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Continuous cooling transformation curve of a novel Al-Cu-L1 alloy
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Abctract: An effective method of measuring continuous cooling transformation(CCT) curve is studied. Corresponding to different
cooling rate range, the different measurement methods are employed. The phase-transformation temperatures at slow cooling rate are
determined by differential thermal analysis(DTA). The phase-transformation temperatures at medium cooling rate are obtained by
measuring a ratio of resistance change against temperature. The phase-transformation temperatures at high cooling rate are measured
with thermal mechanical simulator and X-ray diffractometer. Mechanical property combined with microstructure of the samples at
various cooling rates is studied and the CCT curve of the alloy is constructed. When the cooling rate increases, phase- transformation
temperature drops and the quantity of the secondary phase decreases. The solid solution strengthening is the leading strengthening
mechanism during the quench and the hardness increases with the increase of the cooling rate.

Key words: Al-Cu-Li alloy; CCT curve; phase transformation; strengthening mechanism

1 Introduction

Al-Li alloy is perspective for wide applications in
aircraft industry. It has an attractive combination of
medium strength with good plasticity, fracture toughness,
corrosion resistance and weldability[1-3]. Continuous
cooling transformation(CCT) curves of Al-Li alloy are
beneficial to the selection of quenching and aging
regimes. However, there is not much information
available yet.

Generally, there are two types of time—temperature
transformation curves for alloys, 1e. isothermal
transformation(IT) curve and CCT curve. These curves
contain important information of phase-transformation
behavior of alloys. There are many CCT curves available
for steels. However, there are only a few IT curves for
aluminum alloys[4] and these curves are not suitable for
continuous cooling process such as quenching[5]. On the
other hand, most of these curves were constructed with
indirect methods, such as corrosion or strength test. It
was FINK and WILLEY who first attempted to describe
the effect of quenching on the properties of aluminum
alloys. Utilizing isothermal quenching techniques, they
developed C-curves for strength of 7075-T6 and
corrosion behavior of 2024-T4[6]. Since then the concept
of time—temperature property(TTP) has been applied to

different alloys. For example, DAVYDOV et al[7, §]
obtained IT and TTP curves of aluminum alloy for
studying quench sensitivity and aging temperature range.
ARCHAMBAULT and GODARDI[9] studied high
temperature precipitation kinetics and determined the IT
curve of a 7XXX alloy by in-situ electrical resistivity
measurements and differential resisitivity calorimeter.

The CCT curves are important for heat treatment of
aluminum alloys because they provide information about
the required quenching rate. HERDING et al[10] have
measured CCT curves of aluminum alloys using a
differential scanning calorimeter(DSC) at cooling rates
of 5 to 475 ‘C/min, but these results are too simple and
not applicable to the manufacturing of the alloy.

In this study, we present resistance test results
obtained by in-situ measurement during continuous
cooling and demonstrate the potential of the method for
characterizing the precipitation process of the secondary
phases. By differential thermal analysis(DTA), TEM
analysis, X-ray diffraction analysis and hardness test, we
will obtain phase-transformation temperatures and
construct the CCT curve of a novel Al-Cu-Li alloy.

2 Experimental

The material used in this study is a novel Al-Cu-Li
alloy designed referred to 2195 alloy and 2197 alloy. The
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samples were cut into rectangles (50 mm X 10 mm x 4.5
mm) after forging and drawing. Solution treatment was
performed at 520 °C for 30 min prior to cooling at
different rates. The phase-transformation temperatures
were determined by three different methods. 1) In the
cooling rate range of 0.08-0.33 *C/s, the phase-
transformation temperatures were measured by DTA. 2)
When the samples cooled down in the range of 1.2—18
C/s, the phase-transformation temperatures were
obtained by the continuous testing of resistance. A novel
computer-controlled electrical resistance measurement
system was designed and constructed for studying phase
transformations by
continuous cooling. The system consists of (a) a heat
chamber; (b) a cooling assembly designed to quench the
sample at a predetermined rate; (c¢) double bridge and
thermocouples attached to the sample; and (d) hardware
and the software for data acquisition and analysis. 3) For
higher cooling rate, we use thermal mechanical simulator
to achieve the rapid cooling rate. The samples were
solution treated at 520 C for 30 min, then cooled to the
pre-set temperatures at a cooling rate of 30 ‘C/s, 50 'C/s
or 70 °C/s, respectively, and followed by water
quenching. X-ray diffraction was performed on the
Rigaku D/max 2500 X-ray diffractometer, and MDI Jade
6.5 software was used to analyze the phase information.
The phase-transformation temperatures were obtained by
comparing X-ray diffraction results.

