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The functional performance of the optical polymer articles and the service life thereof
are defined to a considerable extent by the surface layer state. When machined, the
surface layer of polymer articles differs in its properties from the initial material. The
combined force and heat action during the cutting results in a complex final structure
state of the surface layer. This fact requires investigations to determine the changed
(distorted) layer depth after the machining and to study its influence on the functional
properties of the optical polymer articles.

PdyuKIIMOHATbLHBIE CBOWCTBA U MOJTOBEUHOCTHL PAOOTHI U3AEJIUIl M3 OINTHUUYECKUX IIOJIMe-
POB B 3HAUUTEJbHON CTEIeHW OIPEeJeJSIOTCA COCTOSHHEM HX IIOBEPXHOCTHOrO cjosd. Ilpu
MeXaHNYeCKOH 00paboTKe IMOBEPXHOCTHBIN CJIOM IMOJMMEPHBLIX M3AEJIUA IIPHUOOpPEeTaeT CBOMCT-
Ba, OTJIMUHBIE OT CBOMCTB MCXOJHOI'0 MaTepuajia. BsaumMHOe HPOsSBJEHNE CUJIOBOTO U TEILIO-
Boro (haKTOPOB B IpOIlecCe Pe3aHusd MPUBOJUT K CIOKHOMY UTOTOBOMY CTPYKTYPHOMY COCTO-
AHUI0 TTOBEPXHOCTHOTO CJIOS M3AeNus. ITO TpeOyeT IIPOBeAeHUSA OOCTOATEJbHBIX HCCIeIOBa-
HUU [AJA BBIABJIEHUS TJIyOMHBI M3MEHEHHOro (HApPYIIEHHOrO) CJIOA IIOCJe MeXaHWYeCKOH
00paboOTKM U M3YUEeHUs ero BINAHUA Ha 9KCILIyaTAallMOHHBIE CBOMCTBA OITHYECKUX IOJIMMEP-
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HBIX U3JeJIUH.

Articles made of optical polymers, when
used as elements of complex detector sys-
tems in modern accelerators (CDF, SSC,
LHCb, etc.), should be serviceable during
prolonged periods (up to 10 years) under
intense irradiation and continuous action of
aggressive media (moisture, temperature,
air components, etc.) in closed areas. To
provide the effective service in those condi-
tions, the optical articles should exhibit not
only a high radiation resistance, but also a
high stability of the optical characteristics.
The functional performance of the optical
polymer articles and the service life thereof
are defined to a considerable extent by the
surface layer state. The surface layer qual-
ity of optical polymer articles was studied
comprehensively [1-3] and a considerable
experimental data array has been accumu-
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lated during last few years. To date, it is
just the microhardness measurement that is
the most objective, sensitive, and easily
available method to assess the surface layer
state and to provide the physicochemical
analysis of a material [1-3]. The hardness
tests have advantage as compared to other
mechanical tests in that the microhardness
can be measured directly on working sur-
faces at small indentation size that does not
affect the surface quality.

The surface layer quality is influenced
by the initial material structure formed at
the polymerization step and the material
composition. The kinetic energy of destruc-
tion under subsequent machining causes
changes in the material supramolecular or-
ganization, strength and rheology proper-
ties, the surface activity, swelling and
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water absorption characteristics, as well as
in the electrochemical and optical charac-
teristics and color [4]. The various internal
defects caused by variations in the material
composition, the polymerization regime,
and the heat treatment of the workpiece
become revealed, such as air bubbles, flaws,
random inclusions and structure inhomo-
geneities [5]. There is a direct relationship
between the tensile strength, density, and
microhardness [6]. A higher tensile
strength corresponds to a lowered density
and a higher microhardness. That relation-
ship is valid for all the polymer samples
obtained by various techniques and having
various compositions and structures.

When machined, the surface layer of
polymer articles differs in its properties
from the initial material. The combined
force and heat action during the cutting
results in a complex final structure state of
the surface layer and thus in a specific com-
bination of its physical, mechanical, and
other properties. This fact requires investi-
gations to determine the changed (distorted)
layer depth after the machining and to
study its influence on the functional prop-
erties of the optical polymer articles. In the
course of cutting, a micro-relief is formed
at the polymer surface with non-uniform
shape of hills and valleys and random dis-
tribution of the micro-roughness height and
spacing. This phenomenon combined with
the physicochemical state fluctuations in
the surface layer results in that the areas
with increased tendency to cracking are
formed at the machined surface and the
subsurface layer. The presence of areas with
varying physicochemical properties causes
the prepositions for premature failure of
the optical articles in the course of service.
The formation of the surface layer inhomo-
geneous in its properties is due physically
to specific features of the polymer material
straining under machining. The surface
layer straining and its strengthening under
cutting results in formation of the in-
creased density areas that are potential
sources of the crack generation.

