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Abstract: Time-temperaturgrecipitation (TTP)iagrams deliver important material data

such as temperature and time ranges critical for precipitation during the quenching step of
the age hardening procedure. Although the quenching step is continuous, isothermal TTP
diagrams are often applied. Togetleth a secalled Quench Factor Analysihey can be

used to describe very different cooling paths. Typicdhese diagrams are constructed
based on mechanical properties or microstructures after an interrupted quearehexgitu
analyses. In reamt yearsan in situ calorimetric method to record continuous cooling
precipitation diagrams dadluminumalloys has been developedttee application level by

our group.This method has now been transferred to isothermal experiments, in which the
whole heat treatment cycle was performed in a differential scanning calorimeter.
The AlMg-Si-wrought alloy 6005A was investigated. Solution annealing at@©4hd
overcritical quenching to several temperatures betw8&8rC4 and 250C werefollowed

by isothemal soaking. Based on the heat flow curves during isothermal soaking, TTP
diagrams were determined. An appropriate evaluation method has been developed. It was
found that three different precipitation reactions in characteristic temperature intervals
exid. Some of the low temperature reactions are not accessible in continuous cooling
experiments and require isothermal studies.
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1. Introduction

The most important heat treatment to increase the strengdluminum alloys is precipitation
hardening, which is composed of three steps: solution annealing, quenching and ageing. The maxima
strength values can be achieved onlyewlrage hardeningluminumalloys are quenched above a
critical rate. If quenching is too slow, coarsee@pitates will form during cooling. Those coarse
precipitates do not increase the strendpiht reduce the remaining solid solution available for the
growth of strengthening precipitates during ageing.

For practical heat treatmentas well as for heat tretment simulation of metals, their
guench sensitivity,i.e., the transformation (resgrtivdy precipitation) behavior depending on
the process temperature and duration, must be known. For steels, a broad range of isotherma
time-temperaturgransformation (TTT) diagims and continuous TTT diagrams eigt because they
can be determined byn situ dilatometric methods.However, for aluminum alloys, such
time-temperaturgoprecipitation (TTP) diagrams have been scarcely available in thedpadb the lack
of suitablein situ characterizatiomethodsOnly a few isothermal TTP diagrams faluminumalloys
exist; these have been determinechyitu characterizatiomethods.

Both types of TTP diagram are related to the quenching step within the age hardening procedure.
Continuous cooling precipitation or transformation diagrams providestiered information direft
for certain defined cooling paths. From isothermal TTP diagrams, similar informationcainbatious
cooling pocesses iavailable for very different cooling paths by applying Quench Factor AngRjsis
based on Schéd ruleof additivity [3,4]. This is often used by heat treatment simulation software in
order to calculate the microstructural evolution during a cooling process. Simir and Gir mention in [5]
that fithe most straightforward approach for calculating microstruicawalution during a continuous
cooling process would simply be to introduce CCT diagrams into the computer program. A CCT
diagram is valid only for the exact temperature histories used to draw it, and the cooling curves are
normally plotted on the diagrartlowever, during quenching, the cooling rate at a point is generally
not constant and hence, it does not follow one of those curves; therefore, the CCT diagram is no longe
val i d. [ .. . ] As a workaround, SchebDtlelatse a BTAdi t i
diagram to the transformation behavior for an arbitrary continuous cooling path [...]. Thus, the cooling
curve can be treated as a series of small isothermal time steps connected by instantaneous temperatt
] ump s Cirrently, the.isothermal TTP diagrams fatuminumalloys are typically based on the
analysis ofthe microstructure or mechanical (resp. corrosion) properties after quenching several
samples to different temperatures and soaking for different periods of timéofseeample [61 14]).

The microstructure approach requires an extensive series ofdsglution microstructure analyses.
These diagrams may deliver tistemperaturerecipitation diagramghatshow different precipitation
phases and nucleation sites ,[l§. The possibility that is more frequently used is to measure certain
properties such as vyield strength or hardness,f101314]. This approach requires less effort.
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However, the related timemperaturgroperty diagrams typically are not able to tesadifferent
precipitation phases. Rather, they typically showoresol | edr R€0 r el ated to a

Some publications have shown that it is possible to measisigu precipitation reactions at an
isothermal soaking step with differecdlorimetric techniques [123]. However, typicallythe whole
heat treatment was not performed in the calorimeter device. Solution annealing and quenching were
performed outside the calorimeter, for example in a salt bath or in an air circulating furoatee
isothermal soaking step, the samples were inserted in a preheated calorimetera rfedatedy large
time step cannot be measured, because the temperaturde ebmple and furnace have to
equilibrate first.

