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THE SPECTRUM OF RATE CONTROLLING
DEFORMATION MECHANISMS OPERATING
IN CREEP IN AN Al-8.5Fe-1.3V-1.75i-155iC,
COMPOSITE AT TEMPERATURES
RANGING FROM 623 TO 948 K

JOSEF CADEK!™, KVETA KUCHAROVA!, SHIJIE ZHU?

Creep in an Al-8.5Fe-1.3V-1.7Si alloy reinforced with silicon carbide particulates — an
Al-8.5Fe-1.3V-1.7Si-15SiC,, composite — is investigated at temperatures ranging from 623
to 948 K. At temperatures 623, 673 and 723 K the creep is associated with a true threshold
stress decreasing with increasing temperature more strongly than the shear modulus of the
composite matrix. The true activation energy of creep is close to the activation enthalpy
of lattice diffusion in the composite matrix and the true stress exponent of minimum
creep strain rate is close to 5. The creep is interpreted in terms of athermal detachment
of dislocations from incoherent Aly2(Fe,V)3Si phase particles in the matrix.

At temperatures 773, 798 and 823 K the true threshold stress is not observed. The
true stress exponent of minimum creep strain rate increases with increasing stress and the
true activation energy of creep is higher than the activation enthalpy of lattice diffusion
in the matrix. The creep is interpreted in terms of thermally activated detachment of
dislocations from the incoherent Ali»(Fe,V)3Si phase particles.

At temperatures ranging from 873 to 948 K the true threshold stress reappears.
However, its origin is different from that at temperatures 623-723 K. The true activation
energy is close to the activation enthalpy of grain boundary diffusion and the true stress
exponent of minimum creep strain rate is close to 2.5. The creep at these temperatures is
interpreted in terms of superplastic flow.
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SPEKTRUM DEFORMACNICH MECHANISMU
RIDICICH RYCHLOST CREEPU KOMPOZITU
Al-8,5Fe-1,3V-1,75i-155iC, V INTERVALU TEPLOT 623-948 K

Creep slitiny Al-8,5Fe-1,3V-1,7Si vyztuZené partikulemi karbidu kiemiku — kompo-
zitu Al-8,5Fe-1,3V-1,7Si-15SiC,,, je studovdn pfi deseti teplotich v intervalu 623-948 K.
Pfi teplotach 623, 673 a 723 K se creep vyznacuje skute¢nym prahovym napétim klesa-
jicim se vzristajici teplotou rychleji nezli smykovy modul matrice kompozitu. Skute¢na

My

aktivadni energie creepu je blizka aktivacni entalpii m¥izkové difuze v matrici kompozitu
a skutedny napétovy exponent minimélni rychlosti creepu je blizky péti. Creep je inter-
pretovan atermickym odpoutdvanim dislokaci od nekoherentnich éastic faze Al (Fe,V)3Si
v matrici.

Pfi teplotach 773, 798 a 823 K neni skute¢né prahové napéti pozorovano. Skuteény
napétovy exponent minimalni rychlosti creepu vzrista se vzrustajicim napétim a sku-
tecnd aktivani energie creepu je vysSi nezli aktivacni entalpie miizkové difuze v matrici
kompozitu. Creep je interpretovan jako proces fizeny tepelné aktivovanym odpoutavanim
dislokaci od nekoherentnich ¢astic faze Alyo(Fe,V)3Si.

Pfi teplotach v rozmezi 873-948 K je znovu zaznamendno skute¢né prahové napéti.
Jeho ptvod je vSak odlisny od ptivodu prahového napéti pozorovaného pii teplotach 623—
~723 K. Skute¢nd aktivacni energie creepu je blizkd aktivacni entalpii difuze po hranicich
zrn a skuteény napétovy exponent minimélni rychlosti creepu je blizky 2,5. Creep pfi
téchto teplotach je interpretovan superplasticitou.

1. Introduction

An Al-8.5Fe-1.3V-1.7Si (the 8009Al type, numbers indicate wt. %) alloy pro-
cessed by rapid solidification and powder metallurgy route exhibits remarkable
creep resistance up to temperatures around 700 K [1-6]. This creep resistance is
due to high volume fraction (f = 0.27) of fine incoherent particles of the inter-
metallic Alyo(Fe,V)3Si phase and low coarsening rate of these particles at high
temperatures. For the Al-8.5Fe-1.3V-1.7Si alloy the true threshold stress is charac-
teristic [6].

It is well known that the Young’s modulus of an aluminium alloy can be
increased significantly by discontinuous reinforcement with hard unshearable ce-
ramic particulates, short fibres or whiskers even at temperatures as high as 700 K
[7]. This fact motivated Peng et al. [8] and Zhu et al. [9] to reinforce the above alloy
with silicon carbide and/or silicon nitride whiskers. Beside increasing the Young’s
modulus, the discontinuous reinforcement can be expected to introduce the load
transfer effect (e.g. refs. [10-12]) that enhances the creep strength, although rela-
tively slightly. As to the Al-8.5Fe-1.3V-1.7Si-15S5iC,, composite investigated in the
works of the present authors, a far more important effect on the creep strength fol-
lows from the fact that as a result of composite processing by powder metallurgy



KOVOVE MATERIALY, 39, 2001, &. 4 223

(see Section 2), fine alumina particles appear in the composite matrix [13].

