Universitat (&)
RO StO C k ; Traditio et Innovatio

Differential  fastscanning calorimetry and
differential reheating as direct and indirect metho
to study the critical cooling rates of -Zh-Mg-Cu

alloys

Dissertation
zur
Erlangung des akademischen Grades
Doktor-Ingenieur Dr.-Ing.
der Fakultat fur Mschinenbau und Schiffstechnik

der Universitat Rostock

vorgelegt von

David Zohrabyan, geb. am 19.0ct.1984 in Yerevan

ausBerlin

Rostock,10.02.2014

[tirn'nhn*de:abv 28-diss2015-0186-6

ds

Lehrstuhl fur Werkstofftechnik J_ -
MATERIALSO

Fakultat fur Maschinenbau und Schiffstechnik



zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2015-0186-6

zef007
Schreibmaschinentext





Page2 of 93

Contents
Differential fast-scanning calsimetry and differential reheating

as direct and indirect methods to study the critical cooling

rates of Al-Zn-Mg-Cu alloys.........cooeviiiiiiiiiii e 4..

1 INtrodUCHION ...cooeeiiiiie e e B
2 Literature REVIEW ...........uuuvueuiiiiiiime e mmmmmm e
2.1 State of the art in the field of wrought AtZn-Mg-Cu- alloys............. 1.
2.1.1 Chemical COMP@BILL........cceevviiiiiiiii e 7.

2.1.2  AQE HardeNING........uuuuuuuiiiiintmmmmmeeitiiititeisinesesssmeemensssssssesessesenees 9...
2.1.3  MICIOSIIUCTULE.......ceiiiiiiiiiiii e 11.

2.2 Continuous Cooling precipitation diagrams of Aluminum alloys...13

3 EXperimental...........ccoiiiiiiiiii e e e 16
3.1 MALEIIAIS oot e e e 16
3.2 MENOGAS. ... e 18

3.2.1 DSC and DFSC dEVICES.........uuuuuurinrtceemeeiereneennennnnnsesssmeeeeeeees 18

322 Sample preparat.i.on..for..t.he. . ZDFSC6ds

3.2.3 Differential Reheating (DRM) Method.............cooccccmiiinnnne 25
3.3 Trustworthiness of the Differential Reheating Method (DRM)....... 37
3.4 Recording of the precipitation reactions by conventional DSC..... 43

3.4.1 Conventional DSC sample preparation.............cc.cceeeeeeeeeeeeenn. 43

3.4.2 Sample preparation for metallographic, SEM+EDX and hardness
ANAIYSIS ..o e A8

3.4.3 NaANANAENTATIAN. ... c. it e e a 49

4 ReSUItS aNd DiSCUSSION. .....uineee e e e eamem 53



Page3 of 93

4.1 Precipitation reactions during continuous cooling inside
CONVENLIONAI DSC......oiiiiiiiiiiiiiiit e et 53
4.2 Ultra-Fast Scaaning FSC data obtained via DRM method............! 65
4.3 Metallographic analysis............ccoovviiiiiiiimmmc e 71
4.4  Scanning Electron Microscopy and EDX analysis......................... 75.
4.5 Nano-Indentation reSUltS.............eevvieiiiiiiimmmeee e 84
O SUMMAIY ceiiiiiiii e e e e e e e 87.
EidesstattlicheVersicherung...........ccccoooeviiiiiiccccee e, 89.
AbKUrzuNgsverzeiChnis...........cooii it ceee e 90

O REBIENCES. ... e e e 91



Page4 of 93

Differential fastscanning calorimey and differential reheating as direct and

indirect methods to study the critical cooling rates eZAtMg-Cu alloys

1 Introduction

Precipitation reactions inside aluminum alloys are known to be very important for hardness
and vyield strength. Premature epipitation during quenching from solution annealing
decreases the yield strength after aging. A methodology to determine the amount of
precipitates as function of quench rate (quench sensitivity) for a wide range of aluminum
alloys is proposed. The methatllows determining the critical cooling rate for suppressing
precipitation during quenching. Differential fastanning calorimetry was applied to cover

the cooling rate range needed for high alloyed materials. New methodology, called
differential reheatig method, was applied for differential fastanning calorimetry (DFSC)

and differential scanning calorimetry (DSC). The combination of DSC and DFSC extends the

available cooling rate range for precipitation studies from mK/s up to some 10.000 K/s.

Knowledge of the properties like yield strength is essential when designing a component,
because it generally shows the upper limit of the load that can be applied. Aluminum alloys
are generally used because of their preferable strength to weight ratio. Utityrajuminum
in the annealed condition has very low yield strength of a few 10 MPa. Dislocation movement
is the dominant carrier of plasticity. Different types of crystallographic defects can create
obstacles for dislocation movement resulting in yieldergyth increase. Precipitation
hardening (age hardening) is a heat treatment method used to increase the yield strength of
metals, including alloys of aluminum. Lower solubility of alloying elements with decreasing
temperature is a requirement to prodube needed particles. These particles can be
introduced in the matrix, in a finely dispersed way, to increase the yield stf@ngthUpon
plastic deformation, gliding dislocations in the matrix are obstructethéir movement by
these obstacles. In this case two options exist. Either the dislocations cut the particles, or they
bow out between particles. The first mechanism prevails for tiny particles coherent with the
matrix. If incoherent large particles ocgcuhe governing mechanism is the second one.
Further, also solute atoms, other dislocations and grain boundaries disturb the ideal lattice
regularity, thus the dislocations movements can be hindered by these oljdlaélesa result

yield strengths of some 10@Pa can be achieved with aluminum alloys.
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Several investigations of the precipitation processes during aging exist, but only few
investigations othe precipitation processes during cooling from solution anne@igy The
Critical Cooling Rate (CCR]10, 11] gives information about the rate where all precipitation
reactions are fully suppressgtl 7-9]. After cooling aluminum alloys with the CCR or even
faster (overcritical cooling) the maximum hardness value after aging was acfle%e, 9,

12] . Depending on the type of aluminum alloy and composition, the CCR can change
dramatically (for 6 XXX aluminum alloys typically from some &is to some 1008&/s)
[Godard}. The CCR is commonly obtained from continuous cooling precipitation (CCP)
diagrams. However CCP diagrams for aluminum alloys are hardly available. The common
recording procedures for steels are not usable only few other experimental procedures
exist. One possibility for recording CCP diagrams of aluminum alloys is given by differential
scanning calorimetry (DSQ¥-6, 8, 9, 13, 14]. Due tothe fact that modern DSC still has a
limited cooling rate range (typically below Kb@s), aluminum alloys which have CCR higher
than the cooling rate range achievable by the device, cannot be s{4diéd8, 9]. The
problem may be solved lilie recently developed Differential Fastanning calorimetrj15

17] reaching cooling rates up to°1K/s.

Differential fastscanning calorimeters are awadile nowadays e.g. for polymers, but they
are not well suited for studying materials like aluminum alloys. The differential fast scanning
calorimeter (DFSC)15], applied here, utilizes extremely smalhsples in dimension of some
10 um. This small sample dimensions give the possibility to reach faster cooling rates than in
conventional DSC, because sample and addenda (everything which is not related to sample)
heat capacity and maximum possible cooliatgrare dependent. This thesis presents first
experiments utilizing DFSC for studying precipitation reactions in high alloyed aluminum
alloys. New method was developed, based on reheating experiments, to study the precipitation
reactions over a wide coofjirate range from 13000 K/s. This covers the cooling rate range

where also for highly alloyed Ablloys no precipitation occurs.

Al uminum was a o6l ate comerd and can stil!/
structural materials used todayhel process to produce aluminum alloys on an economic
basis was developed only about 100 years ago because of the fact that aluminum is difficult to
recover from its ore. However, due to their versatilities, e.g. low specific weight, good heat
and electrich conductivity, high reflectivity and resistance to corrosion, aluminum is

consumed more than all othersbre r r o u s met als combined, i nc
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as well as lead, tin and zinc. Today aluminum is the second most widely used metal in the
world. About 80% of aluminum is used for wrought products, e.g. rolled plates, sheet, foil,
extrusions, rod, bar, wire. Aluminum began to achieve industrial importance in the period
19001914. The discovery of the afpardening effect by the German metedist A. Wilm in

1907 was one of the most important developments on thig p&thWilm had attempted to
harden an aluminum alloy containing coppad magnesium by heating it to 500 °C and then
guenching in water (similar procedure used for steels). The experiment was unsuccessful, the
alloy remained still soft. Some days later having an occasiontastreéhe same alloy, Wilm

found that it had besne much harder. Further the strength was also increased. Weight
reduction is mainly achieved via decrease in derjdity Therefore this is the reason yh
Aluminium alloys are connected to transportation, notably to aerospace industry. This was
one of the main stimuli for them to develop very fast. The strength to weight ratio is also a
dominant consideration. The advantages of the decreased density begememore
important in engineering design when parameters such as stiffness and resistance to buckling
are being involved. In most countries aluminum is being used mainly in following areas:
building and construction, containers and packaging, transportalectrical conductors,
machinery and equipment. Although the most metals will alloy with aluminum,
comparatively few have sufficient solid solubility to serve as major alloying additions. From
most of the elements which are being used, only zinc, esagm, copper, and silicon have
significant solid solubility. But itéds very
elements with very little solid solubility typically less than a percent, which play an important
role in improvement mechanisms fibre alloy properties. In most cases the maximum solid
solubility occurs at eutectic and peritectic temperat(iggs Wrought alloys that constitute

heat treable, (precipitation hardenable) aluminum alloys include the 2XXX, 6 XXX, 7XXX,

and some of the 8XXX series alloyk9)].

1 2XXX seriesi Al-Cu-Mg
T 6XXX series- AlT Mgi Si
1 7XXX series- Ali Zni Mg
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2 Literature Review

2.1 State of the art in the field of wrought AFZn-Mg-Cu- alloys

2.1.1 Chemical Composition

Combinations of magnesium and zinc in aluminum provide a class of heat treatable alloys,
some of which develop the highest strengths presently known fomeosial aluminum

based alloys. This is the result of the combination of elements that have a high solid solubility
in aluminum and also develop unusually high precipitaiardening characteristi¢$3, 14,

20]. Supplementary alloying additions to such alloys include chromium, copper, manganese.
Recant advances in aluminum alloys/temper development are maintaining aluminum alloys as
the materials of choice for future commercial aircraft structures, where there is a need to meet
cost and weightequirement objectives. AIn-Mg-Cu Alloys of complex speifed
properties, such as strength, ductility, fracture resistance, stress corrosion cracking resistance
are required for the application in structures operating under heavy loadings (aircraft) with

prescribed high level of safety margin.

