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TTPAND TTT DIAGRAMS FOR QUENCH SENSITIVITY OF 6013 ALLOY.
VG Davvdov B Ber VN Ananiey Y Kaputhin, VT Komoy
All-Russia Institute of Light Alloys, Moscow, Russia

ABSTRACT  Quench sensitivity TTP and TTT diagrams ol 6015 alloy within temperature
mterval 250 S00°C were obtained  Solid solution decomposition Kinetics were determimed by
clectroconductivity  and  tensile properties  measurements  Phase  transformations have  been
iy esticated using high sensitive X-ray phase analvsis TENL SENTand DSC Cooling rate enough to
suppress solid solution decomposition on quenching estimated by 95 %o LTS criteria is cqual o
25 Crs AL temperatures between solvus and SO0 C only [ phase (NMa.S1) with a cubic structure ol
Cal's type exists  In temperature interval 400 500 € two phases were found [5 phase and
hesaconal Q phase (ALCuMggSio) In temperature iterval 250 400 Comainly Q phase was
observed At lower temperatures 250 325 Cintermediate Q7 phase was found

Wevwords: [/ and 111 diagrams, quencly scisiiviy. 6013 alloy J3 pliase (Ve Soc O pliase
(Cu Mo S ), electroconductiviy, tensile properties

LLINTRODUCTION

Al-Me-Si=(Cu) 6013 alloy is perspective for wide application in an aireratt mdustry as at-has an
attractive combination of medium strength with cood plasticity - formability - fracture toughness
corrosion resistance and  weldability [1.2] TP and TTT diagrams in-quenching  sensitn oy
temperature interval represent alarge interest tor the alloy nature understandimg and tor correct
choice of SST and quenching regimes |3 4] Two equilibrium phases are known i AN e-Si-(Cu)
svatem {3 phase (Me,Siy with a cubie Fmdm structure of Cal-type (a0 039 nmy) and hexazonal €
phase (ALCuMegSin) (a 1032 nme ¢ 0405 nm) [5 0] Intermediate phases formime durme sohd
solution decomposition in low temperature interval are GPzones: 7 and 7 phases Ihe ervstal
structure is under discussion | 715

FIP quench sensitivity diagrams for the several Russian allovs basing on the 95 94 TS
measurements were obtaimed in 3] and electroconductivity THP diagram for AI-Ng-851 0003 alloy
was presented in [7] We didn't find any published T diagrams for quench sensitivity temperature
mterval for AI-Me-Si-(Cu) allovs based on the structure studies results CHENTN-ray phase analysis
cle ) In AL T %0 MalSialloy [8] (7 phase precipiiation was discovered by TENT atter direct
anncaling S50°C > 180 C 72 h After direct annealing S5O € > 350 €2 h heterogencous 3 phase
precipitation on dislocations was observed  More prolonged anncaling S50 C > 350 C 44 h led 10
[ phase dissolution whereas [3 phase plates grew  After direct anncaling S50 C > 450 C 2 honly 3
phase plates were found. The goal of the present work was to obtain TTP and TTT diagrams for
quench sensitivity temperature iterval of 6013 allo
2. ENPERIMENTAL

The study was carried out on the industrial 16 mm sheets of 6013 allov Chenncal composition

ol 6013 alloy is presented in Table |

Table 1. Alloy 6013 chemical composition.

Cu | Mg Mn Si e /n Ti Cr Be Vas
wt. %% | 0.6 0.83 0.29 0.71 0.21 0.1 0.03 | 0.05 ] 0.0008 0.0
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Sheet cards were solution treated at 565°C, water quenched and stretched for a small c]ch‘cc
followed by a prolonged natural ageing, (as-received temper) Standard heat treatment procedure for
TTT and TTP diagrams is a solid solution treatment (SST) tollowed by a quenchimg mm\ preheated
liquid media and subsequent annealing for required time (direct zmncnlmg,) .l'l’lc‘schcmc ol Iuh.m'ulim\
heat treatment unit, which was used in this work, is given in Fig. 1 In distinction to quenching into
hquid media this unit allows to control cooling rate in different temperature intervals
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Fig. 1. Laboratory heat treatment unit.
LoWater pump 2, Water tink 3. Water pressure gauge 4. Water distributive unit
S.Injector 6. Mobile specimen carriage 7. Carriage handle 8. Air circulating fur—
nace for SST 9, Air circulating furnace for isothermal anncaling 10. Furnace tempe—
rature control device 11, Computer for recording of the specimen temperature 12, Thy-—
ristor converter 13. Air pressure gauge 14. Compressed air valve 15, Air flow gate