It should be reminded that, generally, the creep strength of the composite
is controlled by creep strength of the composite matrix [13-16], though also the
already mentioned load transfer can play a role. Peng et al. [3] have shown that
the true threshold stress in creep of an Al-8.5Fe-1.3V-1.7Si alloy reinforced with
silicon carbide whiskers (the volume fraction fy, ~ 0.15) is significantly higher than
the true threshold stress in the unreinforced alloy. This can be explained by the
above effect of fine alumina particles present in the composite matrix but not in
the matrix alloy.

In one of the previous papers [6], the creep behaviour of an Al-8.5Fe-1.3V-1.7Si
alloy (processed by rapid solidification and powder metallurgy) was investigated at
three temperatures ranging from 623 to 723 K. The measured minimum creep
strain rates covered seven orders of magnitude, the lowest of them were well below
10~ s—!. The creep behaviour was found to be associated with a true threshold
stress. The threshold stress was interpreted in terms of the athermal detachment
of dislocations from fine incoherent Al;5(Fe,V)3Si phase particles. To account for
the temperature dependence of the threshold stress much stronger than that of
the shear modulus, the relaxation factor kg, characterising the strength of the
attractive dislocation/particle interaction [17, 18] was assumed to increase with
increasing temperature.

Later, the creep behaviour of this alloy, reinforced with 15 vol. % SiC par-
ticulates — the Al-8.5Fe-1.3V-1.7Si-15SiC,, composite — was investigated in three
temperature regions, namely ranging from 623 to 723 K, from 773 to 823 K and
from 873 to 948 K. In the present paper the results of this investigation are reported
and analysed.

2. Material and experimental procedures

The fabrication of the Al-8.5Fe-1.3V-1.7Si (Al-8009 type) alloy reinforced with
silicon carbide particulates — an Al-8.5Fe-1.3V-1.7Si-155iC,, composite — was de-
scribed elsewhere [19]. Briefly, the Al-8.5Fe-1.3V-1.7Si alloy processed by rapid
solidification and powder metallurgy [19] was milled and the powder was mixed
with nominally 15 vol. % powder of silicon carbide particulates; the nominal mean
diameter of silicon carbide particulates was 4.5 um. The mixed powders were hot
consolidated and hot extruded to a rod 12 mm in diameter. From the above treat-
ment the mean grain size less than 1 pm resulted.

The structure of as extruded composite was found sufficiently homogeneous.
The composite matrix contained the Aljs(Fe,V)3Si phase particles (f = 0.27).
Also, the matrix of the composite contained a small volume fraction of fine alumina
particles appearing during fabrication of the composite by powder metallurgy route.
Detailed studies of the structure of similar composites in the prior-to-creep as well
as in the post-creep conditions were performed and published by Peng et al. [8].
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From the composite rod, specimens for creep tests 4 mm in diameter and 25
mm in gauge length were machined. The constant tensile creep tests were per-
formed in purified argon at three temperature regions, namely 623-723 K, 773-823
K and 873-948 K. The testing temperatures were controlled to within 1 K. The
creep elongation was measured by means of linear variable differential transformers
coupled with a digital data acquisition system.

Since the testing at the temperatures 873 to 948 K were aimed at superplastic
flow under creep-testing conditions, the applied stresses for the creep tests at any
given temperature were chosen so as to the minimum creep strain rates cover three
orders of magnitude and the lowest minimum creep strain rate be close to 107°
sL.

All the creep tests were run into tertiary stage and interrupted. No steady
state was observed, only minimum creep strain rates ¢, could be defined (cf. ref.

[19]).
3. Results and analysis

The minimum creep strain rates éy,

10 % e T ] measured at ten temperatures ranging
| Al8.5Fe-1.3v-1.7Si-15SiC, frorn' 623 to 948 K are plotted a.gamét
10 % 7] applied stresses o in double-logarithmic
co-ordinates in Fig. 1. It can be seen
107 A | that the relations between é,, and o are
-~ distinctly separated into three groups.
At temperatures 623-723 K the appar-
104 ent stress exponent of minimum creep
£ strain rate me = (0lnéy/dlno)y (T
“‘n; 10°% is the temperature) increases with de-
& creasing stress which clearly indicates
10°° - Z g%g E the true threshold creep behaviour. The
_7L A 723K measured minimum creep strain rates

K 2 ;gg E cover seven orders of magnitude.
108 E g%g E On the contrary, at temperatures
< 898 K 773-823 K the apparent stress expo-
1008~ ¥ 923K nent m. decreases with decreasing ap-
P oasK plied stress. Evidently, the true thresh-
1070 o S o old stress is absent at these temper-

o [MPa] atures. The measured minimum creep
) . o strain rates cover six orders of magni-
Fig. 1. Relations between minimum creep

