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ABSTRACT

This repor[ presents the work prograrnme and lhe main results or a t cooperative study funded by
the CEC under BRITE EURAM programme dedicated to the develcpmenl, by ingot  metallurgy,
of a ncw aluminiufn  alloy for use at I 50°C.

The firs[ slate of this research work was focused on the choice of tl e main Precipitation system. .
in regard to elevated tempemture  properties. In this objective, tensile and creep propen”ies at
150°C as well as fracture toughness and corrosion behaviour  on r{ Ned plates and sheets in 33
different chemical compositions i semi-products, belonging to the main precipitation systems
(S, 6,6, Q, T and ~), were assessed. The stability for long exposures  ai 150CC of most of
lhese alloys has been demonstrated on the basis of fine microslructural  investigations and
mechanical tests. From these resuIts, it has been clearly established that the A1-2Cu-Mg-Ni
system, especially the 2650 aHo y, was presenting the best compromise in terms of strength,
creep resistance and fracture toughness.

In a second step, attempts have been made to optimise the 2 best nominal compositions (2650&
6056), selected from task I on the basis of creep results, and the corresponding ageing
treatment in regard to the other properties of use (fatigue, fracn.tre [ oughpess & corrosion). The
influence of nickel, iron & manganese contents has been particular iy studied on the 2650 alloy.
The effort was mainly focused Ori fatigue, toughness ~d crack propagation properties but
limited creep tests were also carried out to make sure that the creel} behaviour was not affected
by the alloy modifications. . (- + -
Lastly, the achievement of the original technical and economical { ~bjectives  has been assessed

j through a comparison of Lhe properties obtained on Lhe optirnlsed  alloys with the target
properties defined in the initial work prograrnme. From this comparison, it can be clearly stated
that all the origin+  objectives of the programme  are met, with [he development of 2 alloys
which present elevated temperature properties much improved over the best existing alloys, i.e.
2618 and 2219, together  with damage tolerance properties compa~ Me 10 the 2024  alloy, known
M a reference  in this regard. (

The.sc 2 alloys are fabricated with convcntiona]  mols and do not contain any cxpcnsiv~
consLimcn~. ~“his gara[i[ccs  dm~ [he COSL objcclivc  is also attained.  Besides. Lhc. 2! a l loys
dcvclopcd do n~~[ conl:lin any toxic clcmcn~,  such as nickel, whicl ~ is present in ~he261 S ul!oy.
‘l-his is a very posilivc  argumcnl  in regard  l{) crWirtJnmcn[  aml rccyt:labil ily-

.
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1.2 - CONSORTIUM 1) ESCRII’TION
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The Iollowi ng [i~l}l~ sum miiriscs d~c contribution of the different par triers (or [he difkfcnt  task.

[ Partner (n”) I Business Proliles I Main Contrib  ltion (task numbers)

I

Acrospatiale  ( 1 ) I AircrafL
Mtinufacturcr

BAe Airbus  Ltd (2) I Aircraft
Manufacture

Daimler Benz Aircraft
Aerosoace Airbus (3> Manufacturer

Project Managem(.nt  - Definition of target -
Evaluation - Man; L&cme.nl {1.1 ,1.3,2.2,3,4)

Definition of target Evaluation (1. 1,1.3,2.2,3)

Definition of target - Evalui]tion(  1.1, 1:3,2.2,3)  ~

..’

1
--

D. R. A.(4) Research Institute
I , ~

Management of alloy development - Fabrication of
experimental alloys (1.1 ,1.2, 1.3,2.2,2.3,3)

ONERA (5) I Resemch institute Microstructural  investigations (1. 1,1.3,2.2,2.3,3)

TSTR AM (6) Research institute {Jnderstandin~  of bi>haviour (1.1.1.3.2.2.2.3.3)

B-A. AIuminium  (7) Aluminium alloys Development of alloys (1.1, 1.2,2.1,2.3,3)
Manufacturer

PECHINEY  (8) Aluminium alloys Development of alloys (1.1,1.2,2. 1,2.3,3)
Manufacturer

Dassault  Aviation (9)

Daimler Benz ( 10)

MIRTEC(11)

Aircraft
Manufiicturer

Automotive
Manufacturer

Industrial R & D

Associate partner of Aerospatiale (~ 1, ;3,2.2,3)

Associate palner of Daimler Benz
Aerospace Airbus (1.3,2.2,3)

Associate partner t tf Is tram (,1. 1,1.3,2.2,2.3,3)
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T h i s  rcpori prc.wnts  lhc w{~rk programmc nn~i (11c rcsulls  of a
AEROSPATIALE  (F). BRITISH ALUMJNIUM  Ltd (UK), BRIT

coopcra[i vc slud y b~lwccn
SH AEROSPACE AIR BUS

Ltd (UK), DAIM~tiR BENZ AG (D), DAIMLER Bi3NZ AI~ROSPACE  AIRBUS (D),
DASSAULT (F), DRA (UK), lSTRAIM (GR), MIRTEC (GR}, CNERA (F) and PECHINEY
(F), supported by the CEC under BRITE EURAM contract BRIZ! CT9201 53, which aims at
cicvcloping  a ncw crccp rcsish.mt aIuminium  alloy for usc in the ]ange 100”- 20()”C.  The new
alloy  should be available at a low cost i.e. being fabricated b y ingot rnctdlurgy,  easy to
transform with conventional tools and able [o hold  very lon~ time exposures withou[ a
significant 10ss of properties.
The driving force for such a development “work was the preparation, of a ncw supersonic aircraft
project.  Nevertheless, potential applications on subsonic aircrafts ~ nil helicopters had also been
identified and benefits in terms of cost and weight savings had beer i estimated.

Developed at the beginning for the Concorde progrmnme, the 26! 8 alloy is widely ~sed up to
now for elevated temperature applications in many industrial sectols, mairdy when high damage

) tolerance properties are not required.