m-situ  measurements  under

3 Results and discussion

3.1 Determination of critical temperature

To obtain the critical temperature, the samples were
heated at different temperatures for 30 min, water
quenched, and then the hardness of the samples were
measured. The critical temperature was determined as
480 ‘C according to hamess vs temperature curve.

3.2 Measurement of phase-transformation tempera-

ture

Three DTA curves were obtained on differential
thermal analyzer, where the samples were cooled down
at the cooling rate of 0.08 ‘C/s, 0.17 C/s and 0.33 C/s,
respectively. When there is no second phase precipitated,
the DTA curve will be the horizontal line. Once the
second phase precipitates, exothermal reaction will occur
and the inflection point will appear on the curve. It can
be inferred that the onset temperatures of phase
transformation are 472, 460 and 450 ‘C, corresponding
to cooling rate of 0.08, 0.17 and 0.33 “C/s, respectively.

When the samples were cooled down at the cooling
rates of 1.2, 2.4, 42, 7.8, 9.5, 11, 14.7 and 18 C/s,
respectively, the ratio of resistance change against

temperature were measured. Fig.1 shows the relationship
of the ratio of resistance change against temperature at
the cooling rate of 18 ‘C/s. The abscissa axis is the ratio
of resistance change [(R/—Ro)/ Ry], where R, is the
resistance at 520 °‘C and Ry is the measured resistance at
various temperatures.
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Fig.1 Ratio of resistance change against temperature

The ratio of resistance change of the alloy decreases
smoothly with the decrease of temperature. But, once the
precipitates of secondary phase appear, the ratio of
resistance change decreases suddenly[11]. The phase-
transformation temperature is measured by fitting
tangent on ratio of resistance change against temperature.
The tangent point is the onset of the precipitation process.
It can be seen from Fig.1 that the ratio of resistance
change decreases suddenly, when the samples are cooled
to 356 C. So the onset temperature of the precipitation
process can be determined to be 356 ‘C. The curve in the
temperature range of 356—321 °C differs from other parts,
so the temperature range can be seen as phase-
transformation temperature range. As a result, it can be
inferred that the ending temperature should be 321 C.

It is known that the phase-transformation
temperature decreases with the increase of the cooling
rate. The starting temperature of the precipitation process
at the cooling rate of 18 C/s is 356 ‘C. When the sample
is cooled down at the rate of 30 C/s, 50 ‘C/sand 70 C
/s, the phase-transformation temperatures are determined
to be about 347 C, 335 C and 315 °C, respectively.
For the example of 30 'C/s, Fig2
comparison of X-ray diffraction spectra for the samples
cooled to 357 °C, 347 C or 337 ‘C respectively, and
followed by water quenching. We can see that there is no
precipitation phenomenon at 357 °C, and there is a small
amount of Al,CuLi (7) and Al;L1 (0') at 347 °C. While,
there are more precipitates including Al,CulLi and AL;Li
at 337 “C. We then determine the onset temperature of
the precipitation process to be 347 “C. Similarly, the

shows  the
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onset temperature of the precipitation is 335 C at the
cooling rate of 50 ‘C/s and 315 C at 70 ‘Cl/s,
respectively.
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Fig.2 Comparison of X-ray diffraction spectra of samples as

function of temperature at cooling rate of 30 ‘C/s

3.3 Hardness measurement

The Rockwell hardness of the samples cooled to
room temperature at various cooling rates was measured
and the results are listed in Table 1. It can be seen that
the hardness increases with the cooling rate. Inaccuracy
of hardness is less than 2[12].

