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The effect of particles on the critical strain
associated with the Portevin—-LeChatelier effect
in aluminium alloys
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The effect of particles on the critical strain, €., associated with the Portevin-LeChatelier (PL)
effect of aluminium alloys is studied using Al-Mg—Ni and Al-Si alloys. Al-Mg-Ni and AI-Si
alloy matrixes are composed of Al;Ni and Si particles, respectively. Tensile tests were
performed in the temperature range 223-273 K in which the critical strain decreases with
increasing temperature, and strain rates between 107° and 10”2 s~ were chosen. According to
the apparent activation energies, Q, Mg and Si solute atoms are responsible for the flow instability
in Al-Mg—Ni and Al-Si alloys, respectively. The experimental results also show that the critical
strain decreases with decreasing particle spacing, dj, . Since the particle spacing is small compared
to the corresponding grain size, the decrease in critical strain should be ascribed to the effect of
particles. Considering that the dislocation density is increased by the particles, a modified model
showing the critical strain, &, as a function of particle spacing, d,, is proposed as

gocgb ™12 gn*112) T-1 exp (— Q/kT), in which &, Tand k are the strain rate, temperature and
Boltzmann constant, respectively. Linear fit of the plots of In €. versus In d, and In & versus In
d, indicates that this equation is appropriate to rationalize the particle effect on the critical strain.

1. Introduction

Aluminium alloys often exhibit serrated flow after
a critical strain, g,, during tensile deformation in
the temperature range 223-373 K. This phenomenon
is attributed to the Portevin—LeChatelier (PL) effect
[1, 2]. Associated with the PL effect, the alloys will be
strengthened, have lower ductility and surface mark-
ing may be induced during cold working, etc.; so that
many studies on the PL effect have been performed.
However, most studies have concentrated on single
phase alloys, such as Al-Mg and solution treated
Al-Mg-Si alloy [3-7], etc. Recently, particles are
often applied to strengthen the alloys at both low and
high temperature. Since both the mechanical proper-
ties and processing of these aluminium alloys in the
temperature range 223-373 K are affected by the PL
effect, studies concerning the effect of particles on the
PL effect in aluminium alloys with particles are
necessary. Since the rigid particles can affect the
motion of dislocation [8, 9], the effect of particles on
the PL effect is assumed.

As Ni is nearly insoluble in the o matrix [10] and
forms hard Al3Ni particles during solidification [11],
Ni is used to strengthen the aluminium alloys. Also, Ni
has no reaction with Mg solute, so that the Al-Mg-Ni
alloys can be considered as Al-Mg alloys with the
addition of Al;Ni particles. In Al-Si alloys, the matrix
microstructure consists of Si particles, when the Si
content is approximately greater than 1 wt % [12]. As
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a result, both of these aluminium alloys contain a dis-
tribution of particles in the matrix. Then, the effect of
particles on the PL effect is studied using Al-Mg—Ni
and Al-Si alloys in which Mg [3, 13] and Si [14] in
the ‘matrix are responsible for the flow instability,
respectively.

The critical strain shows two kinds of temperature
dependence. Al-Mg [3, 6] and Al-Si [14] alloys are
two typical examples for each kind of temperature
dependence. In Al-Mg alloys, the critical strain de-
creases to a minimum initially, and then increases with
increasing temperature [3]. The critical strain in Al-Si
alloys decreases monotonously to a minimum with
increasing temperature, and is maintained at min-
imum afterwards [14]. Regardless of the different be-
haviour at high temperature, both alloys have critical
strain decreasing with increasing temperature below
room temperature. In this low temperature regime,
critical strain g, can be expressed as a function of
strain rate, & temperature, 7, such that

& ocegexp(— Q/kT) 1)

where the exponent o correlates the critical strain to
vacancy concentration and dislocation density [3, 13,
15], Q and k are the apparent activation energies and
Boltzmann constant, respectively. Accordingly, tensile
tests are performed on the Al-Mg-Ni and Al-Si
alloys in the temperature range 223-273 K, in which
the critical strain decreases with increasing
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temperature. The effect of particles on the critical
strain is emphasized.

Recently, Chen etal. [16-18] have proposed
a modified model adopting the concept of average
dislocation velocity from McCormick [19] and local
vacancy enrichment near the dislocation core [16-18]
to rationalize the o in Equation 1. In the present
study, a model is put forward by considering the
relation between dislocation density and particle spac-
ing, and is used to account the effect of particles.

