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Serrated flow and related microstructures
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Serrated flow in as-quenched and aged Al-8.4 at.% Li alloys has been investigated between
253 K and 353 K at strain rates ranging from 8.9 x 107® s~'t0 1.2 x 102 s, Size and volume
fraction of §’ precipitates were determined by small angle scattering and transmission
electron microscopy. Growth and coarsening of the precipitates induces different trends of
critical strain of serrated flow changing with temperature and strain rate. The stress drop of
serrations increases to some extent with increasing ageing time, increasing deformation
temperature and decreasing strain rate. The volume fraction of §’ precipitates decreases as

deformation proceeds. The characteristics of serrated flow are related to the changes in
microstructures during deformation. © 2002 Kluwer Academic Publishers

1. Introduction
In a number of metal alloys, plastic deformation
starts to be discontinuous leading to serrations in the
stress—strain curves. Usually, this phenomenon is at-
tributed to unpinning and collective motion of many
dislocations before the next pinning events [1, 2]. This
serrated flow also occurs in the technically important
Al-Li alloys and two different mechanisms have been
proposed for the occurrence of the serrations, the first
being related to dynamic strain ageing (DSA) of solute
Li atoms, and the second to the shearing of coherent
8" (Al3Li) precipitates [3-20]. Previous work on ser-
rated flow in Al-Li alloys has been summarised in [18],
and many contradictions appearing in the past were
smoothed by the introduction of two kinds of serra-
tions: one was denoted as S serrated flow (S-SY) that
appeared in the initial part of deformation, and was
believed to be originated by DSA of solute Li atoms;
the other was denoted as P serrated flow (P-SY) that
appeared at large deformation with successive appear-
ance and large amplitude if plastic elongation was large
enough, and was related to shearing of §’ precipitates.
In the attempt to distinguish between the two mech-
anisms, numerous studies have been carried out vary-
ing the deformation temperature (7'), the strain rate (&)
[8, 14, 15, 18], as well as the initial size of §" precip-
itates (by choosing different ageing conditions for the
material before deformation) [5, 6, 9, 12, 16, 20]. The
problem with this approach was that the theory for both

mechanisms, DSA [8, 21, 22] and as well as shearing
of precipitates [11, 17], predicts similar dependence of
critical strain for serrated flow on 7" and ¢ making it dif-
ficult to distinguish the two. Even a detailed analysis of
the serrations, such as the maximum stress drop for in-
stance [18, 23], did not provide statistically significant
evidence for distinguishing the two phenomena.

For this reason, we decided to revisit the problem of
serrated flow in Al-Li, including a systematic investiga-
tion of the alloy microstructure and its evolution during
plastic deformation and serrated flow. In particular, the
size and density of §' precipitates was followed using
methods such as small angle X-ray scattering (SAXS)
or small angle neutron scattering (SANS), in order to
detect possible changes due to the shearing of pre-
cipitates. Some specimens were also studied by trans-
mission electron microscopy (TEM). Serrated flow in
binary Al-Li alloys was studied for different ageing
conditions and different deformation temperatures and
strain rates. The characteristics of serrated flow are in-
terpreted with the help of microstructures determined
after different amounts of deformation.

2. Experimental

The alloy was cast as an ingot with a diameter of
50 mm by melting high purity Al and Li in an ar-
gon atmosphere. The composition was determined to
be Al-8.4 at.% Li, denoted as Al-8Li in the following.
The as-cast ingot was annealed at 803 K for 24 hours,
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extruded into arod having a diameter of 10 mm. Tensile
samples were machined from the extruded rod to have
a gauge length of 15 mm and a diameter of 5 mm.
The samples were annealed at 773 K for 30 minutes,
quenched into water at room temperature, and were
then tested immediately (sample Q), or after ageing at
453 K for 20 min, 30 min, 45 min and 60 min, referred
to as A20, A30, A45 and A60, respectively. In addi-
tion, samples of Al-4.6 at.% Li alloys, prepared by the
same procedure as described above, were annealed at
573 K for 30 min, followed by quenching into water at
room temperature, and then tested immediately or aged
at 453 K for 20 min before testing.

Tensile tests were carried out on a Zwick-2 machine
with a nominal strain rate ranging from 8.9 x 107 s~!
to 1.2 x 1072 s~! at temperatures between 253 K and
353 K. The frequency of recording the data varied from
50 points per second at the lowest strain rate to 1000
points per second at the highest strain rate.