T pates g sonliod « . tude.
strain rates ém and applied stresses for tem- ) ) )
perature intervals 623-723 K, 773-823 K Finally, the &, vs. o relations for
and 873 to 948 K. temperatures 873-948 K again indicate
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the true threshold creep behaviour. In fact, the apparent stress exponent increases
with decreasing stress. As it will be shown later, in the temperature interval 873-
948 K the superplastic flow takes place. This is why the minimum creep strain rates
were only measured for applied stresses, at which they are not lower than 107 s~1,
In the following, the én,(7T,0) creep data shown in Fig. 1 will be analysed
separately for temperature intervals 623-723 K, 773-823 K and 873-948 K.

3.1 Temperature interval 623-723 K

Relations between the apparent stress exponent m. and applied stress o for the
temperatures under consideration are shown in Fig. 2. The values of m, obtained as
the derivatives of the é,,(7, o) relations
are indicated by symbols and the appar- ' ' ’
ent stress exponent is denoted as mg*P, F-DeBRe-1. LISl SRIG,
while m&3l¢ (full curves) were obtained 28D nes n
applying the creep equation which will
be given later. § 150+

Values of the true threshold stress
oty were determined using the linear
extrapolation technique, accepting the
value of the true stress exponent n
equal to 5 [19]. In Fig. 3 the values of
s'lln/ % are plotted against applied stress
in double linear co-ordinates. It must 0
be emphasized that for n = 5 only the
relations between &y " and o are linear.  pig. 2. Temperature interval 623723 K.
The values of ory; obtained extrapolat- Relations between apparent stress expo-
ing éx/® vs. o relations to &y, = 0 [19] nent mc and applied stress o.
are shown in the figure together with
the values of correlation coefficient R.. Evidently, the threshold stress depends
strongly on temperature. The relation between the threshold stress oy and tem-
perature is shown in Fig. 4 together with the relation between oy /G ratio and
temperature; G is the shear modulus of aluminium [20]. The threshold stress de-
creases with increasing temperature more strongly than the shear modulus G.

Considering the above results as well as some other reported results [21, 22],
it is justified to plot €y,b?/ Dy, vs. (0 —orn)/G assuming the minimum creep strain
rate to be matrix lattice diffusion controlled and accepting the true stress exponent
n = 5; Dy, is the coefficient of lattice self-diffusion in aluminium [23] and b is the
length of the Burgers vector in aluminium. Such a plot is shown in Fig. 5. The
plotted data points fit a single straight line. This justifies the assumption of the

lattice diffusion in the matrix as the minimum creep strain rate controlling process,

250 T

50 —
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Fig. 3. Temperature interval 623-723 K. Fig. 4. Temperature interval 623-723 K.

Values of é/° plotted against applied Relation between true threshold stress orn
stress in double linear coordinates. and orn/G ratio and temperature.

as well as the assumption of n close to 5. Thus, the minimum creep strain rate as
a function of temperature and applied stress can be expressed as (see e.g. refs. [21,
22))

€'me_ 0 — 0OTH n o
Dy —A< e ) . m= B, (1)

where A is a dimensionless constant. Combining the creep equation (1) with
the definition equation of the apparent activation energy of creep, Q. =
[Olnéy/O(—1/RT)], (R is the gas constant) on one side and with the definition
equation of the apparent stress exponent m. = (0lné/dIno)r on the other one,
the following expressions for the apparent activation energy ). and the apparent
stress exponent m. are obtained

TLRT2 G dO’TH n—1dG
= Al a&
Qo =AHL - =5 <a—aTH+ aT t dT> @)
and
no
Me = —— 3
0 —O0TH ( )

In Eq. (2) AHy, is the activation enthalpy of lattice self-diffusion in aluminium
(AHy, = 142 kJ-mol—! [23]). From Egs. (2) and (3) it follows that both m. and Q.
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Normalized creep strain rates émb®/Dr,
plotted against normalized effective stres-

Fig. 6. Temperature interval 623-723 K.
Relations between the apparent activation
energy Q. = Q¢ and applied stress o

(full curves). The values of Q. = Q™ for

o = 160 MPa determined from tempera-

ture dependence of &, are shown for com-
parison.

ses (0’ = UTH)/G.

should depend on both the applied stress and temperature, since ot /G depends
on temperature.

The apparent stress exponent m. will be considered first. The relations between
m. = m&¢ and applied stress calculated by means of Eq. (3) are shown in Fig. 2
(full curves). It can be seen that m&!¢ are in excellent agreement with the values
of m&*P obtained as the derivatives of experimental (T, o) relations (symbols),
Fig. 1. This strongly supports the validity of the creep equation (1).

