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B pabome paccmompennvi 6onpocul, céazannvie ¢ GIUAHUEM A3EPHO20 MEKCIYPUPOBAHUS NOBEPXHOCHU
MUMAH08020 CNIABA HA XAPAKMEPUCMUKY K1eeB020 COeOUHEHUs «Muman — yaieniacmuky. Hmmepobue-
8bIM UMNYTbCHBIM BOIOKOHHBIM J1A3€POM HA NOGEPXHOCMU MUMAHOB020 CHAASA OblIU CO30AHbl MEKCHYPbl
¢ qnuretinou cmpykmypoul (0°—0° u 90°-90°) u cemuamoui cmpyxkmypoii (0°=90°, £30°, +45°, +60°). boiu
onpeoenensl 3HaYeHUs UWepoxo8amocmu H08EPXHOCIU 8 08YX NePNEHOUKYVIAPHLIX HANPABGIEHUAX U COeNanbl
MUKPOWTUQDDL, HO KOMOPBIM MONCHO OXAPAKMEPUZ068AMb MOPGONIO2UI0 NOBEPXHOCIU MUMAHOB020 CHILABA.
Jna onpedenenus ad02e3uoHHOU NPOUHOCMU COCOUHEHUS, MexCOy COOOU CKIeUsanucs oopasybl ¢ 0OUHAKO-
6oti mexcmypou nosepxrocmu. Obpazyvt cxneusaiuce no OCT [-90281-86. Crreusanue npooounocs
6 meuenue 24 u nocie nazeprou oopabomxu nogsepxnocmu. Ileped cxneusanuem obpabomannas nosepx-
HOCMb OYUWAIaAch U30NPORULosvim cnupmom. Ilnowads xkieesoco coedunenus S = 300 M. B kauecmee
aoee3usa UCNoIb308a1CA mpexkomnonenmuvil kietl BK-9 Ha ochose 3MOKCUOHOU U NOAUAMUOHOU CMOTBL.
Jlazepnas obpabomxa nogepxnocmu mumaHo8blx CHIAGO8 YEenuyUeaen NPOUHOCMb K1eeB020 COEOUHEHUs]
bonee uem Ha 70 % omnocumenvHo HeoOPAOOMAHHOU NOBEPXHOCIU. DMO MOICEM C8UOEMENbCMBO8AMb
0 MOM, YMO 21ABHbIMU MEXAHUSMAMYU NOBBIUEHUS NPOYHOCTNU K1eeB020 COeOUHEHUS ABIAIOMCA Yenude-
HUe naowaou KOHMAKma NOBEPXHOCMU U A02e3U8d, d MAaK#ce XUMUYECKds MooupuKrayus, Komopas ax-
mugupyem nogepxuocme. Texcmypa odpabomku 6 meHbuiell cmenenu 6ausem Ha a02e3UOHHYI0 NPOYHOCHIb
npu ycaoguu 00UHAKOBOU YOelbHOU NOBEPXHOCHOU dHepeuu aaseprol oopabomku. IIpu nazeproi obpa-
bomxe cmoum yoename OObUIOE GHUMAHUE BbIOOPY MEKCMYPbl NOBEPXHOCMU, HOMOMY MO ONpedeleHHble
mexcmypul Mmo2ym dams npupocm npounocmu Ha 20-30 %. Ecau mun nazpysku 8 anemenmax gepmentoix
KOHCMPYKYUL U38ECHeH, MO Jyyuie UCNONb308AMb JUHElHble MEeKCHYPbl, HAnpasiennblie NepneHOUKYIAPHO
Hanpaenenuto Hazpysku (014 cosuea — mexkcmypa 0°—0°; ona kpyuenus — mexcmypa 90°-90°). Ilpu cme-
WIEHHBIX HA2PY3KAX JyHule UCNOoNb306amy cemuamule cmpykmypsl +30°, £45°, £60°, komopule conpomus-
JIAIOMCSL HAZPY3KAM 8 08YX HANPABTEHUSX.