Aluminum alloys due to convenient strengtb-density ratio, have found extensive
application in heawguty structures. This is the case withZ&i-Mg-Cu alloys exhibiting the
highest level of strength, but in the same time high level of susceptibility to fracturees®d s
corrosion. Mechanical properties of -Zh-Mg-Cu alloys are depended on the chemical
composition, primarily on total Zn and Mg content and Zn/Mg ratio, on the presence of Mn,
Cr, Zr, and impurities Fe and Si, on the microstructure, as a result afaadmm and heat
treatment conditions, e.g. on morphology, distribution and volume portion of intermetallic
phases and texture. Based on requirement to develop aluminum alloys with ultimate tensile
strength above 700 MPa (Rm>700 MPa) and satisfactory kveluctility and fracture
toughness , several alloys had been designed with Zn content between 6 and 8.8 % and Mg
content of 2.15 to 3.5%, saving the amount of other alloying elements (Cu, Mn, Cr, Zr). One
of the main advantages of -ZEh-Cu-Mg alloys in comparison with other aluminum based
alloys is their high strength combined with high ductility. One disadvantage of {Be-Kig-

Cu alloys is that their high room temperature strength is accompanied with a high deformation
resistance at hot working tempaures. High deformation resistance at hot working
temperatures may result in a low extrusion speed due to limitations in available ram pressure

and due to heat generation during extrusion. Aluminum alloys of the 7075 tyZe-pAY-
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Cu) are widely used iairframe structures, they provide very high strength and stiffness, but
are prone to stress corrosion cracking, particularly when aged to near the peak strength T6
condition. Their resistance to stress corrosion cracking can be increased by over dggng to t
T73 temper, with a loss of strength. For example, the yield strength of thel' 78745 about

10 to 15% lower than of 707E6.

To replace the traditional 7xxx Al alloys, such as the 7075, Russian B95, and the Chinese
LC4 and LC9 alloys (similar typeskhich were widely used in Chinese airplanes, the Beijing
Institute of Aeronautical Materials has recently developed a new super high strefyth Al
Mg-Cu alloy (C912: ZrB.6%, Mg2.6%, Cu2.4%). The tensile strength and compressive
strength of the C912laly are higher than those of the traditional 7xxx aluminum alloys, such
as 7049, 7075, 7178, and the Russian alloy B96, which have the highest strengths of the
commercial AlZn-Mg-Cu alloys. To achieve the objective of obtaining a superior alloy,
micro allbying elements were added to improve the mechanical and corrosion properties of
the various commercial alloys. Although the amount of micro alloying elements is less than
1%, they lead to improved combinations of strength and ductility, weldability, tesghand
corrosion resistance . Micro alloying element additions such as Zr, Mn, Cr, Ag, and Sc can
enhance many critical properties in aluminum alloys. Experiments were conducted to
determine the general effect of micro alloying elements (such as SentliCe) on the
properties of various super high performance alloys. In particular, it was examined whether Sc
has a positive effect on retarding the recrystallization and improving the strength and
corrosion resistance of the -Eh-Mg-Cu alloys, just as itloes in other aluminum alloys.
Determination whether Nickel has an effect on the improving the strength and corrosion
resistance, even though it has limited solubility in aluminum, and to examine whether Ce can
i mprove the all oy6stasddaes in some otherrweosghtsaturaimum e

alloys is of great importance in paraljéH].

]

us
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2.1.2 Age Hardening

The basic requirement for the alloy to be suitable fortagdening is a decrease in solid
solubility of one or more of the alloying elements with decreasing temperdtueestages

responsible foheat treatment are the following:

1 Solution heat treatment at relatively high temperature within the single phase, where
everything is being dissolved (wrought alloys)

1 Rapid cooling or quenching, usually to room temperature for obtaining a
supersaturatecbBd solution of the suitable alloying elements in aluminum

1 Controlled decomposition of the supersaturated solid solution to form finely, dispersed
precipitates usually by aging for convenient times at one and sometimes to different

temperatures

The compéte decomposition of the supersaturated solid solution is a very complex process
which may involve various stages. Typically, GP zones and an intermediate precipitate may
be formed in addition to the equilibrium phase. The GP zones are well orderedrisblute
groups of atoms that may be only one or two atom planes in thickness. They retain the
structure of the matrix with which they are said to be coherent although they can produce
appreciable elastic strains in the surrounding matrix. Diffusion assouwvdtetheir formation
involves the movement of atoms over relatively short distances and is assisted by vacant
lattice sites that are also retained on quenching. GP zones are normally very finely dispersed.
Depending on the particular alloy system, the @t nucleation and the actual structure may

be greatly influenced by the presence of the excess vacant lattice sites. The intermediate
precipitate is normally larger in the size than GP zone and in only partly coherent with lattice
planes of the matrixt has been generally accepted to have a definite composition and crystal
structure both of which differ from those of the equilibrium. In some alloys the intermediate
precipitate may be nucleated from, or at the sites of stable GP zones. In othersagkis ph
nucleates heterogeneously at lattice defects such as dislocations. Formation of the final
equilibrium precipitate involves complete loss of coherency with the parent lattice. It forms
only at relatively high ageing temperatures and, because it isebpoalispersed. Most
aluminum alloys that respond to ageing will undergo some hardening at ambient

temperatures. This is called natural ageing, and may continue almost indefinitely, although the
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rate of change becomes extremely slow after months or yegeinghat a sufficiently
elevated temperature (so called artificial ageing) is characterized by different behavior in
which the hardness usually increases to a maximum value and then decreases. Maximum
hardening in commercial alloys normally occurs whemehe present a critical dispersion of

GP zones, or an intermediate precipitate, or a combination of botH thelm various alloys

more than one interediate precipitate may be formed.

An understanding of the submicroscopic processes of precipitation in alloys developed, the
equally invisible concept of dislocations was proposed in 1934 to explain plastic
deformations. Mott and Nabarro first suggdsée explanation of age hardening in terms of
dislocations. They considered precipitates with respect to their localized stress fields and
reason that, for, dislocations to pass through such regions, the applied stress must exceed the
average internal stss. They also recognized that the inherent line tension of the dislocation
placed limitations on its flexibility and therefore its capacity to curve between precipitates.
Their theory predicted that critical particle spacing for maximum hardening would be

approximately 10nm.

In 1934 Orowan proposed that the spacing between precipitates with large dislocations could
expand into the region between them, rejoin and move on. Providing the particles themselves
could withstand the applied stress, Orowan proptisadthe flow stress for the alloy would

be governed entirely by their spacing. It was also recognized that smaller precipitates could be
sheared by moving dislocations. Each of these predictions has since been confirmed with the
advent of the various mmascopy techniques. Now it has been agreed that the greatest
impedance to the dislocation motion and hence the maximum potential for strengthening by
age hardening will take place when the alloy contains precipitates which are large enough to

resist the skaring by the dislocations and yet are too finely spaced to be passed by.

Optimal dispersions, shapes and orientations of the precipitates are usually hard to achieve in
the practical alloy. For example when the ageing treatments that give maximunthsineny

in 7000 series of alloys produce microstructures containing only shearable GP zones, either
properties like ductility, toughness, and resistance to stress corrosion cracking may be

deficient. Frequently the maximum response to hardening occurs theemicrostructure
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contains a combination of the zones and relatively widely dispersed semi coherent
intermediate precipitates. Greater hardening is possible if more uniform dispersions of one or
more of these latter phases can be encouraged to forrthiandas been one of the main

objectives of the multi stage ageing treatments. Micro alloying may also stimulate nucleation

and growth of specific intermediate precipitates.

The main precipitation sequence during reheating of a complete supersatutidtedistbn,
that is thought to dominate hardening in 7xxx alloys involves mainly Mg and Zn &1&ns
21, 22]:

f Supersaturated s @GPBzdo nse®sl®Mgingn ( SSSS)
The second possible precipitation sequence involves the T [#228]:
 SSSSYGP Y PphaseTAIZnsMgzor (AlZn)sgMgsz)
The third possible precipitation sequence involves only Cu anfbMg

 SSSSGPBY S E Y-shase (AICuMg)

It seems possible that all of these three equilibrium phases could precipitate during quenching.

They consume Zn, Mg and Cu atoms, which are necessary for subsequent hardening.

2.1.3 Microstructure

Corventionally produced wrought aluminum alloys originate from the cast ingots and all
subsequent mechanical and thermal processing represents various degrees of change to the

structure. The visible modifications consist of:

1 Alteration of the composition aratystal structure of phases during casting
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1 Solution of more soluble phases, and spheroidization and coalescence to reduce their
surface energy

1 Elevated temperature precipitation of elements that had supersaturatedctst as
solid solution

1 Mechanical fagmentation of brittle intermetallic phases and alignment of these

particles in the principal direction of working

The main alloying element is zinc, which by itself is highly soluble in aluminum and exerts
no appreciable influence on the microstructura gsimple alloy such as 7072. However, the
class of alloy most frequently encountered contains magnesium and copper, as well as
additives such as chromium, iron, and silicon. In cast ingot form alloy 7075 forms one or
more variants of (Fe,G$iAl1,, Mg,Si, and a pseudobinary eutectic made up of aluminum
and MgZn. The latter phase contains aluminum and copper as a substitute for zinc and can be
written Mg(Zn,Cu,Al}». Subsequent heating causes the -nioh phases to transform to
Al7Cu2Fe. Mg2Si is relately insoluble and tends to spheroidize somewhat. Mg(Zn,Gu,Al)
rapidly begins to dissolve and at the same time som€uMg precipitates, which then
requires high temperatures and lengthy soaking to become a completely dissolved. Chromium
is precipitatedrom supersaturated solution askagsAl s dispersoid, concentrated heavily in

the primary dendrite regions. A well solutionized wrought alloy contains only
Al;CwFe,(FeCrSiSh,, and MgSi, along with the disperso[@4].

Other high and moderate strength 7xxx alloys represent variants from7QWBA. 7Alloy
7049A with higher copper and zinc content has mop€@\ig to be dissolved at the solution
annealingemperature. More dilute alloys are usually readily dissolving all of thei zirah
phases. Signs of overheating in 7xxx alloys are usualiife to segregated regions with
unusual concentrations of AA~AuMg. The homogeneous alloy has an equilibrium solidus that
is well above the solution heat treating temperature range,@fuMg is present, very rapid
heating rates can result in the appeegeanf rosettes because of the inadequate time for

diffusion and patrticle dissolution before exceeding the nonequilibrium eutectic temperature.
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2.2 Continuous Cooling precipitation diagrams of Aluminum alloys

Quenching is one of the key issues to affectpgtaperties of aluminum alloys. With a full
continuous cooling precipitation diagram it is possible to get the optimal quenching rate of an
aluminum alloy. Method for the establishment of such diagrams for steels is a mature
technique and many suitable diams has been studied widely as well as used in industry
starting from long time ago. However it should be mentioned that the conventional methods
for producing the continuous cooling precipitation diagrams for steels such as distortions
method, are not #able for aluminum alloys. Fortunately thermal analysis especially
differential scanning calorimetry (DSC) is possible to help, and provides an approach for
studying and constructing the continuous cooling precipitation diagrams for various types of
aluminum alloys. Precipitation hardenable aluminum alloys progressively lose their ability to
develop maximum strength and corrosion resistance with decreasing quench rate. The effect
on strength is attributed to a decreased supersaturation resulting frosnoh Vasancies and

to precipitation in a size and distribution which does not contribute to strengthening. Fink and
Wiley pioneered25] attempts to describe the effect of quenching on properties of aluminum
alloys. Using isothermal quenching techniques they develogety& curves for strength of
7075T6 and corrosion behavior of 2024l. These curves of temperature vs. time required to
precipitate the fraction of solute which either reduced the strength by a constant amount or
caused a change in the corrosion behavior illustrated the criticaletetape where
precipitation was most rapid. Critical temperature ranges from-tiypeCcurves were used in
conjunction with properties of samples continuously quenched at various rates from the
solution treatment temperature to predict properties. Minimauerage quench rate through

the critical temperature range which would insure acceptable corrosion behavior was
determined by inspection of the data, while strength was predicted from a plot of strength vs.
average cooling rate. The method works welhd tooling rates are fairly constant (uniform),

but it could not accurately predict the properties if cooling rates vary considerably during the
guenching step of the precipitation hardening. Under isothermal conditions, the critical time

for precipitationcan be calculated from nucleation and from diffusion:

