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Abstract

Improving the technology of diamond turning of aluminum alloys is of great importance for expanding
the application areas of metal-optical products based on aluminum in aerospace technology. The aim of this
work was to study the effect of surface inhomogeneities of the initial aluminum alloy substrates on their
optical and mechanical characteristics and to determine ways of improving the quality of aluminum reflector
mirrors manufactured using nanoscale single point diamond turning.

The investigated reflector mirrors were made from AMg2 aluminum alloy. The optical surface treatment
was carried out on a precision turning lathe with an air bearing spindle using a special diamond cutter with
a blade radius of < 0.05 um. The analysis of the surface structure of the AMg2 alloy substrates was carried
out by scanning electron microscopy/electron microprobe. The quality control of the surface treatment
of the manufactured reflector mirrors was carried out by atomic force microscopy. The reflectivity and
radiation resistance of these samples were also investigated.

It is shown that an important problem in the manufacture of optical elements from aluminum alloys is the
inhomogeneity of the structure of the initial material, associated with the presence of intermetallic inclusions.
Heat treatment of the AMg2 alloy substrates at T > 380 °C makes it possible to improve the quality of surface
and the radiation resistance of aluminum mirrors both by removing mechanical stresses and by partially
homogenizing the starting material. The optimum is heat treatment at the maximum allowable temperature for
the AMg?2 alloy T = 540 °C, as a result of which there is a complete disappearance of intermetallic inclusions
with an increased magnesium content. The use of high-temperature heat treatment of AMg2 alloy substrates
allows, in comparison with unannealed samples, to reduce the surface roughness from 1.5 to 0.55 nm,
to increase the reflectivity of mirrors at a wavelength of 1064 nm from 0.89 to 0.92, and to increase the laser
damage threshold from 3.5 to 5 J/cm™.
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IloBbINIeHNE KAYECTBA MOBEPXHOCTH METAJIHYECKHUX
3epKaAJ-0TPaKaTeJell NPY HAHOPA3MEPHON aJIMAa3HOU
JIe3BUUHOI 00padoTKe

I'.A. I'ycakos, I'.B. lllaponos

Hucemumym npukiaonvix gusuvecxux npooaem umenu A.H. Ceguenxo
benopyccroeo eocydapemeaennozo ynueepcumema,
ya. Kypuamosa, 7, e. Munck 220045, Berapyco

Hocmynuna 14.07.2020
Hpunama k neuamu 26.05.2021

CoBepleHCTBOBaHUE TEXHOJIOTUH aIMa3HOT0 TOUEHUS AIFOMUHUEBBIX CIUIABOB UMEET BaKHOE 3HAUEHHE
JUTSL pacIIMPEHNUs 00J1acTeld MPUMEHEHHUS] METAITIOON THYECKUX U3/CIN Ha OCHOBE AMIOMUHUSI B aBUAILIHOH-
HO-KOCMUYECKOM TexHuKe. L{enbio HacTosmel padoTh! SIBISUIOCH UCCIIEI0OBAHUE BIUSHUS HEOAHOPOIHOCTEH
CTPYKTYpBI IOBEPXHOCTU HCXOJHBIX MOJIOKEK M3 aJIOMHUHHEBOIO CIUIaBa HA MX ONTHYECKUE U MEXaHHYe-
CKHE€ XapaKTEepPUCTUKU U ONpeieSieHHE IyTel MOBBIIICHUS KauecTBa aTFOMHUHHMEBBIX 3€pKal-OTpa)kaTelnei,
M3TOTaBIMBACMBIX C UCIIOJIb30BAaHNEM HAHOPAa3MEPHOM anMa3HOU JIe3BUHHON 00pabOTKH.

