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a  b  s  t  r  a  c  t

Precipitation  reactions  inside  aluminum  alloys  are  known  to  be  very  important  for  hardness  and  yield
strength.  Premature  precipitation  during  quenching  from  solution  annealing  decreases  the  yield  strength
after aging.  A  methodology  to determine  the  amount  of  precipitates  as a function  of quench  rate  (quench
sensitivity)  for a wide  range  of aluminum  alloys  from  calorimetric  reheating  scans  is proposed.  The
method  allows  determining  the  critical  cooling  rate  for suppressing  precipitation  during  quenching.  Dif-
eywords:
ifferential fast-scanning calorimetry
yper DSC
luminum alloys 7049A and 6063

ferential fast-scanning  calorimetry  was  applied  to  cover  the  cooling  rate  range needed  for  high  alloyed
materials.  The  critical  cooling  rate  for the  quench  sensitive  EN  AW  7049A  alloy  was  determined  as  300  K/s.
A new  methodology,  called  differential  reheating  method,  was  applied  for  differential  fast-scanning
calorimetry  (DFSC)  and  differential  scanning  calorimetry  (DSC).  The  method  was  quantitatively  veri-
fied with  EN AW  6063  alloy  in a  DSC  due  to its  low  critical  cooling  rate.  The  combination  of  DSC and  DFSC

ling  r
ritical cooling rate extends  the  available  coo

. Introduction

Knowledge of the properties like yield strength is essential
hen designing a component, because it generally shows the upper

imit of the load that can be applied. Aluminum alloys are gen-
rally used because of their preferable strength to weight ratio.
igh purity aluminum in the annealed condition has very low
ield strength of a few 10 MPa. Dislocation movement is the domi-
ant carrier of plasticity. Different types of crystallographic defects
an create obstacles for dislocation movement resulting in yield
trength increase. Precipitation hardening (age hardening) is a heat
reatment method used to increase the yield strength of metals,
ncluding alloys of aluminum. Lower solubility of alloying ele-

ents with decreasing temperature is a requirement to produce the
eeded particles. These particles can be introduced in the matrix, in

 finely dispersed way, to increase the yield strength [1].  Upon plas-
ic deformation, gliding dislocations in the matrix are obstructed in
heir movement by these obstacles. In this case two  options exist.
ither the dislocations cut the particles, or they bow out between
articles. The first mechanism prevails for tiny particles coherent
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

ith the matrix. If incoherent large particles occur, the governing
echanism is the second one. Further, also solute atoms, other dis-

ocations and grain boundaries disturb the ideal lattice regularity,
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ate  range  for precipitation  studies  from  mK/s  up  to  some  10,000  K/s.
© 2011 Elsevier B.V. All rights reserved.

thus the dislocations movements can be hindered by these obsta-
cles [1]. As a result yield strengths of some 100 MPa  can be achieved
with aluminum alloys.

Several investigations of the precipitation processes during
aging exist, but only few investigations of the precipitation pro-
cesses during cooling from solution annealing [2–8]. The Critical
Cooling Rate (CCR) [9,10] gives information about the rate where
all precipitation reactions are fully suppressed [3,6–8].  After cool-
ing aluminum alloys at the CCR or even faster (overcritical cooling)
the maximum hardness value after aging was  achieved [3,4,7,8,11].
Depending on the type of aluminum alloy and composition, 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. However
CCP diagrams for aluminum alloys are hardly available. The com-
mon  recording procedures for steels are not usable and only few
other experimental procedures exist. One possibility for recording
CCP diagrams of Aluminum alloys is given by differential scanning
calorimetry (DSC) [3–5,7,8,12,13].  Due to the fact that modern DSC
still has a limited cooling rate range (typically below 10 K/s), alu-
minum alloys which have CCR higher than the cooling rate range
achievable by the device, cannot be studied. [3,5,7,8]. The problem
may  be solved by the recently developed differential fast-scanning
calorimetry [14–16] reaching cooling rates up to 106 K/s.
alpy during cooling of aluminum alloys obtained from calorimetric
1.024