_ Kak3 ks
= ky exp RT(k,—T))? EXP or (2)
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wherethe
C;1 critical time which is going to be required to precipitate constant amount,

ki, T constant which equals the natural logarithm of the fraction untransformethrstant
related to the reciprocal of the number of nucleation sites;dnstant related to the energy
required to form a nucleus,-ksolvus temperature constans; &ctivation energy or diffusion

constant. R8,31 J*K*mol™, T- temperature in Kelvin

Cahn and otherf26] have showrthat for the transformationsese reaction rate is a function
only of the amount transformexdaterialand temperature, the measofgéhe amounwhich is

transformed during continuous cooling is given by the following equation (3).

ae=t ©

ty (TIC

wherethe:
T- quench factor,

t- time from the cooling curve
to- time at the quench start
t- time at the end of thguench

Ci(T)- critical time from the Gurve

The cooling process must be very fast to suppress the precipitation reactions which can take
place during cooling; on the other hand the cooling should be slow enough to avoid the
extensive residual stressesdadistortions. Summarizing these counter requirements we can
say that cooling must be carried out just above the critical cooling rate, which therefore is the
slowest cooling rate where no precipitation occurs. The influence of the precipitation behavior

is described by continuous cooling precipitation diagrams. These diagrams can be used to
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optimize the quenching step of the dgedening process. Moreover, simulation of the
precipitation during the cooling step of the dgedening process will be posebThere are
available a few CCP diagrams for the aluminum alloys because of the recording procedures,
such as dilatometry are not suitable for recording such diagrams. Reports from various
sources show that the precipitation reactions are of exotherigic and also the Differential

Scanning Calorimetry can be used to investigate these processes.

The cooling rate dependence of the precipitation behavior of aluminum alloys can be
described in analogy to continuous cooling transformation diagrams éts.sseich diagrams

are not easily produced and available, meanwhile they can be now recorded by differential
scanning calorimetry. During the cooling process of 6XXX alloys, can be seen mostly two to
three main types of precipitation reactions. To getlaa about the phases and their structure
advanced analysis involving various techniques (XRD, SEM, Tl EDX) are going to be
neededFig. 1represents the time/temperature profile of the 6005A alloy during cooling, the
black lines show the regions where the precipitation is occurring, the start and end

temperatureg3].

= RIS

10 100 1000 10000 100000
time in s

Fig. 1. Continuous cooling precipitation diagram facommon alurmum alloy, showing
the start/end of the exothermic reactions, also how desglopwith time EN AW
6005A alloy[8].

Depending on the type of aluminum alloydactomposition, the CCR can change dramatically
(for 6XXX aluminum alloys typically from some 0.1 K/s to some 1000 K/s) [4]. The CCR is
commonly obtained from continuous cooling precipitation (CCP) diagrams. One possibility
for recording CCP diagrams of Ahinum alloys is given by differential scanning calorimetry
(DSC) [35, 7, 8, 12, 13]. Due to the fact that modern DSC still has a limited cooling rate

range (typically below 10 K/s), aluminum alloys which have CCR higher than the cooling rate
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range achieuvae by the device, cannot be studied. [3, 5, 7, 8]. The problem may be solved by
the recently developatifferential fastscanning calorimetry [£46] reaching cooling rates up

to 1P K/s. Alloy 7049A, and further series are widely used in the aerospdostity. Due to

its high strength, it is normally used for load bearing structures such as beams or spars in
aeroplane wings. For this purpose, 7049A tends to be produced as thick plates. It is expected
that the surface and centre layers of these thickeplatll experience different cooling paths
during quenching after solution treatment. Thus the strength in the centre layer decreases
dramatically with increasing thickness of the plates. In order to achieve a high strength at the
centre, the plates muse lzooled as fast as possible to avoid the precipitation of equilibrium
phases. However the argument for faster quenching rates is not entirely practical, since both
the magnitude of residual stresses and of the distortion that develops in the prodscts tend

increase with increasing rate of cooling.

3 Experimental

3.1 Materials

Aluminum alloy EN AW 7049A (AlZnMgCu) has a high content of alloying elements and
precipitation heat is expected to be large. Further this alloy is known to have a high critical
coolingrate[15, 27]. It is therefore a good candidate for fasanning experiments. EN AW

1050 commerciallypure aluminum with an aluminum mass fraction of more than @9as

used as reference material. No precipitation reactions are detectable for this material in the
temperature range of interest. EN A8U63 alloy with a low content of alloying elements and

a CCR of about 1.5 K/s was used to test the newly developed reheating method in a

conventional DSC, as discussed latdre compositions of the alloys are given in Table 1.

Mass fraction in % Si Fe

EN AW-1050 ¢ef) 0.09 0.32 0.002 0.004 0.001 0.001 0.01 0.004

EN AW-7049A 025 035 190 0.20 290 022 82 010

EN AW-6063 0.6 0.35 0.10 0.10 0.9 0.10 0.10 0.10

Table 1: alloying elements contents of the used aluminum alloys.
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In Fig. 2the EN AW 7049A alloy sample is studied.

Fig. 2. EN AW 7049A aluminum alloy, refence state microstructure and light microscopy
of the sample, primary precipitatésred circles, secondaiiy blue circle, and acid

green circles.

There are several phases which can be clearly determined from this image: big black particles,
which have sie of about 5§ 15 pum, the smaller and needle like particles, which have sizes of

2- 3 um, and the spherical bright particles 8L um in diameter. The very big and black
colored particles are the precipitates which come from production of the aluminunaréhey
intermetallic compounds which have very high melting tempergf8je Their structures do

not change depending on heat treatment.
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3.2 Methods

3.2.1 DSC and DFSC devices

Highly alloyed Aluminum materials with high CCR requi@arimeters which can cool very
fast, in order to be able to follow the rapid precipitation reactions which are taking place
inside the material$ig. 3 Fig. 4 Fast cooling and heating can only aehieved using
extremely small samples. Sensors which are us#eeidifferential fasscanning calorimeters
[29],[30] Fig. 5 Fig. 6 are based on silicon nitride membranes, because they have a low

addenda heat capacity.

°C

Time

Temperature
Difference
Controller

Heaters

Fig. 3. Scheme of the power compensated fast scanning calorimeter. A, the time
temperature profile is generated by the user and is provided to theoRtiller
through a DAC board. B, sample temperatureastrolledto follow precisely the
required profile by means of control loop. C, the resulting temperature difference can
be recalculated to heat flow rate and sample heat capacity as shown below.
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Scheme
Gold In

100nm fo1l ‘o samp

K

~,

-~
M _ 7

: ] - . )

| TP
Heaters” Membrane

E 60 um E

Fig. 4. The sample is placed in the center of the membrane covering the heated area. To

homogenize temperature laterally a 100nm thick gold foil is used. Silicon oil is
placed in between the gold sheet and the membrane making a good wet thermal
contact. Onlya small amount of oil, not adding much to addenda heat capacity, stays
there due to capillary forces. A similar foil is placed in the same way on the reference
sensor.The specified schematics hold for polymers. For alloys the Indium on top is
changed t&Zinc and the gold foil is also removed for better contact with sensor.

The foil itself (7umx7Qumx100nm thick) adds negligibly small addenda heat capacity in
comparison with 10 um thicklloy sampleand the difference between two similar foils is
even smber, ca. 0.5 nJ/KA small piece of the material under investigation is placed on the
gold foil on the sample sensor. After first melting it spreads over the foil and creates a good
thermal contact with the foil. The dimensions of the prepared samplédshatuexceed the

size of the heated arela order b ensure the correct sample temperature measurement and for

demonstration purposes a small indium particle was placed on top of the sample.
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AN ! l].’.’.:‘,
P ksl

Fig. 5. Mettler-Toledo Flaskl fast scanning DFSC (left and higtop) and the sensor image
which is utilizing the device from Xensor Integrations NL.

In Fig. 50ne can see that the high temperature sensor has dimensions of several millimeters.
The active area within thealrimetric setup is much smaller and has diameter of a few 100

gm.
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Fig. 6. Differential Fast Scanning calorimeter constructed in University of Rostock
(Polymerphysik AG). Differential setupig. 12 which connects theensors to the

man control unit, where are located PID controllers, signal amplifiers etc.

322 Sampl e preparation for the DFSCOs

Scanning rates up to 1,000,000 K/s can be realized, but the devices have low sensitivity below
100 K/s[31]. Due to the flat sensor surface, the sample has to be fldB8#hofor better

contact with the sensor. Samples with the required geometry can be prepared with a scalpel
from larger pieces under a microscdpg. 7, Fig. 8 Fig. 9, in ideal case the ready setup is
shown inFig. 1Q
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scal e bar/reference glass

I ecutting
line 3

\

cuttingl \
line 2 cutting
scalpel line 1

Fig. 7. Sample preparation technique whiclustrates how the small samples are prepared,
from bulk sample with 3 line cutting method are prepared finer samples for ultrafast

experimentsEN AW 7049A alloy samples used.

H<=( 5-10) um

gl ass platform

Fig. 8. Side cut of the sample which is prepared and ready for scanning, the idgé sam
should have a geometric shape similar to pyramid, with height 1@oy. EN AW

7049A is used.
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step 1

grabbing the
sample with
thin wire

Fig. 9. Finalizing the sample preparation procedure, steps needed to achieve a stable sample
for experiments: grabbing the sample with wire and transportatichetasensor
active area, later treatment with lubricant for the staljiBty. Alloy type is EN AW
7049A.

The sample preparation consists of several stages: cutting small piece from bulk material,
adjusting the sizes of the spla for the used DFSC sensor, and surface optimization for
better thermal contact. Small samples of EN AQ49A with lateral dimensions (ca.

100x90x20 prr) were prepared this way and later placed on the sensor surface,

Fig. 1Q Fig. 11 Fig. 12andFig. 8

(Picture a) (Picture b)
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(Picture c) (Picture d)

Fig. 10. EN AW 7049A alloy, light microscope images illustrating the sensor structure
(picture a,b) and a sample on the sensor (picture b,c), sensor typé7/Mu1 from
Xensor Integrations, NL.

reference sensor sample loaded sensor

-

Fig. 11. In this figure,high temperature gold/Platinum coated sensor is represented. From left

to right the reference and sampfeghe EN AW 7049A on theensor are shown.
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S

Fig. 12. Sensor with loaded sampbé EN AW 7049Aand with the reference (Zink) material

on top which is used foetperature calibration of the sensor.