Kniouesvie cnosa: JlazepHoe  meKcmypupoeaHue, noesvliueHue npodHocmu Kjieeeoco CO€@1/IH€H1/I€,
mumaHoevle Cnjideol.
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The paper examines issues related to the influence of laser texturing of the surface of a titanium alloy on
the characteristics of the titanium-carbon fiber adhesive joint. Using an ytterbium pulsed fiber laser, tex-
tures with a linear structure (0°-0° and 90°-90°) and a mesh structure (0°-90°, £30°, £45°, £60°) were
created on the surface of a titanium alloy. The surface roughness values in two perpendicular directions
were determined, and microsections were made, which can be used to characterize the surface morphology
of the titanium alloy. To determine the adhesive strength of the joint, samples with the same surface texture
were glued together. The samples were glued together according to OST 1-90281-86. Bonding was carried
out within 24 hours after laser surface treatment. Before gluing, the treated surface was cleaned with iso-
propyl alcohol. Adhesive joint area S = 300 mm’. Three-component adhesive VK-9 based on epoxy and
polyamide resin was used as an adhesive. Laser surface treatment of titanium alloys increases the strength
of the adhesive joint by more than 70 % relative to the untreated surface. This may indicate that the main
mechanisms for increasing the strength of an adhesive joint are an increase in the contact area between the
surface and the adhesive, and chemical modification that activates the surface. The processing texture has
a lesser effect on the adhesive strength, provided that the specific surface energy of the laser processing is
the same. When laser processing, you should pay great attention to the choice of surface texture, because
certain textures can give an increase in strength by 20-30 %. If the type of load in the truss load elements is
known, then it is better to use linear textures directed perpendicular to the direction of the load (for shear —
texture 0°=0°; for torsion — texture 90°-90°). For mixed loads, it is better to use mesh structures £30°,
+45°, £60°, which resist loads in two directions.

Keywords: laser texturing, increasing the strength of the adhesive joint, titanium alloys.
Introduction

In modern spacecraft (SC), truss structures are widely used, which provide high strength and rigidity
of the product with minimal weight. One of the key tasks in the development of such structures is to
achieve optimal mechanical characteristics and geometric accuracy of products to ensure safe and effi-
cient functioning of the SC. To solve this problem in the field of SC production, new technologies and
materials for the creation of truss structures with improved characteristics are being developed [1-3].

For example, in the Millimetron space observatory, the main mirror truss structure consists of a set
of carbon fiber rods connected in nodal elements (fittings) made of VT6 titanium alloy [4]. The design
diagram is shown in Fig. 1. The nodal elements 3 are manufactured using selective laser melting
(SLM) technology, then carbon fiber rods / with titanium end pieces 2 glued into them are attached to
these nodes.

The biggest problem encountered in the manufacture of this unit is related to ensuring a reliable
connection when gluing the carbon fiber rod to the titanium tip. This is a common problem for struc-
tures in which it is necessary to make a composite-to-metal connection [5; 6].

Titanium alloys, from which the tips are made, are difficult to glue materials, due to an amorphous
oxide film on their surface, which does not allow the adhesive to form a strong bond with the titanium
surface. As a result, in order to increase the strength of the adhesive joint, the surface of the titanium
alloy must be preprocessed before gluing [7]. Traditional methods for increasing the strength of the
carbon fiber — titanium adhesive joint are preliminary mechanical or electrochemical treatment of the
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titanium alloy surface [8; 9] or a combined method of mechanical and chemical treatment [10]. Me-
chanical treatment (grinding, turning, milling) increases the contact area between the metal surface and
the adhesive, and chemical treatment transforms the amorphous oxide film into a crystalline oxide
layer with high valence, which provides better adhesion to the adhesive.