In Europe, during the seventies, studies were undertaken to imprcve the fracture toughness of
2618 alloy. This led to the development of 2650 aHoys.  T1 .ese alloys, with chemical
composition cIose to thatof2618, present improved fracture toughness properties; tmfortunately
no long  term creep properties are available from them, since the r development was stopped
when the project of an improved Concorde was abandoned. L lore recentIy, studies were
conducted on ‘8090 aluminium-lithium  alloy,  interesting for its I( )W density and presenting a
relative good creep behaviour.  However, this alloy is suspect td for having not a s~able
microstructure in the temperature regime concerned which results in a decrease of its fracture
toughness after short exposures at elevated temperature.

In Australia, Pr. Polmear  has developed, for forging applications, an alloy derived from 2219
with silver additions, presented as very creep resistant.

In the United States, Reynolds company which already ”developed  2048 alloy, for a supersonic
project in the sixties, is currently developing an aluminium-lithiun i alloy called E$X Q8 which
would be stable at elevated temperature; while Alcoa developed tke 2519 alloy, presented as a

‘)
very creep resistant alloy. -

-.
Unfortunately, for these two last products, which are in a developrrent  phase,  ,it is very difficult
to get information corresponding to our objcctivcs,  and impossible (o get material for eval uation
wi[hout being linked with a commercial and confidential contract.

It was thus dccidcd  to base the programmc on u furdlcr op[imisatio:1 of the already investigamd
sysmms,  taking into account [hc specific rcquircmcnts  for airfr~mc: trucxurc  applications.

3- WORK PROGRAIMME

‘I-hc t}rigillal  dcvclopmcn[  w[wk programmc  was divided in Ulrcc nujor  phases:

l;l.ik .; -  I; Y: II LI:IIIOI)  01’[I}C ~}1’ill{.’L’l.
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- Jll task I, :Iiloys Compositions” !-r{)rn llw hcsl- sysIcms sclccWl  in a liucr:il~lrc  survc.y were 10 hc
ct}mparcd on dw basis of the cvaluati(m ~Jf clcv:ltcd  tcmpcraturc  m ;chanical  proiw-tics  (mainl}~
crccp & thermal stability) in rdla Lions hip wilh nlicrosh-uctuml  fc;i[ln-cs  (grain size, morphology
& tcxlurc,  prwipi[a[iorr,  inkrmctal]ic  compound).

- Task 2 was cicdicatccl  {o the op[imisation  of [hc chcmictil  composition and t.hc associated
process of the [WO nornintil compositions, sclcc(cd  from [ask 1 on hc basis of crccp rcsistancc,
in regard [o the o[hcr proper-lies of usc naniciy Patiguc, frw:turc ,Joughncss  and crack
propagation, checking  thal the creep bchavititrr  wxs nw affcctcd by alloy modifications.

- Lasdy,  the objective of task 3 was to dem,onstnte  that [he achievctmmt of the original technical
and cccmornical  objectives has been assessed, through a comparis(m of the properties obuained
on the alloys  tested in twk 2 with the larget properties defined in the work progranlme and with
the results obtained on the exis[ing alloys established in the syntha  is of subtask  1.1.

4- MAIN ACHIEVEMENTS

4.1 -  CHOICE OF THE MAIN PRECIPITATION SYSTl+:M  ,

The first and main factor that influences the elevated temperature behaviour, especially creep
resistance, of alurninium  alloys is the main precipitation system. Th 1s an extensive investigation
was undertaken by aH the.partners to collect information from exis :ing aluminium alloys  based
on S, t3, 6, Q, T and ~ precipitation. Data were coIlected on the foil >wing alloys:

● 2000 series
-A1-2Cu-Mg  : 2 6 1  8 A &  2 6 5 0  ~
-A1-4Cu-Mg :2014-2024-2124-2048
-A1-6Cu-Mn-Mg:2219 -2419 -X3058

● 6000 series
-A1-Mg-Si-Cu :6013 & 6061

●  8 0 0 0  s e r i e s
-A1-Li-Cu-Mg  :8090

.+-
. . .

) From this work it appears that the A1-2Cu-Mg-Ni  system presen: a very good overaIl  creep,
behaviour but, on the basis of Larson Miller extrapolation, none o ~ these alloys does mee[ ~he
creep elongation requirement which is less than 0.1% after 60 00(1 hours at 130°C under 150
MPa. Among them, 2650 alloy  with-a lower Fe and Ni contents than 2618A, presents a much
better  fr?ctur~ toughness than he Concorde alloy and nleeLs the objrctivc requirements

Besides, 6013 (A1-Si-Mg-Cu)  and 8090  (A1-Li-Cu-Mg)  alloys, wi!h a, lower density, mccl the ~
(racturc toughness requirements and present a very good creep bchaviour in d~e primary and
sccondw-y  stages. However, these’ (WO alloys  exhibit a very small tertiary crccp smgc, wi[h a
vw-y small creep failure elongation (bclhw 1%) which indicalcs  a vmy rapid y-owth of the crccp
dilnlagc.

1.
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4 alloys 5 ;11 k)ys 20  dl; )ys

2 I“orllls (Slwc{ & plxc)  ( i ) plalcs Shccl

2650 + & X 2525 (2)(3) 2650 (9 COIIIPOS.)

.2650 + Zr X 2 5 2 5  +  CC (3) X2525 (4 COIIIPW.)
X 2525 8090. (3)

X 2525 + Zr 6013 (4) 2024 (4 compos.)
MD 345 A1-Li (~ COlllpOS.)

