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The redistribution of %Co atoms in the near-surface layer 2099-T83
Al-Cu-Li alloy during ultrasonic impact treatment (UIT) is studied. As
shown by microdurometric analysis, the UIT results in a significant harden-
ing of 2099 Al-Cu-Li alloy. However, the increase in the UIT duration re-
sults in the microhardness decrease, which is explained by the stress-
relaxation processes occurred in the alloy. The higher microhardness of the
UIT-processed alloy is stable for more than a half year. The radioactive iso-
tope technique reveals a nonmonotonic dependence of the ®°Co-atoms’ distri-
bution curves observed for the surface layers of the alloy samples UIT-
processed for 60, 120 and 180 seconds. Moreover, the optimal mode is the
UIT processing for 120 s. The calculated mass-transfer coefficients during
UIT performed at room temperature match up the diffusion coefficients
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known for the stationary homogenizing annealing at premelting tempera-
tures. The mass-transfer coefficient value for ®°Co in 2099 Al-Cu-Li alloy
during the room-temperature UIT exceeds the diffusion coefficient of °Co
into aluminium at T'=300 K about = 10® times that indicates that the phe-
nomenon of anomalous mass transfer is realized.

Key words: ultrasonic impact treatment, diffusion, mass transfer, radioac-
tive isotope, deformation, microhardness.

Busueno nmepeposmnogin aromis °Co y mpumosepxmesomy mapi cromy 2099
Al-Cu-Li micas repmomexaniuaoro oopobiienus T83 3a yMOB yIbTPasByKOBO-
ro ymapHoro oopodOaenHsa (Y3VO0). MeromoM MiKpOAIOPOMETPUYHOI aHAi3U
IMOKasaHo, 110 ¥Y3YO Beze 10 icrorHoro aminuenusa crony Al-Cu—Li 2099-T83.
Opuaxr 36inbreHHESa TpuBajaocTy ¥ 3Y0O IpU3BOAUTE 10 3MEHIIIEHHA MiKpPOTBe-
PZOCTH, III0 HOACHIOETHCA IIPOIlecaMu pesiaKcallil HanpysKeHsb y cromi. ITinBu-
meHa MiKpoTrBepaicTh micaa Y3YO sanuiiiaerbea cTabibHOIO y CTOINL ITOHAT
miBpoKy. MeTomom pafioaKTHBHUX 130TOIB 0yJIO BUABJIEHO HEMOHOTOHHY 3a-
JesKHicTs KpuBoi posmoxiny *°Co y cromi micisa yabTpasByKOBOIO YIAPHOTO
00pobsienna BuponoB:x 60, 120 Ta 180 ¢, npruoMy ONTHMATIBHUM PEXKUMOM €
yac obpobsenua y 120 c. KoeditienTn maconepenecenua 3a ymoB ¥3VYO 3a
KiMHATHOI TeMIepaTypu BiamoBimarTh KoedinienTam qudysii B ymoBax cra-
nioHapHoro audysiifHOTO Bignasy 3a mepeaTONUIBHUX TeMIiepaTryp. Bemxnun-
Ha Koe(imienTa maconepenecennsa aromis °Co y cromi Al-Cu-Li 2099-T83 mif
uac Y3YO za kiMHATHOI TemMIepaTypu nepesulye Koedimient nudysii *°Co B
amominiit 3a T=300K y =108 pasis, mo csiguuTs npo peanisamiro sBuima
aHOMAJILHOT'O MacOIlepeHeCeHH .

KarouoBi ciioBa: yJaIbTpasByKoBe yaapHe obpobisieHHsA, nudysisa, MacomepeHe-
CeHHs, PagioaKTUBHUH i30TOII, JeopMarllisa, MiKpoTBEePHiCTS.
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1. INTRODUCTION

Spacecraft design methods and technologies are based on aircraft en-
gineering principles. A greater emphasis is put on a weight minimiza-
tion, vibration interactions, fatigue strength, and materials selection.
The spacecraft design has to operate under conditions of static and dy-
namic loads occurred during testing and launch, and then in a zero-
gravity environment[1].

The Al-Cu-Li alloys [2, 3] are widely used in aerospace engineering
owing to the unique combination of low density, required strength and
exceptionally high elastic moduli values compared to other aluminium
alloys. Every percent of lithium reduces the density of the aluminium
alloy by 3% and increases Young’s modulus by 5%. The 2099 alloy of
the Al-Cu-Li system has improved corrosion resistance and fatigue
crack propagation properties in comparison with other alloys of this
system. This alloy has the best set of mechanical, operational and anti-
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corrosion properties, allowing it to compete in aerospace engineering
with traditional aluminium alloys and polymer composite materials.