Differential fast-scanning calorimeters are available nowadays
e.g. for polymers, but they are not well suited for studying materi-
als like aluminum alloys. The differential fast scanning calorimeter
(DFSC) [14], applied here, utilizes extremely small samples in
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are clearly seen.
DFSC should allow reaching the critical cooling rate, where pre-

cipitation does not occur, even for high alloyed materials. But low
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Fig. 1. EN AW 7049A alloy, light microscope image illustrating the sensor structur

imension of some 10 �m.  This small sample dimensions give the
ossibility to reach faster cooling rates than in conventional DSC,
ecause sample and addenda heat capacity and maximum possible
ooling rate are dependent. This article presents first experiments
tilizing DFSC for studying precipitation reactions in high alloyed
luminum alloys. After a direct measurement on cooling was  not
uccessful a new method was developed, based on reheating exper-
ments, to study the precipitation reactions over a wide cooling rate
ange from 1 to 3000 K/s. This covers the cooling rate range where
lso for highly alloyed materials no precipitation occurs.

. Experimental

.1. Materials

Aluminum alloy EN AW 7049A (AlZn8MgCu) has a high content
f alloying elements and precipitation heat is expected to be large.
urther this alloy is known to have a high critical cooling rate [1].
t is therefore a good candidate for fast-scanning experiments. EN
W-1050 commercially pure aluminum with an aluminum mass

raction of more than 99.5% was used as reference material. No
recipitation reactions are detectable for this material in the tem-
erature range of interest. EN AW-6063 alloy with a low content
f alloying elements and a CCR of about 1.5 K/s was used to test
he newly developed reheating method in a conventional DSC, as
iscussed later. The compositions of the alloys are given in Table 1.

.2. Methods

Highly alloyed aluminum materials with high CCR require
alorimeters which can cool very fast, in order to be able to fol-
ow the rapid precipitation reactions which are taking place inside
he materials. Fast cooling and heating can only be achieved using
xtremely small samples. Sensors which are used in the differential
ast-scanning calorimeter are based on silicon nitride membranes,
ecause they have a low addenda heat capacity. Scanning rates up
o 1,000,000 K/s can be realized, but the devices have low sensi-
ivity below 100 K/s. Due to the flat sensor surface, the sample has
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

o be flat too, for better contact with the sensor. Samples with the
equired geometry can be prepared with a scalpel from larger pieces
nder a microscope. The sample preparation consists of several
tages: cutting small piece from bulk material, adjusting the sizes

able 1
lloying elements contents of the used aluminum alloys.

Mass fraction in % Si Fe Cu Mn  Mg  Cr Zn Ti

EN AW-1050 (ref) 0.09 0.32 0.002 0.004 0.001 0.001 0.01 0.004
EN  AW-7049A 0.25 0.35 1.90 0.20 2.90 0.22 8.2 0.10
EN  AW-6063 0.6 0.35 0.10 0.10 0.9 0.10 0.10 0.10
and a sample on the sensor (B), sensor type: XI-377 from Xensor Integrations, NL.

of the sample for the used DFSC sensor, and surface optimization
for better thermal contact. Small samples of EN AW-7049A with
lateral dimensions (ca. 100 �m × 90 �m × 20 �m)  were prepared
this way  and later placed on the sensor surface (Fig. 1).

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 sensors. The
differential fast-scanning 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 rates. The power difference
is recalculated from the remaining temperature difference between
sample and reference sensor. For details of the device see [14,17].
The device has an effective working range of controlled heating
and cooling in between (100–106 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 studied are very fast. In the presented curves always more
than 10 points per Kelvin are collected.