After sample preparation the sample loaded sensor and an empty sensor (reference) are
connected to the electronic system, which provides the needed power to the heaters of the

SEensors.

3.2.3 Differential Reheating (DRM) Method

The differential fasscanning calorimeter is intended to measure the heat flow rate into the
sample as the power difference between the empty and the sample loaded sensor during fast
temperature scans on heating and on cooling at controlled Tatespower difference is
recalculated from the remaining temperature difference between sample and reference sensor.
For details of the device sdd, 5, 8, 9]. The device has an effective working range of
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controlled heating and cooling in betweg@®0-10° K/s). Unfortunately at lower rates (below

~300 K/s) the signal to noise ratio is reduced. Very fast analog to digital converters allows
very fast data acquisition rates up to some 100.000 points per second, in case that the
processes being studiade very fast. In the presented curves always more than 10 points per
Kelvin are collectedFig. 13shows as an example typical thermal signal from a differential
fastscanning calorimeter experiment data franmigh purity zinc sample. The sample was
heated and cooled to show how the signal looks like and to check temperature calibration
[33]. Fig. 13 shows tle remaining temperature difference between reference and sample
sensors, which is proportional to the differential heat flow rate, at heating and cooling at
60K/s. At these low rates the curve is noisy and only the sharp melting and solidification

peaks ee clearly seen.

;lendo

v 0,03
£
o heating
C
g 0,00+
5 ~r
o -~ cooling
2 -0,031
2
S
Q

-0,06

300 400 500 600 700 800

temperature in K

Fig. 13. DFSC heating and cooling scans of a high purity zinc sample showing melting and
solidification peaks. The zinc particle (ca. 30x20x25°umas placed on the sensor
and scanned between ambient temperature 46dK7heating and cooling rate was
60 K/s.

DFSC should allow reaching the critical cooling rate, where precipitation does not occur, even

for high alloyed materials. But low sensitivity at lower cooling rates (300 K/s and less) does
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not allow distinguishig between noise and very small thermal effects. Nevertheless a sample
of the aluminum alloy 7049A shown iRig. 10B) was used to check the possibilities of
DFSC for determining its critical cooling rate. Firdte temperature program Bfg. 14 has

been used. The sample is solution annealed at 470°C for 30 minutes and then cooled with

different rates.

T
an |
[«B]
P —
= ]
c
 —
[«B]
o |
&
[«B]
)
T_ |
am

time

Fig. 14. Program which shows the heat treattr&reps, where the samgleN AW 7049A)is

solution annealed and cooled with different rates.

The experimental data gives no useful signals regarding precipitation reactions inside the
sample during coolingsig. 15 In the investigated cooling rate range between 10 K/s and 300
K/s precipitation reactions of EN AW 7049A were expected because the CCR was estimated
to less than 1000 K/s [1]. But the typical exothermic precipitation reactions occurring during
cooling are not present in these curves. The reason why precipitation is not seen can be:

A Too low signal to noise ratio (low sensitivity at scanning rates below 300 K/s).

A Insufficient and unstable thermal contact betweempda and sensor causirzad

signals as seen for the curves at 10 K/s and 100 K/s.
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Fig. 15. EN AW 7049A alloy, experiments performed with DFSC. The figure shows heating

and cooling scans at different rates.

Unt i | now t hese pr obl e nilyg Theraeferediréctinvdstgaions@ao |l v e d
cooling were stopped and other possible measurement procedures were discussed. One way to
overcome the existing technical problems is to study the dissolution of precipitates formed on
previous cooling during reheag. InFig. 16A, excess gwith temperature for cooling and

reheating cycles of an aluminum alloy is shown schematically for relatively fast reheating
rates. When the system is slowly cooled from point (1) {®wluannealing temperature)
precipitation occurs and at point (2) a low enthalpy state is reached. If the sample is reheated
immediately after slow cooling back to the annealing temperature (point (2) to point (1)),
additional precipitation may occubut finally all precipitates, including that formed during

slow cooling, dissolve.

When the sample is cooled with overcritical cooling rate from point (1) to point (3), during
cooling nothing is precipitating, because there is not enough time for nucleatiayravth

of the precipitates. Immediate reheating from point 3 back to the annealing temperature (point
(1)) shows some thermal effects due to precipitation and dissolution on slow heating. The
scheme shown ifrig. 18 consists out of two closed loops in temperafurgtarting and

ending at the solution annealing temperature (point (1)). If we assume that independent on the
temperature path the same thermodynamic state is reached at the annealing temperature aft
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reheating (point (1)) then the total enthalpy change for both coblirgeating cycles equals
zero (closed loop).

steporder-a-b-c-d
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Fig. 16. (A) Measured excess heat capacity curves from PyixSC (Perkin Elmer) for the
above discussed two closed loops for EN AW 6063 alloy. Curvesil(a, dashed)
slow cooling at 0.03 K/s te?0 °C after solution annealing at 540°C for 20 min; (b
blue, solid)- reheating from20 °C at 0.3 K/s to the solution annealing temperature
after (a), (¢ red, dashed) overcritical cooling from 540 °C at 6 K/s t80 °C, (d-
red, solid)- reheating from-20 °C at 0.3 K/s to solution annealing temperature
540°C after(c). (B) Excess enthalpy as a function of temperature from the curves
shown in (A).
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The enthalpy change on cooling and on heating equals the integral of the heat capacity. As the
cooling and reheating processes are taking place in closed loops regantjiegatere and
enthalpy, one can obtain the total enthalpy changes as the sum of the integrals of the heat

capacities of the different parts of the cooling and reheating processes.

Based on a few assumptions we have developed a method allowing determwofatio
precipitation heat on cooling from two reheating scans as detailed next:

Considering a closed thermodynamic cycle where the starting and the end point are in
equilibrium, the total enthalpy change equals to zero, eq. (1).

$HAT =0 (1)

Eq. (1)holds for a closed cycle with slow cooling, when precipitation occurs on cooling, as
well as for a cycle where cooling is overcritical. Rewriting the closed loop integral as the sum

of the two part$ cooling and heatingone gets

for slow cooling AHsct AHusc=0 (2)

and for overcritical cooling AHoc+ AHpoc=0 (3)

where qHsc - enthalpy change for the slow cooling stegtinsc - enthalpy change for the
reheating step Nol iRig. 17, after slow coolinggHoc - enthalpy change for the overcritical
cooling step, andyHuoc - enthalpychange for the reheating step No2 Rig. 17, after

overcritical cooling.
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Fig. 17. Modification of the thermal program, consisting of two additional reheating steps

after cooling.

Neglecting he contributions from the phononic heat capacity and considering only excess
heat capacities as exemplified[ith] one can express the enthalpy terms in equations 2 and 3
as given in equation 4 where, 1 solution annealing temperature and iT subzero

temperature to which the sample was cooled.

For slow coolng:AHg- = f” dT (4)

Tan FPge

™

For reheating No1 (HSQYH s = [ "¢, dT

Te Poer

For overcritical cooling (OCWH,- = f;:n Co e dT

For reheating No2 (HOGYHyor = [- "¢, dT

Te Pgoc

The corresponding excess enthalpy curves are preserfayl 6
For overcritical cooling, when no precipitation occurs, the excess heat capacity equals zero,
seeFig. 1§A), and consequentlpH,- = 0. The difference of equations (2) and B¢n

yields:
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AHsc=AHpsc- AHHoc (5)

whereAHsc equals the precipitation heat at cooling rates below the critical coolingufiée.

becomes zero at the critical cooling rate and therefore i@t as function of cooling rate

the critical cooling rate (CCR) is available. Substituting the enthalpy terms on the right hand

side by the heat capacity integrals equation (5) results in:

Tan _ J.-I'rzn J-I'rzn

= c c =
AHsc "r'fc Prsc Te Pgoc

)dT (6)

c —c
Te [?’Hsc Proc

The precipitation heat at slow cooliriiH sc, is therefore available from the difference of the

reheating excess heat capacity curves as expressed in eq. (6). But equation (6) only holds if
three conditions are fulfilled:

() the cooling strts at a temperature where the sample is in equilibrium and heating ends at
the same temperature and equilibrium is reached again. Before cooling, i.e. after solution
annealing, equilibrium is reached for most alloys but after reheating, this does @hi§ ho
precipitates are highly unstable and fully dissolve during heating. Therefore this approach is
valid only for cooling close to critical cooling rate when only small precipitates are formed.

Nevertheless, it should allow determining the critical aaplate.

(if) The overcritical cooling must be for sure overcritical. Only théf), - = 0 is true and eq.

(6) is valid. For the DFSC experiments this will not be a serious problem because cooling
rates of at least 100,00Us are possible and th&hould be faster than the critical cooling rate

for common aluminum alloys.

(iif) During the isotherm after cooling at the lowest temperature no precipitation occurs. For
high alloyed samples this may be a problem particularly after overcritical cdudicause

then the sample is in a very unstable state. To avoid precipitatintia¢ time spent af.
should be short an@l. should be as low as possible to slow down precipitation. For the DFSC
experiments these conditions are easily fulfilled, the sgatime is of order 0.0& andT; can

be as low as170°C.

It should be mentioned that the above arguments and calculations hold in the same way also

for heat capacity (including phononic heat capacity) and not only for excess quantities if
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phononic heatapacity is not influenced by the precipitates. Therefore it does not matter if or

if not a reference sample compensating for the phononic heat capacity is placed on the
reference sensor. Furthermore equation 6 can be applied not only to heat capaesyatr

to heat flow data or other measured quantities too, if the same sample and the same heating
rate is used for both reheating steps, and the measured quantities are proportional to heat
capacity. An example for this is given[i&7] and[15] andbelow.

The temperature time profile used for the differential reheating method is shdug 6 A

first cycle consisting of slow cooling (SC) and first reheating (HSC) and a second cycle
consisting of overcritical cooling (OC) and second reheating (HOC) are conducted. The two
reheating steps are always perfodnat the same heating rate to allow an easy data
evaluation. The heating rate may be selected according to the instrument used in order to
realize maximum sensitivity for reheating. The differential reheating method shdvig it7
compared to the temperature time profile for the direct measurements on cooling as shown in
Fig. 14 contains two additional heating steps (Reheat Nol1 (HSC) and Reheat No2 (HOCQ)).
The exces heat capacity data from these additional steps are finally used to calculate the
precipitation heat on slow cooling from equation 6. After solution anneakiw, 17, step 3),

first cooling starts Kig. 17, step 4) and intermetallic compounds may start to precipitate.
Depending on cooling ratg ($ast or slow), precipitation intensity changes. When cooling is
fast, the degree of precipitation will be leg34] or more if the ooling is performed slowly.
Overcritical cooled samples are in the metastable state of a supersaturated solid solution, so
even at ambient temperature some precipitation can start, violating equation 6. Cooling to sub
ambient temperatures-20°C) avoids pecipitation at the lowest temperature, step 5.
Afterwards the sample is reheated with constant Fitg (7, step 6) and solution annealed

for the same time as beforeid. 17, step 7). It is assumed, that during this reheating step the
precipitates which have been formed during cooling dissolve, showing an overall endothermic
effect. As seen irFig. 1§ if precipitation isnot complete on cooling, there may be further
exothermic precipitation on heating. But for the applicability of the reheating method this is
not important. During the next stepig. 17, step 8) the sample isilgjected to overcritical
cooling, this means that the precipitation reactions are fully suppressed. In this step the
sample is cooled also to sub ambient temperatures, step 9. The lastigtely, (step 10)
reheating No2 is exactly the same as step 6. Further subtracting the excess specific heat

capacity curves or other measured quantities like heat flow rates of the reheating Nol (HSC)
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in (Fig. 17, step 6) and rehtag No2 (HOC) in Fig. 17, step 10) one can calculate the
precipitation enthalpy during step 4 according equation 6.

