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Abstract: Structural features, aging behavior, precipitation kinetics and mechanical properties of a 6013 Al-Mg—Si aluminum alloy
subjected to equal channel angular pressing (ECAP) at different temperatures were comparatively investigated with that in
conventional static aging by quantitative X-ray diffraction (XRD) measurements, differential scanning calorimetry (DSC) and tensile
tests. Average grain sizes measured by XRD are in the range of 66—112 nm while the average dislocation density is in the range of
1.20%x10"-1.70x10" m? in the deformed alloy. The DSC analysis reveals that the precipitation kinetics in the deformed alloy is
much faster as compared with the peak-aged sample due to the smaller grains and higher dislocation density developed after ECAP.
Both the yield strength (YS) and ultimate tensile strength (UTS) are dramatically increased in all the ECAP samples as compared
with the undeformed counterparts. The maximum strength appears in the samples ECAP treated at room temperature and the
maximum Y is about 1.6 times that of the statically peak-aged sample. The very high strength in the ECAP alloy is suggested to be
related to the grain size strengthening and dislocation strengthening, as well as the precipitation strengthening contributing from the
dynamic precipitation during ECAP.
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Although outstanding progress has been made in this
1 Introduction area in Trecent years, the relationships between
theory-based structure and property in SPD metals are

Over the last two decades, bulk materials with
ultrafine-grained (UFG) alloys processed by severe
plastic deformation (SPD) have attracted widespread
interest in scientific and technological communities [1].
One of the major SPD methods is equal channel angular
pressing (ECAP), which has been widely used to
fabricate UFG materials [2]. ECAP processing is an
attractive procedure for many advanced structural and
functional applications as it allows enhancing significant
properties of commonly used metals and alloys [1-3].

not yet fully understood [4].

Al-Mg—Si alloys have been extensively studied due
to their superior yield strength (YS) and ultimate tensile
strength (UTS) obtained by precipitation hardening [5—8].
The formation of metastable phases influences its
mechanical properties. It is important to understand the
precipitation sequence of the metastable phases and their
kinetics for achieving the superior mechanical properties
in Al-Mg-Si alloys. The precipitation sequences of
this alloy were reported in Ref. [9] as follows: a—GP
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zones—f"—f'—f, where o is the supersaturated solid
solution; GP zones are generally spherical clusters with
unknown structure [10]; p" precipitates are fine
needle-shaped zones with monoclinic structure and are
generally present in Al alloys aged to the maximum
hardness; f' is rod-shaped precipitates with hexagonal
structure and is found in the overaged specimens; S
(Mg,Si) is an equilibrium phase in the precipitation
sequence.

Precipitation kinetics in Al alloys has been studied
by numerous investigators by differential scanning
calorimetry (DSC) [10—12]. Several analytical schemes
were used to determine the kinetic parameters from the
scan rate dependence of peaks observed in DSC curves
[11]. The study on precipitation kinetics and
microstructural characterization of heat treatable Al-
based bulk alloys is abundant but it is very scarce for
ultrafine-grained Al alloys. The knowledge of kinetics of
precipitate formation and its dissolution in ultrafine-
grained Al-Mg—Si alloys is very essential to understand
the thermal stability of its microstructures as well as the
role of strengthening mechanisms.

In the present work, a commercial 6013 Al-Mg—
Si—Cu aluminum alloy was subjected to ECAP at
different temperatures. The structural features, aging
behavior, precipitation kinetics in the ECAP alloy were
compared with that in conventional static aging by DSC
and quantitative X-ray diffraction (XRD) measurements.
Mechanical properties were comparatively investigated
and the strengthening mechanisms involved in the
deformed alloy were interpreted.

2 Experimental

Commercially extruded rods with a diameter of
25 mm of the 6013 Al alloy were purchased from
ALCOA in the peak-aged temper (T6-condition). The
composition of the alloy is given in Table 1. Square
billets cut from the as-received rods were first
solution-treated (ST) at 560 °C for 2 h, followed by
quenching in water, then immediately processed by
ECAP (1 to 4 passes) with route Bc. The ECAP was
performed at room temperature (RT), 110 °C and 170 °C,
respectively. The ECAP die had a channel intersection
angle @=90°, arc of curvature ¥=20.6° and the billet
dimensions were 19.5 mmx19.5 mmx100 mm [13]. For
comparison, conventional static aging was conducted in

Table 1 Composition of 6013 Al alloy (mass fraction, %)

Mg Si Cu Mn Fe
0.8-1.2 0.6—-1.0 0.6-1.1 0.2-0.8 <0.5
Zn Ti Cr Al
<0.25 <0.1 <0.1 Bal.

the as-received materials which were first solution-
treated at 560 °C for 2 h, followed by water quenching,
then immediately aged at 191 °C for 10 min to 25 h.