Fig. 2 shows as an example of a typical thermal signal from a
differential fast-scanning calorimeter experiment data from a high
purity zinc sample. The sample was heated and cooled to show how
the signal looks like and to check temperature calibration. Fig. 2
shows the remaining temperature difference between reference
and sample sensors, which is proportional to the differential heat
flow rate, at heating and cooling at 60 K/s. At these low rates the
curve is noisy and only the sharp melting and solidification peaks
alpy during cooling of aluminum alloys obtained from calorimetric
1.024
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Fig. 2. DFSC heating and cooling scans of a high purity zinc sample showing melting
and  solidification peaks. The zinc particle (ca. 30 �m × 20 �m × 25 �m) was  placed
on the sensor and scanned between ambient temperature and 740 K heating and
cooling rate was 60 K/s.
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ig. 3. DFSC program which shows the heat treatment steps, where the sample is
olution annealed and cooled with different rates.

ensitivity at lower cooling rates (300 K/s and less) does not allow
istinguishing between noise and very small thermal effects. Nev-
rtheless a sample of the aluminum alloy 7049A shown in Fig. 1(B)
as used to check the possibilities of DFSC for determining its crit-

cal cooling rate. First, the temperature program of Fig. 3 has been
sed. The sample is solution annealed at 470 ◦C for 30 min  and
hen cooled with different rates. The outcome of the experiments
s shown in Fig. 4.

The Experimental data presented in Fig. 4 gives no useful signals
egarding precipitation reactions inside the sample during cooling.
n the investigated cooling rate range between 10 K/s and 300 K/s
recipitation reactions of EN AW 7049A were expected because
he CCR was estimated to less than 1000 K/s [1].  But the typical
xothermic precipitation reactions occurring during cooling are not
resent in these curves. The reason why precipitation is not seen
an be:

Too low signal to noise ratio (low sensitivity at scanning rates
below 300 K/s).
Insufficient and unstable thermal contact between sample and
sensor causing bad signals as seen for the curves at 10 K/s and
100 K/s.

Until now these problems have not been solved sufficiently.
herefore direct investigations on cooling were stopped and other
ossible measurement procedures were discussed. One way  to
vercome the existing technical problems is to study the disso-
ution of precipitates formed on previous cooling during reheating.
n Fig. 5, the change in enthalpy with temperature for cooling
nd reheating cycles of an aluminum alloy is shown schemati-
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

ally for relatively fast reheating rates. When the system is slowly
ooled from point (1) (solution annealing temperature) precipi-
ation occurs and at point (2) a low enthalpy state is reached. If
he sample is reheated immediately after slow cooling back to the
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-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

di
ffe

re
nc

e 
te

m
pe

ra
tu

re
 in

 K

temperature in K

   10 K/s
   50 K/s
 100 K/s
 300 K/s

endo

ig. 4. EN AW 7049A alloy, experiments performed with DFSC. The figure shows
eating and cooling scans at different rates.
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annealing temperature (point (2) to point (1)), additional precipi-
tation may  occur but 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 nucleation and growth 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 in Fig. 5 consists out of two  closed loops in temperature –
starting 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 tempera-
ture after reheating (point (1)) then the total enthalpy change for
both cooling–reheating cycles equals zero (closed loop).

The enthalpy change on cooling and on heating equals the inte-
gral of the heat capacity. As the cooling and reheating processes are
taking place in closed loops regarding temperature and enthalpy,
one can obtain the total enthalpy changes as the sum of the inte-
grals 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 determination of 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).∮

H dT = 0 (1)

Eq. (1) holds for a closed cycle with slow cooling, when precip-
itation occurs on cooling, as well as for a cycle where cooling is
overcritical. Rewriting the closed loop integral as the sum of the
two parts – cooling and heating – one gets

for slow cooling, �HSC + �HHSC = 0 (2)

and for overcritical cooling, �HOC + �HHOC = 0 (3)

where �HSC – enthalpy change for the slow cooling step, �HHSC
– enthalpy change for the reheating step No1 in Fig. 6, after slow
cooling, �HOC – enthalpy change for the overcritical cooling step,
and �HHOC – enthalpy change for the reheating step No2 in Fig. 6,
after overcritical cooling.

Neglecting the contributions from the phononic heat capacity
and considering only excess heat capacities as exemplified in Fig. 5
one can express the enthalpy terms in Eqs. (2) and (3) as given in Eq.
(4) where Tan – solution annealing temperature and Tc – subzero
temperature to which the sample was cooled.