Table 1 - Alloys  selection to be produced for task 1

(1) Target of 2 different microstnrctures
( 2 ) X 2525 corresponds to X3058 i 2001 compositions
(3) Non recrystallised structure

. . (4) , Recrystallised and non recrystallised

● At BRITISH ALU MINIUM  Ltd, the 8090, X2525 (A1-5.5Cu-0.5Mn-0.35  Mg) with and
without Germanium and MD 345 (.AI-2.6CU-1 .6 Li-O.5Mg-O.3AS)  alloys were cast without any
problem (only the Copper level  was a little bit low on the X2525 with Ge). On the opposite, the
casting of 6013 was very difficult and the ingot presented some c1 acks. The five compositions
were homogenised and hot rolled to 14 mm plates and then salt bath solution heat treated. On
6013 alloy, BRITISH ALUMINIUM  Ltd could not obtain ]Jroducts  in the 2 foreseen
microstructure (recrystaIlised/non  recrystallised) but got plates p[ese.nting an heterogeneity of
microstructure in the thickness (recrystallised near the. surfact & unrecrystallised  at mid
thickness).

● At PECHINEY,  4 alloys identified as 2650 + Zr, 2650 + Ag, >12525  and X2525 + Zr were
cast with a cross section of 380 x 120 mm at the foundry of tile Centre de Recherches de
Voreppe. ALPUR degassing  of the melt was performed to assure g ood quality of the castings.
There was no particular difficulty noticed for the casting of the 4; tlloys, and the elab~ration  of
the material was successful at the first attemp~- Ultrasonic non-destructive controi was

~} performed and showed no defects. After homogenisin.g  at 520 ‘C, hot rolling was done LO
produce plates in two thicknesses : 14 “mm and 4 mm. The last transformation was done by
cold rolling  the 4 mm thick sheets down to the final thickness of 1.6 mm. Because of the
]imitations  of its laboratory equipments, the maxinlun~  widfll  of tie produc~ from CRV were 70
mm for the plates and 170 to ’200 mm for the sheets. The only difficulty encountered by
PECHINEY concerned the solution heat trcatmen[  (SHT) of X25J.5.

● At DRA,  the 20 alloys which were planned from the 2650, X 2525, 2024, 8{)90 and Al-Cu -
Li-Mg-Ag  systems were cast and processed to sheets 1.6 rnm dlckncss.  Concerning the heat
u-cammn[ conditions, hccausc  of th~ lar~c number of alloys. it was impossible to make a study
O( op[imiza[ion  OK the IICUL trca[mcnt conditions for each :t]loy.  ‘Thus it was dccidcd  thal the
ll{)n~inal  conditions for tllc h:wis i~lloy  tvil?  hc SCICCICCJ  (for irlstan:c  “[IIc I}c;I[  [rca[mcn[  o f  261 R
will bc used for 2650  and il.s v:lrian~s).  It was alst] decidc[i [1):11 (i)c :Ilnoull[  {J( s[rc[clli[lg ;If[cr
quc[)cll  \\’ould hc {)[”  2% for :111 :III()>IS c.kcci)[  Ibr A!-1..i  ;~l[tl).s.
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- ‘1’ilcrIiI:~l S(:lhiti[y  at 15{)C’C  :il”lcr  I(H}[J tilld 4tMM} flours cxp{).su]-c
- “1’cnsilc  ICSIS :it 20 and 1500(2 {In [hc as rcccivcd matcria]
- ‘1’cnsilc tcs[s al 20 and I 5t)°C after I(HN) and 40(X) hours cimdi[ioning at 1 S(PC
- Creep tests at 1500C under 250 M1’:1
- Fr-acml”c  Wlghncss  [Cs(s at ?{)”c
- CtJrr(Jsion

The thermal stability of [he alloys was studied by ONERA. The cvolu[ion  of the
rnicrostructurc  of these alloys was assessed’ through Hardness ~ncasurcrnen[s.  Afw a 4000
hours exposure, rnos[ of the 2650 type alloys  exhibit hwdness 10S ses inferior to 1 (Mo. Only the
2650 + Ag alloys from PECHINEY and DRA, which arc wxy hard in the as rcccivcd
condition, show an important loss “(resp.  20 and 1570). The X1!525 type alloys seem [o bc
much more thermally stable with hardness 10SSCS  in the range (i - 1270, while the A1-Cu-Li
alloys (Mod 049, RX218, MD345) alI exhibiL  a strong hardncs:  increase after a 1000 hours
exposure. This behaviour  is even more pronounced in the case 01 ~he 8090 alloy.
Among the 2024 alloys  familly,  the basis alloys 2048 and 2124 are very stable, w~ile  those
wiLh Zr or Ag additions exhibit a loss behveen 7 and 10%.
The. 60j~  alloy is proved to be quite thermally stable (loss= 570).

Tensi Ie tests were performed by BAe, DASSAULT and DA114LER  BENZ AEROSPACE
AIRB US. The comparison of tensile results, in the as received {:ondition and after 1000 and
4000 hours soak at 150°C, showed the following u-ends:

● ’C)n the 2650 alloys, no effect of the thermal ageing was evident XI tit room temperature while
at 150°C,  most of these alloys exhibit strength losses (Y.T. S. and U. T-S.) close to 10%, except
the 2650 + Ag from PECHINEY and the DRA alloy G 78 con~ining  0.59i0 Si and 0.5% Ag,
which show higher losses (> 20 Ye)-

“ In general, X2525 alloys exhibit iower strength losses at 150°C than 2650 alloys, in the range
6- 197c for the Y.T.S and 1- 12$% for the U.T..S. Furthermore, the two alloys manufactured
by BRITISH ALUMINHJM  Ltd seem to be very thermalIy stable.

● Aluminium  lithium family (8090, MD 345, Mod 049, RX 218) exhibit, both at room
temperature and 15~C,  a significant improvement of tensile propl :rties  (from = 10 to Q~o) afLer
1000 hours soaking, while after 4000 hours soaking and when tested at 150°~  these alloys

‘. exhibit a drop of properties, leading to partiaIly recover their initial level  in as received
,/ condition. This behaviour is probably due to the fact that they a] e initially underaged and that

they undergo a second ageing  step during  ~he ~herrnal exposure at 150°C~

● 2124 type alloys arc not thermally stable  and exhibit strcngtl 10SSCS between 15 and 25c7c
while. WC 6013 appcxs  to bc much more thermally stable (strength loss = 1 WZO).