2. Modified model
In this section, the model proposed by Chen et al.
[16-18], is introduced. Furthermore, the dislocation
density as a function of grain size is considered, so that
an expression of critical strain as a function of grain
size is obtained.

The Orowan equation states that

EoCpnbV 2

where &, p, b and V are the tensile strain rate, mobile
dislocation density, Burgers vector and average dislo-
cation velocity, respectively. With L as the average
pinning distance of a mobile dislocation McCormick
[19] has taken the average dislocation velocity, V, as

V=Lt 3)

where ¢, is the total ageing time, including the time of
motion and the static ageing time while the disloca-
tion is momentarily arrested. McCormick has as-
sumed that the onset of flow instability occurs when
1, is equal to that required for permanent dislocation
locking, and t, can be written in terms of diffusivity, D,
and temperature, 7, as

t,oc T/D 4
and D is expressed as
D ocC, exp( — Q/kT) o)

where C,, Q and k are the vacancy concentration,
activation energy and Boltzmann constant, respect-
ively. Combining Equations 2—5, one obtains

goc Pm Cv LT*I exp(—- Q/kT) (6)

According to Mukherjee et al. [20], the average dislo-
cation pinning distance, L, can be interpreted in terms
of py, as

L=p;i" Y

Chen et al. [16-18] have shown that the vacancy
concentration should be more properly expressed in
terms of mobile dislocation density using the concept
of local dislocation enrichment near the dislocation
core region of the mobile dislocation, such that

C, o« ply 8

Substituting Equations 7 and 8 into Equation 6, one
obtains

goc p " T  exp(— Q/kT) ©)

For single phase alloys, the dislocation density can be
correlated with strain according to [21, 22]

Pm o &P (10)
so that
gocef P UD T exp( — Q/kT) (11)

The less sensitive term 7~ is often dropped for em-
pirical fit, and the temperature dependence is approx-
imated by exp(— Q/kT) [13—18, 22]. Hence, the ex-
ponent o in Equation 1 is equal to B (y + 1/2). By
considering the grain size effect, Charnock [23, 24]
proposed that the dislocation density should be
a function of grain size, d,, as

Pm oC €0 d"s (12)
and then
& oc gl 1T gomg=r+ 1D =1 exp(— Q/kT) (13)

Chen et al. have shown that the grain size dependence
of the critical strain can be more properly expressed by
Equation 13.

In the present investigation, Equations 12 and 13
are modified, and are used to illustrate the effect of
particles on the critical strain of AlI-Mg—Ni and Al-Si
alloys within the low temperature regime in which the
critical strain decreases with temperature.

3. Experimental procedure

The Ni content in the AlI-Mg—Ni alloys was varied
from 0.5 to 6 wt % within the hypoeutectic composi-
tion. The Mg content was kept at about 2.7 wt %, as
a higher Mg content may lead to the precipitation of
Al; Mg,. Al-Si alloys having Si contents of 1, 4, 7 and
11 wt % were used. The composition was all chosen
within the hypoeutectic composition, because the hy-
pereutectic composition will give an uneven distribu-
tion of particles within the matrix. The alloys were
prepared from pure aluminium (99.7 wt %), master
alloys of A1-10 Mg, Al-10 Ni and Al-10 Si (in wt %).
The alloys were melted in an induction furnace and
billets with 72 mm diameter and 200 mm length were
cast. The chemical compositions of the Al-Mg-Ni
and Al-Si alloys, determined via emission spectro-
scopy, are given in Table I and II, respectively. After
being solution treated at 773 K for 24 h, the billets
were extruded as rods of 14 mm diameter. Then, ten-
sile specimens, with gauge sections 6 mm in diameter
and 35 mm in length, were machined.

Before the tensile test, tensile specimens of
Al-Mg-Ni and Al-Si alloys were annealed at 773 K
for 1.5h and 10 h, respectively. Tensile tests were
performed by an Instron type machine in the temper-
ature range 223-273 K. The temperatures were
achieved by a bath of ethanol and solid carbon diox-
ide. Strain rates were selected in the range 1073 to
1072 s, At least three tensile specimens were tested
for each condition.

