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Hardening mechanisms in Al-Sc alloys
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The hardening mechanism in Al-Sc alloys with scandium content of 0.11 and 0.19at% is
studied. Applying theoretical results due to the yield stress and work hardening of two phase
alloys as a function of volume fraction and precipitate particle size, it is shown that after age-
ing at above 300° C the Orowan mechanism operates in these alloys. Using the experimental
results, the volume fraction and average radius of the precipitate particles are determined.

1. Introduction

Although the age-hardenable Al-Sc alloys have excel-
lent mechanical properties [1-5], only a few investi-
gations have been reported in the literature connected
with the hardening mechanism in these alloys.

Dritz and co-workers [4] investigated the connec-
tion between precipitates and mechanical properties in
Al-Sc alloys with 0 to 0.8 wt % Sc concentrations.
They found that the maximum value of the yield stress
increased monotonically with scandium content up to
0.24 at % Sc, while it remains practically constant at
higher concentrations. The work-hardening process
studied in an Al-0.3 at % Sc alloy [5] was described by
the Hollomon equation

o = K¢ (n

where ¢ and ¢ are the true stress and true strain,
respectively. The constants K and » are assumed
to be independent of strain. It was found that n
decreases with increasing yield stress: after quenching
from 635°C the values of R, = 40MPa and
n = 0.163, while after ageing at 250°C for 50 hours,
Ry, = 160MPa and n = 0.043 were obtained. On
the basis of these results and theoretical consider-
ations, the authors stated that the mechanism of
work hardening depends on the size of the precipitates
formed during ageing. If the average particle size is
larger than 6.8nm, then the Orowan mechanism
operates. The size and volume fraction of precipitates
were measured by transmission electron microscopy.

Equation 1 has the disadvantage that the quantity,
n, characteristic of the work hardening, cannot be
directly related to the change in the microstructure.
Therefore, instead of using this expression, we try to
draw conclusions from both the precipitation and the
work-hardening characteristics for the properties of
the particles and for the hardening mechanism accord-
ing to the method of Kovacs and co-workers [6-8].

In the case of the cutting mechanism, the increase in
the tensile yield stress can be given by [7, 9-12].
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where the Taylor factor m = 3 for a polyerystalline
sample, I" is the specific surface energy of cutting a
precipitate, f is the volume fraction, R is the average
radius of the particles, G is the shear modulus and b is
the Burgers vector.

If the Orowan mechanism is operating, then the
increase of the yield stress is as follows [7, 9, 10]

- G G
Ry, = 0.85mm<§>
o b In (Rn/2r,)
R[L — (n/2)(f]2)'"]

where v is the Poisson number and r, is the cut-off
radius of the dislocation core. In the case of low volume
fraction, R, is proportional to /' in both Equations
2and 3, but R, /f " is proportional to R in Equation
2 and to R ' in Equation 3. This different behaviour
makes it possible to distinguish between the two mech-
anisms during the course of precipitation.

The work hardening of polycrystalline face-centred
cubic metals can be characterized by Stages IT and I1I,
because Stage I does not appear in these materials.
The relationship between flow stress, ¢, and strain, ¢,
in these two stages can be expressed as [§]

if e < & 4)

ife = ¢. &)

(3)

6 = Ue + gy,

W12
g = J&" + 0op

Here ¢, is the strain corresponding to the transition
between the two stages. The constants 8, y and g/, g,
are independent of strain. From the conditions where
the two functions, a(¢) and do/de must be continuous
at e = &, one obtains

o= 20005 — o) (6)

where 0; = 0(g;).

In two-phase alloys, the work—hardening behaviour in
the third stage depends on the dislocation—precipitation
interaction. If the deformation takes place by the
cutting mechanism, the parameter, y depends only
slightly on the precipitation structure [6]. For rigid
particles, the calculation of the work hardening is rather
difficult. Applying some simplifying assumptions,
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Ashby [10] determined y for single crystals as

bf 12
CG (5}3) (7

Is =
where the constant C depends on the dislocation
structure and its value was estimated by Ashby to be
C = 0.25 4 0.15. Equation 7 is valid in the case of
spherical particles and large strains. To obtain the
parameter y for polycrystalline materials one has to
take into account the connection between tensile and
resolved shear stress, as well as between tensile and
resolved shear strain [11], which leads to the following
relation

o= 3" (8)

where y can be determined from the tensile o(¢'?)
stress—strain curve.

