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CHARACTERIZATION OF UP -CUT AND DOWN-CUT MILLED
SURFACES BY X-RAY DIFFRACTION

Zderzk Pald, Nikolaj Gane®, Jan Drahokoupil& Kamil Kolaiik®

Abstract: Choice of either up-cut or down-cut milling isy the majority of manufacturing processes, done
according to the machined material and the scopggos$ible damage it possess to the used tool. &esikde
milling modes have also non-neglectable impacthensurface integrity, most notable being surfacghoess.

It is worth investigating the final state of resadstress since it results from effects of inhonmagris plastic
deformation and from thermal fields which are nbé tsame for both the milling modes; especially, the
mechanism of material removal is significantly diéfnt for up-cut and down-cut mode. Results and the
discussion in this contribution characterize thdledisurfaces by three quantities, macroscopidueagistress,
microstrains, and grain size, which were evaludtech X-ray diffraction data measured on either wp-or
down-cut milled specimens made from carbon steél C4

1. Introduction

Surface is, in fact, a two dimensional defect aadsach can have properties which
differ from the material in the bulk. The most foeqtly cited differences are in surface
hardness, yield strength, Poisson ratio and Youngsdulus [1] and, hence, the elastic and
plastic behaviour of surface layers is often n& same as those observed in the bulk [2].
Even some discrepancies between a prediction matklobserved experimental results of
stress-strain curves may arise from the usage li&f ibput data and, therefore, a model of
continuum with variable material properties hasb® employed in order to obtain a
trustworthy estimate. Despite of all the complicasi the presence of surface causes, the role
it serves is a crucial one since it forms an iatesf between the bulk and its neighbourhood.
Knowledge of surface structure and state is paraméar understanding various surface-
related processes as well as for surface qualigsssnent.

The process of surface creation has apparenthgiderable impact on its final
structure and properties. Most often several playsiod chemical processes are in progress
during the surface creation; the most notable beptagtic deformation, presence and
evolution of thermal fields and occurrence of phasmsitions [3]. The effect of phase
transitions on the final state of the surface isaamsidered in this contribution.

There are several attitudes for polycrystalline eriats’ surface characterization
ranging from macroscopic qualities like morphologgughness, hardness to microscopic
parameters like dislocation density, type and stimecof inter-grain boundaries or chemical
reactivity. An aggregate of structural parameteescdbing deviations from the perfect
structure of ideal crystal is known as real stregtlt contains information about the state of
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macroscopic residual stress, microstrains, grae distributions, texture etc. An effective
and reliable source offering diverse array of stalcture parameters can be found in analysis
of data from suitably designed diffraction expenntse

It is almost unnecessary to emphasize how impoitanhe quality of an objects’
surface. Good wear and fatigue resistance, lessmreptibility to crack propagation and
increase corrosion resistance can substantialhg@se the service life of the object. State of
macroscopic residual stress and microstrains ameacteristics which bear high predicative
information about the processes mentioned above.

This contribution deals with milled surfaces andabes them by three qualities,
macroscopic residual stress, microstrains and iz, which were evaluated from X-ray
diffraction data measured on either up-cut or dawnside milled specimens.

2. Samples under investigation

The squared samples 50 mm in dimensions were 5.%hmak and made from mild
carbon steel C45JSN 12 050). All plates were first annealed at 560rf argon atmosphere
for 2 hours; the decline of temperature after alngavas gradual in order to rule out any
additional thermal stresses. The machining by sidkng cutter was carried out either in up-
cut or down-cut mode with three various conditiofijsthe end-mill speed 125 m/min and
0.2 mm thickness of removed layer, (ii) the end-spkeed 90 m/min and 0.3 mm thickness of
removed layer, (iii) the end-mill speed 90 m/mim &4 mm thickness of removed layer. The
cooling during the milling was realized only by smmnding environment, i. e. the performed
machining was the so-called dry side milling.
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Figure 1. Schematic diagrams of down-cut (left) and up-cigih) side milling [4].

3. Up-cut and down-cut milling

Milling is accompanied by plastic deformation ahdrmal fields which are inherently
inhomogeneous due to the anisotropy of directiomavements of the used tool. In general,
two dominant physical processes are under waytlyimnergy of plastic deformation and
friction between the tool and the machined objeeheggate heat whose presence causes
creation of inhomogeneous thermal fields. Theskldi@lynamically evolve as the whole
system strives to get into thermal equilibrium asdthe tool goes back and forth. Secondly,
the surface layers of machined object are beingovech and plastic deformation is, thus,
inherently inhomogeneous. Moreover, external foezes moments are present and as soon as
they cease to be in action, the object proceetisetgtate of mechanical equilibrium [5] while
the unloading can be elastic or plastic. As seefiign 1 milling can be carried out in either
up-cut or down-cut modes which differ significanihythe incidence of machining forces and,
hence, in the mechanism of material removal.