The microstructures of the alloys were examined by
an optical microscope and the phases were confirmed
by X-ray diffraction. Polarized light was used to ob-
serve the grain size of AlI-Mg-Ni alloys. Particle spac-
ing were measured by an image analyser and each
datum is an average of 100 measurements.
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TABLE 1 Chemical composition of the Al-Mg-Ni alloys

Alloy Ni Mg Si Cu Zn Fe Mn Al
Al-Mg (wt %) 0.04 2.63 0.04 0.002 0.003 0.16 0.01 Balance
0.5 Ni (wt %) 0.46 2.59 0.06 0.003 0.005 0.14 0.01 Balance
1.0 0.86 2.67 0.04 0.002 0.004 0.15 0.01 Balance
20 1.76 2.73 0.04 0.002 0.005 0.13 0.01 Balance
30 2.83 2.67 0.04 0.002 0.006 0.13 0.01 Balance
40 3.81 2.89 0.04 0.002 0.005 0.14 0.01 Balance
5.0 . 5.05 295 0.04 0.003 0.008 0.14 0.02 Balance
6.0 6.29 295 0.04 0.002 0.008 0.13 0.02 Balance
TABLE II Chemical composition of the Al-Si alloys
Alloy (wt % Si) Si Mg Fe Cu Al
1 1.0 0.020 0.14 0.045 Balance
4 39 0.013 0.17 0.030 Balance
7 6.7 0.013 0.14 0.001 Balance
11 11.3 0.011 0.18 0.030 Balance
= - a x O Lo
s 7, . - @ S (]
. EW s Qs ‘Q’ o g Qo
| ot L an Y
. 2 o [-“55 E"v :
P \g i : 2 b
: .’ ‘:3 1 r e L & Yo
B & T 3 D »
T F -y A
x L & v
3 4 ™ * -
i @
L R
» ~ h" <
J ;:- - , o . s T
< & {’J. - ©
- _r 2 N ey b - 3 "
ry . e & T ]
~.Q P © .o "
< ] L ™ #3. -~ [ .
3 8y, o e
o A B t?(i. L K
& " - SN TR
- (ﬁl b c =
4 % . & e
(@) & Sy g 15pm

Figure 1 Microstructure of the 4 wt % Ni alloys showing: (a) the distribution of particles, and (b) grain size, after extrusion and solution

treatment.

4.Results and discussion

4.1. Microstructure

The microstructure of the Al-Mg—Ni and Al-Si alloys
is shown in Figs 1 and 2, respectively. The particles are
Al3Ni in Al-Mg-Ni alloys, while Si particles are ob-
tained in Al-Si alloys. The particle size is about
1-5 um. With the increase of alloy content, the volume
fraction of the particles increases, and the particle
spacing decreases strictly. Quantitative measurements
of particle spacing, d;,, volume fraction, V¢, and grain
size, d, are given in Tables Il and IV. The grain size is
about 35~50 pm, except for the alloy with 5 wt %Ni,
having size about 13 pm. On the other hand, particle
spacing decreases strictly from 36 to 12 pm with Ni
content. In Al-Si alloys, particle spacing varies from
190 to 45 um, which is less than the corresponding
grain size. According to the observation of microstruc-
ture, particle spacing should have a dominant effect
compared to the grain size.
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Figure 2 Microstructure of the 7 wt % Si alloy after extrusion and
solution treatment.



TABLE III Quantitative measurement of the Al-Mg-Ni alloy

microstructure

Alloy (wt % Ni) Ve (%) d, (pm) d, (um)
0.5 0.84 50 36.00
1.0 1.88 45 32.36
20 2.06 36 25.34
3.0 374 35 18.87
4.0 422 35 16.18
5.0 4.88 13 12.12
6.0 7.35 36 12.95

TABLE IV Quantitative measurement of the Al-Si alloy micro-

structure
Alloy (wt % Si) Vi (%) dg (um) d, (um)
1 1.0 240 190
4 43 200 75
7 9.6 170 63
11 14.6 120 45
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Figure 3 The amplitude of the serration on the flow curves of
Al-Mg-Ni alloys at 248 K and 5.7x107*s~! as a function of
strain: (A) Al-Mg, (A) 0.5 wt % Ni, ((0) 1 wt % Ni, (M) 4 wt % Ni.

4.2. General features

Within the strain rates 1073 to 10~ 2 s~ %, both alloys
exhibit A type serration and critical strain decreases
with increasing temperature in the temperature range
223-273 K. The critical strain for the onset of serra-
tion decreases with the alloy content. Also, serration
on the flow curves becomes more significant for higher
alloy content. Fig. 3 indicates the amplitude of the
serration as a function of strain for different Ni con-
tents. Both of the results indicate that flow instability
1s enhanced by the particles.