Characteristics of serrations, including stress drop,
drop time, drop rate and so on were evaluated by a
data processing program [24]. However, only the criti-
cal strain and stress drop of serrations will be analysed
in this paper. Stress drop of serrations (§op) is defined
as the stress change from the highest to the lowest points
of serrations. The stress drop normalised by flow stress
(o) is used to describe its distributions as suggested
[25]. It should be noted that changes in the normalised
stress drop (§op /o) with ageing time, T and & exhibit
the same trend as those in stress drop (§op). In addition,
only the data for samples from the same ingot can be
used to examine the changes in critical strain as well
as in stress drop with ageing conditions, deformation
temperature or strain rate.

For each group of the samples Q, A20 and A60, thin
foils were prepared from the gauge parts of the sam-
ples after different amount of deformation to examine
microstructures under TEM. The specimens for TEM
were prepared by twin jet polishing with a mixture of
30% HNO;3; and 70% C,HsOH at about 243 K. The
examination was carried out by a Philips CM12 TEM
operating at 120 KV.

Foils with a thickness of 0.07 mm cut from the hold-
ing and gauge parts of all samples were prepared for the
SAXS measurements. The measurements were carried
out using a pinhole SAXS camera (BRUKER-AXS)
with a two-dimensional (2D) position-sensitive multi-
wire detector (512 x 512 pixels, pixel size: 0.2 mm),
connected to a rotating anode X-ray generator with
crossed-coupled Gobel mirrors. The wavelength A was
1.54 A and the distance between the samples and the
detector was 640 mm. The lengths of the scattering vec-
tors (q) were in the range 0.015 Al < qg<03 Al
(g =4msin(@)/A, where 26 is the scattering angle).
Measurement time was four hours for each sample.
Since there was no azimuthal dependence of the in-
tensity in the 2D scattering patterns, the data were az-
imuthally averaged. The averaged intensities /(q) were
corrected for background scattering and normalised
with respect to sample thickness and transmission.

In addition, one undeformed sample, A20-U and
three deformed samples Q, A20 and A60 were ma-
chined to plates with a thickness of 2.5 mm. The plates
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were carefully milled to remain parallel, and then elec-
tropolished. Three regions in each deformed sample,
i.e. the holding part without deformation, the deformed
part with a moderate homogeneous deformation and
the necking part with large deformation, were exam-
ined by SANS. The holding and gauge parts of the
undeformed sample A20-U were examined to check if
there were some differences due to different quenching
effects in the holding part and the gauge part. The mea-
surements were carried out at the SANS-Spectrometer
PAXE at the Orphée reactor of the Laboratoire Léon
Brillouin in Saclay, France. The wavelength was 8 A
(AX/X=10%) and the distance between the samples
and the 2D detector array (64 x 64 pixels, pixel size:
1 cm) was 1.05 m. The range of scattering vectors was
0.03 A1 < q <0.27 A~!. The counting time was ap-
proximately 20 min for each position on the samples.
The data were azimuthally averaged, corrected for the
empty beam as well as for thickness and transmission
and calibrated with the incoherent scattering of water.
Comparison of the sample transmissions with calcu-
lated transmissions showed no indications of multiple
scattering.

3. Results

3.1. Occurrence of serrated flow

Although the S-SY and P-SY can be distinguished in
principle [18], they will not be treated separately in the
present work. Examples of stress—strain curves in dif-
ferently aged Al-Li alloys are shown in Fig. 1. Serrated
flow occurs during deformation of the as-quenched
or aged Al-8Li alloys. Serrations follow each other
continuously and their amplitude becomes larger with
increasing strain. Strength increases while plastic elon-
gation decreases with increasing ageing time. As age-
ing time exceeds 60 min, plastic elongation becomes so
small that serrated flow cannot be investigated anymore.
Al-4.6Li alloys were either quenched, or annealed after
quenching. They were deformed within the same range
of temperature and strain rate as the Al-8Li alloys. Ser-
rated flow did not occur for both, the as-quenched and
the annealed Al-4.6 at.% Li alloys. Only for some of
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Figure 1 True stress—true strain curves for Al-Li alloys at ¢ =4.5 x
10~* s~! and T =293 K. The curves (a), (b) and (c) are Al-8Li in the
as-quenched, aged for 20 min and 60 min conditions, respectively; curve
(d) is Al-4.6Li in the as-quenched condition.
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Figure 2 Critical strain versus ageing time for Al-8Li. ¢=4.5x
1074571, T =293 K.

the samples the stress—strain curves exhibited a slight
waviness, indicating that serrated flow is very weak.