Creep tests were .sharcd hctwccn DRA. ONERA and ISTRAM. lHalf tcs~s were carried ouL up
to l’ai lure wly-xcas  the imlf remaining wire stopped  at 10W hours i f no ~~ilurc  {wcurrcd before.
Ctmccrning rcsuits  ohmined  on sheet-s, the main C{)flclusions can })c summarixcd  as foiiows:
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+ 26S1 G74 ((1,5%  AX  + 7.1)
) — 2650 C75 (0,S% Ag)

y

—  2650 C77(19?? Ag  + 2 %  Mg\- - - - -  . 26S0  G71j  (0,5%  Ag + 0~% ji)
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‘ —  2650 ( G  7 3 )
‘-.-. ----.’ 2650 C 76 (1”% As)

(
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0 ~()()o 4000 6000 8000
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Fig’1 - Creep results for 2650  sheet alloys

● The X2525 alloys exhibit a creep behaviour  depending both on the process and the chemical
composition. Alloys produced by PECHINEY appear more creep resistant than those produced
by DRA. Besides, the addi[ion  of zirconium seems to have a ben >ficial  effect on the creep life
that should be carefully studied. However, the X2525 has a high>r density than 2650 which is
not balanced by any benefit in creep behaviour.

. The aluminium  lithium family (8090 - RX 218- Mod 049) exhibit a poor creep behaviour,
mainly the 8090 alloy which fails prematurely. In fact, for these a Uoys, test conditions were too
severe with stress levels close to the yield strength and this expiail M their poor creep behaviour.

● Among the 2124 family ~, the 2048 alloy presents a poor creep behaviour both measured by
DRA and ISTRAM. On the other hand, crtip resul~  ob~ined  o I the 2124 sef@-ar~strong]Y
different depending on the laboratory- Plastic strains measured by DRA are similar to those
observed on the 2048 alloy and four time greater thin those mea wred by ISTRAM. In fact, as
no difference of creep results was observed in the other alloy systems, it is thought that creep
methodologies must not be questionned and that this effect is dl e to heat tratment  conditions.
As a matter of ~ac~, the ageing  was directly performed b y each partner concerned before testing
and it is wcllknown  [hat a slight v~ria[ion  in the heat ~rtttmen: conditions may explain this
difference.

● Creep results ob[aincd on plates  are be~~cr  than those obtainctl  on shecLs with lowvr plastic
swains measurid  after I (K)O hours testing. Unfortuna[cl y most of the tests were stopped  at 1 W()
hours. Only some tests were pursued at DRA oh aluminium lithium (8090 & MD345)  from
BRITISH AL~MINIUM LTD at-d X2525 and .X2525 + Z- from PECHINEY. indicating dIa[ ii
rankin~  of alloys based on plas[ic strains after IO(M) hours testing can be totally dit’lcrcnt from a
r:inking btiswl on the cr-ccp  Ii I-c.

- ,,



c~~mpt~sili{~n  and scrni-product.  Aluminium lithium prcscnl ht~[h a gcmd rcsisltincc w suzss
c{}rrosion  cracki  J3g  and in[crgranuldr corros ion (cxccpl  k 8090 l’r<~m DRA). and a mcf-lium
sensitivity to cxft)liation.  2124 and 6013 alloys arc inscnsilivc  10 s J-css corrosi(m cracking ilt~d
crxfolia&ic)n  and .scnsiti vc to inlcrgranular  corrosion.

. ..

Rcsults of fracture toughness [csts, only performed on plaLcs, ;xhihi[  high values of Klc,
probably no valid  bccausc of low Spccirncn thicknesses but also strong diffcrcnccs bctwccn
values mcasurccl  by the two laboratories in charge of these tests (DA1 MLER BENZ
AEROSPACE AIRBUS and ISTRAM).

Following microstructurai” investigations on [he 2650 type alloys uxted in [ask 1.
ONERA proposed an interesting interpretation of the relationship between microstructure and
creep properties as a function of chemical composition, more particularly in regard m Ag and Si
contents.

1 The main points of this study are:
—

1 .

●

●

The confirmation of the presence of an unknown phase, different from S’, in the.-Ag
containing alloys. This phase had previously been reported t y J.T. VIETZ and Al. (then
called T’ as it appears to be a precursor for T phase), and more recentiy  by H. D. CHOPRA
and A1.(t.hen  called X phase),

The creep behaviour seems to be more dependant upon the fineness of the pre.zipitation  than
on its nature (X or S’),

Considering their microstructure, i[ appears that the precipitation heat treatment of the
medium A#medium  Si alloys was not optimised. Improvements ‘of the creep behaviour  may
certainly be obtained by modification of the thermomechanical  ~eatment  of these alloys.

4.2 - OPT1M1SATION OF COMPOS1TION AND PRO{:  ESSING

The finals ynthesis of task 1 showed that 2650 and X2525 were the best alloys as far as creep
apd thermal stability were concerned- Particularly, a significar t improvement of the creep
behaviour was obtained on the 2650 al toy by an optimisation of d- e chemical com os~on.  The

$most favorable effect was found either by increasing the silicon contgt to 0.5 0 without the
addition of silver or by increasing the silver content to 1 % in c{ njunction  with a low silicon
content. In regard to cost, density and environment (recycling considerations, it appeared
preferable to promote, for task 2, alloys containing silicon rather tl tan silver.