The relations between the apparent activation energy Q. = Q¢ calculated
by means of Eq. (2) and applied stress are shown in Fig. 6. Because of very strong
temperature and applied stress dependence of the minimum creep strain rates,
the Q. = Q&P can be estimated in a conventional way from the temperature
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dependence of £, (T,0) creep data for one applied stress only, namely for o =
= 160 MPa. However, it should be emphasized that the calculated values of Q. =
= Q%I¢ were shown [21] to be in very good agreement with the values of Q. =
= Q%P determined from the temperature dependence of €, (o). For the composite
investigated in the present work the values of Q&*P at ¢ = 160 MPa are plotted in
Fig. 6. The agreement of Q!¢ with Q¢*P is quite good, which again supports the
correctness of the creep equation (1).

Note that the apparent stress exponent m,. reaches very high values at ap-
plied stresses only slightly higher than the threshold stress at each temperature
(Fig. 2). At the highest applied stresses this exponent is still higher than the true
stress exponent n = 5. The apparent stress exponent decreases with increasing
temperature.

Similarly, also the apparent activation energy (). reaches extremely high value
at applied stresses slightly higher than the threshold stresses (Fig. 6). At each ap-
plied stress, the apparent activation energy decreases with increasing temperature.
At the highest applied stresses considered, the apparent activation energy Q. is
still higher than the activation enthalpy of the lattice diffusion in the composite
matrix.

It was shown [19] that the load transfer effect does not play any significant role
in creep strengthening of the composite investigated. The load transfer contribution
to the creep behaviour of the investigated composite will be discussed in some detail
in Section 4.

The true threshold creep behaviour of the composite at temperatures 623-723
K is associated with the presence of fine incoherent Alyj2(Fe,V)3Si phase particles
as well as the presence of a small volume fraction of alumina particles (appearing
during PM processing) in the composite matrix. Both these types of particles are
incoherent with the matrix. Hence, they are expected to attract the mobile dis-
locations under creep conditions [17, 18]. Then, the controlling step of climb of a
dislocation past a particle is represented by detachment of the dislocation from
departure side of the particle after the climb process over it had been finished. The
stress needed to detach a dislocation from an interacting particle — the detachment

stress o4 expressed as [17]
Ud'—‘UOByll—k%{ (4)

is then identified with the true threshold stress [18]. In Eq. (4), oo is the Orowan
bowing stress and kg is the relaxation factor characterising the strength of the
attractive dislocation/particle interaction. The Orowan bowing stress can be ex-
pressed by a simple formula [24]

0.84 MGb
e S (5)
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in which M is the Taylor factor, A is the mean interparticle spacing and d is the
mean particle diameter. The Orowan bowing stress is thus proportional to the shear
modulus G and, consequently, the oop /G ratio does not depend on temperature.
The experimentally determined true threshold stress o1y depends on temperature
more strongly than the shear modulus G of the matrix. Therefore, oy cannot be
identified with the detachment stress o4 unless a temperature dependence of the
relaxation factor kg is admitted. At the present time, the relaxation factor can-
not be calculated from the first principles. Arzt and Wilkinson [17] modelled the
attractive dislocation/particle interaction in a simple way in terms of dislocation
line energies I' and I in the matrix and in the particle/matrix interface, respec-
tively. Accepting the model of these authors and taking into account possible role
of impurities (decreasing the energy I'') and forming atmospheres at the departure
sides of interacting particles [13], it has been shown [25, 26] that a temperature
dependence of the relaxation factor can be realistically expected.

An idea on possible values of kg and, especially, on its temperature depen-
dence, can be obtained analysing proper &,,(T, o) creep data. To get such an idea
for the composite investigated in the present work, Eq. (4) is written in the form

(cf. ref. [17, 18])
%Zcox/l— it (6)

where Cy = oo /G is a temperature independent constant equal to 0.84 Mb/(A—d),
since oop o« G. Thus, the constant Cy can be calculated from structure data
such as A and d. However, because of uncertainty of A\ and d, it is preferred to
assume a value of kr for one temperature, namely 673 K, equal to 0.85 (see
refs. [13, 14]) and setting 04/G = orn/G = 6.15 x 1073 for this temperature,
the constant Co = oru/G+/1 — k3 is obtained equal to 1.17 x 1072, Accepting
this value of Cy, values of kr equal to 0.75 and 0.91 are obtained for 623 and
723 K, respectively. These values of kg

seem reasonable. It should be pointed T r T

out that the factor kr apparently ap- 10 keM=094 -
proaches a constant “critical” value of ™
0.94 with the temperature approaching
800 K, Fig. 7. This “critical” value of 05 -
kg followed from the analyses of Arzt
and Wilkinson [17] and Arzt and Rosler
[18]. *%o0 selso 7(!m 7;0 a(;o 850

The above assumption on temper- TIK
ature dependence of the relaxation fac-

kg

Al-8.5Fe-1.3V-1.7Si-158iC,

3 Fig. 7. Temperature interval 623-723 K.
tor kr seems to be, at the present time Temperature dependence of the relaxation
at least, the only, although still a some- factor kg.
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what speculative, explanation of the temperature dependence of the normalized
true threshold stress oy /G as obtained analysing the experimental ¢, (T, o) creep
data for discontinuous dispersion strengthened aluminium matrix composites.