Optimum chemical composition of 2099 Al-Cu-Li alloys with a tem-
per T83, where is solution heat-treated, strain hardened by 3%, then
artificially aged [4] allow to obtain more favourable properties than
previous generations of AlI-Cu-Li alloys [5].

However, according to the literature data [6], the operational char-
acteristics of 2099 Al-Cu-Li, namely, low density, increased elastic
modulus, and high strength, were not significantly improved in com-
parison with other alloys of various series and modifications.

Therefore, the search and development of new techniques and pro-
cessing methods allowing improving the physical-mechanical proper-
ties of AlI-Cu-Li alloys for application in the aerospace industry is now
an urgent task.

This work considers the mechanisms of atomic migration, micro-
structure evolution, and their influence on some mechanical properties
of the near-surface layers in the 2099 Al-Cu-Li alloy of modification
T83 under ultrasonic impact treatment (UIT).

2. EXPERIMENTAL DETAILS

The samples of 2099 Al-Cu-Li alloy made by Smiths (USA) and under-
went a T83 temper involving solution heat treatment, water quenching
and stretching prior to artificial ageing, in accordance with the ac-
companying factory technical certificates, has the following chemical
composition: 2.6% Cu, 1.6% Li, 1% Zn (wt.%) and other elements of
much less content (Mg 0.15, Mn 0.15, Ti 0.1, Zr <0.1, Fe 0.07, Si
0.005) [7]. Additional chemical analysis [8] confirmed this percentage
of chemical elements in the alloy. For the experiment, four samples
were cut out (one initial and three for processing) with dimensions:
12x12x5 mm. A layer of the radioactive isotope ¢°Co was electrolytical-
ly deposited onto the surface of three samples to be treated with ultra-
sonic impact treatment (UIT). The isotope layer thickness was = 0.3 ym
and its activity was = 5-10% imp/min. The radiation intensity is known
to be directly proportional to the concentration of the °Co isotope.

The UIT process duration was chosen for each individual sample to
be 60, 120, and 180s. Ultrasonic impact treatment of 2099-T83
Al-Cu-Li alloy samples coated by °Co isotope was carried out at room
temperature = 300 K in a step-like manner for 60 seconds each step to
avoid UIT-induced overheating above 350K [9]. Thus, the samples
treated for 120 s and 180 s were cooled after every 60 s before continue
the processing cycle. A detailed description and operating principles of
the UIT equipment can be found in [10]. Parameters of the UIT: the os-
cillations’ amplitude and frequency of the ultrasonic waveguide tip are
30 nm and 21 kHz, respectively, and the natural frequency of the im-
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pact pin (i.e., the frequency of the impact pulses) was of = 0.5-1 kHz
[11].

To obtain the depth profile of the concentration distribution of °Co
isotope, the autoradiography and layer-by-layer removal techniques
were used [12, 13]. The sample deformation extent was assessed as the
ratio of the sample thicknesses measured before and after ultrasonic
impact treatment [14]. The Vickers microhardness was measured using
a microhardness tester. The plastic deformation rate & is determined
by the formula [15]

é;:_’ 1)

Teff

where ¢ is the relative plastic deformation of the sample, defined as the
ratio of the sample thickness measured in the initial and treated states;
Ttz is the effective processing time.

3. RESULTS AND DISCUSSION
3.1. Microhardness

In this work, the microhardness (HV) values for the 2099-T83
Al-Cu-Li alloy samples in the initial state and after UIT process were
measured at both the treated surface and backside. As shown, the mi-
crohardness of the initial sample is equal to 1.7 GPa; it increases to
5.47 GPa, 5.26 GPa, and 4.39 GPa after UIT lasted for 60s, 120 s, and
180 s, respectively. Consequently, the UIT leads approximately to tri-
ple strain hardening of the alloy in comparison with the initial state.
However, the microhardness is decreased with increasing of processing
time, which indicates the occurrence of relaxation processes in the
metal [16] (Table 1).

The deformation extent € of the sample defined as the ratio of the
sample thickness measured in the initial and processed states and after

TABLE 1. Values of relative deformation and microhardness of 2099-T83
Al-Cu-Li alloy before and after UIT.

