower than (he geometrically
calculated values at feed per logth between 0.1 to 0.15 mm/iooth. The suerface
roughness becomes higher than the geometrically calculated values when
the feed was further increased beyond this finishing range. Decreasing the
feed less than this range resulted in limited effect oa surface finish. Since
the length of siiding contact between the tool minor flank and machined
surface increases with the decreasing of [feed/tooth, then burnishing
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action in back cutting is also excepecled 10 be increased. This indead the
case as Fig. (5b) indicates.

During the run-in stage of the slightly worn teol, the surface temperature
of the workpiece will increase beyond the -calculated temperature of value
of 800°C. Further increase in cutting speed and decrease in feed/tooth will
produce 2 reduction in force componenrt, because of anr increase in
temperature which in turn produces a condition of seizer developed
between twool nose and machined workpiece surface [21]. It is believed that
such conditions will produce a plastic deformation within surface, leads o a
surface burnishing appearance having an exuremely low surface
roughness value of 0.2 pm at speed of (76 m/min and minor flank wear of
150 um,  Therefore , the assumbtions of the propodes burnishing model is
valid and the burnishing action occured by the back cutting is fulfilled and
surface finish generated are thus more improved.

4.3- Surface Examination

The electron scanning micrographs shown ia Figs. {6a,b) were obtained
from the surface for the same cutling condition when a  sharpened and
worn ool of TTM P30 were employed. While . Fig. {6c.d) shows the electron
scanning micrographs of the machined surface produced by sharpened and
worn THR K30 1ool. From these figures, the machined surfaces consisis of a

number of common features such as well defined long straight (g) parallel-

10 the cutting direction, microchips (mi) and microchip grooves (gm)
which are present on all the surfaces. Fig. {6a), shows scratches and side
flow on a feed groove and the presence of ragged long straight grooves (g)
parallel to cutting direction. Fig. (6b), the surface consists of many more
microchip grooves {gm), left by microchip (mi) with i1l defined long
straight groove and the step  like featuress{s) show evidance of severe
plastic deformation (p). For TTM P30 twol, the generation of built-up layers
at the minor cutting face and the adhered particles are remackable Fig. (7a)
and confirmed through. X-ray image for iron Fig. (7b). This resulis in Lhe
production of pressuce welded particles 1o the surface or different (ype of
scratches and finally an entirely different surface is generated.  Therefore,
the surface roughness measurements reflecied these instabilities in terms
of Ra values which increased.

However, for the sharpened THR K30 wooi, the surfces in Fig. (6¢) are
charactrised by the presence of well defined long straight pronounced feed
marks (fm). The surface generated by application of the worn THR K30 1oo0l
Fig. (6d). consists of microgrooves {(gm) left by the microchip (mi). This
figure also shows. lear marks have been swepl away with no machining
marks and scraiches of the same type are observed for long distance. These
scratches may be caused by the replication mechanism of ke fine
roughness existed on the minor flank area. Clearly, the worn THR K30 tool
offered a high protection against adhesion by the workpiece material, Fig.
(7c) and coofirmed through X-ray image for iron Fig. (7d). This once again
correlate well with production of smooth surface, Fig. (6d).
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4.4- Surface Refining by Burnishing

The roughness on minor cutting edge of TTM tool tend to capture metal
mechanically and lead 10 [formation of a built up layers Fig. (7a,b). Hence
we -conciude that the roughness on the minor cutting edge is responsible
for metal adhearing into the tool and subsequently breaking off leaving an
anistropy degraded surface. These instabilities reflecied itself in terms of
increased the Ra values.

In contrast, the THR tool was found polished smooth by the machining, Fig.
(7c,d). The resulting is a smooth surface which has a lower quanlity for
random components, the aciwual surface roughness is very close and lower
than the geometrically calculated values. From the previcus discussion, the
surface roughness with THR K30 tools is considerably lower than with a TTM
P30 tools. It was concluded in the first contribution of this work thar, with
the THR K30 tool the vertical force Fz at a constant cutting speed, is larger
than that with the TTM P30 tool. Additionally, the force components
especially the vertical force Fz were found continuousily increase with an
increase in minor flank wear. By comparing the surface roughness,
machined surface examined and the vertical force Fz for both TTM and THR
tools, a mechanism of improvement of machined surface by burnishing
action [24,40] related to the high vertical force Fz, seems (o exit with worn
tool. This means that the increase in vertical force may be caused by
burnishing the machining grooves, scralches and wear anistropy to the
machined surface in both front and back cutting. It is clear now, that
surface roughness andfor machined surface conditions has a sirong
correlation with vertical force Fz within an optimum minor flank wear
value of 150 pm.