We have carried out the studies to estab-
lish the distorted layer thickness at a pre-
liminary machining operation (cutting a
polymer block into plates). The examina-
tions were based on the study of the micro-
hardness variations as a characteristic al-
lowing to assess the physico-mechanical
transformations in the polymer under the
force and heat action during the blade
treatment. The material was cut using a
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Fig. 1. Surface microhardness, H, as a func-
tion of depth, t.

band-saw machine with a high-speed saw
(R18). The tool geometry and the sawing
regime were as follows: the relief angle
o = 30°, the rake angle y=4°, the saw
thickness 1.5 mm, the cut width ¢t = 2 mm,
the rotation frequency n = 600 rpm, the
medium-distilled water. The machined sur-
face microhardness was determined using a
PMT-3 instrument basing on the indenter
trace [7]. As the indenter, a diamond pyra-
mid was used having a square base and the
top angle between opposite faces 136°. The
instrument microscope magnification was
130°. The sample surface was clean and pla-
nar. The samples were prepared for testing
using a SD-2 polishing machine, the polish-
ing being reduced to the surface de-burring.
Using a 16K20 engine lathe and right-hand
cutter (rake angle o = 21°, relief angle y = 21°,
R18 high-speed steel), the polymer was
taken off layerwise at 0.05 mm layer thick-
ness and the surface microhardness was
measured at each step. The mechanical take-
off contributes additionally to the material
change, but, since these changes are the
same at each step, the microhardness vari-
ation character in depth can be estimated.
All microhardness values were obtained
at the same conditions (the load P = 20 g,
the loading duration 10 s, exposure dura-
tion 6 s). The total number of measure-
ments at each area for all samples exceeded
10. 10 samples were tested. The material
was taken off layerwise until the constant
microhardness value was obtained (Fig. 1).
The imprint diagonal measurement results
and the corresponding microhardness char-
acteristics are presented in Table 1. As to
first measurements (done immediately after
the block cutting into plates), the imprint
shape distortions are typical (local mi-
crocracks and strakes) evidencing the mate-
rial brittlement [7]. This supposes that
these layers of the material are more brittle
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Table 1. Surface microhardness measured values

Cut-off layer, mm Imprint diagonal D, pum Imprint depth &, pum Microhardness H, MPa
@ =20g)
0.15 44.6 6.2 184.3
0.2 46.8 6.6 165.9
0.25 48.6 6.8 153.8
0.3 49.8 7.0 146.5
0.35 50.4 7.1 143.1
0.4 51 7.14 139.7
0.45 51 7.14 139.7

and imperfect in structure. Using the sta-
tistical data processing, the average micro-
hardness values for each layer have been
determined. After the 0.4 mm thick layer
withdrawn, the microhardness is 139.7 MPa,
or 75.8 % of the initial (for cut plates) one.
The distorted layer thickness foe the cut
workpieces is 0.40 to 0.45 mm (Fig. 1).

At the next work step, the distorted
layer was studied formed under milling by
single-tooth tools made of hard alloy, syn-
thetic, and natural diamonds. The hard
alloy tool was made of the VK8 material,
the rake angle y = 20°, the relief angle a = 20°,
the cutting edge rounding radius R = 5 mm.
The synthetic diamond tool: ASPK material,
y=4° o= 20° the plate diameter 5 mm.
The natural diamond tool: IR-292 special
cutter with diamond insert, y= 4°, a = 20°,
R=4 mm. The polymer workpieces
(10x20%250 mm3 size) were machined using
a FP-37N3 milling machine provided by a
vacuum-holding worktable at the following
cutting regime: S, = 0.03 mm per tooth,
V =1754 m/min, t = 0.05 mm. The rough-
ness and surface microhardness charac-
teristics for polymer samples after various
machining kinds are presented in Table 2.
The scatter in the microhardness values
makes it expedient to study the surface
layer state of polymer articles after rough
and finishing milling using hard alloy, syn-
thetic, and natural diamond tools.

The expected distorted layer thickness
after milling is much less than that after
the polymer workpiece cutting. Therefore,
the material was taken off layerwise at
5 Um steps using a microtome. After each
step, the microhardness was measured at
the load P =20 g, the loading duration
10 s, and exposure duration 6 s. The re-
sults obtained are presented in Table 3. The
experimental data obtained confirm quanti-
tatively the suitability of the technique
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Fig. 2. Surface microhardness, H, as a func-
tion of depth, ¢, at the samples machined
with VK8 hard alloy (a), ASPK synthetic dia-
mond (b), and natural diamond (c).

used to study the surface layer state of the
polymer articles. The layer-by-layer micro-
hardness measurement technique exhibits
the advantages of easiness, sensitivity, and
objectivity.