For slow cooling : �HSC =
∫ Tc

Tan

CpSC dT (4)

For reheating No1 (HSC) : �HHSC =
∫ Tan

Tc

CpHSC dT

For overcritical cooling (OC) : �HOC =
∫ Tc

Tan

CpOC dT

∫ Tan
alpy during cooling of aluminum alloys obtained from calorimetric
1.024

For reheating No2 (HOC) : �HHQC =
Tc

CpHOC dT

The corresponding excess enthalpy curves are presented in
Fig. 5.

dx.doi.org/10.1016/j.tca.2011.11.024
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Fig. 5. (A) Measured excess heat capacity curves from Pyris-1 DSC (Perkin Elmer) for the above discussed two closed loops for EN AW 6063 alloy. Curves: (a – blue, dashed)
slow  cooling at 0.03 K/s to −20 ◦C after solution annealing at 540 ◦C for 20 min, (b – blue, solid) reheating from −20 ◦C at 0.3 K/s to the solution annealing temperature after
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steps are finally used to calculate the precipitation heat on slow
cooling from equation 6. After solution annealing (Fig. 6, step 3),
first cooling starts (Fig. 6, step 4) and intermetallic compounds may
start to precipitate. Depending on cooling rate ˇx (fast or slow)
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a),  (c – red, dashed) overcritical cooling from 540 ◦C at 6 K/s to −20 ◦C, (d – red, soli
xcess  enthalpy as a function of temperature from the curves shown in (A). (For in
eb  version of this article.)

For overcritical cooling, when no precipitation occurs, the excess
eat capacity equals zero, see Fig. 5(A), and consequently �HOC = 0.
he difference of Eqs. (2) and (3) then yields:

HSC = �HHSC − �HHOC (5)

here �HSC equals the precipitation heat at cooling rates below
he critical cooling rate. �HSC becomes zero at the critical cooling
ate and therefore from �HSC as function of cooling rate the critical
ooling rate (CCR) is available. Substituting the enthalpy terms on
he right hand side by the heat capacity integrals Eq. (5) results in:

HSC =
∫ Tan

Tc

CpHSC dT −
∫ Tan

Tc

CpHOC dT =
∫ Tan

Tc

CpHSC − CpHOC dT

(6)

The precipitation heat at slow cooling, �HSC, is therefore avail-
ble from the difference of the reheating excess heat capacity
urves as expressed in Eq. (6).  But Eq. (6) only holds if three condi-
ions are fulfilled:

(i) the cooling starts 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 solu-
tion annealing, equilibrium is reached for most alloys but after
reheating, this does only hold if precipitates are highly unsta-
ble 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 cooling rate.

(ii) The overcritical cooling must be for sure overcritical. Only then
�HOC = 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 100,000 K/s are possible and this should be faster than the
critical cooling rate for common aluminum alloys.

iii) During the isotherm after cooling at the lowest temperature
no precipitation occurs. For high alloyed samples this may  be
a problem particularly after overcritical cooling because then
the sample is in a very unstable state. To avoid precipitation
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

at Tc the time spent at Tc should be short and Tc should be
as low as possible to slow down precipitation. For the DFSC
experiments these conditions are easily fulfilled, the soaking
time is of order 0.01 s and Tc can be as low as −170 ◦C.
eating from −20 ◦C at 0.3 K/s to solution annealing temperature 540 ◦C after (c). (B)
tation of the references to color in this figure legend, the reader is referred to the

It should be mentioned that the above arguments and calcu-
lations hold in the same way also for heat capacity (including
phononic heat capacity) and not only for excess quantities if
phononic heat capacity is not influenced by the precipitates. There-
fore it does not matter if or if not a reference sample compensating
for the phononic heat capacity is placed on the reference sensor.
Furthermore Eq. (6) can be applied not only to heat capacity curves
but 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 in Figs. 8 and 9 below.