If the volume fraction, £, and the size of particles, R,
cannot be directly measured, y gives information
about the deformation mechanism.

The aim of this work is to present some results on
the hardening mechanism in Al-Sc alloys.

2. Experimental details
The alloys investigated were prepared from high-
purity (99.999%) aluminium and (99.9%) scandium
using a master alloy with 2 wt % scandium. The scan-
dium content of the alloys was 0.11 and 0.19 at %.
Wires 1.1 mm diameter and sheets 0.8 mm thick were
produced. After solution heat treatment at 640° C for
2h and quenching into water, ageing was carried out
between 200 and 400° C for different times. An Instron
equipment was used to measure the stress—strain
relation on 50 mm long wire samples. The error in flow
stress was about 2%. g, and y were obtained by fitting
Equation 5 to the linear section of the ¢—¢"* data by
the least squares method. The parabolic, i.e. third,
stage was found to be between 3 and 10% strain.
Transmission electron microscopy (TEM) was car-
ried out on sheet samples using a Tesla BS 540 equip-
ment by standard TEM techniques.

3. Results

Fig. 1 shows the effect of isochronal heat treatment
on the yicld stress. The annealing time was | h at each
temperature. o, and y, as determined from Equation 5,
are shown in Fig. 2 as a function of ageing tempera-
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Figure I Yield stress of the alloys as a function of ageing tempera-

ture. The annealing time was 1 h at each temperature. (+)0.19at %
Sc, (0) 0.11at % Sc.
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Figure 2 The same as in Fig. I, for y and o,.
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Figure 3 The dependence of y and o, on the ageing time at 310°C.
For key, see Fig. 1.
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Figure 4 The precipitation structure in the alloy with 0.19at % Sc after ageing at 310°C for (a) 1h and (b) 12h.

ture. These parameters only change after ageing above
200°C. g, reaches its maximum between 280 and
320°C in a similar manner to R, in Fig. 1. y remains
practically constant below 300°C and its value is
approximately the same for the two alloys in this
temperature range. This means that in these states of
the alloys, y depends only on the matrix properties
and not on the precipitation structure.

Fig. 3 shows the change of g, and y during ageing
at 310° C as a function of ageing time. The behaviour
of the two alloys is different. y changes later in the
dilute alloy than in the more concentrated one. The
increase in y is caused by precipitation of scandium.
This finding is in accordance with the results obtained
by isochronal ageing. In the case of the higher con-
centration alloy, the plateau of the y, o, curves shows
that after an initial change the precipitation structure,
ie. the volume fraction and size of the particles,
remains practically constant up to about 8h ageing
time. Overageing in this alloy appears only after about
10 h heat treatment and it causes the decrease of both
g, and y. Transmission electron micrographs were
taken of the alloy with 0.19at % Sc after ageing at
310°C for 1h (Fig. 4a) and 12h (Fig. 4b). It can be
seen that the size of the precipitates is very fine and it
hardly depends on the ageing time investigated.

Figure 5 Dislocation structure in the alloy with 0.19 at % Sc aged
for 8h at 310°C and deformed by 4% tensile strain.
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4. Discussion and conclusions
In the early period of ageing, the work-hardening
parameter, x, is independent of the precipitation
process indicating that at this stage the cutting mech-
anism is operating. The abrupt change in y with
increasing ageing time in the more concentrated alloy
indicates that after precipitation the Orowan mechan-
ism operates. This statement is supported by Fig. 5.
This transmission electron micrograph was taken on a
sample aged for 8h at 310°C and deformed by about
4% tensile strain. The sets of dislocation loops show
clearly the operation of the Orowan mechanism.
For the Orowan mechanism we have two equations
with the measured parameters R, and y, which con-
tain three unknown quantities characteristic of the
precipitation structure. These are the volume fraction,
/, average particle radius, R, and C in Equation 7. To
determine these quantities, we need a third quantitative

X2 (10* MPa?)
+
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Figure 6 Plot of y* against o5 = a,. (O, @) 0.11at% Sc, (+, x)

0.19at % Sc. (0) 0.5 10 45h at 310°C, (@) 1 h at 340 to 400°C, (+)
0.083 to 45h at 310°C, (x) 1h at 280 to 400°C. 8 = 1090 MPa.