Table 1 Rockwell hardness of sample cooled down at various
cooling rates

Cooling rate/ Hardness Cooling rate/ ~ Hardness

(CshH (HRF) (CshH (HRF)
12 88.5 14.7 93.7
24 90.0 18 94.5
42 914 30 95.0
7.8 92.5 50 96.3
9.5 94.0 70 97.4
11 92.1

3.4 Amendment of phase-transformation temperature

In order to amend phase-transformation temperature,
the sample was solution treated at 520 ‘C for 30 min and
cooled to the given temperatures prior to water
quenching. The given temperatures were set at the
phase-transformation temperature and 10 C above and
below it, respectively. X-ray diffraction analysis and
TEM analysis were used to compare the formation and
the quantity of the phases and determine the phase-
transformation temperature.

As described above, when the sample was cooled
down at the cooling rate of 18 °C/s, the phase-
transformation starts at 356 C and ends at 321 C
according to the measurement of the ratio of resistance
change against temperature curve. Figs.3 and 4 show the
results of X-ray diffraction spectra where the samples

were solution treated at 520 ‘C for 30 min and cooled to
366 C, 356 C, 346 C and 331 C, 321 C, 311 C,
respectively, then followed by water quenching.
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Fig.3 XRD spectra of samples cooled to 366 ‘C, 356 C and
346 C, respectively
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Fig.4 XRD spectra of samples cooled to 331 C, 321 C and
311 C, respectively

The X-ray diffraction analysis shows that there are
noprecipitates at 366 ‘C. However, it is well known that
the XRD analysis is inefficient when the amount of the
precipitates is small. TEM image of sample cooled to
366 ‘C 1s shown in Fig.5. We can see that there are no
secondary phases in the TEM image and SAD pattern.
So, the starting temperature of precipitation can be
determined to be 356 ‘C. It can be seen in Fig.4 that the
amount of ¢' and T phases precipitating at 321 C is
larger than that at 331 ‘C. When the sample is cooled to
311 °C, the amount of the precipitates is similar to that at
321 “C. It can be seen when the sample is cooled to room
temperature, the amount of the precipitates is similar to
that at 311 °C. Therefore, the ending temperature of
precipitation process should be determined as 311°C. The
phase-transformation temperatures at different cooling
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rates are listed in Table 2, Table 3 and Table 4.

100 nm

Fig.5 TEM image and selected area diffraction (SAD) pattern
of sample cooled to 366 ‘C

Table 2 Phase-transformation temperatures at slow cooling rate
Starting phase-transformation

Cooling rate/("C-s ™)

temperature/C
0.08 472
0.17 460
0.33 450

Table 3 Phase-transformation temperatures at medium cooling

rate
. Starin, Endin
Co?olélff{? & phase-transfog}mation phase-transfogrmation
temperature/C temperature/ C

12 418

24 405 357

42 390

7.8 388 354

9.5 377
11.0 373 323
14.7 368
18.0 356 311

Table 4 Phase-transformation temperatures at high cooling rate
Cooling rate/ Starting phase-transformation

(Cs™hH temperature/ C
30 347
50 335
70 315

3.5 Analysis and plotting of CCT curve

The phase-transformation temperatures listed in
Table 2, Table 3 and Table 4 are plotted in the
half-logarithmic coordinate of temperature—time plot,
and these points are then joined smoothly. The
constructed CCT curve is shown in Fig.6. The numbers
beside the cooling curve are the cooling rate and those
below the cooling curve are the values of Rockwell
hardness. § phase here substitutes for the secondary
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Fig.6 CCT curve of novel Al-Cu-Li alloy

phase, such as Al,Culi and Al;L1.