Three variants of the chemicill  composition were chosen for the 2650 as indicated in the table 2
here below:

Cu F@ Mn Si

EEl

r+: Ni Ti

2650 baS~ 2.7 1.65 ().35 ().4 (). t ().2 0.1

Variant 1 ~,7 1.65 0.35 ().4 ().1 - 0.1

Variin[  2 2.7 1.65 ().6 0.s ().2 0.2 (). [



AIII](Ju<.11 [l{}t s[udicd in Msk 1, it W:LS dccidcd  if} add [Iw 6056 all~) f u) the prcvioms alloys. As :]
mal[cr of l’act,  this :llloy  dcrivcxl  from ihc 6013  illloy lms shown an in[crcs[illg polcnlial  without
any op[irn’isa [ion, during prcliminw_y  crccp wsls performed at AEI’!OSPK1” IALE Furlhcrmtlrc,
{.hc 6056 is weldable,  prcscl~ls a lower dcnsily lhaJI (k 2650 ami m~y bc us~d M WCII f~}r
subsonic as for supcrsoni~  applicati(ms.

Material in plate ~lrm was to be produced by BRITISH ALIJMINI  UM L[d while hodl platc”:lnd ,
s h e e t  was to bc producwl  b y  PECHINEY.  T h e  varia[iolls ‘ in fabrication practice
(homogenisation lcmpcmturc,  solution heat WWlmcnL pmctjcc)  ‘vas confirrcd  to the. malcrial
produced by PECHINEY. In total 14 diffcrcnL material confi~urations were produced foJ
evaluation in task 2, according to t-he table 3 here below:

PECHINEY I .-
Plates Shee~s Plates

2650 base 2 4 1
2650 Variant 1 I -- 1 1
2650 Variant 2 1 1 1

6056 1

Table 3- Alloys to be produced for ‘rask  2

- At BRITXSH ALU MIINIUM Ltd, DC cast ingots measurin  g 170 mm thick by 450 m m
wide were cast of sufficient length to produce two 1 metre long ingot for hot rolling.
The 2650 compositions were homogenised by ramping at 50°(Yhour to 500”C and then at
5°Cfhour from 500°C to 520°C before soaking at 520°C for 24 hours. The 6056 was similary
ramped to 500°C,  then at 10°C/hour  [o 530°C  and soaked at that temperature for 14 hours.
All the ingoti were scalped to 150 mm thick after homogenizing f~}r  hot rolling up.to 14 mm.
After hvo preheats between 8 and 16 hours at 500”C and 480DC, the plates were edge trimmed
to approximately 400 mm prior to heat trearnent.
The 2650 plates were solution heat treated for 1 hour at 530°’2, cold water quenched, and
stretched 2%. The 6056 plates were solution heat treated for 1! hours at 550°~ cmld  water
quenched “and stretched 2%. Following stretching, the 2650 plat ~s were aged at 190°C for 19

:)’
hours while the 6056 plates were, aged at 175°C for 8 hours.
The grain structure of the finally heat treated plate was exarninti.. All the va~ants  of 2650 had
the same grain structure wtich  is fine and partially rec~stallised.  The 6056 plate grain struclure
was coarser and largely unrecrysdlised.

* At PECHINEY,  ingot  measuring 120 mm thick by 380 mm ~vide were produced from 125
Kg nle~~~  The base alloy was homogenised  at ei~her  5200C (A 1 ) or 4900C (AZ). All the
remaining material was homogenised aL 5200C.  The soak time was dw same as that usccl by
BRITISH ALUMINIUM  LTD l.c. 24 hours.
14 mm p]aLeS  and 1.6 mm sheets  were produced. “l-hc sheet.s pro{~uction  involved hoL’  rolling m
4 mm [hen cold rolling w the final gauge. The pla[cs were solu[i~n hcnl tmatcd in air using, the
same practice as employed by BRITISH ALU MI NIUM L(ti ii:. I htwr aL 5?4)°C,  while twt~
s{~iutioll  ]}G1[ tJUllrllCJ)l.  pJILClkYS  \vcr”c llSCd  fO1  ShCCLS  wilh lhc 1 ast :l!j~)y  colllp(lsiti(:ll. $hCC(S
tvc:r”c s{)]tl[i{)n  hc;)i lrc:\Ic{! :~1 .f~(~O(;  !’f)r 40 nlinut{’s  ill ltilhCJ”  :IJI  ~]!r [“[I[”JKICC  ~lr iJ~ :i s~ilt b~)l[].  “[’b~’

,.,
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SIICCL Alh}y  V;lridllt l-i{}nl[~gcllis;ltitltl  tcmpcramrc
i[lcnlil-icati~~n and S. H.”’. mdium

Al-1 2050 bqsc” , 5200(~- Air

Al-2 ~~50 b~.$c 5200(: - SalI

A2- 1 2650 hasc 490”{; - Air

A2-2 2650 base 4900(:  - salt  ‘

B1-1 2650 varitin[ 1 ‘ 520”(2 - Air
r ,

t cl-l 2650 variant 2 I 520°~2  - Air

Table 4 - I d e n t i f i c a t i o n  o f  t h e  S h e e t s  p r o d u c e d  by PECHINEY ‘

In order to assess the different alloys, a work pro.gramme  based on mechanical ~esting in
conjunction with microstructural  investigations was defined. The effort was mainly focused on
tensile, fatigue, toughness and crack propagation properties, bu~ limited  creep tes~s were also
carried out to make sure that the creep behaviour  was not affectd  by the alloy modifications.