Puc. 1. ®epmennas koactpykmst KA:
1 — yIIennacTUKOBBII CTEPIKEHb; 2 — TUTAHOBAsl 3aKOHI[OBKA, BKJICEHHAS B CTEPXKCHb;
3 — y3710BOH 3]IEMEHT, U3TOTOBIEHHbIH TexHonorue SLM; 4 — dhuxcarop 3aKOHLIOBKU B Y3JI0BOM 3JIEMEHTE

Fig. 1. Truss structure of the spacecraft:
1 — carbon fiber rod; 2 — titanium tip glued into the rod; 3 — nodal element manufactured
by SLM technology; 4 — end clamp in the nodal element

In addition, alternative methods of surface preparation are being developed, such as treatment with
concentrated energy sources (plasma flows, electron beams, laser radiation), application of coatings
(including electrochemical, gas-thermal, etc.), and ultrasonic surface treatment [7].

With the development of modern technology, lasers are increasingly used in surface processing in
mechanical engineering along with other highly concentrated energy sources, including for welding,
cutting, and the creation of functional surface structures (FSS) [11].

In industrial production, laser processing is a more economical and environmentally friendly com-
pared to mechanical and electrochemical processing. In addition, laser processing is easy to implement
when automating the process [12; 13]. However, the technological modes of laser preparation and the
factors affecting the quality of the adhesive joint have not been sufficiently studied at present, which
prevents its widespread implementation in production. An increase in the strength of the adhesive joint
due to laser processing of the metal surface is a combination of several factors, such as an increase in
the contact area between the surface and the adhesive, a change in the chemical composition of the
surface, and the creation of a complex surface relief consisting of grooves and microcavities into
which the glue gets and creates a mechanical “locking” effect. Thus, the study of the effect of laser
processing on the formation of FSS and the determination of surface processing modes before gluing
is the goal of this work.

The following main parameters of laser processing, which affect the adhesive properties of the
metal surface, can be distinguished: laser power, processing speed and frequency, processing texture.

Surface texture is a local deviation of the surface from a perfectly flat surface. The measure of sur-
face texture is usually defined in terms of its roughness, waviness, and shape. Laser processing can
create such texture elements as microgrooves, microholes, micropillars, porous and hierarchical struc-
tures, and surface ripples [11]. Various combinations of these elements create an unlimited number of
surface textures that can be created by laser processing.

The concept of “processing texture” includes the following parameters: the step between the lines
of the laser movement trajectory, the angle between these lines, the number of laser passes along one
line, the overlap coefficient. The totality of all laser processing parameters affects the surface energy
density of the laser E,, which determines the macro- and microstructure of the surface, its chemical
and phase composition, surface wettability, etc.
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In [14], we investigated the effect of laser processing of the titanium alloy surface on the strength
properties of the adhesive joint under shear. We identified processing modes for the most characteristic
type of texture — unidirectional, across the shear direction.

Depending on the laser metal processing program, it is possible to create many different surface tex-
tures that will affect the strength of the adhesive bond. The overlap coefficient of the laser spot on the
surface is an important criterion for laser processing, on which the surface texture depends. The overlap
coefficients in two perpendicular directions may differ from each other. If along the processing trajectory
the overlap coefficient (with a constant laser spot area) depends on the speed and frequency of the laser,
then between the trajectory lines the coefficient depends only on the step between them [15].

The main loads arising in the power elements of truss structures, including connections of tubular
rods and ends, are shear and torsion loads (Fig. 2, a). Shear tangential stresses are directed along the
rod axis during shear, and tangentially to its radius during torsion. Microgrooves on the surface of the
cylindrical end can contribute to an increase in the maximum load at failure. The direction of the sur-
face texture will determine which types of load the connection will resist to a greater extent. The proc-
essing angle a = 0° should contribute to an increase in shear strength, the processing angle o = 90°
should contribute to an increase in torsional strength, and intermediate processing directions
0° < a <90° should increase the strength under mixed loading (Fig. 2, b).
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Puc. 2. Cxema k1eeBOro COeqUHEHNS HWIHHAPUIECKUX IeTaIeH:
A — 3neMeHT TpyO4aToro KJIeeBOro COeIMHEHUS ¢ IPUBEIEHHBIMU Harpy3KamH, I1e
1 — yIyernacTUKOBBIN CTEPKEHb, 2 — METaJUIMYECKasl 3aKOHLIOBKA, 3 — KIIeH;
B — HanpaBnieHre MUKPOKaHaBOK Ha METAJUIMYECKUX LMIMHAPUIECKUX 3aKOHIJOBKAX