This study therefore aims to déep a methodhat enablesthe measurement of isothermal TTP
diagrams ofaluminumalloys byin situ differential scanning calorimetry (DSC) measurements. ,Thus
the whole heat treatment will be performed in the DSC and it will be possible to follow precipitation
reactions during the isothermal soaking procedure at selected temperatures.

The precipitation processes that occur are related to relatively weak exiotiheactions. Henge
a highly sensitive measuring system is necessary. During recent gehighly sensitivein situ
calorimetric method to record continuous TTP diagramsafeminumalloys has been developed by
our group taheapplication level [2434].

In this work, we will transfer the knowledge of the continuous cooling work to isothermal
measurements of precipitation reactionsainminumalloys using DSC. In particulathe aim is to
perform the whole heateatment and measurement cycle in &CD&thout changing the device, in
order to ensure the highest sensitivibyit also to avoid reductions in the measurable time range.

A procedure for a reliable evaluation of isothermal tiemmperaturgrecipitation diagrams will
be suggested.

This work is focusedon the cooling step of the age hardening procedure by developing a new
measurement techniqukat enablesthe measurement of isothermal TTP diagramsirbyitu DSC,
rather than by extensivexsitu analysis. This may eventually lead to@ptimization of the simulation
of cooling during heat treatment simulations in the future.

Another issue associated with this calorimetric technique is of more fundamental scientific importance
Zhuravlevet al.[35] investigated the crystallization of poly¢aprolactone) out of the liquid state and
mentioned that the temperature range below the maximum of crystallization rate (which is comparable
to the nose in isothermal TTP diagrams fduminum alloys) is generally not accessible for
norrisothermal coolig experimentsbecause the sample becomes amorphous (or supersaturtied in
case ofaluminumalloys) at the required cooling rates. Isothermal experiments after fast quenches
extend the temperature range down to, and below, the glass transition terapdiaisi problem is
basically also valid for the investigation of precipitation reactions from a supersaturated solid solution.
Therefore isothermal DSC experiments, whidirectly follow a cooling procesthatis faster than the
critical cooling rate, emblethei nvesti gati on of precipitation b
a Gcurve.
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2. Materials and Methods
2.1. Materiallnvestigated

Material from an industrial extruded profile of EN ABD05A was investigated. This alloy was
chosen because it possesses a critical cooling rate of about 6.3 K&L[2Which can be achieved
within the DSC device that was used. Pakeminum(99.9995% Al) was used dlse reference. The
chemical composition is given in Table 1. The main alloying elésnpossess an atomic fraction of
approximately 0.63% Mg and 0.65% Si. With respect to the duaary composition of Mgpi, the
alloy 6005A therefore has an excess of Si.

Table 1. The nass fraction of alloying elementsy percent,as well asthe standard
composition according to EBI73-3.

Mass fraction in % Si Fe Cu Mn Mg Cr Zn Ti
EN AW-6005A 0.68 0.2 0.01 0.11 0.57 0.04 0.01 0.018
EN 5733 0.509 <035 <0.3 <05 0407 <0.3 <0.2 <0.1

2.2. MeasuremermRRrocedureand Data Evaluation

After solution heatreatment at 54€ for 20 min, the samples were quenched to a certain soaking
temperature in a pow@ompensated DSC (Pyris 1 DSC, PerkinElm®&altham, MA, USA. The
temperature program arige parameters used are showrFigure 1 Cooling should bearried out at a
rate faster than the critical cooling rate for the alloy [31]. The selected soaking temperatures ranged
from250Ct0 450 AC wi t h t e mp eT=al0K. The sdaking &nre was|datermamed with
preliminary tests, varying the soakistgep between®and 60min. The preliminary tests showed that
after 30 min, dissolution reactions were no longer detectalidme diseshaped sample of
EN AW-6005A with a diameter of 5.7 mm and a height of 1 mm was repeatedly used for all
experiments. Du® initial solution annealing and quenching, a fresh supersaturated solid solution was
adjusted for every new experiment. The sample mass was 69.615 mg.

For the investigation of weak precipitation reactions withiiminumalloys, the alloyed sample
was scanned in the DSC and compared to an inert reference sample [27]. This reference ideally shouls
have the same absolute heat capacity as the saandl@urealuminumis commonly used.