1 Tensile test+ performed by 13Ae indicated that on sheets, prop< rties (Y-T-S. and U. T. S.) are
similar for each condition ( 20 an’d 150”C ) on the 6 alloys. Howesrer, it can be observed that the
drop of properties due to temperature is higher than in task 1. Whim compared to the G 73 alloy
of task 1,which, is the best creep resistant alloy, the Y-T.S. is reduced from 22 to 26 % instead
of 10% (Figure 2)- On plates, the same trend is observed on 26.5{} alloys  but the Y.T.S. is only
reduced from 13 to 19% when the temperature goes from 20 to 150°C. Besides, no significant
difference was found between the two producers (BRITI;H  ALUMINIUM  Ltd and
PECHINEY).  The 6056 exhibits 10 wer pro@_ties  than &e 265( ~ but the drop of. properties
smaller and limited to 1276.
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Fatixue  test.s on plaLc  iill{)ys  fr{)nl Bl<l”[’l  Sf-i ALU MINIUM Ltc and PECHINfiY wcw :]is{)

LX)nd”uCLCd  by i3Ac. Spccimcns used were, notchai  spccimcns (Kt=2.68),  cxwactcd following
ihc long dircctitjn.  ‘J”cs[s were pcrforrncd at 20 and 150°C, with u R mlio=(). 1. From dIc r-csul~s
it an bc drawn dlat ~11 thc 2650 Viiriilnts hiivc [he Siimc kh iviour and the-influcncc {)1’
[cmpcrillurc  is idlTIOSt negligible, al Ic:lst, f{~r d]c higher strc ;SCS.  As lar iis the 6056 is
conccrncd,  the same conclusions hold. When comparing the 265(} to the 6056 under the same
conditions it appears tha[ the 6056  hits  i] lower fatigue ~chavi  .)lur which can bc rcli~td  to

plasticity.
On sheets tests were performed by M IRTEC al 20°C and by DA1;vILER  BENZ AEROSPACE
AIRBUS at 150°C on notched  specimens (Kt=2.5).  At 20°C, no diffcrcmcc was found bc[wccn
the different alloys  and the fialiguc  Jimi[ at 107 cycles may be cst mamd al abou[  130 MPa. At
150”C, no difference also was found between the different alloys,  but due to the effect of

‘ temperature the fatigue limit was lowered from 130 to 100 MPa. 1 iowever, as each partner was
in charge of machining its own specimens, ii is not sure that ‘his effect is only related to
temperature. in connection with this, the two partners were asked to check where.ini tiaticm
takes place.

Toughness tests (R curves) were conducted by AEROSPA1 IALE on plate alloys from
BRITISH ALUMINIUM  Ltd. Specimens used were CCT spec me’ns: 1000 x 400 x 6 mm,
extracted following the long direction in the middle of plates (th ickness=14 mm). Tests  were
performed according to ASTh! E 561-93 using  simple compli: nce “method. Crack opening
measureme.n t-s were made by laser.

The main resulfi can be summarised as follows:

● Ali the alloys fulfill the minimun  toughness requirements (equ valent  to 2024 T3).

“ Due to invalidity of some tests it was not possible to rank the alloys  based on Kc. however
on the basis of load at fracture the mnking is:

1) 6056
2) 2650 (High hfln)
3 )  2 6 5 0  ( B a s e )
4) 2650  (0% h~i) --- -.

;}
● Among the 2650 alloys, the high Mn content ~xhibits a better resistance to ductile !earins

although tail the alloys iiai’fi the same mechanical properties (m ~inly ductility).

Toughness tests were also performed by DAS’SAULT on shcel alloys from PECHINEY.
Specimens used were CCT specimens: 600 x 200 x 1-6 mm extri~cted  from the long dirccLion.
Crock measurements were made using potcnLial  drop technique.
Results stun m indicate  that allhou:h  all alloys reached the target, alloys B I- 1 (O% Ni) and C I -
I (high Mn) exhibit the best ~ougl~n~ss (Kc >-125 MPadm).  ‘ -

Crack  propagation tests were Shild  bclwccn  the partners in volvcd acct>rdiilg  lhc
here hciow:

P I  ATF<

1{ ().1 ‘1 R ( ) . 5
1 ““”  ldl=d

. .-, . . . . . . I . . . . . . . . . . .

M h]c 5



on pla[c alloys, produced bolh by 13 RI-I”ISIH  ALU MINIUM Ltd  and PECHINEY,  spccimcns
usu-1 were CT spccimcns  50 mm wide and 12 mm thick,  cxlrac[(d in lhc middle t~f lhc pla[cs.
following the long and (ransvcrsc dircc[ion. TcsLs were pcrforn }cd at a J“rcqucncy of 201-17..
Rcsul[s  seem to indica[c  thi]t the inllucncc 01 the direction tind [}1 > tcmpcralurc  (inainl y for the
high crack grow[h ra(es) is mm-c significant than !hc influence O( ihc chcrnic:ll composition (for
dlc 2650) and the producer (for the sarnc product).

On sheet alloys, only produced by PECHINEY, spccimcns used lwrc  CCT,$pccimcns  bctwccn
100 and 160 mm wicic extracted from the long direction. RCSLIltS show no infiucnce of the
len~pem[urc and Ihc chemical composition.

‘ Creep tests were performed by: AEROSPATIALE,  DRA, ISTRAM and ONERA with
several conditions of stress and temperature:

ISTRAM conducted creep tests in acceleratti  conditions (250 MI ‘a - 175”C),  on 2650_and 6056
plates produced by BRITISH ALUMHWUM  Ltd and 2650 pl I05S and sheets produced by
PECHINEY.  corresrrondin~  to 14 different conditions, with two !tsts per condition.

,L The- main re.s’uhs ca~ be su;marised in the table 6 here below-:.)

P––
2650 Best AI-2

Sheets Worst c l -1

2650 Best c l

Plates Worst A2

2650 Best c 1  -

and (2007)

6056 Worst 6056,
Plates (2016)

BRITISH
ALUMINIUM

Ltd

Table 6 - ISTRAM  Creep Resu Its

A l - 2 I

c l
(2007) I

As Par as creep life and minimun creep rate are concerned, it can be noliced  that alloy C I (high
Mn) gave the best resulls  both on BRITTSH ALUMINNJM LLd :md PECI-UNEY plates and the ‘
wors; orr shee~s.  Besides, no pw~icular  difference was found on :rccp lives between plates and
sheets.