Critical strain for the appearance of serrated flow, &,
is generally larger in the aged conditions as compared
to the as-quenched condition, as shown in Fig. 2. As the
plastic deformation after 60 min ageing was too limited
to detect serrations, the increase in critical strain with
increasing ageing time as reported in [18, 20] is not
obvious from our work.

Fig. 3. shows critical strain of serrated flow as func-
tions of temperature (a) and strain rate (b) for the sam-
ples Q and A60. In the as-quenched condition, . de-
creases with increasing T below 293 K or decreasing
&, i.e., it corresponds to the normal change in critical
strain with 7 or &. Above 293 K, however, it shows the
inverse change of critical strain with 7". Similar results
were obtained for sample A20. However, for sample
A60, the cross-over from normal to inverse behaviour
had already occurred at 273 K. Moreover, . shows the
inverse change with & for specimen A60. This demon-
strates clearly that the dependence of the critical strains
on T and ¢ is not the same in the differently aged alloy
and, hence, depends on the microstructure of the alloy.

3.2. Stress drop of serrations (Sop)
Another important parameter to describe serrated flow
is the stress drop of serrations. Considering the stochas-
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tic character of §op during deformation, statistical
methods have to be used to describe the Sop distri-
butions [1, 25-27]. In the following, histograms of
the normalised stress drop o p/o are used to compare
stress drop changes under different ageing and testing
conditions.

Peaks of §op /o distributions move to larger dop /o
with increasing ageing time for Al-8Li, as shown in
Fig. 4.

dop/o also increases with increasing tensile testing
temperature in certain 7 ranges, as demonstrated for
Al-8Li aged for 20 min (Fig. 5). The peak of the §op /o
distributions moves to larger values with increasing T
until 303 K. However, with further increasing 7', the
peak of the §op /o distributions returns to smaller val-
ues. For the other ageing conditions, the §op /o distri-
bution changed with T in a similar way.

3.3. Examination of microstructures
3.3.1. SAXS and SANS investigations
of precipitates

The azimuthally averaged intensities from the SAXS
and SANS measurements exhibit a maximum in the
scattering intensity, which moves to lower g (¢ = length
of the scattering vector) as ageing time increases. This
behaviour is commonly found for decomposing alloys
[28, 29]. There is an additional increase in the inten-
sity at very low scattering vectors (see e.g. Fig. 7),
which was also found in other investigations on Al-Li
alloys [30, 31] and which was attributed to large impu-
rities [32]. The SAXS data from the undeformed part
of the samples were used to determine the radius of
gyration (R,) of the precipitates as a function of time
from Guinier plots, using the data on the right side
of the maximum in the scattering curves (see inset
in Fig. 6) [28, 29]. Even though the Guinier eval-
uation is strictly valid only for strongly dilute sys-
tems, it has turned out to give reliable estimates also
for scattering curves exhibiting a maximum due to
interparticle correlations [28]. For the present Al-8Li
alloy, R, increases from about 1 nm to 5 nm with
increasing ageing time, as shown in Fig. 6 both for
deformed and undeformed parts of the specimens. This
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Figure 3 Dependence of critical strain for Al-8Li alloys on temperature (a) at a strain rate of & =4.5 x 10™* s~! and on strain rate (b) at T =293 K.

Blank circle: as-quenched; filled circle: aged for 60 min.
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Figure 4 Distributions of the normalised stress drop for differently aged
Al-8Li. ¢ =4.5x 107*s~!, T =293 K.

result will be compared with the TEM examinations
below.

Unfortunately, the SAXS data from the deformed re-
gions of the samples showed strong multiple Bragg-
scattering which can easily be detected by spots in the
2D scattering patterns. Therefore, these data could not
be evaluated quantitatively. In order to avoid multi-
ple Bragg-scattering, SANS experiments with a wave-
length well above the Bragg cut-off were conducted
for some of the samples. SANS curves obtained from
differently deformed regions of sample A20 are shown
in Fig. 7 together with the result for the undeformed
sample A20-U, exhibiting the same ageing time, but no
deformation. When evaluating R, from the SANS data,
we get quite similar results as for the SAXS measure-
ments (see Fig. 6). It can also be seen in Fig. 6, that R,
varies little between the differently deformed regions
within one sample.