To investigate the influence of ECAP on phase
precipitation during aging, samples of the processed
alloy were also subjected to DSC analyses. Specimens
were cut from bulk samples and cleaned with ultrasonic
wave. The final mass of each DSC sample was about
30 mg. The sample for DSC testing was equilibrated at
20 °C and then heated to 500 °C with a heating rate of
10 °C/min under an argon atmosphere. The structural
characterization was performed by quantitative XRD.
Quantitative XRD measurements were performed with a
D/max-2500PC diffractometer using Cu K, radiation at
40 kV and 30 mA. Vickers microhardness (HV) was
measured using a HV—1000 microindentation tester
under a load of 1.96 N for 20 s. Each hardness was
averaged over at least 5 measurements. Tensile tests were
precisely performed with a WDW-10 computer
controlled electronic universal testing machine at room
temperature at a strain rate of 10™* s™' operating with a
constant displacement of the specimen grips. The yield
strength (Y'S, 0y,), ultimate tensile strength (UTS, oyrs)
and elongation (J) were determined from the tests not
less than three samples. The standard deviation of the
tensile tests did not exceed 5%.

3 Results

3.1 Structural features

The XRD peaks of the materials processed by
ECAP at different temperatures and the quantitative
XRD measurements are shown in Table 2 and Fig. 1,
respectively. The X-ray measurements demonstrate that
the temperature of ECAP strongly influences the
subgrain size of the investigated alloy. The size of
coherent domains, Dxgp, increases tremendously from 66
to 112 nm as the temperature increases from RT to
170 °C (see Table 2). It should be noted that the grain
sizes (d) in the ECAP alloy measured by the dark field
images are often larger than the Dyxrp obtained by the
XRD. The emergence of this difference is because the
XRD process determines the size of the coherent
diffraction domains and this includes both the subgrains
and the dislocation cells [14—17]. The microstrain, (¢?)"?,
increases significantly from 0.092% to 0.107% as the
temperature increases from RT to 170 °C (see Table 2).
For the materials subjected to equal channel angular
pressing, the dislocation density is proportional to
microstrain and inversely proportional to grain size [14].
Using the experimentally obtained values (see Table 2)
of Dxrp and (82>” 2, the dislocation density in the ECAP
treated alloy was calculated by the formula employed in
Refs. [16,17]:
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Table 2 Microstructural characteristics of ECAP alloy

determined by quantitative XRD

State Dxrp/nm (52)”2/% p/lommf2
ST+ECAP treated at RT 66 0.092 1.70
ST+ECAP treated at 110 °C 74 0.093 1.53
ST+ECAP treated at 170 °C 112 0.107 1.20
)
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Fig. 1 XRD patterns of 6013 Al alloy after ECAP at different
temperatures
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where b=+/2 a /2 is the magnitude of the Burgers vector
and a (0.4049 nm) is the lattice parameter of Al. As
shown in Table 2, the calculated dislocation density of
the alloy processed by ECAP at RT is larger than the
others. All above measurements indicate that the grain
sizes, microstrains and dislocation densities of the ECAP
alloy are strongly influenced by the temperature of
process.