In addition to flow instability, the tensile properties
are also affected. The flow stresses increase while the
elongation decreases with alloy content. Fig. 4 gives
the plot of flow stress, o, at 0.2 and 1 % strain versus
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Figure 4 The flow stresses of Al-Mg—Ni alloys at (M) 0.2 and ({7)
1% strain as a function of particle spacing at 248 K and
57x1074s™ 1

dy '%. The flow stress at 0.2 and 1 % strain can be
expressed by an equation similar to the Hall-Petch
equation, as

o =0, + Kd,'? (14)

where o, is the friction stress and K is the propor-
tional constant. Also, the difference between the 0.2 %
flow stress and the 1 % flow stress increases with the
value of dj '/% indicating that the work-hardening
rate is increased. These results show that particles can
increase the strength and the work-hardening rate of
aluminium alloys.

As the particles are coarse and rigid, they are im-
penetrable to dislocation and dislocation pile up
around the particles is possible. Ashby [8, 9] has also
introduced the concept of geometrically necessary dis-
locations in material containing hard particles.
Karlsson et al. [25-26] showed that the second phase
particles will severely reduce the slip distance, increas-
ing the dislocation density. Then, dislocation multipli-
cation' is enhanced by rigid particles among the
matrix. As a result, the alloys are strengthened by the
particles.

4.3. Apparent. activation energies’

According to the general expression, Equation 1 or 9,
the apparent activation energies, Q, for each alloy can
be obtained by measuring the slopes of the plots of In
g. versus 1/7 and In g, versus In £ The less sensitive
term 7! in Equation 9 is dropped. These plots for
Al-Mg-Ni and Al-Si alloys are shown in Figs 5-8,
respectively. The apparent activation energies and the
exponents B(y + 1/2) for each alloy are listed in
Tables V and VI. The activation energies are about
0.55eV in Al-Mg-Ni alloys and about 0.35¢V in
Al-Si alloys. The activation energies are quite close to
that of the AlI-Mg binary alloy [3, 13], implying that
Mg is responsible for serration in the Al-Mg-Ni
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Figure 5 The critical strain of Al-Mg-Ni alloys as a function of
temperature at 5.7 x 10™% s~ % (10) 0.5, (A) 2,(Q) 5 wt % Ni, respec-
tively.
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Figure 6 The critical strain of Al-Mg—Ni alloys as a function of
strain rate at 248 K: (O) 0.5, (2) 2, (O) 5 wt % Ni, respectively.

system. This result agrees with the fact that the A1-Ni
binary alloys do not exhibit flow instability [27]. On
the other hand, Si solute in the matrix is responsible
for serration in Al-Si alloys [14].

4.4. Effects of particles on the critical strain

Both the critical strain and the amplitude of the serra-
tion are dependent on the dislocation density in the
matrix [21, 22]. Charnock [23, 24] has accounted for
the grain size effect in the PL effect by considering that
the dislocation density is inversely proportional to
grain size in Equation 12. Chen et al. [17, 18] have
proved that the grain size dependence of the critical
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Figure 7 The critical strain of Al-Si alloys as a function of temper-
ature at 5.7 x 107*s7!: (M) 1, (A) 4, (A) 7, (00) 11 wt % Si, respec-
tively.
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Figure 8 The critical strain of Al-Si alloys as a function of strain
rate at 248 K: (M) 1, (A) 4, (A) 7, (3J) 11 wt % S, respectively.

TABLE V The exponent B(y + 1/2) and the apparent activation
energies of the Al-Mg-Ni alloys

Alloy (wt % Ni) B(y + 1/2) Q(eV)
0.5 2.18 0.57
1.0 221 0.59
20 2.24 0.55
30 2.10 0.54
40 1.92 0.53
50 1.99 0.56
6.0 1.83 0.56

strain can be more properly explained by Equation 13.
The dislocation density is increased by decreasing the
grain size, d,, in Equation 12. As mentioned above, the
multiplication of dislocation is enhanced by the par-



TABLE VI The exponent B(y + 1/2) and the apparent activation
energies of the Al--Si alloys

Alloy (wt % Si) By + 1/2) Q€V)
1 2.21 0.37
4 2.19 0.35
7 2.20 0.36
11 2.13 0.35
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Figure 9 Critical strain as a function of particle spacing for the
Al-Mg-Ni alloys at 248 K, 5.7 x 10745~ 1.

ticles, so that particle spacing should be involved in
the expression of dislocation density in Equation 10.
Now, a model is put forward, using

Pmoc el dJ" (15)

assuming that the particle effect is dominant and the
effect of grain size can be neglected in the present
investigation. Listed in Tables III and IV, the vari-
ation of grain size is limited in the Al-Mg—Ni alloys,
and the particle spacing is less than the grain size. In
Al-Si alloys, the grain size is much greater than the
particle spacing. As a result, the assumption in Equa-
tion 15 is reasonable. Furthermore, Equation 15 is
substituted into Equation 6, so that Equation 16 is
obtained as follows