From the CCT curve we can see that when the
cooling rate increases, the phase-transformation
temperature drops and the incubation period is shortened.
It can also be seen that there are no nose part, so the
critical cooling rate can not be obtained. This may be
attributed to insufficient cooling rate used here or it is
due to the precipitation characteristics of the Al-Cu-Li
alloy. The precipitation of Al-Cu-Li alloy is typical
diffusion transformation. When the cooling rate is
increased, the driving force for transformation is also
improved, so the incubation period is shortened.
However, with increase of the cooling rate, the diffusion
ability of the atom in solid solution will decrease. So the
precipitation will be restrained and the CCT curve shown
in Fig.6 is only the part of the C-shape.

3.6 Microstructure observation

Figs.7-9 show the
specimens cooled at the cooling rate of 1.2 'C/s, 9.5 ‘C/s
and 18 C/s, respectively.

When the sample is cooled at the cooling rate of 1.2
‘C/s, we can see coarse acicular 7' phases precipitated in
Fig.7(a). There is large amount of spherical compound
phases ALLi1/AlZr and microsize spherical 6' phase
precipitated, meanwhile we can find that there are o'
phases precipitated along the 7, phases in Fig.7(b).
When the cooling rate is increased, finer precipitates can
be observed in Fig.8 and Fig.9. The X-ray diffraction
analysis was used to identify the precipitates and the
results for the specimens cooled at the cooling rate of 1.2
Cls, 9.5 'C/s and 18 °C/s, respectively are shown in
Fig.10.

It can be seen in Fig.10 that when the samples are
cooled down at different rates, the main secondary
phases are 77 and ¢'. From the X-ray diffraction analysis
and microstructure observation, we can find that the
quantity of the secondary phase decreases with the

TEM microstructures of
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Fig.7 TEM microstructures of specimens cooled down at cooling rate of 1.2 ‘C/s: (a) Bright field micrograph of 7} phase; (b) Dark
field micrograph of &' phase
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Fig.8 TEM microstructures of specimens cooled down at cooling rate of 9.5 C/s: (a) Bright field micrograph of T phase; (b) Dark

field micrograph of ' phase
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Fig.9 TEM microstructure of specimens cooled down at cooling rate of 18 ‘C/s: (a) Bright field micrograph of T; phase; (b) Dark
field micrograph of ' phase
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Fig.10 XRD spectra for specimens cooled at cooling rate of 1.2
‘C/s,9.5 C/sand 18 C/s

increase of cooling rate and the secondary phase is fine
and dispersed. Compared with the precipitates during
ageing process, the volume fraction of the precipitates
during quench is low. So, the alloy maintains higher solid
solubility and solid solution strengthening is the leading
strengthening mechanism during the quench. It can be
inferred that the more rapid the cooling rate, the higher
the solid solubility. Furthermore, fine and dispersed
precipitates also help to increase the strength. As the
result, the hardness increases with the increase of the
cooling rate.

Resistivity measurement has been employed to
characterize the precipitation processes in aluminum
alloys[13,14]. However, most of those studies were
devoted to aging and the resistivity was measured after
the heat treatment[15]. In order to overcome the problem,
we measured the ratio of resistance change by in-situ
measurement and do not consider the absolute value of
resistance. The phase-transformation temperatures during
continuous cooling can be obtained by the ratio of
resistance change against temperature. By studying the
phase transformation behavior of alloys, CCT curve can
be constructed and used as reference for the right
selection of quenching and ageing regimes.

4 Conclusions

1) An effective measurement method to obtain CCT
curve is developed in combination with the X-ray phase
analysis, TEM analysis and resistance test. And, the CCT
curve of a novel Al-Cu-Li alloy is measured.

2) When the cooling rate increases, phase-
transformation temperature drops and the incubation
period Meanwhile, the quantity of the
secondary phase decreases with the increase of cooling

shortens.

rate and the secondary phase is fine and dispersed.

3) The solid solution strengthening is the leading
strengthening mechanism during the quench and the
hardness increases with the increase of the cooling rate.
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