There is, however, a quite significant difference in the
SANS intensity for the undeformed and the deformed
regions in sample A20 (see Fig. 7). Compared to the
holding region, the intensity close to the maximum in
the scattering curve is about a factor of 2 lower for the
gauge region and even lower for the necking region.
For comparison, the data for the undeformed sample
A20-U are also plotted in Fig. 7. In this case, there is
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Figure 5 Distributions of the normalised stress drop for sample A20
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Figure 6 Time evolution of the radius of gyration Ry of precipitates
in both deformed and undeformed Al-8Li as obtained from the SAXS
measurements (black circles) and the SANS measurements (open sym-
bols). Squares designate the SANS measurements from the holding
part, triangles from the gauge part and diamonds from the necking
part. The inset shows an example for a Guinier-plot of the SAXS data
for sample A30 (30 min ageing). The slope of the straight line gives

Ry =+/—3slope.
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Figure 7 Azimuthally averaged SANS intensity for the deformed sam-
ple A20 (black symbols) and the undeformed sample A20-U (open
symbols) for different regions on the samples (circles: holding region;
squares: gauge region; triangles: necking region).

only a negligible difference between the holding part
and the gauge part. Moreover, the curves for sample
A20-U coincide perfectly with the curve for the unde-
formed part of sample A20. We found also very similar
differences (although a bit smaller) for the specimen
A60. Finally, the as-quenched sample Q does not show
evidence of precipitates, except for a slight hump in the
intensity of the undeformed part, which did not appear
in the deformed regions.

The integrated intensity, which is proportional to the
volume fraction of precipitates [29] can not be evalu-
ated accurately from the above data, since there is a
slight increase of the intensity at large g, possibly re-
lated to short range ordering (SRO). Nevertheless, we
tried to derive an estimate for the integrated intensity
(0). by evaluating the integral of I qz only between
0.03 A=! and 0.18 A~!, after subtracting the contri-
butions from incoherent scattering and SRO scattering,
taken as the average intensity between 0.18 A~! and
0.20 AL, The result (Table I) shows, that there is less
than 15% difference in O within different regions of the
undeformed sample A20-U. In the undeformed region,
O is the same for all three samples A20, A20-U and

TABLE I Integrated intensity () as obtained from the SANS

experiments

Deformation Integrated intensity O AQ
Sample & [%] (arb. units) [%]
Q-H 0 >0 (not quantifiable) -
Q-G 75 0 >0
Q-N 22.5 0 >0
A20-H 0 3.36 -
A20-G 75 1.71 49
A20-N 20.2 1.27 62
A20-U-H 0 3.40 -
A20-U-G 0 2.94 13
A60-H 0 3.04 -
A60-G 7.5 222 27
A60-N 15.5 2.31 24

Samples are designated by their ageing condition (Q: quenched, A20: 20
min aged, A60: 60 min aged), and the positions on the samples where the
SANS experiments were performed (H: holding part, no deformation;
G: gauge part, moderate deformation; N: necking part, strong deforma-
tion). Sample A20-U was not deformed at all and was measured for
comparison. A Q is the decrease (in percent) of Q in the deformed parts
as compared to the corresponding holding part.

A60 within about 10%, which would be expected for
an alloy with coarsening precipitates. Therefore, a value
of about 10%—15% must be taken as the uncertainty of
the intensity measurements. However, the decrease in Q
between the deformed and undeformed regions is much
larger in sample A20 and also significantly larger than
10% in sample A60 (see Table I). This result strongly
suggests a decrease of the volume fraction of §" precip-
itates during deformation. Additionally, the scattering
curves indicate some precipitates for the as-quenched
sample (Q) only in the undeformed region, but not in
the deformed region. This could mean, that the precip-
itates formed during quenching dissolve during large
deformation of the as-quenched sample.

3.3.2. TEM analysis

Super-lattice diffraction peaks appeared in TEM and
X-ray diffraction examinations of the as-quenched
Al-8Li alloy. Dense fine precipitates could be found
by central dark field imaging (CDF) at a high magni-
fication (Fig. 8a). The precipitates with a diameter of
1-2 nm can be distinguished for the undeformed and

Figure 8 TEM micrographs of §' precipitates on (111) foil (a) 8’ precipitates in sample Q, central dark field (CDF) image, g =(101), e =0.014

(b) 8 precipitates in sample A60, CDF image, g = (110), £ =0.021.
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slightly deformed samples in the as-quenched condi-
tion, but not for the samples having large deformation.
No traces of &' precipitates or super-lattice reflections
were found in Al-4.6 at.% Li alloys.