Figure 1. Temperature program of thiéferential scanning calorimetry (DS@jeasurements.
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If the baseline measurement is also performed with two inert reference samples, the th&ie of
excess specific heat capacity results after data evaluation [27]. This evaluation usually includes
normalizing the heat flow values bhe scanning rate and sample mass to the valtleesipecific heat
capacity. This allowghe comparison of different experiments with varying scanning rates. In this
work, it was not possible tmormalizethe heat flow byHhe scanning rate, as the scan rate of the
soaking step equals zero. Therefdree isothermally measured heat flow after scanning an alloyed
sampleversusa purealuminum reference sample was used for evaluation. The heat flow curve
obtained from the santemperature time profile for two pusuminumsamples was subtracted as a
baseline measurement. This baseline subtraction is necessary to distinguish the sample heat flow fror
instrumental artefacts. Due to small asymmetries betwesipaseline and sanmpimeasurement (e,g.
due to different sample or lid positions [36]), this does not necessarily result in a zero value in
reactionfree time ranges. However, one basic assumption for the evaluation is that heat flow equals
zero as long as no reactions amxwring in the sample. Thereforthe heat flow curves were
vertically shifted with respect to time ranges where no reactions are exgagie@?).

At the beginning of the soaking stepe precipitation reaction may start immediately. Therefore
may barely be possible to evaluate the precipitation onset directly. Besides, during quenchthg from
solution treatment to soaking temperature, a temporal delay bethhesample temperature arie
program temperature occurs. This fact influenbesdefinition of the onseioint of the precipitation
reaction. Furthermore, the duration of the quenching step is longer when the soaking temperature is
lower. All these effects have been taken into account in the evaluBimpng 3).

Additionally, a ontrol problem within the DSC measurement at high quenching rates must be
considered. The maximum cooling rate possible is dependent on the temperature difference betweel
the DSC furnace and the cold block, which necessarily decreases during the coobiags.pr
Therefore the scan rate may fall to below the programmed value. When the actual cooling rate
of the experiment switches from the cooling step to zero during isothermal soaking, it is
inevitable that cooling becomes slower than any critical cgalate. Hencea reasonable starting
point must be defined.

Figure 2. (A) The subtraction ofthe baseline fronthe sample heat flow curygB) The
vertical shift of the resulting heat flow curve to zero at infinite time.

A) Perkin-Elmer Pyris 1 DSC

40+ yExo
381 sample
= o baseline
S Ea T a
=
= :ﬁ:r'//"T """""""" 1 yExo
§ 0 — — —heat flow sample - baseline
10 heat flow shifted vertically

O 5000 1000 15000 2000
timeins



Materials2014 7

2636

Figure 3. (A) Sample and progratemperature for a quenching experiment of 69.8H
EN AW-6005 from 30 € to isothermal soaking at 358 in a Perkin EImer Pyris 1 DSC
(B) Sample and progratemperature for the first seconds of isothermal holding at different
soaking temperatures. [B), the zero value of the time axis corresponds to the start of
isothermal soaking according to the program temperature
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The continuous cooling precipitation diagram of the batchl@minumalloy 6005A investigated
here is available [31]. Out of thisadjram one can read the critical cooling rates. Two ntamperature
ranges existthat must be consideredhigh-temperature (HTR) and Ilotemperature (LTR)
precipitation reactions [231]. Each of those has its own known critical cooling rate3[]7 The
critical cooling rates of 6005A are 6<3s for the LTR and 0.6K/s for the HTR.

Due to the fact that the cooling rate must fall below these values at the end of the cooling step,
precipitation might start already during cooling. Additionally, the changscanning rate between
cooling and soaking leads to a heat flow overshoot, which is an instrumental measurementthgefact (
large peak in the blue curve in Eig4B). This artefact might lead to errorstire interpretation of the
DSC curves andtherefore must be excluded from the evaluation. As the overshoot peak might
overlap the reaction onset, a critical dead titagy, which cannot banalyzed exists.An appropriate
way of defining a reliable starting point, which determines the time liimitsignal evaluation (cudf
overshot artefacts), is schematically showfigure4.