3.2 Precipitation Kinetics

The main aim of the DSC analysis is the evaluation
of precipitation kinetics in 6013 alloy
temperature ranges. Thus, with the purpose, samples
processed by ECAP at different temperatures were
analyzed by DSC equipment. Figure 2 shows the DSC
curves for the alloy peak-aged at 191 °C for 4 h and
ECAP treated at different temperatures (RT, 110 °C and
170 °C) with the heating rate of 10 °C/min. As shown in
Fig. 2, the endothermic peaks are distinguished from the
exothermic peaks by using symbol prime ‘” and the
reaction peaks of the solute rich clusters, GP-zones, 5",

in some
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Fig. 2 DSC plots for heat flow of precipitate reactions of peak-aged and ECAP treated 6013 Al alloy samples: (a) Aged at 191 °C for
4 h; (b) ECAP treated at RT; (c) ECAP treated at 110 °C; (d) ECAP treated at 170 °C
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S and f are indicated with numbers 1, 2, 3, 4 and 5,
respectively. The DSC curve of the peak-aged alloy in
Fig. 2(a) shows five exothermic peaks (upward peaks)
and three endothermic peaks (downward peaks). The
exothermic reaction peak la at temperature of 50—80 °C
represents the formation of solute-rich clusters. The
formation of GP-zones or Si—Mg-vacancy clusters (peak
2a) is observed at temperature of 120—140 °C. The
endothermic peak 2a’ (140—240 °C) may be attributed to
the dissolution of the preformed clusters/GP zones. The
formation of coherent precipitate f” and incoherent
precipitate 4’ is observed at temperature of 240—270 °C
(peak 3a) and 320-360 °C (peak 4a), respectively. The
endothermic peak 3a’ (270—320 °C) is probably caused
by the dissolution of the precipitate 4" and the
dissolution of /' is the endothermic peak 4a’ (360—
420 °C). The formation of equilibrium /£ occurred at
420-500 °C (peak 5a). The reaction peaks of the
precipitation kinetics in the peak-aged alloy are in
accordance with the published literatures on similar
alloys [18—20].

For the Al 6013 alloy ECAP treated at different
temperatures (see Figs. 2(b), (¢) and (d)), the DSC peaks
corresponding to formation and dissolution of
precipitates were shifted to left compared with that of its
aged alloy. This is because of heavy deformation of Al
alloys during ECAP which accelerates aging kinetics of
precipitate formation and dissolution [18]. The first
exothermic peaks (1b, lc, 1d), the second exothermic
peaks (2b, 2¢, 2d) and the fourth exothermic peaks (4b,
4c, 4d) of the ECAP treated samples are about 20 °C
lower than those (la, 2a, 4a) of the peak-aged sample.
While the fifth exothermic peaks (5b, 5c, 5d) for the
formation of equilibrium f in the ECAP treated samples
are about 50 °C lower than that (5a) of the peak-aged
sample. In particular, the exothermic peaks (3b, 3c, 3d)
responsible for the formation of coherent precipitate 5"
in the ECAP treated samples are much lower than that
(3a) of the peak-aged sample and the difference is about
80 °C. At the same time, the endothermic peaks (3b’, 3¢/,
3d") of the ECAP treated samples are observed at
temperature of 200—350 °C and the range gaps are about
150 °C. While the range gap of the endothermic peak 3a’
(270-320 °C) in the peak-aged sample is only about 50
°C. These data indicate that the endotherm gaps (about
150 °C) caused by the dissolution of the precipitate 5" in
the ECAP treated samples are much broader than those
(about 50 °C) in the peak-aged sample.

It is well known that, the hardening in AI-Mg—Si
alloys is mainly caused by precipitation of " phase. The
above DSC analysis shows that the " precipitation peak
temperatures clearly decrease in all the three ECAP
treated samples. These results indicate that the aging
kinetics of the p" precipitate formation has been

accelerated and the activation energy for the p”
formation decreased when ECAP was carried out. There
are two possible reasons for the rapider kinetics and
lower activation energy for the " formation in the ECAP
treated alloy. Smaller grains developed after ECAP (see
Table 2) provide an excess free energy associated with
higher volume fraction of the grain boundaries, which
reduces the activation energy during the formation of the
precipitates [18]. A high density of dislocations induced
by ECAP (see Table 2) makes the precipitates easier to
nucleate around or at dislocations and the precipitation in
the ECAP treated alloy is most likely a dislocation-
assisted process [18,21].