Although this w(iric was not initially planned in the programmc  0- task 2, AEROSPATIALE has
pcri’orrncd  crccp tests on 2650 plates, produced by I>ECI-i IN ~Y, in (he same ~or~dilion  M
IS-l-RAM (250 Ml>a - 175”C)- From the rwul~ anal ysk it sc~m(~~  ~ML atb’ A I was the t~st as
far as crccp life and minimum strain ra[c were conccrncd,  Whiic  :lli(~y  ~ 1 was lJ~~ worst. ‘

,“
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. 011  shcc(s,  ;iflcr n)i)rc IIl:]r} 6(MK) h{)urs msl.ing,,  alloy  B l-l :)1 p e a r s  [{) IX Ihc l)csl, bt)lh ill
Icrms 01” C3-ccp Iifc dnd  nlinimun crccp riilc.

* On p la tes ,  I.JIC 6(1S6 iJll{)y  cxhibi].s  tJIC  IOWC.SI crccp bchaviour  .vhi k i)l]]ong  2650  a l l o y s ,  Ihc

tx:sL  crccp  bchavi{)ur  is observed on alloys  withou[  Ni (2012 1’] (m BRi’I”l  Sf3 ALU MINIU h~
Ltd) alltlwith  high M n  contcn( (Cl f rom PECHINEY  and 2005  lrom  B R I T I S H
ALIJMINl\JMLtdj.  -

JIRA a l s o  CodLICICd  S o m e  [~s~ al 150°C w’ith two levels of s~r~:s: 250  ;~n~ 190 Mp~ on Pla~c
alloys  A,l and B 1 f rom PECHINEY  and Cl (2005) and 6~J56 (2016) from BRITISf3
ALU MINIUM hi. At 250 MPa, afmr more than 2000 hours testing, the best creep behaviour
is obscr-vcd on the alloy A 1 and the worst on the 6056 alloy whi ;h has already faiicd. At J 90
MPa, considering the low creep strain (< 0.170 ) all the crecj>  curves Pal] within 0.02 %
scattcrhand.  Note after 40(K) hours tcsti ng that the C 1 (2005) curv ~ runs along the k~wer par-t of
the scattcrband.

Sheet alloys A2-1 and B 1-1 from PECHJNEY were only tested  ~t 190 MPa. After 5600 hours
of test alloy A2- 1 exhibits the best behaviour.

.lt can also be noticed that tests performed at DRA under the s~me conditions of stress and
temperature, both on plates  and sheets, evidenced an effect of thi c@ess. The best results were
obtained cm pIates. .

ONERA performed creep tests on sheet alloys  from PECHLhTEY’:n accelerated conditions’(250
MPa - 150”C). Except the alloy Al-1 which failed prematurely,: ill the other alloys exhibit the
same trend. Besides, as the minimum creep rate is similar for tl.e 6 alloys, something wrong
during  testing may be suspected to explain the poor creep life of a .loy A 1-1. Furthermore, as fiar
as creep life is concerned, it can be noticed that the best alloys {If task 2 are two times lower
tharr the best of task 1( aIIoy G73 from DRA and alloy 2650+ Zr from PECHINEY).

ONERA also conducted microstructurai  investigations o] [ the 2650 plate alloys from
PECHINEY. The main results can be summarised as fohvs:

● Coarse phases: - Mgz Si and r%-phase  A1-Mn-Fe.-Si  m all alloys and also:
- AlgFeNi, A1-Cu-Ni  a n d  A1-Cu-Fe m a l l o y  A l  ~
- AI-Cu-Fe On alloy B I - # -
- A1-Cu-Ni on alloy Cl

\ ,;) - A1-Cu-Ni and A1-Cu-Fe on alloy A 2

●  Disperst~ids: - Mainly a-phase  A1-M-Fe-Si  in d“ the plates

o Hi~rdening  phase : - S’ with in the base alloy (A) similar  precipitation within G73

From [csts pcrformcci in Task 2. the follt~win~  conclusions Ciln  b~: drawn;
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.5.1 At (IIC allt)v  p r o d u c e r s
. . .

)
‘I-hc bcs[ cstublishcd  acrospacc  high tcrnpcra[urc  alum ini,um al]{ Iy is today  2618,. which was
origi]laily  dcvclopcd  for engine p]stons  hu[ is mainly known ;s the Concorde alloy. Bo[h
J3RJ-J-lSH ALUM INIUM  Ltd and PECHINEY RJ-JENALU had a c o n s i d e r a b l e  involvcmcn[  in
the production of [his alloy. Apart from usc OH Concor-dc  this all ~y has founct applications ori
oLhcr air-crafts Iikc Airbus in parL hot areas as the de-icing equipn~en[  on. the wings. It has a~so
been used for rotor and blades in vacuum pumps, grvund  Lurbim:s  and M tooling plale in the
U. S. A., i.e. moulds  made for curing plastics and rubber articles. IIRITLSH ALUMINIUM Ltd
has become  a major player  in the tooling plate markcL and has dc~ eloped  7(NO series alloys for
these applications. The significantly better alloys developd,  in thi:;  project  will be exploited for
such USeS.
For both companies, that are ideally equipped to exploit qny (If the new high temperature
aluminium alloys  developed in the present programme,  the explc itation of a high temperature
alloy enter the industrial policy of development of high technology products. Moreover, within
the two companies there are capabilities to produce high strength e <trusions that will be required
in the airframe of the future supersonic aircraft.
Competition for the different markets between BRITISH ALUM INIUM Ltd and PECHINEY
would generally be on price and delivery, but it should be pointed Jut that co-operation between
the companies has already taken place in many occasions in the past, Iike during the
development of7010 and 8090 alloys. It wilJ be the mutual intc  rest of the two companies to
work together to get specifications written and, for example, $aic MIL HDBK 5 entries which
could achieve po[e.ntially  wider market penetration, especialJ  y m tJ le U.S.A.