4. X-ray diffraction stress analysis

Considering the surface after milling, there ekgh possibilities for milling direction
assignment. Being aware of this freedom and hathegnformation about the geometry of



milling, the diffraction measurements were perfodnigr both options, i.e. in two coordinate
systems mutually rotated by 180°. In order to abfail stress tensor, the diffraction line
{211} of a-Fe phase was measured in both positive and negaltisent three azimuths 0°,
45°, 90° on arp/6 Bragg-Brentanan-goniometer X Pert PRO witlCrKa radiation. The
goniometer was adjusted in respect to a strainffrence specimen afFe powder. For all
samples, the azimuth 0° was chosen in the directionaterial removal progress, and in the
opposite one.

Since the ground surfaces exhibit psi splittindcuation of tensor for state of triaxial
RS was done according to modifisin’y (Délle and Hauk) method [6]. X-ray elastic
constants for measuredFe {211} diffraction planes were computed following the &bly-
Kréner theory [7].

Microstrains and mean coherent scattering domagssivere evaluated by single line
profile-fitting method [8] for each obtained {21 }ffraction peak of ferrite in order to unvelil
possible direction-dependent dissimilarities.

5. Results

Table 1: Stress tensors’ components [MPa] of milled surfa@gameters of millingthe side
milling cutter speed 125 m/min and 0.2 mm thickimésemoved layer

Assignment

of milling UP-CUT DOWN-CUT
direction

¢=0°

_in th_e -125 19 -89 20
direction | | _3 3 +| 0 18 ~49 -209 +| 7 15
of material

progress

¢=0° -113 21 -87 20

in the

: 14 -259 +| 3 23 -16 -228 +| 6 15

opposite

direction -44 17 -103 5 8 11 72 8 -143 11 9 8

Table 2: Stress tensors’ components [MPa] of milled surfgagameters of millingthe side
milling cutter speed 90 m/min and 0.3 mm thickrmésemoved layer

Assignment

of milling UP-CUT DOWN-CUT
direction

¢=0°

inthe -175 19 -274 19
direction 3 -294 + 1 19 -39 -367 +| 6 14
of material

removal 67 8 -155) (5 9 10 -51 18 -183) |6 4 8
progress

¢=0° -191 20 -280 19

in the

: -3 -320 +| 0 19 -46 -366 +| 7 14

opposite




Table 3: Stress tensors’ components [MPa] of milled surfa@ameters of millingthe side
milling cutter speed 90 m/min and 0.4 mm thickmésemoved layer

Assignment

of milling UP-CUT DOWN-CUT

direction

¢=0°

inthe -123 16 -108 21
direction || 15 _ 596 +| 2 18 _26 -219 +| 4 16
of material

removal 59 9 -100) (4 6 8 -53 8 -109/ |6 5 9
progress

¢=0° -108 17 -111 23

in the 32 -316 +| 3 20 -55 -181 +/10 18
OppOSIte

direction -47 17 -93) (4 6 9 67 9 -107 8 2 10

The presented errors are standard deviations dkiigm the evaluation algorithm.

6. Conclusions

X-ray diffraction experiments and subsequent evamlna lead to following
conclusions:

" Values of microstrains and mean coherent scattedmgain sizes don’'t show any
dependence on milling modes. The computed micliostrand mean coherent scattering
domains are in the range of 8111 12-10" and 25 to 30 nm respectively.

. Shear stresss; evaluated from psi splitting in milling directi@mmanges its sign when
the reference frame is rotated by 180°, the funcdate of this observation is explained in
the Appendix

" The negativess; always occurs when the primary X-ray beam impirthessurface in
the opposite orientation vis-a-vis the assumedesehend-mill rotation. The sign of shear
stressoz; can be, hence, used for determination of end-nothtion direction. This
conclusion is in correspondence with the obsenefthbiour of ground surfaces [9].

" Negative shear stresses; are systematically lower, in an absolute value, in
comparison with positive shear stresses. Causesufdr behaviour can lie in an array of
factors ranging from the absorption of X-rays teidgon from perfect sample alignment.

. No systematic difference between up-cut and downyoade can be seen in obtained
values of normal macroscopic stresses for all nredssurfaces.

" Normal compressive stresseg in the milling direction are of lesser value irspect

t0 622.

" The largest normal compressive stressgsvere recorded after milling with 0.3 mm
thickness of removed layer, moreover, these twdaseas exhibit the only pronounced
difference (approx. 100 MPa) betweesn for up-cut and down-cut mode.

Appendix — Effect of coordinate system rotation byl 80°
Suppose thaty (k,| = 1,2,3) are components of stress tensorfereace frame, y, Z

while ¢"y correspond to reference framg y’, z. Using Einstein summation rule (m,n =
1,2,3), their mutual relation is given by [10]



Jlil = akm |}'In |jj-mn (1)

where ay are components of transformation matrix repreagntlirection cosines between
axesx, y, zandx’, y’, z:

cos(K,x) cosK,y) cos,z)

cos(y,x) cos(y,y) cos(y,2z) | (2)
cos(Z,x) cos(Z,y) cos(Z,2)

As the reference frames are rotated by 180°, Hrestormation matrix has the form

-1 0 0
0 -1 0} 3)
0 0 1

The components of the stress tensqr can be therefore written @Sk = ok, 6'13 = —013,

0 23 = —023, 0 12 = 012. Hence, the terminology of compressive and tersdikar stresses, in
contrast to normal stresses, bears no physical inggaas it depends on the choice of
coordinate system.
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