HccnenoBanHble 3epKana-oTpakaTesId U3rOTaBINBAINCH U3 aTIOMUHHEBOTO cilaBa AMr2. Ontuyeckas
00paboTKa NOBEPXHOCTH MPOU3BOIWIACH HA MPEIU3UOHHOM TOKApPHOM CTaHKE CO ILMHHJCIEM Ha BO3TYII-
HOM TIOJIINITHUKE C HUCIOJb30BaHUEM CIIELMAIBHOIO aJIMa3HOIO pe3lia ¢ pajnycoM 3aKpyTJIEHHs JIE3BHS
MeHee 0,05 MKM. AHaITU3 CTPYKTYpPBI MOBEPXHOCTH MOAIOKEK U3 criiiaBa AMr2 npoBOAMIICS METOIaMU pac-
TPOBOW IEKTPOHHOW MHUKPOCKOIHMH/3IEKTPOHHOTO MUKpO30oHIa. KoHTponp kadecTBa 00pabOTKM MOBEPX-
HOCTHU M3TOTOBJIEHHBIX 3€pKa-0Tpa)kaTesel OCyIECTBIIAIICS METOJIOM aTOMHO-CHUIIOBOM MuKpockonuu. HMc-
CJICZIOBAINCH TAKXKE OTpaXKaTelbHasi CIIOCOOHOCTH U JIyueBasi IPOYHOCTh JAHHBIX 00pa3IoB.

[lokazaHo, 4yTO BaXHOM TPOOJIIEMON MpPU HM3TOTOBJICHUM ONTHYECKUX IJIEMEHTOB M3 AIIOMHHHEBBIX
CIUIaBOB SIBIISIETCSI HEOJHOPOJHOCTh CTPYKTYPBl HCXOJHOTO MaTepuala, CB3aHHas C HAJMYMEM HMHTepMe-
TAJTMIHBIX BKIIOUeHUH. TepmooOpaboTka nmomnoxkek n3 cruaBa AMr2 npu T > 380 °C mo3BonsieT ynyu-
HINTh KA4eCTBO 00paOOTKH MOBEPXHOCTH M JTYUEBYIO MPOYHOCTH AIIOMUHHUEBBIX 3€PKajl Kak 3a CUET CHATHS
MEXaHNYECKUX HANPSKEHUH, TaK U 3a CUET YaCTUYHOM rOMOTeHH3alNN HCXOAHOT0 MaTepuaia. OnTuMab-
HOU sIBJIsIeTCSl TepMOOOPadOTKa MPU MaKCUMAaIIbHO JOMYCTUMOM a7t crmaBa AMr2 temmneparype T = 540 °C,
B pe3yJIbTaTe KOTOPOH MPOMCXOAUT MOJHOE WCUE3HOBEHHE MHTEPMETAJUIMIHBIX BKIIOYEHHH C MOBBILICH-
HBIM cojJiepkaHueM Maraus. [IpumeHeHne BBICOKOTEMIIEPAaTYPHOH TepMOOOPaOOTKH MOATI0XKEK ITO3BOJISIET,
M0 CPaBHEHHIO C HEOTOMOKEHHBIMU 00pa3liaMy, CHU3UThH MIEPOXOBATOCTh MoBepxHOCTH ¢ 1,5 mo 0,55 HM,
MOBBICUTH OTpa)KaTeIbHYIO CIOCOOHOCTH 3epKaj Ha AnuHe BoiHbI 1064 HM ¢ 0,89 10 0,92 1 moBbICHTH Tyye-
BYIO POYHOCTH € 3,5 10 5 Jik/cm’.
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Introduction

Analysis of the technical state of various
industries associated with the use of modern
structural composite materials, ceramics, non-ferrous
metals and alloys for the manufacture of super-
precision products shows that the most effective
processing method is diamond turning technology,
when deviations in the shape and roughness of the
processed surface should be within the nanometer
range (< 5 nm) [1-3].

At present, the technology of single point
diamond turning with nanoscale roughness is widely
used in the manufacture of metal-optical products,
primarily, reflector mirrors for transporting powerful
laser energy flows[4—6]. Strict requirements
are imposed on metals in the manufacture of
reflector-mirrors with high radiation resistance:
minimum values of physical, chemical and induced
inhomogeneities; low-level of internal stress;
good polishability; high reflectivity; high thermal
conductivity and minimum coefficient of linear
expansion. Due to good machinability, aluminum
alloys of the AMg2 and AMg6 types are often used
for the manufacture of reflector mirrors [5—10].
These alloys are the preferred material for mirrors in
aerospace engineering [5—7].