Figure 4displays a typical temperature and scanning rate profile of the DSC measurements. In
Figure 4 the profiles of programand sampldemperature are plottecbrresponding to the right
ordinate. Additionally the first derivative of samygamperature with respect to time, which represents
the actual scanning rate, is plotted corresponding to the left ordinate, both as function of time. The
alloy-specific criti@al cooling rate (which further depends on higin low-temperatureeactions) is

denoted by a dasthot horizontal line.
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Figure 4. Determination of the intersection point betwebacritical cooling rate anthe
actual cooling rate defings= 0. (A) The scanrate and temperaturéB) Heat flow, the
definition of a#¢ andtgeaqis shown schematicall(C) The part of the measured heat flow
curvethat issuitable for evaluation. The heat flow is plotted on the new defined time axis.
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At the end of thejuenching step, the intersection point between the actual applied scanning rate and
the critical cooling ratetlje red line inFigure 4§ was defined athe zero time for the evaluation of
isothermal precipitation kinetics in this work. According to thifre zero point, a time interva,
results accordingto Figure 4 In order to enable reliable curve evaluation, the isothermal heat flow
curves must be shifted horizontallytothenedlg f i ned st atrting point by

In Figure 4, the correspondg hea flow signal is plottedhowever, the accordance between the
time axis inFigure A and Figure 4 is only schematic Higure 4A: linear time scaleJFigure 4.
logarithmic time scale). As a consequence of the transient response of the heat flow, at the momen
when the process changes from cooling to soakindpig heat flow peak artefact results aé th
beginning of the soaking steihte secalled overshoot peak. This overshoot should not be involved in
the evaluation. The critical dead ting..q is definedby the time when the scanning ratestabilized
to zero.The exothermic effect following the overshquak is caused by the precipitation reaction under
study To prove this fact, six measurements with the same parameters were performed. At any of these
measurementsnearly identical heat flow curves were observédgire 5), showing thatthe
reproducibility of the precipitation reactions in the heat flow curves is appropriate. In sometmses
heat flow drifts for long soaking duratigneven though th reaction is expected to be finished.
Because of that, theslata ranges were excluded taa €xample is shown in the right part of the heat
flow curve inFigure 4).
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Figure 5. Reproducibility of the measurements indicated by six identical measurements.
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2.3. Determination ofsothermalT TP Diagrams

The aim of this work is to create isothermal TTP diagrams baseéd situ DSC measurements.
Therefore the characteristic time values of the precipitation reaciien the start and end of the
reaction must be evaluated from heat flow curves like those shovamgure 42. However, due to the
initial critical dead time mentioned above, as well as the flat course of the heat flow curves at the end
of the analyzedtime period, a welhdapted further evaluah is necessary. Two options have been
developed tacharacterizehe precipitation kinetics for the TTP diagranisie first is to determine
the heat flow peakime and to plot the corresponding tifteenperature values in a tistemperature
diagram. If neded, straight lines were fitted to the peak flanks. In those cases the intersection point of
the lines was evaluated # peaktime (Figure 6).This method is relatively easy and fast. However,
uncertainties occur witthe decreasing peagharpnessf the heat flowand only one single time value
results for each measured curve.

The second method to create TTP diagrams out of the isothermal DSC measurements is to use
certain relative amount of released heat of any heat flow curve and to platrteeponding time
values of the relative amounts in the tieenperature diagram. Therefprthe total specific
precipitation heat or specific enthalpy was calculated by integrating the area below the heat flow
curves andhormalizingthe gained values bjpé sample mass.

Figure 6. Determination of peakmes.

Perkin-Elmer Pyris 1 DSC : isothermal heat flow of

69.615 mg EN AW-6005A 69.615 mg EN AW-6005A
atT_=320°C,t_=30min atT_=430°C,t_=30min
.m..lEXO 0__W--1EXO
x
-

evaluation uncertainty
increases with decreasing
peak sharpnes due to
manually metering

heat flow in m\W
heat flow in m\W
5

0 500 1000 1500 2000 0 500 1000 1500 2000
timeins timeins




Materials2014 7 2639

Due to the data evaluation explained above, the evaluable heat flow darmesstart at zero time.
Between the defined start point and the onset of the evaluable heat flow &uive range exists
where the development of the heat flow is unknown. Thisevahuable dead timéjeaq amounts to an
average value of about 3@maximum value77s).

However, the area below this unknown part of the heat flow contributes to the total specific
precipitation heat transformed by an unknown vaddieaq TO minimizethe error of the total specific
precipitation heat, an approximatioof the missingaHqeaq by a triangle area isuggested
(Figure 7).Rel at ed t o t he o0V eHyahds anpavesage valuetod 1.68mmm h e ¢
maximal value of 7.5%. For theharacterizationof the precipitation kinetics in the isothermal
time-temperaturgrecipitation diagram, the values of %0 50% and 90% of the observed total
specific precipitation heat were chosen.