4.5- Nature of Chips

The structure of tested alloy chips produced at high speed of 176 m/min and
feed of 0.1 mm#tooth using THR K30 worn tool reveais that segmented chips
are formed. [t composed of alternative  seperate regions of almost equal
width and the free surface of chips are characterized by a fine lamellar
stracture, Fig. (8). The lamellac are separated by shear zonme on a thin plane
which is plastically deformed and heated to a higher temperature [34,35]. In
addition, the chip segmentation was clear for all cuiting conditions and
lesser burned with light blue colour at high speed than at low speed. Since
the high values of cutting force components associated with worn THR K30
teel lead to the formation of surface cracks (34}, it is excepected that the
chip segmentation caused by formation of cracks will release high
restoring forces. Investigations puplished [34.41] indicate that the reieasing
of such high restoring forces induce a compressive residual stress state in
the machined surface

Although, the increase in cutling speeds using a THR K30 tool having a
burnishing action on the minor cutting edge will produce a fine surface as
a consequences of an increase of wvertical force Fz. It was r=alized that
minor cutting edge condition and its effect on surface quality is a tesimony
to the fact that the subject of surface finish could not be considered solely
in terms of Ra values. This because the machined surfaces could be
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damaged metallurgically whilst still meeting the surface finish
specificalions.  Ia this regard, this aspect will be considered in details in
next work.

5- CONCLUSIONS

The surfaces of low alloy steel in its hardened condilions were face milled
using the conventional sintred carbides of TTM P30 and their modified
reduced cubic carbides of THR K30 o find if the surfce grinding operation
can be replaced by face milling. The model of resulting surface ir the
cutting region with sharpened and worn tool in front ard back cutting are
proposed and shown schematically in Fig. (l). At the main culling edge and
especially the trailling end cuiting edge where (he final surfaces are
generated, the following conclusion can be made.

1- When most chips are generated in fromt cutling, elastic defermation
produced and machining groves remain oa the machined surface without
being removed by the minor flank face. Oa increasing the culling speed
from 110 0 176 m/min, the value of Ra decrease from 0.8 10 0.4 and from 0.65
10 0.3 um for sharp and worn 100! respectively.

2-  In back culting (he machined surface roughress is improved by the
effect of the decreasing of tool seuing angle, & as & resull of increasing the
worn (railling end cutling edge angle 3A. On increasing the culting speed
from 110 10 176 m/min the value of Ra decrease from 0.45 w 0.3 and from 0.4
10 0.2 pm for sharp and worn tool respeciively.

3- A better surface finish were achieved with worn 100l in back culting
than in front cutting, indicating (o the agreement belween Lthe proposed
model and actual roughness readings. This was auributed 10 the burnishing
action on the 10 pm elastic recovery depth conducied by 1he (railling end
cutting edge as suggesied by the model in Fig. {l¢).

4- Surface roughness values were lower than the geometrically calculated
values al lower feeds of C.1 and 0.15 mm/footh. This was due o that the
sliding contact detween the minor flank and machined suriace increase
with the decreasing of the feed/tooth. So, the burnishing action on back
culling is also excepecled lo be increased and surface finish are thus more
improved.

5- The worn THR K30 wol offered a high proteclion against adhesion by the
workpiece material. Ihis once again corelate well with the produciion of
smooth surface. An optimum minor fank wear widith of 150 um was found ai
the high speed of 176 m/min.

6-  The mechanism formation of the surface structure has been disscussed
in terms of minor flank wear and cutiing conditions. Chip segmentation
were found for all cutting conditions.

7. With the modified cempositions of THR K30 carbide inserts, it is possibl
to face milling components 10 surface finish values of order 0.4 10 0.2 4
formerly the domain of grinding process. So. the vertical spindle surf
grinding can be replaced by face milling,
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(6} warn - fe) sharp

Figg) ab Miled surfaces at speed of 176 m/minand f2ed of Bimm/tes
using sharp and worn TTM P30 tool mspectvely -

d Milled surfaces at speed of 176 m/min and feed ofQirmvicot:
using sham and warn THR K 30 respeciively.

c

Fgd 71
? 121 and D) 1he worn minor cultting eage and its x-ray
distribution image ab iran roe the TTM tosl.
{C1 and (D} the worn meinor culling edge ond is x-may
disinbylion image of iran *a¢ {he THR laal.

Bz 13| Micagroph  showing ihe nature of the chips fram
low alloy sleel usrog a wom tool of THA at culting
speed ol 176 @/ mun. and teed of 0) mm/ tasoth.

SEM memgraphs shoewing \he segmenled chips
and Hng fomellar on the hee sbriace .