Fig. 2. Scheme of adhesive connection of cylindrical parts:
A — element of a tubular adhesive joint with reduced loads, where I — carbon fiber rod,
2 —metal ending, 3 — glue; B — direction of microgrooves on metal cylindrical ends

The main objective of this study is to experimentally determine the characteristics of the adhesive
bond of samples made of OT-4 titanium alloys with different textures obtained by laser processing,
and to determine the processing texture of cylindrical ends in spacecraft elements.

Since testing of cylindrical parts is associated with the need to use additional equipment and the
complexity of performing adhesive bonding of samples, it was decided to introduce some model sim-
plification in the work, which consists in the fact that the surface of the cylinder is as if “unfolding”
into a plane (Fig. 3) and at the same time flat samples can be tested according to OST 92-0949-74
(Fig. 4). Textures are characterized by the following parameters: a; — the angle of inclination of the
first laser treatment, o, — the angle of inclination of the second laser treatment, & — the step between the
grooves.
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Puc. 3. Pa3BepTka MOBEPXHOCTH IIMIMHIPA (THTAHOBOH 3arTyIIKK) C KAHABKAMH
OT JIa3epHOI 00pabOTKH Ha TIOCKOCTh

Fig. 3. Unfolding the surface of a cylinder (titanium plug) with grooves
from laser processing onto a plane

2
\ _0=90°
1 o 0P<a<90°
Shif_— 3

Puc. 4. Cxema K11eeBOro COCIUHEHUS MJIOCKHX JCTaNICH:
A — obOpa3zel [1J1s1 UCIIBITAaHUS TEKCTYPBhI IIOBEPXHOCTH Ha aJAr€3MOHHYIO IIPOYHOCTb,
rae / — miactuna u3 [IKM, 2 — TutaHOBas IJIaCTHHA C JJa3epHBIM TEKCTYPUPOBaHUEM, 3 — a[ire3uB;
B — cxemarnueckoe U300pakeHHe TEKCTYp Ha ITOBEPXHOCTH TUTAHA OT YIJIa JIa3epHOH 00paboTKH

Fig. 4. Scheme of adhesive connection of flat parts:
A — sample for testing surface texture for adhesive strength, where / — PCM plate, 2 — titanium plate
with laser texturing, 3 — adhesive; B — schematic representation of textures on the surface of titanium
from the angle of laser processing

In this preparation, linear (unidirectional) and net (bidirectional) structures are selected as textures,
in which the processing paths intersect each other at different angles (0°, 30°, 45°, 60° and 90°).

For correct comparison of the results of adhesive bond strength with different textures, the surface
laser energy density Ep must be constant on all selected textures. To form net structures, it is necessary

to apply laser energy twice as much as for linear structures, therefore, to equalize this indicator, the
linear structure must be processed twice.

Experiment

The influence of the processing angle on the strength of the adhesive joint was determined
according to the following scheme:

— creation of various textures on the surface of titanium alloy samples by laser processing;

— study of the microrelief and surface roughness of the processed samples;

— gluing samples with the same texture for shear testing;

— conducting a shear test of the glued samples;

— analysis of the obtained results.
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The samples were plates made of titanium alloy OT-4, which is widely used in spacecraft designs.
The size of the samples was 70x20x2 mm. The laser processing zone was 2020 mm on one side of
the plate.

The surface treatment of the samples was carried out using an ytterbium pulsed fiber laser (IPG,
YLPM-1-4x200-20-20) at room temperature in a standard atmosphere. The laser treatment parameters
correspond to mode No. 1 from [14] (Table 1), since this mode is used to create structured micro-
grooves with a depth of 40 and 60 um with single and double treatments, respectively [16].