The temperature time profile used for the differential reheating
method is shown in Fig. 6. A first cycle consisting of slow cool-
ing (SC) and first reheating (HSC) and a second cycle consisting
of overcritical cooling (OC) and second reheating (HOC) are con-
ducted. The two  reheating steps are always performed at the same
heating rate to allow an easy data evaluation. The heating rate
may be selected according to the instrument used in order to real-
ize maximum sensitivity for reheating. The differential reheating
method shown in Fig. 6 compared to the temperature time profile
for the direct measurements on cooling as shown in Fig. 3, con-
tains two  additional heating steps (Reheat No1 (HSC) and Reheat
No2 (HOC)). The excess heat capacity data from these additional
alpy during cooling of aluminum alloys obtained from calorimetric
1.024

time

Fig. 6. Modified thermal program, consisting of two additional reheating steps after
cooling.

dx.doi.org/10.1016/j.tca.2011.11.024
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Fig. 8. EN AW 7049 A alloy, results from differential reheating showing the differ-
ence  between first and second heating as shown in Fig. 7. The sample was solution

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 7049 A alloy is estimated to 300 K/s. This is in good agreement
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eheated both, first and second, with 1000 K/s rate to solution annealing tempera-
ure.

recipitation intensity changes. When cooling is fast, the degree
f precipitation will be less, [3,4,7,8] or more if the cooling is per-
ormed slowly. Overcritical cooled samples are in the metastable
tate of a supersaturated solid solution, so even at ambient temper-
ture some precipitation can start, violating Eq. (6).  Cooling to sub
mbient temperatures (−20 ◦C) avoids precipitation at the lowest
emperature step 5. Afterwards the sample is reheated with con-
tant rate (Fig. 6, step 6) and solution annealed for the same time as
efore (Fig. 6, step 7). It is assumed, that during this reheating step
he precipitates which have been formed during cooling dissolve,
howing an overall endothermic effect. As seen in Fig. 5, if precipi-
ation is not complete on cooling, there may  be further exothermic
recipitation on heating. But for the applicability of the reheating
ethod this is not important. During the next step (Fig. 6, step 8)

he sample is subjected to overcritical cooling, this means that the
recipitation reactions are fully suppressed. In this step the sample

s cooled also to sub ambient temperatures, step 9. The last step
Fig. 6, step 10) reheating No2 is exactly the same as step 6. Further
ubtracting the excess specific heat capacity curves or other mea-
ured quantities like heat flow rates of the reheating No1 (HSC) in
Fig. 6, step 6) and reheating No2 (HOC) in (Fig. 6, step 10) one can
alculate the precipitation enthalpy during step 4 according to Eq.
6).

Before performing a quantitative validation of the reheat-
ng method with conventional DSC for a low alloyed aluminum

aterial with low CCR, we checked its applicability to DFSC mea-
urements on precipitation of the aluminum alloy EN AW 7049 A.
ccording the recommended solution annealing conditions for this
lloy Tan was chosen as 470 ◦C and ta as 30 min  [18]. Cooling rate
as varied in the range from 1 K/s up to 5000 K/s. For the second

vercritical cooling step in the scheme of Fig. 6, a cooling rate of
000 K/s was chosen. The two reheating steps were performed at
000 K/s, the optimum heating rate for this sample. Heating starts
fter an equilibration time of 0.05 s at 25 ◦C. The experimental data,
sing this method is presented in Fig. 7.

For these experiments the phononic heat capacity was  not com-
ensated by a pure aluminum sample on the reference sensor.
onsequently, overcritical cooling does not yield �HOC = 0. But as
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

riefly discussed above the additional contribution to the measured
eat capacity is present in the first reheating too and is canceled
ut by the subtraction of the first and second heating scans. The
annealed at 470 ◦C for 30 min, then cooled with the indicated rate to ambient tem-
perature and reheated with 1000 K/s rate for both heatings to solution annealing
temperature.

resulting difference curves (first heating–second heating) are
shown in Fig. 8. With increasing cooling rate in step 4 of Fig. 6 the
difference between the two  reheating steps decreases and eventu-
ally vanishes. Although these data are only qualitative they verify
applicability of the reheating method to obtain information about
the precipitation processes in aluminum alloys at cooling.