I 5.2 At the end-users

I The totai market foreseen today for the future supersonic civil trar sport aircriift  vm-ies from 35’0
to 1000 machines, according to the different hypothesises concerr [ing the fare increase for such
an aircraft, which will have to .be fabricated between 2005 and 2015- It is estimated that the
supersonic will require about 200 tonnes bought  weigh[ of aluminium  product per aircraft. This
leads to a poten~ial  market of 70,000 to 200,000 tonnes over a period of about ten years.
However, the development of this new supersonic aircraft has not been decided e~and  it is

dforeseen that new materials, which have to be selected in 1999, will only be need for the first
. .
)

production in 2003. Thi~ leaves about 6 years for verifyin~:  at the industrial scale the
. . performance of the developed alloys and for making all the m:cessary  tests to produce the.,

design  allowable.
Besides, the ncw alloys will also be used in replacement of261 $ and” 2219 alloys on subsonic
aircrtift, helicopter and space  vehicles, for such applications as ai - intakes, fuselage parts i n the
g:is elc~[l(ln XOJl~. .SII-UCWIZal  par~ near [hc engines. The overall market for these applications
rcprc”scrr  Ls a smxllcr mw-kct, cstirnatcd tit abou I 500 ~onncs  per ~cw-, but it corrcspomis m
shorwr  time applications. However, about half 0( these iipplil:atlon.s correspond to forged
con~p[~ncnLs  : the ~da~~[iiti{)tl  of” the dcvclopcd  alloys [o this type ol” semi-pr[xJuct ‘will thus
rcqui rc t’urlllcr  dcvclt~pmcn  t work.

,
5.3 Patents and  f}ublicatiOris
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. “I-hc J_irs[ {)nc hy PJXHINEY, concerning [hc modification d k 2650  alloy  composition,
rcgislcrcd  under lhc n“: 9509443,

● The second onc by AEROSPATJALE,  on lhc application of such alloy  10’ smclurat
cornponcnls  of aircmfts,  rcgistcrcd  under  the no: 9509246.

Besides, IWO papers  were presented at lntcmational  Conlcrcnccs  :

● Ncw CI-ecp Resistant. Aluminium Alloys For The Future Supersonic Civil Transport
Aircraft, Y. J3ARBAUX and Al., 4 ti European Conference on Advanced Materials and
Proces se s ,  Padua  2 5 - 2 8 1 9 f  1 9 9 5 .

● The Lon~  Term E~evated Temperature Behaviour of Materi~ 1s: A Key Issue for the Next
SST, Y. BARBAUX and AL, ICAS 96, p. 937.

5.4 Further R & D actions needed before commercial exploitation

Some actions will be achieved in a very short term to facilitate the promotion of the new alloys :

● A draft of E.N. specification shall  be submitted by AEROSPATIALE  through AECMA .
organisation,

● A common registration by PECHINEY and BRITISH ALUMINIUM  Ltd of Mod. 2650
shall be asked at the Aluminium  Association,

● A commercial brochure shall  be prepared by BRITISH ALUMINIUM  Ltd and
PECHHQEY.

Besides, complementary Research and Development actions are a xolutely  necessary before the
introduction of the new alloys into any industrial application :

● Study of the infiuence of process and chetiical  composition variations on properties in
order to achieve the industrial scale production of sheets ar d pIates with a high level of
reliability and reproducibility, .-,--

● Production of design allowable, in order to complete the specifications and ;6 insure the
promotion of the new alloys

“ Study of the effect of the manuf~ctuiing  process on properties,

● Development of manufi~cturing  process and opiirnisation  { f chemical- compositions for
forgings and extrusions.

It has 10 bc c]car]y stated Ihat Lhc ilpph~aUOn  of Lhc ncw a]loys m general Cn.ginccring will I1OL bcl
possib]c  wiLhout an Cxtra support to produce design ~flOWdk L AS ii milttcr of fxt, ~nlCSS
aprospace  ‘c{~mpanics,  enlcrpriscs  WOkl[l~ in Lk gcn~rai Cnginccring  field have llfllil~d  R & i)
capabi litics and cannot wait for. nor pay [or the csulbl ishmcn~ ! ~f [hcsc design vai UCS. “rhcsc
c(~mpanics can only usc products that arc well cslahlishcd and 1112]1. have hccn qufilil’icd  for
similar :lpplic:lli(~n.s.

I
I
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- CONCLUSIONS “

Al the cnd of this R &D pr{l~ecl, 2. alloys  1 Families Of alloY ~jcr~  dcvcl~~Pc~  and tested at
the laboratory state that meet all of the original tal-get  properties, hut some
variations in properties between task 1 and task 2 were obscr~ cd which arc not completely
understood and questioned for the, scaiing up to industrial prod ~cts and rcproduci  bil~[y.

l“hc main prob]cms  encountered in the technical development. were a time scale too short,
lundings too limited for the basic understanding work and difi icultics  in the exploitation of
creep results because of the difference in creep tests methodologies.

Further improvements may be done through the influence of ~)anganese  + silicon vs nickel
and of process parameters (homogenisation) which WOU1(I need LO be assessed with
complementary scale experiments. —

Before transferring. the results of this reaserch  to industrial allplications, further industrial
developments are still required concerning the fabrication of optimised products in real’
indus~a]  conditions afid the produc@on  of design allowabks.

Complementary R & D work is still needed with forging and ?xtrusion companies to adapt
the chemical composition and the process to these products.

Two patents have been applied by PECHINEY and AEROSP ATIALE as a result of this R
& D proiect:  one on the composition of the 2650 alloy and { ne on the application of this
alloy \o ;tructural components- of aircrafis.
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