3.3 Mechanical properties

The microhardness of the static aged 6013 alloy was
substantially influenced by the aging time at 191°C (see
Fig. 3). It can be seen that small fluctuations in
microhardness exist in the very beginning of aging (0—10
min). In this aging time, the precipitates in the Al matrix
are the fully coherent GP zones, which have a relatively
small contribution to the hardness of the alloy. The
hardness of the alloy starts to increase after being aged
for about 1 h. The hardness reaches its peak value at
about 4 h as the needle-shaped f” precipitates have the
maximum density. The hardness starts to decrease with
the appearance of the ' and f precipitates. The static
aging behavior seems to be influenced by the aging time
in the usual manner. However, two hardness peaks were
observed. The first peak hardness (peak I, 1.09 GPa)
occurred around 4 h aging time and the second peak
(peak II, 1.04 GPa) appeared at around 10 h. At the final
stage of aging, the hardness decreased gradually as a
result of over-aging. As reported in our previous work in
a commercial 6063 Al-Mg—Si alloy [21], the second
aging peak in such alloys may be ascribed to the
formation of fine metastable f' precipitates during the
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Fig. 3 Conventional (static) aging curve of as-solutionized
alloy at 191 °C
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transition from f" to f' phase. During this period, the /'
metastable precipitates seemed to nucleate and grow up
at the expense of fine and uniformly dispersed A"
precipitates. These metastable phases formed between
the two hardening peaks, probably kept their
semi-coherence with the matrix and are believed to be
effectively resistant to the movement of dislocations,
thus have certain strengthening effects [21].

The results of tensile tests of the samples in the
alloy both before and after ECAP are presented in Table
3 and Fig. 4. Figure 4 shows the typical engineering
stress—strain curves of the aged and deformed samples

Table 3 Mechanical properties of alloy

State O'O'z/MPa O'UTs/MPa 5/%
ST 102 213 20
ST+(191°C, 1 h) 203 269 19
ST+(191°C, 4 h) 258 310 16
ST+(191°C, 24 h) 204 286 14
ST+ECAP at RT 404 459 18
ST+ECAP at 110 °C 402 452 22
ST+ECAP at 170 °C 316 356 20
350
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Fig. 4 Engineering stress—strain curves of 6013 Al alloy: (a)
Statically aged at 191 °C for different aging time; (b) ECAP
treated at different temperatures

and all the mechanical data are listed in Table 3. As
shown in Table 3 and Fig. 4(a), the strength values of the
statically aged samples exhibit similar tendency of the
microhardness values to that in Fig. 3. Obviously, the
strength of the alloy in solution-treated state is the lowest
and the UTS and YS are 213 MPa and 102 MPa,
respectively. The YS increases to 203 MPa when the
aging time is 1 h and this time is believed in underaging
period (see Fig. 3). The peak strength appears around at
4 h aging time and the peak UTS and YS are 310 MPa
and 258 MPa, respectively. As the aging time exceeds the
peak time (4 h) the strength is decreased gradually due to
the fact that the alloy is entered to the overaging state.
The YS decreases to 204 MPa as the alloy is overaged
for 24 h.

Interestingly, both the UTS and YS increase
dramatically after ECAP for all samples as compared
with the undeformed counterparts (see Table 3 and
Fig. 4(b)). The yield strength ranging from 316 to 404
MPa in the deformed alloy is about three to four times
that of the solution-treated samples and the ultimate
tensile strength is approximately two to three times that
obtained in the same undeformed alloy. For example, the
YS values of sample ECAP treated at RT, 110 °C and
170 °C are 404, 402 and 316 MPa, respectively. These
values are about 4.0, 3.9 and 3.1 times that of the ST
sample (102 MPa). At the same time, all the strength
values of the ECAP treated samples are considerably
higher than those of the statically peak aged sample.
Compared with the YS (258 MPa) of the statically
peak-aged sample, the YS values of the samples ECAP
treated at RT, 110 °C and 170 °C are increased by 57%,
56% and 22%, respectively. While the UTS values of the
ECAP treated samples at RT, 110 °C and 170 °C are
about 149, 142 and 46 MPa higher than that (310 MPa)
of the static peak-aging.

The above data indicate that the ECAP process
results in a significant increase in strength compared
with the peak strength of the static aging alloy. As seen
in Table 2 measured by XRD in the ECAP treated
samples, the grain sizes are achieved in the range of
66—112 nm and the average dislocation density is as high
as 10" m™. These XRD results suggest that the higher
strength achieved after ECAP may be attributed to grain
refinement strengthening and dislocation strengthening.
Furthermore, the DSC analysis (see Fig. 2) presents that
heavy deformation of Al alloys during ECAP has
accelerated the aging kinetics of precipitate formation
and dissolution. In addition, our previous work has
provided experimental evident of the dynamic
precipitation of the " precipitates in a commercial 6063
Al-Mg-Si alloy during ECAP [21]. Therefore, it is
reasonable to believe that the dynamic precipitation
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during ECAP in the 6013 alloy also plays an important
role in the strengthening.