Fhe unit consists of 1wo co-axis air circulating through-tyvpe furnaces (8) and (9) i which
furnace (%) s used for solution treatment. furnace () for isothermal heat treatment The block of
water-air cooling (5) include 12 injectors which are joined into - uroups by three myectors The
specimen is fixed on mosable carriage (0) which moves by handle (7) Thermocouples (from one up
to three) are mserted o specimen. Thermocouples signals are transtormed by analog-to-digital
comverter and then are recorded by the computer (1) Cooling can be mterrupted at predefined
temperature: Tmmediately atier that (he specimen carriage s mosed into furnace (9) and s exposed
tor required tme followed by the water quenching  The cooling rate down (o a enven anncaling
temperature is equal to SO 60 /s Anncaling temperature variations didnt exceeds 15°C Direct
anncaling was carried outl on samples T8ON30xT 6 mm in size. cut out along rolling direction. Then
ch‘cl]‘munducli\‘il_\‘ I was measured  Alter that samples were cut into four equal parts One part was
used for structural mvestications. three others for tensile tests These samples were aged by the
standard for 6013 alloy reeime 190 €

Electroconductivity. 1 values were measured by edee current method with the accuracy off
OS5 NSnyme Theh sensitn ity N-ray phasc analysis was performed with Debue camera i
monochromatic CrK,, radiation N-ray lines identilication was carricd  oul using  caleulated
debucerams with Al reference lines [O] Estimation ol the method sensitivity gives - 0 1 vol 4 Thin
films for TEM were prepared by double-jet clecropolishing method in the electrolvie 30 %6 TINO.
CHEOIT cooled down 1o 20 C and then examined in TENT TO0CN transmission eleetion
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microscope DSC curves were registered on the SETARAM DSC-111 calorimeter at heating rate of
e |

2 and 5°C/min in the temperature intervals (20 350)°C and (20 600)"C in an aluminium crucible i
e atmosphere

3. RESULTS AND DISCUSSION

Mecasured Y values are presented on the diagram (Fig. 2). UTS and YS measurements on
the diagrams (Fig. 3) Afler cooling with a rate  S0:60°C in a wide temperature interval (275
$00) C Y UTS and YS are changed after 14 s, that indicates to the high quench sensitivity ol 6013
alloy Cooling rate enough to suppress solid solution decomposition estimated by 95 % UTS criteria
is equal to ~ 25 7C/s “Temperature interval of the minimal solid solution stability is (325 400) € Ay
temperatures ol ~ (375 400) and 300°C solid solution decomposition completed carlier than in other
mtervals. This indicates to different phase composition in these temperature intervals since cach
phase has its own C curve

I, °C Ihe  light microscopy  and  1EDX
500 T ‘ ‘
£ , examinations showed that direct anncaling
475t Y MSm/m e ; ‘
< at S00 C caused heterogencous nucleation
430 g 21.5-22 ‘ & o
_ _of plate-shaped  Me- and Si-contaming
ey O 22225 . ‘ e
sooli 0O 22523 pml?c]c.\ on the !Im'gc .I'c»uunl;mmw
375 O 23-23.5  particles  and on dispersoids AU this
i O 2352 emperature N-ray phase analvsis detects
330 @ 24-245 \ :
325 | @ 24523 lines of B phase (Me.St)and several
300 | B 25255 addinonal lmes belonume to Q phase
275 | m 25526 (ALCuMegSi) (Table 2) The ntensity ol
26-20.5 : , .
250 WO e most high-temperature: DSC peak s

2 8 o . IS I .
' 22 mcreased m o compare to as-recerved temper

T 8 (Fie ) Al these data imdicates that |}
phase s the dommant phase on direct
anncaling at SO0 Cand high temperature