32 Temperature interval 773-823 K

At temperatures ranging from 773 to 823 K the true threshold stress is not
observed. In fact, the apparent stress exponent of the minimum creep strain rate
decreases with decreasing applied stress in this temperature interval (Fig. 1). The
absence of the true threshold stress at temperature interval 773-823 K can be
interpreted in terms of a transition from athermal to thermally activated detach-
ment of dislocations from incoherent particles in the composite matrix [27-29]. The
thermally activated detachment of dislocations from interacting particles was con-
sidered by Rosler and Arzt [30] when developing the creep equation of dispersion
strengthened alloys. This equation can be written as

(7)

Emb? GHdp[(1 — kr)(1 — 0/0q)]*/?
DL —CeXp (— 2kT ) )

where
C =6M\pb (8)

is the structure factor. In Eq. (7) dp is the particle diameter, in Eq. (8) p is the
density of mobile dislocations. According to Eq. (7) the true activation energy
(activation enthalpy) of creep is higher than the activation enthalpy of lattice
diffusion in the composite matrix. The true activation energy of creep AH. > AHj,
is indicated in Fig. 8. In fact, the €,,b? /Dy, plotted against o /G for the temperatures
under consideration do not fit a single curve.

The values of o4 and kg can be calculated for various applied stresses and
temperatures using the procedure proposed by Rosler and Arzt [30]. In the fol-
lowing, a slightly different procedure to correlate the €y, (7, o) creep data with the
Rosler—Arzt model creep equation is used. The modification of the fitting procedure
is based on the assumption (see Section 3.1) following from the hypothesis that to
identify the detachment stress o4 in Eq. (6) with the threshold stress obtained
analysing the experimental £, (T, o) creep data, the increase of the relaxation fac-
tor kg with temperature must be admitted. The “critical” value of kg is close to
0.94 above 750 K (Fig. 7). Accepting this fixed value of kg, the equation for oq4

can be written as [29]
&) () = ®
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where K(T) = 4kTm./3Gb*d,.

calculated for the temperatures under consideration accepting kr =

are listed in Table 1 for an applied
stress ¢ = 50 MPa. Using these re-
sults, the experimental é,,(T,0) creep
data in €,b? /Dy, vs. 0/G co-ordinates
are compared with the creep equa-
tion (7) in Fig. 8. The agreement of the
ém (T, o) creep data with the prediction
of Rosler—Arzt model — the creep equa-
tion (7) — is very good. However, the
value of the structure factor C' follow-
ing from the fitting procedure should
be close to that calculated from the
structure data (Eq. (8)), before the cor-
relation could be considered fully sat-
isfactory. But the difference between
the values of C following from the fit-
ting procedure differ from that calcu-
lated from the structure data signif-
icantly. This difference was discussed
extensively in several papers of the
present authors [27, 29, 31] with the
conclusion that it has to be considered
a deficiency of the Rosler-Arzt model
[30] in its present formulation (see also
ref. [32]).

Recently, Ma and Tjong [33] pub-
lished results of an extensive investiga-
tion of creep in an Al-8.5Fe-1.3V-1.7Si-

The values of the detachment stress og

0.94

10° T T T T T T T
Al-8.5Fe-1.3V-1.7Si-15SiC,
10 -
— model i
10‘10 kR =094 * —
O_:
g =
€
O 773K
® 798K —
0 823K
1 A N

10°
o/ G

Fig. 8. Temperature interval 773-823 K.

The relations between émb®>/Dy and o/G

predicted by the Rosler—Arzt model [30]

compared with £,0?/D1, vs. /G relation

obtained from the experimental ém(T,0)
creep data.

-15SiC, composite at temperatures 723-823 K. They found that not only at 723 K
(as in the present work) but also at 748 K and, especially at 773 and 823 K, the

Table 1. Values of the detachment stress gq calculated by means of Eq. (9) for various
temperatures and an applied stress o = 50 MPa accepting the relaxation factor kg = 0.94.
Values of the structure factor C obtained comparing the én(T,0) creep data with the

prediction of the Rosler-Arzt model [30]

T=773 K T =798 K T =2823K
o4 [MPa] g o4 [MPa] C caq [MPa] @
102.6 1.17 x 1077 169.2 5.93 x 107! 166.3 2.57 x 10°
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apparent stress exponent m, increases with decreasing applied stress, thus indicat-
ing the true threshold stress. This is in contradiction with the present results for
temperatures 773-823 K, which is difficult to account for in the present report.

It is worth mentioning that the results very similar to those for Al-8.5Fe-
-1.3V-1.75i-158iC,, composite Ma and Tjong [33] reported also for unreinforced
Al-8.5Fe-1.3V-1.7Si alloy (see later Fig. 14).