4 Discussion

The tensile tests revealed that the mechanical
properties of deformed 6013Al alloy are dramatically
higher than those of their undeformed counterparts. The
strengthening mechanisms involved in the deformed
alloy may include solid solution strengthening, grain size
strengthening, dislocation strengthening and precipitation
strengthening. Contributions from different strengthening
mechanisms are often taken to be additive assuming that
they act independently, and the total strength of the
present nanostructured Al alloy could be estimated as
[4,22-27]

00.2 :0-0+0ss+0gs+0p+0preci (2)

where oy, is the total yield strength (YSc.); oo is the
Peierls or friction stress; oy 1S solid solution
strengthening; o, is grain size strengthening; o, is
dislocation strengthening; o, is the precipitation
strengthening  contributing  from the  dynamic
precipitation of the 6013 Al alloy during ECAP. The
value of friction stress for the ECAP treated alloy is
taken as that of pure Al (about 20 MPa) considering that
other strengthening mechanisms were found to increase
the friction stress in the Al alloy [27,28].

The grain size strengthening is generally described
by a Hall-Petch equation [29]. As shown in Fig. 1 and
Table 2, the grain size increases tremendously with the
temperature of ECAP in the samples. The smaller grain
size indicates that more grain or sub-grain boundaries are
contributed to the strengthening. The contribution of the
grain size strengthening (o) is described by the equation
based on the Hall-Petch equation [27,29]:

oy=Kd ' (3)

where K is a positive constant of yielding, and d is the
grain size. It was reported that K is about 0.040 MPa-m"?
for high purity Al, while for less-pure Al or for Al-
(2-3)Mg, higher K slopes of about 0.07-0.17 MPa'm"?
have been proposed [28,30]. Such an increase of K-slope
was related to the presence of other strengthening
mechanisms contributing to the total strength of the alloy
since the Hall-Petch relation was plotted directly using
the experimentally measured yield strength values [27].
Indeed, estimation of the K-slope for the original
mechanism of grain boundary dislocation pile-up (by
subtracting all other present strengthening contributions
from the total yield strength) led to K=0.06—0.09
MPa'm'?, coinciding with that estimated in pure
nanocrystalline Al [27,31]. Therefore, the value of K in
the present ECAP treated Al alloy is taken as 0.040

MPa'm'? as that of high purity Al [30]. According to
Eq. (3) and the values of grain size in Table 2, the
calculated values of the grain size strengthening are
about 155, 147 and 119 MPa for sample ECAP treated at
RT, 110 °C and 170 °C, respectively (see Table 4).

Both the quantitative XRD measurements (see Table
2) and the tensile tests (see Table 3, Fig. 4(b)) suggest
that  dislocation strengthening may  contribute
significantly to the strength enhancement. The excess
dislocations within grains and near grain or sub-grain
boundaries make dislocation glide more difficult [29]. As
shown in Table 2, the dislocation density increases
significantly with decreasing temperature of process,
which is consistent with the significant increase of
hardness and strength in the ECAP treated samples (see
Table 3, Fig. 4). The contribution of the dislocation
strengthening (o,) is usually calculated by the Taylor
equation [28]:

a,=oaMGbp"? 4)

where a is a constant («=0.33); G is the shear modulus
(26 GPa); b is the length of the Burgers vector of
dislocations (/=0.286 nm), and M is the Taylor factor
(M=3). According to Eq. (4) and the values of the
dislocation density in Table 1, the calculated values of
the dislocation strengthening are about 96, 91 and 81
MPa for samples ECAP treated at RT, 110 °C and 170 °C,
respectively (see Table 4).

As such, the total yield strength contributing from
the dislocation strengthening and the grain size
strengthening are added up by

002=001 04510, Q)

The calculated YS,, values from Eq. (5) are 271,
258 and 220 MPa for samples ECAP treated at RT, 110
°C and 170 °C, respectively (see Table 4). These values
are much smaller than the experimental values 404, 402
and 316 MPa for samples ECAP treated at RT, 110 °C
and 170 °C, respectively (see Table 3 and Table 4).