In the manufacture of metal-optical products,
the main attention is paid to the issues of ensuring
the accuracy of the shape and reducing the surface
roughness [5-10]. At the same time, inhomogeneities
of the surface structure and residual internal stresses
inherent in aluminum alloys [6, 10] can significantly
affect the optical and working characteristics of
reflector mirrors, especially in the case of high-
power laser radiation. However, these problems are
covered to a much lesser extent [11-13].

The aim of this work was to study the effect
of surface heterogeneities of the AMg2 aluminum
alloy substrates on their optical and mechanical
characteristics and to determine a ways to improve the
quality of aluminum reflector mirrors manufactured
using single point diamond turning.

Research methods

The investigated reflector mirrors were made
from AMg2 aluminum alloy. The original billets
were discs 100 mm in diameter and 8 mm thick.
Preliminary machining of the surface was carried
out with a carbide cutter. In order to remove
residual mechanical stresses and homogenizing of

the substrates surface they were heat treated in air
in the temperature range from 200 to 540 °C. The
duration of annealing was 10 h, followed by cooling
in an oven. The maximum annealing temperature
was limited by the melting of the AMg?2 alloy. The
final optical surface treatment was carried out on
a precision lathe MK 6501 (Belarus) with an air
bearing spindle using a special diamond cutter with a
blade radius less than 0.05 pm.

The analysis of the surface condition of the
initial billets from the AMg2 alloy and the billets
subjected to mechanical-thermal treatment was
carried out by scanning electron microscopy (SEM) /
electron microprobe using a LEO 1455 VP electron
microscope (Carl Zeiss, Germany) with an Aztec
Energy Advanced X-Max 80 attachment. (Oxford
Instruments, UK). In addition, the microhardness
of the samples was measured using a PMT3
microhardness tester. The quality control ofthe surface
treatment of the manufactured reflector mirrors was
carried out by atomic force microscopy (AFM)
on a Solver P47 Pro scanning microscope (NT-
MDT, Russia). The reflectivity of the mirrors in
the spectral range 200 ... 2500 nm was monitored
on a precision spectrometer Lambdal050 (Perkin
Elmer, USA). The study of the reflector mirrors
laser damage threshold was carried out using pulsed
radiation (A = 1.064 pm, t = 20 ns) of the YAG:Nd*"
laser model LS-2137 (Lotis-TII, Belarus). The laser
pulse energy was recorded using an IMO-3 energy
meter (Etalon, Russia). Sony ICX415AL CCD image
sensor was used to control the spatial distribution of
energy in the laser spot. The measurements were
carried out in the single-pulse mode. The average
energy density of laser radiation on the sample
surface varied in the range from 0.5 to 15 J/cm®.

Results and discussion

According to the data of the -electron
microprobe, the averaged chemical composition
of the initial alloy corresponds to the AMg2 grade.
However, it is characterized by the presence of
intermetallic inclusions, the size of which reaches
10 microns (Figure 1, sample No. 1). The first
type of inclusions (light areas in Figure 1) has the
composition Al, ;FeMn,,. The second type (dark
areas) has the composition Al;MgSi. The hardness
of these inclusions differs significantly from the
hardness of the aluminum matrix, which negatively
affects the quality of the surface treatment. In
addition, the presence of intermetallic inclusions
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on the surface of the substrates can reduce their
radiation resistance. Hence, it is necessary to
carry out preliminary homogenizing annealing of
the aluminum alloy billets in order to reduce the
inhomogeneity of the impurities distribution. For
the AMg2 alloy, the recommended homogenizing
annealing temperatures are in the range of
510 ... 540 °C. in the machining

In addition,

Signal A=QBSD  Date :26 Oct 2017
Photo No. = 8790  Time :10:36:22
EHT =20.00 kv

WD= 15mm

a

Signal A=QBSD  Date :26 Oct 2017
Photo No. = 8807 ~ Time :11:08:36
EHT = 20.00 kV

WD= 15mm

[

of AMg2 alloy intermediate recrystallization
anneals are usually used to partially or completely
soften the material and increase its plasticity.
Recommended temperature ranges of annealing are
150... 200 and 350... 420 °C. Based on the above,
for the experiments, we have chosen the following
temperatures for preliminary heat treatment of the
AMg? alloy billets: 200, 380 and 540 °C.