condition. For this purpose we suppose that in
the plateau region during ageing at 310°C, Al;Sc
precipitates are in equilibrium with the remaining
solid solution; therefore, if the solute concentration is
known, then the volume fraction of the precipitates
can be determined. By electrical resistivity measure-
ments the equilibrium solute concentration of scan-
dium at 640°C and at 310°C was found to be 0.150
and 0.0103 at %, respectively [13]. Using these values
the volume fraction of precipitates formed at 310°C
can be calculated as /' = 0.59%. Substituting this and
the measured mean value of the yield stress, Ry, =
170 MPa, valid in the plateau region, into Equation 3,
we obtain the average particle radius R = 4.3 nm,
which is in good agreement with previous measure-
ments [5]. Finally from Equations 7 and 8 with the
measured mean value, y = 191 MPa, also valid in the
plateau region, C can also be calculated as C =
0.0971.

Considering the results obtained for the alloy with
0.11 at % Sc, the yield stress in this case is smaller than
in the previous case, which is due to the smaller vol-
ume fraction of precipitate particles. The equilibrium
volume fraction for this alloy again calculated by
the use of the solid solubility at 310°C, was found
to be 0.43%. Substituting this value, together with
the measured yield stress, R,, = 110MPa, into
Equation 3, the average particle size in this case is
found to be 5.9nm. The application of Equation 9
leads now to C = 0.0979 in good agreement with the
previous result.

The obtained C =~ 0.1 value can be considered to
be comparable with the theoretical one, C = 0.25 +
0.15, although the agreement is not too good. It is
worth mentioning, however, that C depends only
slightly on the values of the fand R pairs which belong
to a given yield stress; therefore, the error of the
present value is probably rather low.

The model applied can also be controlled by the
validity of Equation 6. Fig. 6 shows the values of * as

a function of (o — g,) for all the measurements. It
can be seen that Equation 6 is fulfilled, i.e. a linear
connection exists between these quantities, indepen-
dent of the composition and the state of the alloys.
This means that the slope, 8, does not depend on the
precipitation structure of the alloy [8]. Its value was
found to be 6 = 1090 MPa.

References

1. M. E. DRITZ, J. DUTKIEWICZ, L. S. TOROPOVA
and J. SALAWA, Cryst. Res. Technol. 24 (1984) 1325.

2. T. TORMA, E. KOVACS-CSETENYI, L. VITALIS,
I. VITANYI, J. STEPANOV and M. BUTOVA, Mater.
Sci. Forum. 1314 (1987) 497.

3., N. BLAKE and M. A. HOPKINS, J. Mater. Sci. 20
(1985) 2861.

4. M. E. DRITZ, N. I. TURKINA, E. S. KADANER and
T. V. DOBATKINA, “Redkie Metally v Tsvetnyh
Splavah” (Nauka, Moscow, 1975).

5. M. E. DRITZ, L. B. BER, J. G. BIKOV, L. S. TORO-
POVA and G. K. ANASTASIEVA, Fiz. Met. i Metal-
loved. 57 (1984) 1172.

6. I. KOVACS, J. LENDVAI, T. UNGAR, T. TUR-
MEZEY and G. GROMA, Acta Metall. 25 (1977) 673.

7. 1. KOVACS, J. LENDVAI, T. UNGAR, G. GROMA
and J. LAKXNER, ibid. 28 (1980) 1621.

8 I. KOVACS, J. LENDVAI, T. UNGAR and Zs. RAJ-
KOVITS, Phil. mag. A 48 (1983) 329.

9. M. F. ASHBY, “Physics of Strength and Plasticity”,
edited by A. S. Argon (MIT Press, Cambridge, Massachu-
setts, 1969) p. 113.

10.  Idem, “Strengthening Methods in Crystals”, edited by
A. Kelly and R. B. Nicholson (Applied Science, London,
1971) p. 137.

11. V. GEROLD, Z. Metallkde 62 (1971) 796.

12. Idem, “*Dislocations in Solids”, edited by F. R. N. Nabarro,
Vol. IV (North-Holland, 1979) p. 219.

13. T. TORMA, E. KOVACS-CSETENYI, 1. VITANYI,
M. BUTOVA and J. STEPANOQV in 6th International
Symposium on High Purity Materials in Science and Technol-
ogy, Dresden, 1985 Poster Abstracts, Part II, E. 33.

Received 1 September 1988
and accepted 12 January 1989

3927