The above calculations indicate that the
conventional strengthening mechanisms from the
dislocation  strengthening and the grain size
strengthening only provide about 67% of the total
strength. This means that additionally strengthening
mechanisms should be accounted another about 33%
for the total strength in the present ECAP treated alloy.

Table 4 Contribution of strengthening mechanisms to strength
of ECAP alloy

YSexp/ Opf/ 0y (00t 0et0p)  Oprecil

State MPa MPaMPa  MPa  MPa
ST+ECAPatRT 404 155 96 271 133
ST+ECAPat 110°C 402 147 91 258 144
ST+ECAPat 170°C 316 119 81 220 9




3864

These additionally strengthening mechanisms may
primarily be related to the contribution from the dynamic
precipitation of the Al 6013 alloy during ECAP [21].
Therefore, the values of the dynamic precipitation
strengthening are about 133, 144 and 96 MPa for
samples ECAP treated at RT, 110 °C and 170 °C,
respectively (see Table 4).

5 Conclusions

1) The grain sizes and dislocation densities of the
ECAP treated alloy are strongly influenced by the
temperature of process. Average grain sizes measured by
XRD are in the range of 66—112 nm while the average
dislocation density is in the range of 1.20x10"-
1.70x10" m™? in the deformed alloy.

2) Five exothermic peaks and three endothermic
peaks are observed by the DSC curve in the peak-aged
alloy. These reaction peaks are in accordance with the
published literatures on similar alloys.

3) The DSC analysis reveals that the peak
temperatures corresponding to formation and dissolution
of precipitates are clearly decreased in the ECAP treated
samples compared with the peak-aged sample. The
precipitation in the ECAP treated alloy is most likely a
dislocation-assisted process.

4) Two hardness peaks are observed in the 6013 Al
alloy statically aged at 191°C. The needle-shaped p”
precipitates are believed to be responsible for the first
peak in around 4 h aging time. The second peak in
around 10 h aging time may be ascribed to the formation
of fine metastable f' precipitates during the transition
from " to /' phase.

5) Both the UTS and YS are dramatically increased
in all the ECAP samples compared with undeformed
counterparts. The maximum strength appears in the
sample ECAP treated at room temperature.

6) The strengthening mechanisms contributing to
the very high strength may depend not only on the
conventional mechanisms of grain size strengthening and
dislocation strengthening, but also on the mechanism
related to the contribution from the dynamic precipitation
of the Al 6013 alloy during ECAP.
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KEBMHTTH 6013 A S ERIBTRFEFHES HF1EaE
#F, FEBL K, 2 &, kA, Ying-da YU?, Pdl C. SKARET?, Hans J. ROVEN >3

L THRS: MOBREE S TREEBE, TR EEGA R SIe s, BUT 212013;
2. Department of Materials Science and Engineering, Norwegian University of Science and Technology,
Trondheim 7491, Norway;
3. Center for Advanced Materials, Qatar University, P.O. Box 2713, Doha, Qatar

= I X FEAT M (XRD) Z2R 3R HGE(DSCO M B AHFRE, WFFEA AR S 255G M Ht ) (ECAP)
R RFR SN AL B S 6013 Al-Mg—Si B GO S5/ N84T R HTHhshJr 2% LR 24k fE . XRD 75 (1)
ECAP B Ji & 4 (1P 3 SRR AE 66~112 nm B[, I A2 EAE 1.20x10~1.70x10™ m™* {5 . DSC
SHTERY], thT ECAP JEiRFE LU MU O BT SE 40/ SRR S i AT A 35 B, BRIk, ECAP BB &
SINT B S SRS GAH, ECAP JE iR A ) i Al o B ATy a5 7045 3 T B i . %0 ECAP
JERRE ISR IR BB, L IR B2 A e U IR 0 1.6 5. A0tk A7tk LA T ECAP W f%
TR B AT LT 2R AT LAk, ECAP 4543545 B (LR 2 0mAb Lo -

KA Al-Mg-Si Wi ans RN, SIMEEAE R MRt Mriish s ke SR
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