.
Signal A= OBSD  Date :26 Oct 2017
Photo No. = 8797  Time :10:47:15
EHT =20.00 kV

Mag = 5.00KX WD= 15mm

b

Signal A= OBSD  Date :26 Oct 2017
Photo No. = 8819 Time :11:48:08
EHT =20.00 kV

WD= 15mm

d

Mag = 5.00 KX

Figure 1 — Microphotographs of the surface of the initial sample of aluminum alloy AMg2 (a) and samples after
annealing at various temperatures: b — 200 °C; ¢ — 380 °C; d — 540 °C

The effect of preliminary heat treatment on the
size and composition of intermetallic inclusions in the
AMg? alloy is shown in Figure 1. It can be seen that
annealing at T = 200 °C does not affect the size and
composition of intermetallic inclusions (Figure 1,
sample No.2). At T=380°C, a decrease the size
of inclusions with an high magnesium content is
observed. For inclusions with a high iron content, no
changes are observed (Figure 1, sample No. 3). As a
result of annealing at T = 540 °C, inclusions with a high
magnesium content disappear completely. Inclusions
with a high iron content are preserved, but they are
somewhat reduced in size (Figure 1, sample No. 4).

Figure 2 shows the effect of preliminary heat
treatment on the microhardness of aluminum alloy
substrates. The initial alloy is in a cold-worked
state, therefore, for it a noticeable decrease in
microhardness with an increase in the load is
observed (sample No. 1). Homogenizing annealing
at T > 200 °C leads to softening of the surface of the
initial alloy (sample No. 2). The microhardness of the
samples decreases with an increase in the annealing
temperature up to 380 °C (sample No. 3). A further
increase in the annealing temperature does not lead
to a noticeable change in the microhardness (sample
No. 4).
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Figure 2 — Microhardness versus load for the investigated
samples of substrates made of aluminum alloy AMg2,
heat-treated at various temperatures: (m) — initial sample;
()—T=200°C; (A)-T=380°C; (¥)-T=540°C

After homogenizing annealing, all substrate
samples underwent superfinishing treatment using
nanoscale single point diamond turning to obtain
optical surface clarity. The surface roughness of the
manufactured reflector mirrors was studied using an
atomic force microscopy. The measurement results
are shown in the table and in Figure 3. It is clear that
homogenizing annealing has a positive effect on the
surface finish of the AMg2 alloy with a diamond
turning. So for the original sample No. 1, not
subjected to annealing, after finishing, the measured
value of the surface roughness R, is 1.5 nm. For a
sample annealed at T=200°C, R,=1.1 nm. For
samples No. 3 and No. 4, annealed at T > 380 °C,
the surface roughness R, is less than 1 nm.

Table

Values of the surface roughness of the expe-
rimental samples depending on the heat treat-
ment modes

Ne R,,nm Rq, nm
1(initial) 1.5 2.0
2(200 °C, 10 h.) 1.1 1.7
3(380°C, 10 h.) 0.65 0.84
4(540°C, 10 h.) 0.55 0.75

A decrease in surface roughness naturally leads
to an increase in the reflectivity of the manufactured
mirrors. So for a sample annealed at T =540 °C, the
reflection coefficient at a wavelength of 1064 nm inc-
reases compared to the original sample from 0.89 to
0.92, and at a wavelength of 532 nm — from 0.86 to 0.89.