We checked the applicability of the method with DFSC on precipitation of the aluminum
alloy EN AW 7049 A. According the recommended solution annealing conditions for this
alloy Ta, was chosen as 470 °C aés 30 mirf9]. Cooling rate was ved in the range from

1 K/s up to 5000 K/s. For the second overcritical cooling step in the schekig. df7, a

cooling rate of 5000 K/s was chosen. The two reheating steps were performed at 1000 K/s, the
optimum heating rate for this sample. Heating starts after an equilibration time of 0.05 s at 25

°C. The experimental data, using this method is presentad.ii9
For these experiments the phononic heat capa@s/not compensated by a pure aluminum
sample on the reference sensor. Consequently, overcritical cooling does naiHyield O.

But as briefly discussed above the additional contribution to the measured heat capacity is
present in the first feeating too and is canceled out by the subtraction of the second heating
scan. The resulting difference curves (first heatirgecond heating) are shown king. 19

With increasing cooling rate in step 4 leig. 17 the difference between the two reheating
steps decreases and eventually vanishes. Although these data are only qualitative they verify
applicability of the reheating method to obtain information about theigtation processes

in aluminum alloys at cooling.
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Fig. 18. EN AW 7049A alloy, experiments applying the differential reheating method as
described irFig. 17 first and second reheating.\@sample temperature. The sample
was heated to solution annealing temperature 470°C held isothermally for 30 min
and cooled to ambient temperature with different rates shown in the graph, and then
reheated both, first and second, with 1000 K/s rate tdisnlannealing temperature.

As known from other aluminum alloy4], precipitation during cooling proceeds by at least
two reactions in different tempéuse intervals. These two reactions seem also to be visible
during reheating of EN AW 7049A, especially after cooling rates in the ran@ K/s. Two
partially overlapping peaks occur. The heating rate of 1000 K/s used for the DFSC
experiments do not law further precipitation on heating, but only dissolution. Consequently,
the precipitates formed on cooling are dissolving according their stability and size in two

distinct temperature ranges.
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Fig. 19. EN AW 7049 A alloy, resultsrdm differential reheating showing the difference
between first and second heating as showirign 18 The sample was solution
annealed at 470° for 30 min, then cooled with the indicated rate to ambient
tempergéure and reheated with 1000 K/s rate for both heating to solution annealing

temperature. Cooling rate for the step 8 equals to 5000 K/s.

The integrals (peak area) over the temperature difference curves shévwgn 19 provide a
gualitative measure of the precipitation heats on cooling and are shdwign i2Q The area
decreases with increasing cooling rate. For cooling rates above/8@e difference to the
overaitical cooling curve at 5000 K/s approaches zero within the error limit of the
measurements. For the experimental conditions used here, which are quite unsecure regarding
solution annealing temperature (£10 K), the critical cooling rate for the EN AW A@4i9y

is estimated to 30R/s. This is in good agreement with critical cooling rates of other high
alloyed 7XXX aluminum alloys (7075, 7178) determined by tension tests in the T6 state after
guenching with different ratdd, 6, 8, 9, 13, 14, 20, 35].
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Fig. 20. EN AW 7049A alloy, Integration of the curvesfilg. 19 The line is a guide to the
eyes only.

From this proof of concept DFSC experiment we conclude that precipitation reactions are
traceable at cdimg rates far beyond the limits of conventional DSC (ca. 10 K/s) by the newly
developed differential reheating method in combination with the DFSC. Nevertheless, before
further using the DFSC reheating method the validity of the basic assumptions amatkenti
above must be checked on a quantitative basis.

3.3 Trustworthiness of the Differential Reheating Method (DRM)

For a quantitative check of the reheating method it is useful to compare data from reheating
with direct measurements of the precipitation feeatooling. Precipitation heat on cooling is
available from DSC as shown [d, 5]. For the alloy EN AV 7049A, used for the DFSC
experiments, the differential reheating method is not applicable at DSC cooling rates (< 10
K/s), because cooling cannot be realized at overcritical cooling rate (>300 K/s). But there are
other aluminum alloys with a much loweC® available, which can be used for testing the
differential reheating method in a DSC.[# 5, 9] it was shown that the aluminum alloy EN
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AW 6063 has a critical cooling rate (CCR) of about K/$. Because the available DSC
allows cooling up to 3 K/s, step 8 kig. 17, can be realized at overcritical cooling rate for

this alloy.

For checking the differential reheating method accordiigy 17, experiments with the low
alloyed aluminum alloy EN AW 6063 havedn performed employing a PerkinElmer Pylris
power compensation DSC. For this alloy the complete set of precipitation enthalpy data on
cooling from slow to overcritical cooling rates are availdl®e9] and allow a quantitative

comparison with the data from reheatifigge validation of the reheating method consisted of:

A Determination of the optimal reheating rate for the aluminum alloy EN AW 6063 in
the DSC.

A Reheating (with opthal reheating rate) of the aluminum alloy EN AW 6063 samples
following the temperature program Big. 17and varying cooling rate in step 4 from
0.01 K/s up to 3 K/s.

A Calculation of the specific precipitatiordt from the excess specific heat data out of

the two reheating steps according &).

A Comparison of precipitation heat obtained directly on cooling and from the differential

reheating method.

First, the optimum heating rate for the temperature profileig. 17was determined for the
employed DSC and the alloy under investigatieig. 21 shows the first reheating (step 6, in

Fig. 17 of the aluminum alloy EN AW 6063 at different heating rates starting from 0.1 K/s
up to 1 K/s. The cooling (step 4 Ing. 17) in these experiments was kept constant at 0.5 K/s,

to observe the fiuence of the reheating rate. The graph shows that several reactions occur
during reheating. At the highest heating rate (1 K/s) the high temperature reaction shifts to
higher temperatures and probably does not finalize during the scan, violating th®carfd

a closed loop in enthalpy as discussed above. But with slower reheating (0.1, 0.3 and 0.5 K/s)
the reactions finalize until the end of the scan. This is indicated by the close to zero excess
heat capacity at the end of the scan at high tempesadncethe shape of the high temperature
flank of the high temperature dissolution peak. From the curves shofsig.i21 an upper

limit for the heating rate of 0.&/s is determined. Obviously a lower heatingeravould be

better because the dissolution peaks are shifted to lower temperatures but the optimum rate



Page39 of 93

has also to be chosen considering the decreasing signal to noise ratio at lower rates.
Summarizing, the chosen heating rate must be slow enough toadlldissolution occurring

during the heating scan and it must be fast enough to achieve a good signal to noise ratio.
Both conditions are fulfilled at 0.3 K/s heating rate. All reheating experiments (Steps 6, and
10, inFig. 17 were therefore performed at this rate. For all experiments only one sample of
EN AW 6063 was used several times. The reproducibility of the measurements was checked

by repeating the experiments after cooling at 1 K/s before and aftehetlexperiments.

1exo
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Fig. 21. EN AW 6063 alloy, influence of the reheating rate during first reheating. Sample was
subjected to solution annealing at 540 °C for 20 min, then cooled with constant rate
0.5 K/s and then reheated with the satfven in the figure. The two curves with 1
K/s reheating were collected before (blue) and after all other measurements (bottom

cyan curve).

The EN AW 6063 sample was reheasdtir coolingwith optimal reheating rateig. 21up to
its solution annealing temperature of 540 °C and kept there for 20 minutes every time. The
guenching rate was changed from 0.01 K/s to 3 K/s. The sample was quenched to low

temperatures-20 °C) to avoid precipitation at ambient temperatures.



Page40 of 93

exo ‘

— — 0.025 KI/s
0.05 K/s

] _ /\/\ —_— 0.1 K/S
0.2 K/s

g'K

p

excess ¢ inJ/

0.1 Jig*K
M
|—\
)
N
~
(7))

0O 100 200 300 400 500
temperature in °C

(A)
« exoy
<
= _,/—"/\ 0.01 K/s
2 /"\_/_N\ 0.025 K/s
e 0.05 K/s
o /\'\-/\A 0.1 K/s
D] 0.2 K/s
o 0.3 KI/s
S - —_— TN — 0.6 K/s
= ] 1 K/s
= 7] 1.5 K/s
< ]'_ — 2 K/s
E) —
=
H T T T T T T
S (0] 100 200 300 400 500
temperature in °C
(B)

Fig. 22. EN AW 6063 alloy, precipitation/dissolution reactions during first reheating after
cooling with different rates (A). Sample was solution annealed at 540 °C for 20 min
then cooled with the indicatedtes and then immediately reheated with 0.3 K/s. For
the differential reheating method (B) the difference between the measured curves in
(A) and the reheating curve after overcritical quenching with 2 K/s are shown. The
dissolution reactions visible inBj are decreasing and finally disappear with

increasing cooling rate.

In Fig. 22the reheating of the aluminum alloy EN AW 6063 with various quenching rates is
presented. As expected the reheating curves arendemm on precipitation during cooling.
After lower cooling rates only endothermic peaks are seen in the reheating curves. After faster
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cooling, first an exothermic precipitation peak at reheating is seen. This peak corresponds to
precipitation of the allging atoms not precipitated on fast cooling due to kinetic limitations.

It is particularly pronounced at rates near to the critical cooling rate (1.5 K/s). For reheating
after very slow cooling the high temperature dissolution is not finalized. At sloimga@ry

large precipitates are formed which on heating need relatively long time to fully dissolve.
Therefore the method only works for the curves after cooling from 0.1 K/s up to 2 K/s and

faster.

© DRM Method
== quenching data

enthalpy in J/g

1E-3 001 01 1

cooling rate in K/s

Fig. 23. EN AW 6063 alloy, excess #malpy from integration of the differential excess c
curves in Fig. 11 (B) as function of previous cooling rate. Sample was solution
annealed at 540 °C for 20 min then cooled with various rat&dt6C, and reheated
with 0.3 K/s. The solid line showsdlprecipitation enthalpy from cooling data for

the same alloy system from [4].

The total specific precipitation heat of the reactions on cooling was determined according

equation 6 from the curves shownhkig. 22B) above. The change in precipitation enthalpy
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as function of previous cooling rate is showrFig. 23 The precipitation enthalpy is high at

very slow cooling rates, and becomes small, finally zero &talrcooling rate. The alloy EN

AW 6063 has a critical cooling rate of about 1.5 K/s. Therefore the precipitation reactions
have been suppressed fully on cooling at higher rates and the integral over the excess specific

heat at differential reheating beca zero too.