The size of &’ precipitates in Al-8Li increases with
increasing ageing time from a few nm in sample Q to
about 8-12 nm in sample A60, as shown in Fig. 8a
and b. Keeping in mind that a quantitative determina-
tion of precipitate size from conventional TEM is very
difficult for such small precipitates, this result is in good
agreement with the values of R, as obtained from SAXS
and SANS (see Fig. 6). Sheared precipitates were
hardly found, except for sample A60. However, this
is a difficult task given the high density and broad size
distribution.

4. Discussion

The results of the present study on serrated flow and re-
lated microstructures in Al-Li alloys can be summarised
as following:

(a) Apparent serrated flow occurs in Al-8Li de-
formed between 273 K and 333 K at strain rates ranging
from 8.9 x 1072 s7! to 1.2 x 102 s~!, but not for the
as-quenched or aged Al-4.6 at.%Li alloy deformed in
the same 7 and ¢ ranges, except for the appearance of
very weak or wave-like serrations whose amplitude is
difficult to evaluate.

(b) Precipitates are found even in the as-quenched
Al-8Li alloys, while no indications of precipitates or
super-lattice reflections appear in the Al-4.6 at.% Li
alloys.

(c) The volume fraction of precipitates decreases as
deformation proceeds, but the mean precipitate size
does not change significantly.

(d) With increasingly aged Al-8Li alloy, the ampli-
tude of serrations increases, and the critical strains show
abnormal dependence on 7 and é.

First, serrated flow in Al-Li alloys cannot be ex-
plained by the conventional DSA theory because it is
clearly associated with the presence of 8’ precipitates,
as shown by the results (a) to (d). The observation of ser-
rated flow in as-quenched Al-Li alloys [4, 8, 14, 15]
is certainly due to the fact that precipitation already
occurs during the quench from the homogenisation
temperature.

The shearing model, on the other hand, could explain
the normal and inverse changes in critical strain with
T and ¢ [11, 17]. However, it is difficult to understand
by means of the shearing model, why shearing of &’
precipitates intensifies while amplitude of serrated flow
decreases as reported [33]. Stress drop of serrations has
not been treated by the shearing model, but it should
decrease with increasing ageing, since the increase in
precipitate sizes and volume fraction with ageing would
unavoidably induce more positive SRS, which changes
inversely with dop [34]. In addition, it should be noted
that the changes in o with T and ¢ for Al-Li alloys are
similar to those for Al-Mg alloys whose serrated flow
has always previously been ascribed to conventional
DSA [1, 2, 22, 35].
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A possible solution to this apparent dilemma would
be the assumption that plastic deformation leads to lo-
cal dissolution of precipitates. If this dissolution occurs
irrespective of the size of the precipitate, then the vol-
ume fraction of the precipitate changes, but not their
mean size (in full agreement with our result (c)). In the
present work, 8’ precipitates have an average radius of
46 A after 60 min ageing, which is much less than the
size for the occurrence of looping at about 500 A [14].
The reduction in number of precipitates is also cor-
roborated by the reduced hardness found recently by
nanoindentation methods in the same material [36].

After dissolution of 8’ precipitates, there is little pos-
sibility of re-precipitation during deformation at room
temperature that typically lasts several minutes. This
statement is simply based on R = k(Dt)'/?, where R is
mean diffusion distance of Li atoms in Al matrix and,
k is a constant which is much less sensitive to change
with temperature than the diffusion coefficient D. Us-
ing Dy =1.23 cm?/s, O = 130KJ/mol [17],k = 0.3 and
¢ =1000 s, we obtained R =0.006 A at room temper-
ature, and R ~ 61 Aat T =453 K.

Local dissolution of precipitates also implies an in-
crease of the local solute concentration much beyond
the solubility limit. We speculate that this sharply en-
hanced solute concentration would then give rise to con-
ventional dynamic strain ageing (in full agreement of
our result (d)).

In this picture, the absence of serrated flow in the
alloy with lower lithium content (result (a)) is not a
direct consequence of the absence of precipitates (as
suggested by result (b)), but rather of the low amount
of solute atoms.

5. Conclusion

Based on the investigation of characteristics of serrated
flow and the examination of the related microstructures,
we can draw the following conclusions:

e Serrated flow in Al-Li alloys is a consequence of
dynamic strain ageing (DSA). However, DSA re-
quires a minimum of solute atoms, which is beyond
the typical solubility limit of Li in AL

e Excessive shearing of precipitates may lead to their
dissolution and, locally, to a solute concentration
well above the equilibrium value, sufficient to give
rise to DSA.
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