The texture schemes are presented in Table 1, where al is the tilt angle of the first laser pass, a2 is
the tilt angle of the second laser pass. The step between the grooves in each texture is 6 = 66.7 pm.

Table 1
Laser texturing modes
Ne 1 2 3 4 5 6
Texture scheme
o 0° 90° 0° 30° 45° 60°
o 0° 90° 90° -30° —45° —60°
Laser power, W 10
Processing speed, mm/s 200
Number of stripes per 1 mm, 15
mm ™
Laser wavelength, pm 1.064
Pulse repetition frequency, 40
kHz
Pulse width, ns 200
Energy per pulse, mJ 1

To ensure static reliability of the study, tests on three samples with each selected texture were car-
ried out.

The samples were glued according to OST 1-90281-86. Gluing was carried out within 24 hours af-
ter laser surface processsing. Before gluing, the processed surface was cleaned with isopropyl alcohol.
The area of the adhesive joint S = 300 mm”. Three-component glue VK-9 based on epoxy and polyam-
ide resin was used as an adhesive. Shear tests were carried out 7 days after gluing for complete polym-
erization of the glue in air at room temperature.

To determine the adhesive strength of the joint, samples with the same surface texture were glued
together. Bonding titanium to carbon fiber does not allow determining the adhesive strength of the ad-
hesive joint, since in this case cohesive failure occurs on the carbon fiber.

Determination of the adhesive bond shear strength (Single-Lap Shear Test) was carried out on a
universal tensile testing machine (Eurotest T-50, S.A.E.IBERTEST, Spain) at a speed of 5 mm/min.

An optical metallographic microscope (Neophot-32, Carl Zeiss, Germany) was used to analyze the
microrelief of the processed surfaces.

The roughness of the treated surface was measured using a profilometer (TR110, TIME Group Inc.,
China) in two perpendicular directions X and Y (Table 2).

Results and discussions
Figure 5 shows the surface roughness values of the titanium alloy after laser processing in two per-

pendicular directions.
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Puc. 5. 3nauenne mepoxoBaTOCTH MOBEPXHOCTH TUTAHA B 3aBUCHMOCTH OT TEKCTYPHI
Ja3epHON 00pabOTKH B IBYX MEPICHAUKYISIPHBIX HAIIPABICHUS

Fig. 5. The value of titanium surface roughness depending on the texture
of laser processing in two perpendicular directions

Table 2 shows the morphology of the surface structure according to the laser processing texture.

Figure 6 shows the results of average values of shear strength of adhesive joints with different surface
textures. The nature of failure for all samples is cohesive by adhesive.

The measurement showed that the roughness value of linear textures (0°-0° and 90°-90°) differs
significantly depending on the direction. The roughness value of net textures depends on the process-
ing direction less than that of linear textures. Textures 0°—0° and 90°-90°, as well as +30° and +60°,
are identical textures rotated relative to each other by 90°. Textures 0°-90° and +45° are identical, but
rotated by 45° relative to each other. The roughness value in one direction for identical textures corre-
sponds to the roughness value in the perpendicular direction for another identical texture rotated
by 90°. The surface roughness under the action of laser processing increases by 4—12 times relative to
the unprocessed surface.

Metallographic texture analysis (see Table 2) shows that the texture parameters correspond to the
direction of the software surface processing and the specified step between the processing trajectories.
The laser beam, moving along the metal surface, locally melts it, squeezes it out from the center to the
periphery and evaporates it, creating a “microgroove” up to 40 pm deep. Repeated laser action on the
same place deepens the groove. The molten material squeezed out from the center of the groove hard-
ens and creates a ridge between the laser processing trajectories. For net structures, the first pass of
laser processing at an angle of a, creates a ridge between the trajectories, but the second pass at an
angle of a, destroys it at the intersections of the trajectories.
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Texture parameters

Table 2

o o Overhead view Microsection (side view)
0° 0°
90° | 90°

0° | 90°
30° | -30°
45° | —45°
60° | —60°
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Puc. 6. [IpouHOCTH KJI€EBOTO COENMHEHUS OT YIJIa TEKCTYPHPOBAHHS TOBEPXHOCTH