For the alloy EN AW 6063 the precipitation heat on cooling is directly accessible by DSC
[19]. Fig. 23 shows, for comparison, the precipitatioeah on cooling as a solid line. The
comparison of the quenching experiments, and reheating data fit perfectly showing that the

reheating method can be used quantitatively to determine precipitation heats on cooling.

The new differential reheating methodepented here, can be used to characterize the
precipitation process during previous cooling of aluminum alldyge advantages of this

method are the following:

1 Precipitation monitoring up to critical cooling rate region even for high alloyed
aluminum albys with high critical cooling rates seems to be possible by applying fast
scanning calorimetry, e.g. DF§23, 36, 37]

1 Precipitation enthalpy can be assessed from heating scans collected at optimum
experimental conditions without collecting data from the previous cooling atep

varying caling rate.

The prerequisites to be fulfilled for the successful application of the reheating analysis are:
() a reheating curve after overcritical cooling must be available as a reference curve, and
(ii) the dissolution of the precipitates must be limed during the heating scan.

The later condition limits the applicable heating rates as well as the lowest cooling rates
because of the stability of the precipitates. But the differential reheating method allows the
determination of the critical coolingte probably for any available aluminum alloy.
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3.4 Recording of the precipitation reactions by conventional DSC

The analyses were performed with dgedening AIMg-Zn-Cu wrought alloy EN AW
7049A. The samples were solution annealed and cooled in thfeeedif types of DSC

calorimetersFollowing the procedures described H.

1 Ultra-slow heat flux DSC (Setaram 121)
1 DSC MettlerToledo 823e
1 Power compensatioHyper DSC (PerkiElmer Pyrisl)

3.4.1 Conventional DSC sample peparation

1 The samples have cylindrical shape and are taken from extruded profile. The
sample masses vary from 6001700 mg, with typical dimensions of 4 6.5 mm in
diameter. The samples were covevgth standard 300 pl aluminum crucibles with a mass
of about 360 mgFig. 24

1 Mettler-Toledo 823e DSC samples have been taken from the extruded profile. The
sample masses are in range ofi 30 mg with typical dimensions ef 1 mm in length and

3-5 mm in diamedr, respectively

1 Hyper DSC samples have been taken from the extruded profile. The sample mass
are in range of 90 180 mg with typical dimensions ef 1 mm in length and % mm in

diametey respectivelyor the Perkiri EImer Pyris-1 DSC,Fig. 24
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Fig. 24. Comparison of the sampldEN AW 7049A) used in different DSC machines, as
described above the dimensions vary gigantly depending on type @SC.

Heating was carried out at 5 K/min. The temperatiréhe block (block is a part in DSC

measuring unit responsible for coolingas set to 15 °C. The reference sample was turned

from cast block. The detailed amount of alloying elements is shown in table Nol. The above
mentioned EN AW 1050 aluminum alleyas used as a base reference material for all of these
experiments. Steps3 are the solution annealing steps, thestep of the thermal program so
called cooling step 6équenchingd step was vari
up to veryfast rates where normally the reactions are suppressed. The same sample later were
taken out and naturally aged in T4 mode. The purpose of this was the hardness investigation

as well as various metallographic testes for comparison with the data acqomediffierent

D S C®b,s35, 38 39.

The conditions for heat treatment were equal for all the samples inside any kind of device.
The data regarding solution annealing, temperature, e.g. time are provided below:
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Solution annealingemperature Jineaing 470 °C
Solution annealing tim&geaiing time 30 Min

Natural aging was performed at room temperature (24°C) for 30 days

= =4 4

Excess Specific Heat Capacity was calculated from all experiments

It is important to mention that for thexaess specific heat calculation baseline (blank
experiment) is needed to be performed each time. In this case the reference material
mentioned above was used. The difference between specific heat capacity of EN AW 7049A
and EN AW 1050 was calculated.

The slowest experiments were done with a Héawv-DSC of CALVET-type (Setaram DSC

121). The optimal samples have dimensions of aboutm®i/Zin diameter and 21./hm in

length, which results in a sample mass of approximately 1570 mg. The samples were covered
by standardaluminium crucibles with a mass of about 360 mg. Heating was carried out at
0.08 K/s. The blocitemperature was set to 1&,°but rises up to 30C when the furnace
reaches the maximum temperature of 540 °C. Cooling power of the circulatingvhs not

high enough to keep cooling jacket temperature at 15 °C but this is not important for this type

of instrumentThe device cooling rate range is in between 0.0002 KI/s.

The cooling rates in the intermediate range from 0.1 K/s to 0.5 Kispesformed employing

the heat flow type Mettler Toledo DSC 823/822. The optimal samples for these rates and this
device have typical dimensions of about 5.4mm in diameter and 1.4 mm in height, which
results in a sample mass of approximately 96 mg. Thepleanwere placed in standard
aluminum cruciblevith massof about 50 mg. These crucibles have a positioning pin for
exact and equal positioning on the measuring block. These crucibles are tightly closed via

crimping press designed for that purposes. ktheaucible a small hole was made to avoid
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buckling. Due to buckling the heat flow to the sample can be altered and therefore some
fluctuations may result ithe experiments. The buckling may result because of air expansion
over a wide temperature rangeedsfor the investigations. Heating was performed with
suitable rate of 0.5 K/s. Inside the Differential scanning calorimeter for keeping neutral and
nonraggressive atmosphere pure nitrogergpy was used all the tim€ooling was realized

by a doublestage mechanical cooler.

The fastest DSC which was used in this range was the Perkin EImeilPyihiss type of

DSC has a typical power compensation scheme. The sample dimensions are in range of 4 mm
in diameter and 1 mm in height. This dimensions resskmple mass of about 30 mg. These
sample where placed inside pure aluminum crucibles from RPEtkier in order to avoid the
elemental contamination of the microfurnaces of the instrument. Because of the high
temperature there is diffusion from samplethe furnace, and this can result into a serious
malfunctioning up to short circuiting. There is an important point connected to this DSC,
when is needed to achieve maximum highest rates possible. The guard rings which are in
between furnace and coolingobk should be changed from star shaped to massive metallic

ones.

The baseline driing discussed in figur€ig. 25was solved via several measurements. Two
baseline measurements where performed each time, one before seampimgs and one

after. Radiation and its role are huge especially for DSC technique. The baseline, as well as
many other parameters can change due to this phenormr@no®a Strong change in color

can be observed in all samap| the change takes place after each experiment and results into
black color in the end. This extensive change is related to surface reactions. The massive
change in color is much stronger in samples with high alloying content, because the high
alloying dements concentrations results in more intensive reactions which lead to color

changing. All these effects have been studie® bylilkereit et al. in detail.
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Fig. 25. Bending and its correction propos€d] by B. Milkereit etal. show how it is

im

portant to take this into consideration in order to have precise enthalpy

determination Comparison of different sampbeskaging in the Heat flow DSC of

Calve Type (Setaram 121),iAno packing, B 40 mg pure aluminum foil, and-C

360 mg pure aluminum crucible.
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3.4.2 Sample preparation for metallographic, SEM+EDX and hardness analysis

Scanning electron microscopy analyses were performed with the samples obtained from the
various DSC devices. These samples were used mainly to obtaiedtled microstructural
analysis. The samples taken from DSC were aged directly after cooling for 30 days at room
temperature. Then the samples were placed into cold epoxy resin and left for hardening for 24
hours. The samples ilRig. 26 were ground and polished with OPS suspension alcohol, the
exact chemical formula is 4g Kalium Permanganate in 100ml plus 1g NaOH fbr280
minutes. After etching the samples are polished again shortly. Then the samplesyaferread

metallographic and scanning electron microscopic analysis, including EDX as well.

Bet. 121 Heat Flux DSC - A  Dil./ Mettler-toledo DSC - B  Perkin Elmer Pyris Diamond - C

Fig. 26. Samplesof the EN AW 7049Afrom differentDSC devices prepared for SEM, EDX
and metallographic analysis- £alvet type with bigger mass, theni QGlilatometer
guenclked and Mettler Toledo samples smallerj @erkin Elmer Pyris Diamond

fastest conventional DSC samples.

When the metallographic screenings of the samples are finalized the samples are subjected to

hardness analysis. The analyses were performed with ShinkdV-2, microhardness tester
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Fig. 27 The weight was 9,81 Nlkg) and the indentation rod was a diamond crystal with
pyramid shape (Vickerso6s Hardness HV1). Fo
perfomed within various areas of the same sample. Calculation of the hardness was
performed by averaging the values. Hardness testing with quenching rates >5K/s have been

tested at samples, which were quenched in a quenching dilatometer ~* Béhr 805 AID .

Fig. 27. Shmadzu HM\-2 microhardness testéleft, and the indentation on the right image.

3.4.3 Nano-indentation

Nanaindentation and the hardness analysis where performed at the Chair of New Materials

Physics (University of Rostock) and at Erlangen University.

In naneindentation small loads and tip sizes are used, so the indentation area may
only be a few squamaicrometeror evennanometers. Thigallows hardness testing of the
very small DFSC samples, but alspresents problems in determining the hardnesghe
contact area is not easily founstomic force microscopgr scanning electron microscopy
techniques may be utilized to image the indentation, but can be quite cumbersome. Instead, an
indenter with a geometry known to high precision (usuaBegovich tip, which has three
sided pyramid geometry) is employed. During the measurements of the instrumented
indentation process, a record of thepthof penetration is made, and then the area of the



Pageb0 of 93

indent is determined using the known geometry of thdentation tip. While indenting,
various parameters such as load and depth of penetration can be measured. A record of these
values can be plotted on a graph to create adtgalacement curvé-ig. 59. These arves

can be used to extract mechanical properties of the maféapl.