Figure 3 — Atomic force microscopy image of the surface
relief of specimen of mirror No. 4 with R, = 0.55 nm

For the manufactured reflector mirrors, tests for
laser-induced damage threshold were carried out.
The measurements were carried out in the mode
of single laser pulses with a duration of 20 ns. The
diameter of the laser spot on the mirror surface
was 2.2 mm. The pulse energy was varied in the
range from 70 to 300 mJ. Taking into account the
real spatial distribution of energy in the laser spot,
the energy density on the mirror surface varied
in the range from 0.5 to 15 J/cm®. An example of
determining of the mirror surface damage threshold
under the action of laser radiation is shown in
Figure 4. It can be seen that the laser we used has
a substantially nonuniform energy distribution over
the cross section of the laser spot. This pattern is
typical for commercial solid-state lasers. For a pulse
with an energy of 100 mJ (Figure 4b), the power
density of laser radiation varies over the spot cross
section in the range of 0.5...8.0 J/cm®. The average
energy density W, is 2.4 J/em?. For a pulse with an
energy of 270 mJ (Figure 4d), the power density
varies within the range of 1.25... 13.00 J/em?, and
W,=6.5J/cm®. Analysis of the distribution of
damage on the mirror surface (Figures 4a and 4c)
for several laser pulses with different energies al-
lows to determined the threshold energy of laser
radiation with high accuracy.

According to the test results, it was found that for
the initial aluminum alloy (sample No. 1), the threshold
energy density of laser radiation is 3.5 J/em®. This
value significantly exceeds the damage threshold of
~ 1 J/em® recorded for aluminum substrates subjected
to abrasive or electrochemical polishing [13—14]. It is
obvious that an increase in the radiation resistance of
aluminum reflector mirrors is provided by a decrease in
the surface roughness and an increase in its reflectivity.
Thus, the promising nature of single-point diamond
turning as a highly efficient method of forming optical
surfaces on aluminum alloys has been confirmed.
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Figure 4 — Image of the surface of mirror No. 4 after exposure to a laser pulse with an energy of 100 (a) and 270 mJ (c),
the spatial distribution of energy in the laser spot at a pulse energy of 100 (b) and 270 mJ (d)

Heat treatment of substrates in the temperature
range from 200 to 380 °C does not lead to a
noticeable change of the reflector mirrors damage
threshold. So for samples No. 2 and No. 3, threshold
energy densities are in the range of 3.5...4.0 J/cm?,
For a sample annealed at T = 540 °C, the threshold
energy density is about 5 J/cm®, which is = 30 %
higher than for the original sample. Detailed
studies of the nature of the high-power laser pulses
destruction of the mirrors surface manufactured

using the single-point diamond turning technology
from initial AMg2 aluminum alloy show that
degradation begins in the areas of localization of
intermetallic inclusions. Thus, the increase the
laser damage threshold of the sample annealed at
T =540 °C compared to the initial alloy can be
associated with its partial homogenization.

The obtained results were used in the manufacture
of various metal-optical products from aluminum
alloys with increased radiation resistance (Figure 5).

Figure 5 — Optical products from aluminum alloys manufactured at Research Institute of Applied Physical Problems:
a —laser mirrors with high radiation resistance; b — corner reflectors and scanners; ¢ — multifaceted prism mirrors

for video surveillance systems
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Experimental operation of these products shows
that the combination of technologies for preliminary
heat treatment of aluminum alloy billets and single-
point diamond turning makes it possible to increase
the competitiveness of manufactured optical ele-
ments and expand their application areas.

Conclusion

Investigations of the influence of inho-
mogeneities of the surface structure of AMg2
aluminum alloy substrates on their optical and
mechanical characteristics have been carried out
and the ways of improving the quality of aluminum
reflector mirrors manufactured using the single-point
diamond turning have been determined.

It is shown that an important problem in the
manufacture of optical elements from aluminum
alloys is the inhomogeneity of the structure of the
initial material, associated with the presence of
intermetallic inclusions. Preliminary annealing of
billets from AMg2 alloy at T >380°C makes it
possible to improve the surface treatment quality and
the laser damage threshold of aluminum mirrors both
by removing mechanical stresses and by partially
homogenizing the initial material. The optimum is
heat treatment at the maximum allowable temperature
for the AMg?2 alloy T = 540 °C, as a result of which
there is a complete disappearance of intermetallic
inclusions with an increased magnesium content.

Experimental studies have shown the possibility
of obtaining mirror roughness R, = 0.55 nm and the
laser damage threshold of about 5 J/cm”. Based on
the obtained results a technology of aluminum alloys
single-point diamond turning for the manufacture of
metal-optical products with high radiation resistance
has been developed.
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