€oc gl 11D onr+UD T Lexp(—Q/kT) (16)

Consequently, the critical strain for the onset of serra-
tion should be a function of particle spacing, Equa-
tion 16 agrees with the experimental results, that criti-
cal strain decreases with decreasing particle spacing.
The plot of In &, versus In d,, at 248 K and strain rate

57x107*s™ %, and the plot of In & versus In d, at
248 K for a given critical strain of 3% for Al-Mg-Ni
alloys, are given in Figs 9 and 10, respectively. Similar
plots for the Al-Si alloys are given in Figs 11 and 12.
Linear fit of the experimental data indicates that
Equation 16 is satisfied. Hence, Equation 16 is
a proper rationalization of the particle effect.
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Figure 10 The relationship between strain rate and particle spacing
at 248 K for the Al-Mg-Ni alloys when the critical strain is 3%.
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Figure 11 Critical strain as a function of particle spacing for the
Al-Si alloys at 248 K, 5.7 x 107 %571,

The slopes of the plots of In ¢, versus In d,, and
In & versus In d,, will give the exponent n/B and
n(y + 1/2). The value of exponent n in Equation 15
can be obtained either from n/B or n(y + 1/2) after
knowing the values of B and y. From the slopes of the
plots of AI-Mg—-Ni and Al-Si alloys, the exponent n/B
is 042 and 0.36, respectively; while the value of
n(y 4+ 1/2) is 0.77 and 0.84, respectively. For most
single phase alloys, the value of B is in the range
1.0~1.2, and an average of 1.1 is usually taken [17].
Then, the value of n is about 0.45 and 0.4 for the
Al-Mg—Ni and Al-Si alloys, respectively, after multi-
plying n/B with 1.1. On the other hand, the value of
#n can be calculated from n(y + 1/2) after knowing the
value of (v + 1/2). From the plots of In &, versus 1/T in
Figs 5 and 7, the value of the exponent B(y + 1/2) can
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Figure 12 The relationship between strain rate and particle spacing
at 248 K for the Al1-Si alloys when the critical strain is 3%.

be obtained and is listed in Tables V and V1. As 1.1 is
taken for B, so the value of (y + 1/2) is known. In
Al-Mg—Ni alloys, the value of B(y + 1/2) varies from
1.9 to 2.2, so that the value of n is about 0.39-0.45. In
Al--Si alloys, the value is about 2.2, then a value of 0.42
is estimated for n. In the present rationalization, no
matter whether the value of » is obtained from n/B or
n(y + 1/2), the value of » is in the range 0.4-0.45 for
the Al-Mg—Ni and Al-Si alloys. For the rationaliza-
tion of grain size effect in section 2, the value of n, is in
the range 0.4-0.9 [17]. Hence, both the particles and
the grain size have similar effects on the critical strain,
assuming that the dislocation density is varied by the
particle spacing or the. grain size.

5. Conclusions

Al-Mg-Ni and Al-Si alloys contain Al;Ni and Si
particles, respectively, among the matrix. The PL
effect of these two alloys is studied in the temperature
range 223-273 K and strain rates from 107° to
10725~ % The experimental results can be sum-
marized as follows

1. For both alloys, the critical strain decreases and
the amplitude of the serration increases with the alloy
content. Hence, serration associated with the PL
effect is promoted by the particles.

2. Being independent of the composition, the ap-
parent activation energy is about 0.55¢V for the
Al-Mg-Ni alloys and about 0.35¢V for the Al-Si
alloys. These results show that the diffusion of Mg and
Si is responsible for the flow instability in Al-Mg-Ni
and Al-Si alloys, respectively.

3. As the grain size is nearly constant in the
Al-Mg-Ni alloys, and is large compared with particle
spacing in Al-Si alloys, the decrease in critical strain
can be ascribed to the effect of particles. Then, the
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model proposed by Chen et al. is put forward by
considering the dislocation density as a function of
particle spacing in Equation 15, so that the critical
strain can be expressed as a function of particle spac-
ing, as shown in Equation 16.

4. Linear fit of the values In & versus In d, and In
& versus In d,, indicates that Equation 16 is appropri-
ate to rationalize the particle effect. The exponent n,
showing the dependence of particle spacing on dislo-
cation density, is about 0.4-0.45 for both Al-Mg-Ni
and Al-Si alloys.
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