3.3 Temperature interval 873-948 K

The minimum creep strain rates measured at temperatures 873, 898, 923 and
948 K are plotted against applied stresses in Fig. 1. It can be seen that the apparent
stress exponent m, increases with decreasing applied stress at each temperature,
which again indicates a true threshold creep behaviour.
In Figs. 9a,b values of 5'11“/ " are plotted against applied stress for n = 2 and
n = 2.5, respectively. Only these values of the true stress exponent n provide the
linear relations between é,ln/ " and o in double linear co-ordinates. Inspecting the
values of the correlation coefficient R, given in Fig. 9, in which also the values of
the true threshold stress oy are presented, one should prefer n = 2.5 ton = 2.
Beside, for n = 2 the true threshold stress is higher than the lowest applied stress.
This implies a negative effective stress 0, = 0 — o, which is absurd. (In the

present paper, the true threshold stress is generally denoted oty regardless of its

025 T T T T T 03 ] T T ] T
r Al-8.5Fe-1.3V-1.7Si-15SiC, | Al-8.5Fe-1.3V-1.7Si-15SiC,,
0.20 S = 4
— ’ 7 ﬁ.'“ 0.2
= 015 — =
) B,
8 i o © by
Te 010+ 3 g ©
& i F 04
0.05 —
0.00 0.0 | | |
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Fig. 9. Temperature interval 873-948 K. Values of exl™ plotted against applied stress o
g & Pr

for n =2 (a) and n = 2.5 (b).
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origin, which is certainly different in the interval 623-723 K and the interval 873
-948 K).

The values of oy obtained accepting n = 2.5 are plotted against temperature
in Fig. 10, in which also the o1y /G ratios are plotted against temperature. It can
be seen that both oty and o1 /G decrease with increasing temperature.

-10
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25 ‘ T I 101 n=25 |
Al-8.5Fe-1.3V-1.78i-15SiC,
~ 20— - —
(C) n=25 o 10721
e a
b)_ [s ~
v;’ 15 — IH == “a
- le 10
E 10— GTH/ G _
2
o sl B 1074~
0 | | | l 10-15 fie i it BN
850 875 900 925 950 975 10°5 1074 10°3
TIK] (0-0 )G

Fig. 10. Temperature interval 873-948 K.
Values of the true threshold stress orTn
plotted against temperature. The relation
between ory/G and T are also shown in

Fig. 11. Temperature interval 873-948 K.

Normalized minimum creep strain rates

émb?/Dg plotted against normalized effec-
tive stresses (o — o1n)/G.

the figure.

In Fig. 11, the normalized minimum creep strain rates éy,b?/Dg are plotted
against normalized effective stress (0 — ory)/G; Dp = 1.7 x 107° exp [~72.4/RT)
(m2-s7!) is the coefficient of grain boundary diffusion in aluminium [34, 35]. All
the data points can be fitted by a single straight line in these co-ordinates, the slope
of the line is approximately equal to the true stress exponent n, i.e. to 2.5. This
result strongly suggests that under the external conditions given, the normalized
minimum creep strain rate of the composite investigated is controlled by grain
boundary diffusion and the true stress exponent of this strain rate is close to, but
not higher, than 2.5. Thus the £,,b°/Dp vs. (0 — o) /G relation strongly suggests
the superplastic flow and, thus, it can be described by the equation (e. g. refs.
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Emb? b\’ (o — o \"

= Ay | = .
= —as () (=) (10)
where d is the mean grain diameter, p is the exponent of the inverse mean grain
diameter and Ag is the dimensionless constant. Usually, p is equal to 2 [38, 39] and
also n is usually found close to 2 [38, 39], although Kim et al. [37] found n = 2.5 for

Al-2124A1-20SiC,, composite. The apparent activation energy Q). is in the following
relation to the activation enthalpy of grain boundary diffusion AHg(cf. Eq. (2)):

[36-39])

Qc :AHB -

nRT? G doryg n-1dG 11

G (U—O’TH dT n ﬁ) (11)
The apparent stress exponent m, is in the relation to the true stress exponent n
expressed by Eq. (3).

Equation (11) makes it possible to calculate the apparent activation energy Q.
as a function of applied stress at each temperature, since n and ory = o1y (T) are
known from experiment. The calculated relations between Q. and ¢ are shown in
Fig. 12a. It can be seen that the apparent activation energy Q. decreases strongly
with increasing applied stress at each testing temperature and with increasing
temperature at any applied stress. At applied stresses only slightly higher than the
respective threshold stress, the calculated values of (). are extremely high. The
values of (). corresponding to low applied stresses are not included in Fig. 12a,
because of a practical reason; in fact, e.g. at the temperature 898 K and 13 MPa,
the calculated value of Q. amounts to 7500 kJ-mol~!, and thus it is two orders of
magnitude higher than the activation enthalpy of grain boundary diffusion. Note
(Fig. 12a) that even at the highest applied stresses the values of ). are much higher
than the activation enthalpy of grain boundary diffusion AHg = 72.4 kJ-mol !
[34, 35].