Tproc.s S €, % HV,GPa SHV, GPa
initial 0 1.7 1.7
60 2.8 5.47 3.9
120 4.2 5.26 3.6
180 6.8 4.39 3.11

- - Al: 2.09[17] -
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various UIT-processing times is given in Table 1 too. Analysis of these
data shows that this dependence can be satisfactorily fitted by a linear
function (Fig. 1). Thus, it is possible to interpolate the deformation
extent for any other processing time. At the same time, it should be
taken into account that the deformation extent is distributed non-
homogeneously over the sample height and its maximum is near the
sample surface. It leads to a slightly higher local heating, i.e., to a
higher probability of the recovery and dynamic recrystallization of the
deformed microstructure in the near-surface region of the sample [18].

The backside microhardness of the sample (**HV) measured after
UIT is changed similarly to the microhardness of the processed sur-
face; however, its magnitude is lower. Approximately 2 times harden-
ing is observed (HV increases up to 3.6-3.9 GPa; Table 1). The micro-
hardness values induced by the room-temperature UIT process are re-
vealed stable for more than six months.

3.2. Mass Transfer

In this work, the effect of the UIT duration on the migration and redis-
tribution of atoms of the ®°Co isotope from the surface to the bulk of
the 2099-T83 Al-Cu-Li alloy sample is considered. To calculate the
plastic deformation rate and mass-transfer coefficient the UIT effec-
tive time (i.e., the total time of the interaction between the impact
striker and the surface of the AlI-Cu-Li alloy) was taken into account.
This UIT effective time is equal to a half of the total processing time
[19]. Consequently, the time of effective processing (Tett.proc.) Was re-

7_- —u— Deformation
|| — Linear Fit of Sheetl B“Deformtion”

|Equation y=athx
| weight No Weighting
| Residual Sum of 0335
| Squares
| Pearson’s 099283
|Adj. RSquare 097857

Value  Standard Error
| Intercept 0.2 0.34242
B Slope 003583 0.00305
0 T T T T T T 4 T T T

0 60 120
Time, s

Deformation, rel. units

180

Fig. 1. Dependence of the deformation extent on the UIT duration.
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Fig. 2. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. = 60 S).

spectively adopted tobe 30 s, 60 s, and 90 s.

As can be seen in Fig. 2, the concentration distribution of the ¢°Co
isotope in 2099-T83 Al-Cu-Li alloy sample after UIT applied for 60 s
has a non-monotonic character. Its feature is the presence of two max-
ima of the isotope concentration at a depth of about 3 ym and 11 um.

The presence of the first maximum (3 ym) in the concentration pro-
file is typical for the repeated pulse processing [20]. Moreover, it
should be noted that the diffusion migration of atoms, as a rule, leads
to appearing the stresses in crystals and to the formation of new dislo-
cations [21]. As experimentally shown in Ref. [22], the physical nature
of the first maximum of the isotope concentration (3 uym), related to
plastic deformation, which leads to the accumulation of dislocations in
this zone, and these dislocations can settle the diffusing atoms. The
following continuation of processing generates more new dislocations,
and the resulting stresses facilitate the diffusing atoms to overcome
the dislocation barriers [19, 23]. The second maximum is located at a
depth of about 11 ym. Apparently, the second maximum was formed for
the same reason, due to the formation of a layer of the increased disloca-
tion density. The mass-transfer coefficient estimated after UIT per-
formed for effective processing time of 30s achieved the value of
6.7-10% cm?/s.

Figures 3 and 4 show the experimental profiles of the %°Co isotope
distributions in 2099-T83 Al-Cu-Li alloy samples processed by after
UIT for 120 s and 180 s, respectively. As seen, the regions with the in-
creased concentration of isotope atoms at different depths are also ob-
served.
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Fig. 3. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. =120 S).
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Fig. 4. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. =180 S).

With the increase in the UIT duration, there is a continuous dynam-
ic process of the structure rearrangement of the Al-Cu-Li alloy, with
the unchanging strain rate (Table 2). During processing, even with a
low strain rate (10™#-107° s7!), plastic deformation of alloy promotes
the increase in the diffusion activity of impurity atoms on the surface
and in the near-surface layers [21].

The most significant changes in the structural and concentration
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TABLE 2. Data on the strain rate, mass-transfer coefficient versus the UIT
duration of 2099-T83 Al-Cu-Li alloy.