As known from other aluminum alloys [8],  precipitation during
cooling proceeds by at least two  reactions in different temperature
intervals. These two reactions seem also to be visible during reheat-
ing of EN AW 7049A, especially after cooling rates in the range
of 1–10 K/s. Two partially overlapping peaks occur. The heating
rate of 1000 K/s used for the DFSC experiments do not allow fur-
ther precipitation on heating, but only dissolution. Consequently,
the precipitates formed on cooling are dissolving according their
stability and size in two  distinct temperature ranges.

The integrals (peak area) over the temperature difference curves
shown in Fig. 8 provide a qualitative measure of the precipitation
heats on cooling and are shown in Fig. 9. The area decreases with
increasing cooling rate. For cooling rates above 300 K/s the differ-
ence to the overcritical cooling curve at 5000 K/s approaches zero
alpy during cooling of aluminum alloys obtained from calorimetric
1.024

cooling rate in K/s

Fig. 9. EN AW 7049A alloy, integration of the curves in Fig. 8. The line is a guide to
the eyes only.

dx.doi.org/10.1016/j.tca.2011.11.024
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Fig. 10. 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 rates given in the figure. The two
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ith critical cooling rates of other high alloyed 7XXX aluminum
lloys (7075, 7178) determined by tension tests in the T6 state after
uenching with different rates [1].

From this proof of concept DFSC experiment we conclude that
recipitation reactions are traceable at cooling rates far beyond
he limits of conventional DSC (ca. 10 K/s) by the newly devel-
ped differential reheating method in combination with the DFSC.
evertheless, before further improving the DFSC reheating method

he validity of the basic assumptions as mentioned above must be
hecked on a quantitative basis.

. Check of differential reheating method by DSC

For a quantitative check of the reheating method it is useful
o compare data from reheating with direct measurements of the
recipitation heat on cooling. Precipitation heat on cooling is avail-
ble from DSC as shown in [3,5,7,8,12,13,19,20]. For the alloy EN
W 7049A, used for the DFSC experiments, the differential reheat-

ng method is not applicable at DSC cooling rates (<10 K/s), because
ooling cannot be realized at overcritical cooling rate (>300 K/s). But
here are other aluminum alloys with a much lower CCR available,
hich can be used for testing the differential reheating method in a
SC. In [3,4] it was shown that the aluminum alloy EN AW 6063 has

 critical cooling rate (CCR) of about 1.5 K/s. Because the available
SC allows cooling up to 3 K/s, step 8 in Fig. 6, can be realized at
vercritical cooling rate for this alloy.

For checking the differential reheating method according Fig. 6,
e performed experiments with the low alloyed aluminum alloy

N AW 6063 employing a PerkinElmer Pyris-1 power compensa-
ion DSC. For this alloy the complete set of precipitation enthalpy
ata on cooling from slow to overcritical cooling rates are avail-
ble [3,4,8] and allow a quantitative comparison with the data from
eheating. The validation of the reheating method consisted of:

Determination of the optimal reheating rate for the aluminum
alloy EN AW 6063 in the DSC.
Reheating (with optimal reheating rate) of the aluminum alloy
EN AW 6063 samples following the temperature program of Fig. 6
and varying cooling rate in step 4 from 0.01 K/s up to 3 K/s.
Calculation of the specific precipitation heat from the excess spe-
cific heat data out of the two reheating steps according to Eq.
(6).
Comparison of precipitation heat obtained directly on cooling and
from the differential reheating method.

First, the optimum heating rate for the temperature profile of
ig. 6 was determined for the employed DSC and the alloy under
nvestigation. Fig. 10 shows the first reheating (step 6, in Fig. 6) of
he aluminum alloy EN AW 6063 at different heating rates starting
rom 0.1 K/s up to 1 K/s. The cooling (step 4 in Fig. 6) in these exper-
ments was kept constant at 0.5 K/s, to observe the influence of the
eheating rate. The graph shows that several reactions occur during
eheating. At the highest heating rate (1 K/s) the high tempera-
ure reaction shifts to higher temperatures and probably does not
nalize during the scan, violating the condition of a closed loop in
nthalpy as discussed above. But with slower reheating (0.1, 0.3 and
.5 K/s) the reactions finalize until the end of the scan. This is indi-
ated by the close to zero excess heat capacity at the end of the scan
t high temperatures and the shape of the high temperature flank
f the high temperature dissolution peak. From the curves shown
n Fig. 10 an upper limit for the heating rate of 0.5 K/s is deter-
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
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ined. Obviously a lower heating rate would be better because the
issolution peaks are shifted to lower temperatures but the opti-
um  rate has also to be chosen considering the decreasing signal