Fig 2. TTP diagram plotted on the basis of peak ona DSC curve is a peak of [ phase
clectroconductivity measurements. dissolution Aller diect anncaling 450 €1 h luee
particles mside erams and on eram boundanes were
observed X-ray phase analvsis indicated the presence of a laree amount of [ phase In a whole
temperature mterval (250 500)C additional X-ray lines were observed They cannot be explamed
basine the [ lattice |9 L4 The best fit between experimental and caleulated d/n values was
obtained for Q phase and € phase [ TS] with the same cryvstal structure: When temperature decreased
dovwn to 400 C additional precipitates nucleated within erams Then size was order ol magniude
less than the size of coarse particles at 450 C DS spectra indicates the presence of N Srand Cu
m these precipitates. TEND results are presented in Freo 5 SADP analysis shows the presence ol hpe
phase with periods a1 035 nm and ¢ 0405 nm (Fig 6) 1t lattice o5 the same as the lattice of
cquilibrium Q) phase Period ¢ is cqual to matrix period. so this phase may be coherent with matis
(orientation relationship [001 ], 1001y Similar structures were deseribed i aced Cu-contamme
o061 alloy [ 1o} and in AN e STowith excess of SIS These facts mdicate the simularny ol Q- and
[3" phases crystal structures
Alter direct annealing at 4507C and 4257C kink appears on the dissolution DSC peak at (350
SO0YC This effect may be explained by inereasing of Q phase volume fraction (Q phase dissolves m
temperature interval ~(400 510)°C [} phase (480 560) C (Fig ) NX-rav analvsis shows that Q
phase dominates in (375 250) € temperature interval Particles spatial density increased - Analysis off
SADP supports the presence ol O phase in case ol direct anncaling 275 € AU the same time thin
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lath-shaped particles were observed in temperature interval (250 325)°C. Their diffraction pattery
were closed to B ones [9 14, but several distinctions were found. Their sections were the same gy
for particles in [ 17], where solid solution decomposition in Cu~containing and Cu- fiee alloys was studied and precipitateg
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Fig. 3. TTP diagrams, plotted on the base of UTS (a) and Y'S (b)

Table 2. Additional lines on X-ray photographs.
S R T,

Q phase, hep, B phase |9]. hep. '
d (experim.), nm a=1.035 nm, ¢=0.405 nm 2=0.705 nm, ¢=0.405 nm ‘
e | N hkl d ) ~hkl :
0.298 0.300 201, 300 - .
0.281 s 0.283 210 l
0.258 0.259 420 0259 | 2200
0247 | 0.248 110 0248 | !
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Fig. 4. DSC curve of 6013 alloy sheet sample (a) in as-received temper. (b) after
direct annealing 500 °C, 1 h

were laths (not rods). Special X-ray investigation of Al-0 83 Mg-0.62 Si - 21 Cu (in wt o) allov
(monocrystal, monochromatic MoK, radiation) detected particular additional diffuse rods along
[100]*\;, distinctive from diftuse scattering from @' and [}’ phases The same scattering was found
on the SADP in 6013 alloy after direct annealing at temperatures (250 300) 'C That's why we
identify this phase as Q' phase — metastable precursor of equilibrium Q phase  close to [ phase
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but having its own crystal structure. DSC curves analysis showed that direct annealing (250-350)°C,
| h caused the complete solid solution decomposition. TTT diagram for quench sensitivity
temperature interval obtained basing on the above results is shown in Fig. 7.

Fig. 5. TEM light field image and SADP of Q phase particle. Direct annealing 400°C, S min.
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Fig. 7. TTT diagram for quench sensitivity temperature interval of 6013 alloy
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1. CONCLUSIONS

I Electroconductivity LTS and YS TTP diagrams for quench sensitivity temperature mterval
ol 6013 alloy were obtammed  Cooling rate enough 1o suppress solid solution decomposition
estimated by 95 %o LTS crteria is cqual to ~ 25 C/s Temperature interval of the mimmal solid
solution stability s (325 400) “C AL temperatures o ~ (375 400) and 300 € solid solution
decomposition completes carlier than in other intervals

2 On the basis of X-ray phase analysis. TENM. SENM and DSC techniques T diagram Ton
6013 alloy in quench sensitivity temperature interval was obtained  After direct anncaling 1wo
cquilibrium phases [ phasce (Me,Si) with a cubic structure of Cal’s type and hexagonal Q phase
(ALCu,MgsSio) were determined. At temperatures between solvus and =300 C only [5 phase
exists. In temperature interval (400-500)"C both f§ and Q phase were found In temperature mteryal
(250 400)°C mainly Q phase was observed. At lower temperatures (250 325) C intermediate O
phase appeared lor these phases morphology. orientation relationships and specilic dillraction

eflects were established
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