The method was developddl] to measure the hardness and elastic modulus of a
material from indentation lo&displacement data obtained during one cycle of loading
and unloading. Although it was originally intended for application with sharp,
geometrically selsimilar inderters like the Berkovich triangular pyramid, we have since
realized that it is much more general than this and applies to a variety of axisymmetric
indenter geometries including the sphere. A discussion of why the method works for
spherical indentation isiven at the end of this section. A schematic representation of a
typical data set obtained with a Berkovich indenter is present&igin28 where the
parameteP designates the load ahdhe displacement rdise to the initial unreformed
surface. For modeling purposes, deformation during loading is assumed to be both elastic
and plastic in nature as the permanent hardness impression forms. During unloading, it is
assumed that only the elastic displacemergsracovered; it is the elastic nature of the
unloading curve that facilitates the analysis. For this reason, the method does not apply to
materials in which plasticity reverses during unloading. However, finite element

simulations have shown that reversastic deformation is usually negligible.

loading

Load, P

unloading

Displacement, h

Fig. 28. Schematics of the data extraction from the typicalddiaglacement curves.
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There are three important quantities that must be measured froni liheuRves: the
maximum load, Pmax, the maximum displacement,xjraad the elastic unloading stiffness,
S _dP/dh, defined as the slope of the upper portion of the unloading curve during the initial
stages of unloading (also called the contact stiffness).The accuracy of hardness and modulus
measurement depends inhelgnbn how well these parameters can be measured
experimentally. Another important quantity is the final depth, hf, the permanent depth of
penetration after the indenter is fully unloaded. The analysis used to determine the hardness,
H, and elastic modulug, is essentially an extension of the method proposed by Doerner and
Nix [40, 42] that accounts for the fact that unloading curves are distinctly curved in a manner
that cannot be accounted for by the flat punch approximation. In the flat punch approximation
used by Doerner and Nix, the contact area remains constantiadehter is withdrawn, and
the resulting unloading curve is linear. In contrast, experiments have shown that unloading

curves are distinctly curved and usually well approximated by the power law relation:
P = ibhH"( )

: WhereUand m are power law fitting constafit]

Young's modulus: The slop®f the curvedP/dh, upon unloading is indicative of
thestiffnessS of the contact. This value generally includes a contribution from both the
material being testeahd the response of the test device itself. The stiffness of the contact can
be used toalculate the reduced Young's modulldN EN ISO 14577 Er:

(7)

where:
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S - Indicative of thestiffnessof the contact

Ap(he)

is the projected area of the indentation at the contactigptha nd b i s

geometrical constant dhe order olnity. *_1P(hﬂ} is often approximated by a fitting

polynomial as shown below for a Berkovich tip:

Ap(he) = Coh? + Cyh! + Cgh,:;f? 4 Ga-"lyd NI Cghi;us .

Where:C, for a Berkovich tip is 24.5, while for a cube corner (90°) tip is 2.598. The
reduced moduluEr is related to Young's modulds of the test specimen through the
following relationship froncontact mechanics:

1/E, = (1 - v3)/Ei + (1= 2)/B.. g

Here, the subscriptindicate a property of the indenter material &nid Poisson's
ratio. For a diamond indenter tigjis 1140 GPa and“ii s 0. 07 . Pdithe sonds
speciment's, generally varies between 0 and 0.5 for most and is typically around 0.3.
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4 Results and Discussion

4.1 Precipitation reactions during continuous cooling inside conventional DSC

Excess gfor slow cooling of 7049A is shown ifig. 20.

—— 0.001 K/s
0.0016 K/s
——0.0025 K/s
0,5 - 0.005 K/s
——0.0083 K/s
0.025 K/s

044 |——0.04Kis
——0.08 KI/s

g*K

p

excess c in J/

I v I v I v I v I v I v I v I v I
50 100 150 200 250 300 350 400 450
temperature in °C

Fig. 29. EN AW 7049A, eneral overview, excess specific heat vs. sample temperature,
various cooling rates starting from close to equilibrium (0.001 K/s). Very broad
exothermic reaction zone cée seen which keeps up to c.a. 100ff@n Setaram
DSC 121 device.

If the same curves are plotted with vertical shift with defined value 0.1 J/g*K it will be much
easier to determine how the precipitation reaction zone develops with changing cooling rate

over the temperature range accessible with Setaram 121Hp@9andFig. 30
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Fig. 30. EN AW 7049A alloy excess,ws. sample temperature, stagifrom the slowest rate
on top, red curve. On cooling from the annealing temperature two strong overlapped

precipitation reactions can be seen provided from Setaram 121 data.

The strong reaction zones which are so called-tegiperature and loswemperatre change
significantly with cooling rates. The change in curve shows that the broad high temperature
exothermic reaction becomes sharper. Meanwhile the second so called low temperature
reaction shifts to high temperature where it partially overlaps hwih temperature reaction,
creating a broad wide range shoulder where both reactions are taking place simultaneously

during the cooling.
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Fig. 31. EN AW 7049A, pecipitation heat vs. cooling rate calculated from excess specific

heat capdty curves. The device was Setaram 121 DSC.

Fig. 27 represents how the precipitation heat is changing with cooling rate. Starting from
about 50 J/g at 0.001 K/s, precipitation heat decreases with increasing cooling rate, down to
about 38 J/g at 0.1 K/s.

Fig. 32 shows the change of the excess cp against temperature for the EN 7049A alloy
system. Starting from the slowest cooling rate, which equals to 0.05 K/s the overall reaction
(precipitation heat), has thaghest value of about 0.6 J/g. Though the other rates show

similar exothermic reactions, but the overall value with respect to precipitation heat decreases

significantly with increasing cooling rate.
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Fig. 32. EN AW7049A, @neral overview,excess specific heat vs. sample temperature,
various cooling rates. The above mentioned data was collected via DSC Mettler
Toledo 823e

In comparison to the data plottedkig. 29the precipitation reactiorare taking place within
the same temperature range, but what is changing can be seen from temperature scale, the
reaction zone shift to higher temperature and finalized at 200 °C instead of 140C 29

Thestating onset of the reaction remains the same in platts and is equal to c.453°C.

Fig. 33 shows the change of the excess cp against temperature for the EN 7049A alloy
system. Starting from the slowesioling rate, which equals to 0.05 K/s the overall reaction
(precipitation heat), has the highest value of about 0.6 J/g. Though the other rates show
similar exothermic reactions, but the overall value with respect to precipitation heat decreases
significantly with increasing cooling rate. The curves in figure have been shifted with 0.1 J/g

for better overview.
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Fig. 33. EN AW 7049A alloy: excesspovs. sample temperature for various cooling rates.
Starting from the slowest rate (blackirve), till fastest (pink), where the cooling
from the annealing temperature starts, two exothermic reactions which are
overlapped can be seen. The curves are shifted with J/g*K for better overview, DSC

Mettler-Toledo 823ewas employed.

The decrease dihe two exothermic reaction zones continues here as well, but the shape of the
precipitation reactions remains saf38]. Sharp peak starts immediately when cooling starts

and with decreasing temperature it continues to have the broad decrease up to 200 °C.

Further the calculation of the precipitation heat from the dat&ign 33 shows how
significant is the decrease of the both reactions with respect to cooling rate change, in the
range where Mettlefoledo DSC 822Zemeasures the signal of precipitatiding. 34
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Fig. 34. EN AW 7049A alloyprecipitation heat vs. cooling rate, measurements from Mettler
Toledo 822e. The starting value of c.a. 40 J/g decreases by about 10 J/g during
cooling from 0.05 0.5 KI/s.

Similar picture carbe observed with the DSC Perkiklmer Pyrisl. In comparison to heat

flux DSCO6s, the cooling capabilities of the
8 K/s. This will help to correlate the data which was obtained from both devices whieh wer
discussed above (Setaram 121, Meffleledo 822¢).
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Fig. 35. EN AW 7049A alloy,general overview, excess specific heat vs. sample temperature,
various cooling rates starting from (0.15 K/s). Very broad exothermic reaction zone
can be sen which keeps up to c.a. 225 °C, the data was obtained fromlFY8E
from Perkin Elmer.

The precipitation reaction is starting to decrease rapkdty, 35 and the change of the peak
shape tells that fastooling inside the Pyri®iamond does not allow precipitations to occur
intense with respect to other two devices. The sharp high temperature peak becomes small and
the low temperature reaction shifts to high temperature. The sum of both effectsoisejust
exothermic reaction zone in the temperature range from 42%286°C. In our case the
limitation of the technique does not allow to go faster than 4 K/s. But still at this rate we can
see that the critical cooling rate cannot be achidvigd 36 Further the DRM method and
Ultra-fast DSC will be used to continue the experiments, in order to achieve the critical

cooling rate for this alloy.
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Fig. 36. EN AW 7049A alloy: excess,ws. sample t@perature for various cooling rates, two
exothermic reactions which are overlapped can be seen. The curves are shifted with
0.1 J/g*K for better overview the data was obtained from RyixSC from Perkin
Elmer.

The decrease of the two exothermic reactiones continues here as well, but the shape of the
precipitation reactions remains same. Sharp peak starts immediately when cooling starts and
with decreasing temperature it continues to have the broad decrease up to 200 °C. Further the
calculation of theprecipitation heat from the data kig. 37, shows how significant is the
decrease of the both reactions with respect to cooling rate change, in the range wdre Pyris

measures the signal of precipitatiéng. 36
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Fig. 37. EN AW 7049A alloyprecipitation heat vs. cooling rate, measurements from Pyris
Diamond. The starting value of c.a. 37 J/g decreases till 10 J/g during cooling from
0.151 4.0K/s.

Fig. 38 represents the excess cp vs. sample temperature for the broad range of technical
cooling rates for all three devices which are of great interest. Therefore the exothermic
reactions occurring on cting can be evaluated up to 4K/s. This is the part where the device
comes to its limits and therefore it is not possible to go further with faster cooling. The change
of the peak shape can be seen fleign 38 where it becomes sharp close to 0.005 K/s cooling
rate, and later near to 4 K/s it starts to become significantly smaller and broad.
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Fig. 38. EN AW 7049A alloy cooling over wide range (0.00054 K/s). The curves are
shifted with 0.1 J/, the exotherms are up. Data from 3 DSC devices, except DFSC.
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Fig. 39. CCP diagram of the EN AW 7049A alloy calculated from the excessrees, the

marked sighs indicate the start and end temperature of the main exothermic reactions.

In Fig. 39the CCP diagram represents the main exothermic reactions starting and ending
depending on temperature. The violet circles represent the starting of the high temperature
reaction, and the pink triangleare the ending of the low temperature exothermic reaction.
The limits are close to 4 K/s, which is due to DSC.
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The cooling curves which start from very slow rates are shown on the top of the plot. The two
main reactions (so called high and low temrgiure) are still seen up to 4 K/s and this is

already the limitation of the conventional calorimetric technique.

— o — Mettler-Toledo 823e-

504 =K —x=— Perkin Elmer Pyris-1 D
] — «=— Setaram 121
\
= N
S
S 404 -
< —_—
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cooling rate in K/s

Fig. 40. EN AW 7049A alloy precipitation heat vs. cooling rate, over five orders of
magnitude cooling rate range variatio was achi eved involving ¢t
except DFSC.

Fig. 40 shows the precipitation heat of all three DSC devices. The good agreement of specific
heat, when changing the devices, proves the relialafitthe results. Thenthalpy change

starts from 50 J/g and decrease to c.a. 10 J/g at about 10 K/s cooling rate. It means that there
is a strong precipitation effect which causes about 10 J/g enthalpy change. Otherwise we

would have ended up with zero ealiy change istead of 10 J/g.
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4.2 Ultra-Fast Scanning FSC data obtained via DRM method

Ultra-fast DFSC[15] Fig. 5 was used for the further study of the préefpon reactions

whi ch

wer e

observed i n

convent.i

onal

DSCO6s

commercial DFSC was defined to 4 K/s. Now using the Mettler Fasp based DSC and

involving the differential reheating method discussedriom 16 andFig. 17 will make an
attempt to find the critical cooling rate of the EN AW 7049A alloy. DRM method was studied

in detail for precipitation reactions on reheatimgorder to compare them with the data

plotted inFig. 4Q As it was mentioned the data from reheating can be directly compared with

the cooling[15, 27, 43-48], see thd-ig. 16

—0.25 Ks-1
- 0.5 Ks-1

sample - 7049A
DSC - Flash-1
t(sol.ann.)= 10 min
T(sol. ann.)= 470°C

BRl,RZ: 1000 K/s

3., .= 8000 K/s
Th.paste - silicon oil
purge gas - N,

B =3K/s

init

J 1 Ks-1
084 — 2 Ks-1
3 Ks-1
— G Ks-1
0.7 1 12 Ks-1
—— 30 Ks-1
E -0,6 { ——60Ks-1
= —— 120 Ks-1
S 054 ——200Ksl
3 —— 300 Ks-1
= —— 600 Ks-1
s 049 g00kKs-1
< 1200 Ks-1
£ 0394 ——2500kKs-1
© e 5000 Ks-1
-0,2 -
-0,1 -
0,0

I T T T
420 430 440

450 460

temperature in °C

endo

T
490

1
500

Fig. 41. Differential heat flow vs. temperature plot, for the EN AW 7049A alloy system.