The studies have shown that after rough
milling by hard alloy tool, the distorted
layer thickness is 0.05 mm while after
semi-finishing by synthetic diamond tool,
0.03 mm. The diamond milling provides a
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Table 2. Surface roughness and microhardness of milled samples

Sample Tool material Surface roughness parameters Microhardness H, MPa
No. R, Ym R, um
Hard alloy 2.84 14.7 357.64
Synthetic diamond 0.8 4.0 142.56
Natural diamond 0.06 0.3 130.03

Table 3. Surface microhardness measured values

Cut-off layer, Um Imprint diagonal D, ym | Imprint depth i, um | Microhardness H, MPa
@ =20g)
The hard alloy tool (VK8)
5 43.2 6.2 194.7
10 44.4 6.3 184.3
15 45 6.4 179.5
20 46.2 6.6 170.2
25 46.8 6.7 165.9
30 48.6 6.9 153.8
35 49.2 7.0 150.1
40 49.8 7.1 146.5
45 50.4 7.2 143
50 51.6 7.4 136.5
55 51.6 7.4 136.5
The synthetic diamond tool (ASPK)
5 45 6.4 179.5
10 46.8 6.7 165.9
15 47.4 6.8 161.7
20 49.8 7.1 146.5
25 50.4 7.2 143
30 51.6 7.4 136.5
35 51.6 7.4 136.5
40 51.6 7.4 136.5
The natural diamond tool
5 48.6 6.9 153.8
10 50.4 7.2 143
15 51.6 7.4 136.5
20 51.6 7.4 136.5
25 51.6 7.4 136.5

stable process of the surface structure for-
mation in the polymer material and a mini-
mum distorted layer thicknes of 0.015 pm.
Thus, the hard alloy machining results in
the most inhomogeneous physical and me-
chanical state of the surface layer. The dis-
torted surface layer obtained at the syn-
thetic diamond machining is a half so thick
as that after the hard alloy machining. The
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minimum thickness and the highest homo-
geneity of the surface layer are attained at
the diamond machining.

The instability in the surface layer prop-
erties may be one cause of the functional
performance deterioration of the optical ar-
ticles, in particular, of the internal reflec-
tion factor R,. The established relationship
between the machining conditions and the
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mine the optimum treatment conditions, the Proc. IX Int. Conf. on Raman Spectrosc.
cutting tool material, its geometry, and the (1974), p.258.
cutting regimes providing the minimum dis- 4. B.V.Grinyov, V.G.Senchishin, Plastic Scintil-
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BuzHayeHHS BeJHMUYMHH NOPYIIEHOTO0 MOBEPXHEBOTIO
Napy ONTUYHO NMPO30PHUX MOJiMEPHUX BUPOOIB MicJsd
JIe30BO1 00pPOOKHU

H.Il.Xnanoea, M.B.J/Ilimeéunenrxo, O0.0.Yepruuros

DyHKIiOHANBHI BIACTUBOCTI i MOBroBiuHicThL pPoOOTHM BHUPOOIB 3 ONTHYHMX IOJiMepiB B
3HAUHIN Mipi BM3HAYAIOTHCSA CTAHOM IXHBOI'O IIOBepxXHeBOro mapy. Ilpu mexamiumiii o6po6Ii
MOBEPXHEBUH IIIap MHOJiMepHHMX BUPOOiB 3m00yBae BJIACTHBOCTI, BiAMiHHI Big BilacTmBOCTEMH
BUXiZHOTO MaTepiany. BsaeMHUII IpPOsSB CHJIOBOTO i TemIoBOro (paxTopiB y mpolieci pisamHA
MIPUBOJUTH OO CKJAMHOTO IiJCYMKOBOTO CTPYKTYDPHOTO CTaHy IIOBEPXHEBOTO Iapy BHUPOOY.
IIe Bumarae npoBeleHHA MOKJAAHUX MOCHiJKEHb IJIA BUABJIEHHS INIMOMHU 3MiHEHOTO (IIOPY-
IIeHOTr0) IIapy IHicjas MexaHiyHOI OOpOoOKM i BUMBUEHHA HOT0 BILIMBY HaA eKCILIyaTaliiiHi
BJIACTUBOCTI ONTHYHUX IIOJiMepHHUX BUPOOiB.
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