Fig. 6. The strength of the adhesive bond depends on the surface texturing angle

The results of the shear adhesion strength tests showed that regardless of the type of texture ob-
tained during surface treatment, the adhesive bond strength increased by more than 70%. This may
indicate that the main mechanisms for increasing the adhesive bond strength are an increase in the
contact area of the surface and the adhesive, as well as chemical modification that activates the sur-
face. The processing texture has a lesser effect on the adhesive strength under the condition of the
same specific surface energy of laser treatment.

The best result of adhesive joint shear strength 1., = 28.9 MPa was shown by the 0°-0° texture. If
compared with the strength of the adhesive joint without the “titanium—titanium” processing from
work [14], which is 14.15 MPa, then the 0°-0° texture increased the strength by 104%. The strength of
the adhesive joint with the 0°-90° texture showed the lowest result 1., = 24.2 MPa relative to other
textures, but the increase relative to the untreated surface is 71 %. The results of the study showed that
it is possible to increase the strength of the adhesive joint by 20 % only due to the surface texture.

The 0°-0° texture is more resistant to shear loads than the other textures studied. This is facilitated
by the linear structure of the microgrooves in the perpendicular direction of the shear. The ridges of
the grooves, which were formed under the the laser pressure, are a micro-stop for the glue, preventing
the movement of the glue under shear load.

In the net structures +30°, £45°, £60° the stop for the adhesive is the ridge formed by the intersec-
tion of the laser trajectories. In the £60° texture the ridge is the narrowest of the net structures. This
explains the low strength value.

In the 90°-90° texture there is no stop in the shear direction, but because of a larger contact area
due to a deeper groove than in net structures and the absence of a destroyed ridge it shows relatively
high strength values.

The 0°-90° texture showed the worst result among the studied textures. The ridge, which could
have been a stop for the glue, was destroyed by the second pass of laser processing.

Having determined the average groove size based on the microsection from Table 2, the macro-
structure of the surface of the 0°—0° and 0°-90° textures (Fig. 7, a, b) was modeled in the CAD sys-
tem. In this modeling, the surface microrelief was not taken into account due to its randomness. The
0°-0° texture model showed that the surface area increases by 94 % relative to the untreated surface.
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And for the 0°-90° texture, only by 16 %. The small increase in the surface area of the 0°-90° texture
can explain the reason for the low value of the adhesive joint strength relative to other textures.

Puc. 7. Monenu MakpoCTpyKTYpbl IOBEPXHOCTH C J1a3epHON 00pabOTKOI:
A — texctypa 0°-0°; B — tekctypa 0°-90°; C — MonepHU3upoBaHHas TekcTypa 0°—90°

Fig. 7. Models of surface macrostructure with laser processing:
A — texture 0°-0°; B — texture 0°-90°; C — modernized texture 0°-90°

In order to improve the strength characteristics of the adhesive bond of the 0°-90° structure, it is
proposed to deepen the microgroove, which is formed across the direction of the shear load, by in-
creasing the number of passes of the laser beam along the trajectory. It is proposed to double the step
for perpendicular processing, thereby preserving part of the ridge, which contributes to an increase in
the shear strength (Fig. 7, ¢). The surface area of the modernized 0°-90° texture increased by 72 %
relative to the untreated surface. This modernized 0°-90° texture will require a higher specific surface
energy than the textures in this study.

Conclusion

Laser treatment of titanium alloy surfaces increases the strength of adhesive bonds by more than
70% compared to untreated surfaces. When laser processing, it is important to pay attention to the
choice of surface texture, because certain textures can increase strength by 20-30 %. If the type of
load in truss elements is known, it is better to use linear textures directed perpendicular to the load di-
rection (for shear — 0°—0° texture, for torsion — 90°-90° texture). For mixed loads, it is better to use net
structures of £30°, £45°, £60°, which resist loads in two directions.
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