Reheating curves. Previous cooling rate varied from 02800 K/s. DFSC with the

DRM was employedR1- reheating number one after first cooling,-R2heating

after overcritical coling, Rov overcritical cooling.
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Plotted data irFFig. 41shows the reheating of the sample which was previously coatad w
different rates. As one casee the differential heat flow signal starts to diffemfraero

starting from 500°C. There are two main endothermic effects which are responsible for the
shift from zero[49]. These effects are the dissolution of the waiphases which are formed

during quenching. The most fascinating thing about this plot is the intense change of the
endothermic reactions with respect to previous cooling rate. It does mean that the curves
where the previous cooling was performed fasteows smaller endothermic effect in
comparison to the curve which was cooled slower. Correlating the data obtained from this
device with other DSC06s as well as with the
only for the critical cooling rate butsd for metallographic analysis. The dataFig. 42

shows another set on experiments performed on-Bist DFSC FlaskHL.
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Fig. 42. EN AW 7049A alloy differential heat flow vs. temperaturiie sample was solution
annealed for 15 min and reheated with 1000 K/s rate, under nitrogen purging,

overcritical cooling rate was 8000 K/s. DFSC with the DRM was employed.

For the precipitation heat calculation the curves where integrated and plated geoling
rate,Fig. 43
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Fig. 43. EN AW 7049A alloyintegration of the differential heat flow versus temperature, and
plotted vs. cooling rate. The integral is in arbitrarily units because the sample weight
is not known; DFSC with the DRM was employed.

The decrease shown in plot continues until ad@@300 K/s, and later it reaches to zero,
though remaining constant till 2000 K/s. Taking into consideration how the reheating method
is working, we can estimate thitiie critical cooling rate is somewhere at ab@300 K/s.

In order to confirm the results, many datasets of experiments have been performed with

similar experimental conditions.

The sample weights are not normalized therefore the shift of the cdueeshe various

masses can be sekiy. 44
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Fig. 44. EN AW 7049A alloy various datasets obtained from Fldslltrafast DFSC, all
the datasets show the same CCR which is near t3Q0R/s.

Summarizing the experiments performed in Ur& SC6s and plotting th
conventional DSC and also including hardness measurentegis45 can be seen the
correlation of the critical coolingate with hardness developments and also with the
precipitation heat. Therefore the integrals in a.u. from DFSC have been calibrated with DSC

experiments using the same cooling rate.
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Fig. 45.EN AW 7049A alloy: excess specific heat wooling rate and hardness HV1
Vickers. The precipitation heat (cooling) from DSC (Setaram 121, Méitlkdo,
Pyris) and precipitation heat (reheating) from DFSC Mettler Flashare scaled
together; the data from Ulu@ast DFSC is normalized.

The plot epresents a very nice correlation in between various analytical techniques: which are
the conventional DSC6 s, -fadtahipdoasedsDs-SCa @na tap see s ,
that the precipitation heat calculated from cooling step in conventional D8Cnicely
continues the precipitation heat obtained from Chip DFSC during reheating experiments and
finally they end up with zero value, where one can see the critical cooling rate. The small
deviation in range of 0.1 1 K/s is due to the very low sensity of the machine (DFSC).

The fast scanning device (DFSC) has low sensitivity at slow scanning rates. Further the

Vickers hardness analysis show the same correlation with respect to data obtained from DSC.

The hardness values increases when the cooditey increases. The increase in hardness
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saturates near to critical cooling rate as expected. This means that the precipitation reactions
have been fully suppressed. Only when the precipitation reactions are fully suppressed, one

can be achieve the maximumardness valuafter agng Fig. 45

4.3 Metallographic analysis

The sample was solution annealed then cooled with rate 0.001 K/s inside DSC, and aged
30 days at room temperature. The primary precipitatespl(ible phase) remained as it was
expected, without any significant change (marked as red cifeigs¥#6 The precipitates of
the secondary phaseere relative large, up tabout7 um. Coarse, needle like pades,

marked with blue circles and the ones which have cubic geometry, marked with acid green

circles.
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Fig. 46. 7049A alloy microstructure under light microscope, cooling rate =0.001 K/s : the red
circles represent the insoluble phase, blue circles and thgreen circles represent
the secondary phases.
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Fig. 47. 7049A alloy, microstructure under light magnification, cooling rate =0.08 Kis :

red circles represent the insoluble phase blue circles and the green circles

represent the secondary phases.

To adieve the maximum ultimate strength the particle size should hinder the dislocation
movement effectively, or efficiently. This can be only achieved, when the particle size is in

range of several nanometers.

Fig. 46 points out the particle sizes are significantly bigger than several nm. This size is of
about several microns. Ifrig. 47 the cooling rate is 0.08 K/s and the changes in
microstructure intensive in compansto Fig. 46 As it was expected the primary phase (red
circles) remains the same, the other two phases become smaller. The size of the secondary

precipitates does change significantly with the rate of cooling.
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Fig. 48. 7049A alloy, microstructure under light microscope, cooling rate =0.6 &¥s red
circles represent the insoluble phas$e, blue circles and the green circles represent

the secondary phases.

In Fig. 48one can spot the sizes of the secondary phases, though they became significantly
smaller. That means with the same magnification, possibility to measure sizes as well as the
growth path and shapes of the precipitates inside the sample becomes uncerttie. For

current alloy system metallographic technique by light microscopy has reached to its limits.
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Fig. 49. EN AW 7049A alloy images from metallographic analysis: samples cooled with

different rates are compared
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In Fig. 49 Fig. 49 comparison of the pictures represents nicely the changes occurring in
microstructure with respect to cooling rate change. Though the data coincides with the DSC
analysis, and particularly ifig. 38 and Fig. 40 but is limited to 4 K/s. The range of the
cooling rates discussed kig. 49 describes the way how three main phaseshfemparticular

alloy start to change in size and the geometry changes as well. The red circles represent the
primary precipitates, the insoluble phase, and therefore do not change, and show no response
to cooling rate, as well as to heat treatment. The bitcles represent the soluble phases
which are sensitive to agerdening. Those start decrease/shrink not only with cooling rate,
but also they do change their geometry. Undefined shapes transform to needtearbke c
shape. Their size shrinksto lashan a Om, and via |ight micr
them. The Acid green circles are also similar to the blue ones and show the same change over

the cooling rate range.

4.4

4.5 Scanning Electron Microscopy and EDX analysis

For conventional imaging ithe SEM, specimens must be electrically conductive, at least at
the surface, and electrically grounded to prevent the accumulation of electrostatic charge at

the surface.

Fig. 50. SEM microscope with opened chamber.

Nonconductive specimens tend to charge wloamised by the electron beam, and especially
in secondary electron imaging mode, this causes scanning faults and other image artifacts.
They are therefore usually coated with an ultrathin coating of electrically conducting material,
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deposited on the sampleither by lowvacuum sputter coating or by higlacuum
evaporation. Conductive materials in current use for specimen coating include gold,

gold/palladium alloy, [12].

Further inFig. 51 series of images obtainddom SEM microscopy are represented. The
images show the change in microstructure with increasing cooling rate inside the suitable
samples. For more detailed overview another much higher magnified image is attached to
each. The sample cooled with 0.1 Isleows variety of phases. Some of the grains and grain
boundaries are also easily identified for this sample. Higher magnification allows to spot the
shapes which are rod like coarse particles and some much brighter with undefinedrghapes

51 (a). Samples cooled fastéig. 51 (b, c,d,e) show better distribution in comparison to (a),

though significant decrease in size occurs.

Cooligrate= 0.00K/s

WD13.7mm 25.0kV x1.0k 50um

M Cooligrate=).05K/s ;,"‘ . B Cooligrate= 0.08/s
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Fig. 51. EN AW 7049A alloy specimen studied with SEM, the images on left side have
magnification 1000X (50 pum scale bar on pic.), and on right side 7000X (scale bar 5

pMm on pic.) cooling rate is written on the pictures.
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The sample cooled at rate 4K/s has the smallest size above ai$, olye means of
precipitates. Caae rods like particles tend to concentrate more near grain bouréigriéd

(e). Grains are surrounded titodTlike coarse particles and inside the grain are resting the
finer, and several orders of magnitude smaller precipit&igs 51 (e). Therefore it is
extremely easy to see the contours of the grains angr#éire boundaries, in image (e) they
have size of c.a. 550 pum.

The specimen of aluminum alloy EN AW 7049A was solution annealed at 470°C for 30 min
and then quenched with the suitable speed. Thin section was analyzed and predégted in
52. On the picture several EDX spots can be seen, which are marked Spectums 1

respectively. They represent the places where the beam was used to analyze the phases.

%
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’ s Spe?tr'um 4 Matrix

Spektrum 1

-
’
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Spektrum 3
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Fig. 52. Specimen of aluminum alloy 7049A was solution anreeake470 °C for 30 min and
then cooled with rate of 0.05 K/s.
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Fig. 53. EDX pattern for the EN AW 7049A alloy, the highest peak corresponds to pure
aluminum, the smaller peak are combination of several alloying elements which are

found in alloy composition.

Same samples were subjected to analysis via scanning electron microscopy including also the
EDX analyses. EDX gives clear understanding of the elements and their concentration in
various regions. Having in mind information for chemical structure of the pHasps to

understand which chemical structsii@re influencing the strengftig. 53

Specimen of aluminum alloy 7049A was homogenized at 480 °C for 30min and then
quenched with 0.5 K/s, thin section specimen for scannirgreite microscopy (SEM) was
prepared using Jeol EO100IS [2]. The instrument irradiates an argon ion beam on the
specimen and thins it. The specimen is partially masked with a mask belt (bulk cross section
preparation). Thin section specimen was furthealyzed by SEM (Jeol JEN100) using

(EDS, Jeol JEE2300 Series) at 20 k\Fig. 52 [50]
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Fig. 54. EN AW 7049A alloy system: SEM (left) arthe structure from light microscopy,
image on the right. Cooling rate is 3= 0.001 K/s which is very slow, and therefore the

precipitates are clearly seen on both pictures.

BSE1l 1l-Jun-12

Fig. 55. EN AW 7049A alloy system: SEM (left) and the structure from light microscopy,
image on the right. Cooling rate is 3 = 0.08 K/s.










