Figure7Approxi mati on of s p e cHglgbya trignglecacea fprithe at i on
critical dead timetgead

heat flow

time

In order to understand the way in which the mechanical properties were influenced by the
precipitation during the soaking stepe residual hardening potential wasalyzedoy exsitu hardness
tests (Vickers hardness HV1). These tests were performed after selected soaking temperatures an
times and further overcritical quenching and ageing. Theretbeesamples were aged at 180
for 4 h after the DS@neasurements. The temperature program before the hardness test is shown
in Figure 8

Figure 8. Temperature program foine hardness tests.
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3. Results and Discussion

The recorded and evaluated heat flow curves are showsgure AT D. In order to ensure
readability, the curves are separateo four temperature ranges. All diagrams are scaled in the same
way to enable the reader to see the differences in the signal intensity directly, which are dependent or
temperature and time. The heat flow shows one peak in each case. This peak shiftsandtiitze
peak height changes. Three maxima of the heat flow values, within a certain temperature range, were
detected. The first temperature area ranges fieda1430€C; the second from 30 € to 300€C ; and
the third from B0 € to 250 € . Additionaly, the heat flow curves of the second temperature range
were separated to two diagrams Kigure B,C) following the order of increasing or decreasing
intensity, respectively. Within these diagrams, increasing peak values are shown by different solid
lines until the maximum peak value is reached. The maximum is highlighted with a solid fat red line.
The heat flow curves, where the peak value decreases, are plotted as dashed lines.

For the high temperature range betwebfl @ and 430 € , the maximum peakalue is located at
440 € after about 370s (Figure R\). Sluggish reactions with low intensities were observed. Within
the hightemperature rangehe differences between the heat flows curves are relatively shhall.
interpretation, therefore, must loarried out with care. To enable the reader to see the differences
between the single curves, an additional diagram with different scaling is ins¢otEdyure A.

Figure 9. Heat flow curves of alloy 6005A after overcritical quenching fro#0 & for
20 min to temperatures betweebMT and 250C. (A) 4501410 € ; (B) 410'370€C;
(C) 37G300€C ; (D) 300 250€.
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In the second temperature range fro8® £ to 300C , the differences in the heat flow curves are
much more pronounceétjigure B,C. Themaximum heat flow peak was observed at B7&fter only
33 s. The peak height values and their positions are shifted to longer durations with both higher and
lower temperatures. This effect is stronger towards higher soaking temperatures. Within thg soaki
temperature range fron88 C to 350C , the differences between the heat flow curves are small and
the peak height values are the highest (abdu05 W/g to 10.06 W/g). The reactions are also
relatively fast in this temperature range. The peak valees found after around 33to 41s.

In the third temperature range fro@@C to 250 €, the precipitation reaction with the highest
heat flow peak took place at the soaking temperature of€29%nd after a period of about 185
(Figure D). In the tenperature rangef 300€C to 250 € , all other peak values are smaller and occur
at a later point in time. At 298 and 300 € , the peak valugare reached relatively fast, whereas the
heat flow curve at 28@ already shows a significantly more sluggigitecipitation reaction. For
example, betweend® € and 280 € , the difference in the peak time is about S0@oughly a factor
of 5). At the temperature of 28D, it seems that the precipitation was not finished aftemB0 which
causes uncertainties evaluation. At the soaking temperatwfe250 € , the precipitation signal was
hardly measureable with the deviegedin its applied configuration.

Figure 10shows the isothermal tirtemperaturgorecipitation diagram (TTP diagram) of the
aluminumalloy EN AW-6005A, which is based om situ isothermal DSC measurements. The four
different datasets (pealalues,10% aH, 50% aH and 90%aH) are plotted in differentolors The
four different curves have very similar shapes. In gentralwhole curve shape can be described as
the exp-eaotedo.i CHo we ®aehrcurve ishowsdheee docal timinima at about
440€C, 370 € and 300C , respectivelyBased on theesults of this study, a temperature of about 370
€ must be corsidered to be very critical for precipitation. At 3T0) 10% of the precipitation
reactions have already happened adtsut 25s.

Figure 10. Isothermal timeemperaturgrecipitationdiagram of EN AW6005A measured
by in situ DSC experiments.