o noise ratio at lower rates. Summarizing, the chosen heating rate
curves with 1 K/s reheating were collected before (blue) and after all other mea-
surements (bottom cyan curve). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

must be slow enough to allow all dissolution 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, in Fig. 6) were therefore
performed at this rate. For all experiments only one sample of EN
AW 6063 was  used. The reproducibility of the measurements was
checked by repeating the experiments after cooling at 1 K/s before
and after all other experiments. These two  curves are shown in
Fig. 10 too, and confirm stability of the sample and reproducibility
of the measurements as the reactions peaks are almost the same in
the two curves.

The EN AW 6063 sample was  reheated with optimal reheating
rate up to its solution annealing temperature of 540 ◦C and kept
there for 20 minutes every time. The quenching rate was changed
from 0.01 K/s to 3 K/s. The sample was  quenched to low tempera-
tures (−20 ◦C) to avoid precipitation at ambient temperatures.

In Fig. 11 the reheating of the aluminum alloy EN AW 6063 with
various quenching rates is presented. As expected the reheating
curves are depending on precipitation during cooling. After lower
cooling rates only endothermic peaks are seen in the reheating
curves. After faster cooling, first an exothermic precipitation peak
at reheating is seen. This peak corresponds to precipitation of the
alloying atoms not precipitated on fast cooling due to kinetic lim-
itations. 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 slow cooling very large
precipitates are formed [8,19,21] 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.

The total specific precipitation heat of the reactions on cooling
was determined according equation 6 from the curves shown in
Fig. 11(B) above. The change in precipitation enthalpy as function of
previous cooling rate is shown in Fig. 12.  The precipitation enthalpy
is high at very slow cooling rates, and becomes small, finally zero at
critical cooling 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 became zero too.
alpy during cooling of aluminum alloys obtained from calorimetric
1.024

For the alloy EN AW 6063 the precipitation heat on cooling is
directly accessible by DSC [4,8]. Fig. 12 shows, for comparison, the
precipitation heat on cooling as a solid line. The comparison of the
quenching experiments, and reheating data fit perfectly showing

dx.doi.org/10.1016/j.tca.2011.11.024
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Fig. 11. EN AW 6063 alloy, precipitation/dissolution reactions during first reheating after
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olution annealed at 540 ◦C for 20 min  then cooled with various rates to −20 ◦C, and
eheated with 0.3 K/s. The solid line shows the precipitation enthalpy from cooling
ata for the same alloy system from [4].

hat the reheating method can be used quantitatively to determine
recipitation heats on cooling.

. Summary

The new differential reheating method presented here can be
sed to characterize the precipitation process during previous cool-

ng of aluminum alloys. The advantages of this method are the
ollowing:

Precipitation monitoring up to critical cooling rate region even
for high alloyed aluminum alloys with high critical cooling rates
seems to be possible by applying fast scanning calorimetry, e.g.
DFSC [14]
Precipitation enthalpy can be assessed from heating scans col-
lected at optimum experimental conditions without collecting
data from the previous cooling step at varying cooling rate.

The prerequisites to be fulfilled for the successful application of
he reheating analysis are
Please cite this article in press as: D. Zohrabyan, et al., Precipitation enth
reheating experiments, Thermochim. Acta (2011), doi:10.1016/j.tca.2011.1

(i) a reheating curve after overcritical cooling must be available as
a base line, and

ii) the dissolution of the precipitates must be finalized during the
heating scan.

[

[

 cooling with different rates (A). Sample was solution annealed at 540 ◦C for 20 min
 differential reheating method (B) the difference between the measured curves in

 decreasing and finally disappear with increasing cooling rate.

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 cooling rate probably for any available aluminum alloy.
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