No. ‘ T,K ‘ Tetf, S ‘Depth, um‘ €, % ‘ ¢, 871 Dets, cm?/s

300 30 17 2.8 9.10°2 6.7-10°8

2099-T83 s .
Al-Cu—Li 300 60 26 4.2 7-10 5.6-10

300 90 26 6.8 7.6-1072 3.5-10°8

Co — Al (hetero- 5
diffusiony 210 - - - - 3.0-10

60Co —» Al 300 - - - - 5.0-10716

characteristics of the 2099-T83 Al-Cu-Li alloy during ultrasonic im-
pact treatment applied for 60, 120, and 180 s are observed at the depth
ranges in the near-surface layers of 5-15um deep. As seen in Figs.
2—4, the increase in the UIT duration from 60 s to 120 s leads to the in-
crease in the penetration depth of the °Co isotope in the alloy sample.
Further increase in the UIT duration to 180s practically does not
change the penetration depth. Therefore, in the UIT mode applied, it is
advisable to use the processing time of 120 s.

The mass-transfer coefficients were calculated using Albert Ein-
stein’s formula [24]:

2 2 -8 2
Deff _ X _ (20) 10 _ 6,7 . 1078 cm , (2)
9t  2-30 s

where x is the maximum penetration depth of diffusing atom, 7. is the
effective duration of the UIT process.

The values of the mass-transfer coefficients calculated for the 2099-
T83 Al-Cu-Li alloy samples at different UIT processing durations are
presented in Table 2. For comparison, the heterodiffusion coefficient
of Co into aluminium during stationary annealing are also presented
there[13].

As can be seen from Table 2, the mass-transfer coefficient gradually
decreases with the increasing UIT process duration. At the UIT lasted
for 60s, 120s, and 180s, the ®°Co —» Al-Cu-Li mass-transfer coeffi-
cients are comparable to the Co— Al heterodiffusion coefficient
known for stationary annealing at 910 K. At the same time, the value
of the diffusion coefficient of °Co — Al at room temperature (obtained
by extrapolation) gives a value of 5.0-107'6 cm?2/s. The Dy/D ratio is of
7-10° times, i.e., in this case, the phenomenon of anomalous mass trans-
fer is realized not due to the temperature exposure, but owing to the
presence of a driving force induced by the impact (pulse) mechanical
action on the 2099-T83 Al-Cu-Li alloy driven by UIT. It can be as-
sumed that the nature of the driving force involves an increase of pen-



PECULIARITIES OF ATOMIC MIGRATION IN THE NEAR-SURFACE LAYERS 413

etrating-atoms’ quantity promoted by moving dislocations. This phe-
nomenon was observed in works[19, 23].

CONCLUSIONS

1. The linear increase in the plastic deformation extent with increasing
time of the ultrasonic impact treatment from 60 to 180 seconds is ob-
served.
2. The UIT process leads to three times microhardness increase of
2099-T83 Al-Cu-Li alloy. The higher microhardness value obtained
after the UIT is stable for more than a half of year.
3. The nonmonotonic dependence of the ®°Co concentration distribu-
tion in 2099-T83 Al-Cu-Li alloy after ultrasonic impact treatment is
observed.
4. The increase in the UIT duration from 60 s to 120 s results in the in-
crease in of penetration depth of ®°Co isotope in 2099-T83 Al-Cu-Li
alloy. Further increase in the UIT process duration to 180 s does not
change the penetration depth. Therefore, in the applied UIT mode, it is
advisable to use a processing time of 120 s.
5. The mass-transfer coefficients at the room temperature UIT match
up the diffusion coefficients known for the stationary homogenizing
annealing at premelting temperatures.
6. The most significant changes in the structural and concentration
characteristics of 2099-T83 Al-Cu-Li alloy at UIT lasted for 60, 120,
and 180 s are observed in the near-surface layers at the depths of
=~ 5-15 pm.
7. The mass-transfer coefficient magnitude for the 2099-T83
Al-Cu-Li alloy at the room temperature UIT exceeds the diffusion co-
efficient °Co — Al at T =300 K by =108 times that indicates the reali-
zation of the phenomenon of anomalous mass transfer.

The work is carried out within the framework of R&D (Reg.
No.0122U002366) supported by the National Academy of Sciences of
Ukraine, which is gratefully acknowledged.
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