Quite a natural requirement is to compare calculated values of (). with those
obtained from the experimental ¢, (T, o) data by the conventional method, i.e. from
the Iné,, vs. 1/T relations for various applied stresses. However, such a comparison
can be performed in a very limited extent because of the very strong temperature
and applied stress dependence of the minimum creep strain rate (Fig. 1). In fact,
the €, (T, 0) data in this figure make it possible to obtain only one lnéy, vs. 1/T
relation, namely for ¢ = 17 MPa. Values of Q. for 873, 898 and 923 K obtained
from this relation are plotted in Fig. 12a. The Q.(T") data points, plotted in this
figure, fit the respective curves calculated by means of Eq. (11) satisfactorily.

The extremely high and strongly applied stress and temperature dependent
values of the apparent activation energy ). are associated with the true threshold
stress oy decreasing with increasing temperature (Fig. 10). In fact, if the threshold



KOVOVE MATERIALY, 39, 2001, &. 4 235

3000 1 I 40 T I T ] T
Al-8.5Fe-1.3V-1.7Si-15SiC, L Al-8|-5Fe-1~3V-1-7Si-153icp
13150 | — mS¢ m 873K
== G A 30 - vV 898K |
exp v 923K
— 2000 — Q. — v
T =873 K L D> 948K
2 V898 K s
3 v923 K g 20— —
5 £ 181313 - J
O 1000 - A A\R\R \R .
10 |- -
| aHg=72.4 kimol 1 ¥ (a) Ln=2s L (?)_‘(
ot——-~-~-r------"r- -~~~ °-- 0 ! | R | -
0 10 20 30 0 10 20 30
o [MPa] o [MPa]

Fig. 12. Temperature interval 873-948 K. (a) Calculated relations between apparent acti-

vation energy Q. = Q' and applied stress o (full curves). Values of Q. = Q&P obtained
g

from the experimental Iné,, vs. 1/T relation for 17 MPa are shown for comparison. (b)

Calculated relations between apparent stress exponent m. = m&'® and applied stress (full

curves). Values of m. = m&*® obtained from In £y, vs. Ino relations (Fig. 1) are shown for
comparison (data point symbols).

stress were temperature independent (dory/dT were zero), Eq. (11) would be
reduced to the well known equation (e.g. ref. [40])

RT? dG

QC:AHB—(TL—I)Td—T. (12)

Consequently, Q. would be stress independent and would increase with temperature
from 81.9 kJ-mol ! at 873 K to 84.5 kJ-mol~! at 948 K. Thus, the first term in the
brackets in Eq. (11) is evidently responsible not only for the strong temperature
but also for the strong applied stress dependence of Q..

Relations between the apparent stress exponent m. and applied stress for
the temperatures ranging from 873 to 948 K calculated by means of Eq. (3) are
shown by full curves in Fig. 12b. The calculated apparent stress exponent decreases
very strongly with increasing applied stress, and at any given applied stress it
decreases with increasing temperature. Again, the values of m. corresponding to
the lowest stresses under consideration are not presented in this figure, because
they are very high compared with the value of the true stress exponent n. In fact,
at the temperature 898 K and o = 13 MPa, m. is as high as 92.8. At the highest
applied stresses the values of m. are still significantly higher than 2.5, thus e.g. at
898 K and 20 MPa, m. = 6.8.
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From the experimental €, (71", o) relations, values of m.(o) can be obtained as
the derivatives of &, (o) relations with respect to o, Fig. 12b. From this figure it
can be seen that the data points obtained this way fit the m.(¢) curves calculated
by means of Eq. (3) excellently, which, of course, strongly supports the correctness
of Eq. (10).

The superplastic flow can be described by Eq. (10) with p = 2 and n = 2 [39]. In
the present investigation the true stress exponent n = 2.5 is preferred to n = 2 (cf.
Figs. 9a,b) similarly as in the work of Kim et al. [37]. Superplastic flow is considered
(cf. refs. [36, 38, 39]) to be due to grain boundary sliding accommodated with glide
of lattice dislocations in zones along grain boundaries. The grain boundary sliding
(GBS) is assumed to occur by motion of grain boundary dislocations in the grain
boundary planes [40]. The Burgers vector of a grain boundary dislocation generally
differs from that of the lattice dislocation and does not generally lie in the grain
boundary plane. Consequently, a grain boundary dislocation (which cannot leave
the boundary to enter the lattice) moves in the grain boundary by a combination
of conservative and non-conservative modes and, thus, its motion is generally grain
boundary diffusion controlled [40].

In the Al-8.5Fe-1.3V-1.7Si-15SiC,, composite, particulates or particles of at
least three phases are embedded in the matrix solid solution: (i) relatively coarse
silicon carbide particulates (SiCp); (ii) relatively fine Al;2(Fe,V)3Si phase particles
and (iii) fine alumina particles appearing in the PM processing of the composite.
Of course, some of these particulates and particles are located in grain bound-
aries and represent obstacles to motion of grain boundary dislocations and/or to
grain boundary sliding. Occasionally, some of the grain boundary dislocations can
be pushed through the gaps between the neighbouring obstacles, giving rise to a
relatively low threshold stress analogous to the Orowan bowing stress. The dislo-
cation loops left around the obstacles must disappear by climb/glide motion in the
obstacle/matrix interface. But most of the obstacles (particulates and particles)
must be bypassed by localized climb/glide motion, since no segment of a moving
grain boundary dislocation can enter the matrix lattice. This localized climb/glide
motion generates the true threshold stress.

However, although the above speculation on the origin of the true threshold
stress seems acceptable and worth of further analysis, it does not provide any idea
on the relatively strong temperature dependence of the true threshold stress respon-
sible for very high and strongly applied stress and temperature dependent apparent
activation energy Q. and the apparent stress exponent m, of the superplastic flow
process in the composite.
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4. Discussion
4.1 Introduction

At temperatures ranging from 623 to 948 K three strain rate controlling de-
formation mechanisms acting under creep conditions (i. e. at constant temperature
and constant applied stress) were identified. These strain rate controlling mecha-
nisms differ in the true activation energies as well as in the true stress exponents
of minimum creep strain rate.

As it is shown in Fig. 1, the strain rate behaviours at temperatures 623-
-723 K as well as at temperatures 873-948 K are associated with true threshold
stresses differing in their origins. In the intermediate interval, i.e. 773-823 K, the
true threshold stress is absent. The strain rate behaviour in the above temperature
intervals was analysed in detail in Section 3. However, in these analyses the load
transfer effect was left aside, although it was mentioned in Sections 1 and 3.1. In
the literature, the load transfer effect was considered in connection with the results
similar to those presented in Section 3.1 and 3.3, i.e. at external conditions, under
which the true threshold behaviour was shown to take place. But the load transfer
effect should be as well discussed in connection with the strain rate behaviour in
the temperature interval in which the true threshold stress is absent, which seems
to be a new phenomenon in the creep behaviour of discontinuous aluminium alloy
matrix composites processed by powder metallurgy route.

42 Load transfer

Generally, when a discontinuous composite is subjected to external load, this
load is partly transferred from the composite matrix to the unshearable reinforce-
ment. Consequently, the stress in the composite matrix is lowered, which results
in composite strength increase, since this strength is controlled by that of the
matrix. The possibility of such a strengthening in the short fibre composite was
first considered by Kelly and Street [41, 42]. Recent experiments have provided a
direct evidence of load transfer in a 6061Al alloy reinforced with silicon carbide
particulates [25]. See also ref. [14].

4.2.1 Load transfer in strain rate behaviour associated with the true threshold
stress

Park and Mohamed [25] used the concept of load transfer in an analysis of
the creep in a 6061Al alloy reinforced with SiC particulates, exhibiting the true
threshold behaviour. These authors introduced an effective stress defined as (1 —
—a)(o —oTn), where a is the load transfer coefficient; values of « range from zero,
in the absence of any load transfer, to one, when all the load is transferred. When
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the effective stress (o — oTm) in the creep equation (1) and Eq. (10), respectively,
is replaced by the effective stress defined above, these equations can be written as

émb2 :A, (l—a)(cr—aTH) "
D G ’

(13)

where D is the appropriate diffusion coefficient, A' is an appropriate dimensionless
constant and n is the appropriate true stress exponent. Combining this equation
with the definition equation of the apparent activation energy,

Qc =[0lnén/0(—1/RT)],, the apparent activation energy can be expressed as

Qc=AH (14)

_nRT2 G—UTHdO'TH n—lﬂ(_? _nRTZd_a
G G dT n dt 1-adl

In Eq. (14), AH is the activation enthalpy of the proper diffusion process. The
coefficient a decreases with increasing temperature but is independent of applied
stress.

In the present paper, only the ¢, (T,0) data for temperatures ranging from
873 to 948 K will be considered; at these temperatures, superplastic flow takes
place (see Section 3.3). Thus AH = AHg and n = 2.5 at these temperatures. An
analysis for the temperature interval 623 to 723 K would be qualitatively similar.

Park and Mohamed [25] proposed a procedure to estimate the load transfer
coefficient from experimental é,(T',0) creep data. The procedure will be neither
outlined here nor applied to calculate the load transfer coefficient as a function
of temperature. Instead, referring to Li and Langdon’s Table 4 in ref. [43], both
a and da/dT will be chosen arbitrarily but reasonably as 0.5 and —2.5 x 1073
K~1, respectively. Accepting these values of @ and (da/dT), the contributions
—[nRT?/(1 — a))(der/dT) (load transfer contributions — LTC) equal to 79.3, 83.9,
88.6 and 93.5 kJ-mol~! are obtained for the temperatures 873, 898, 923 and 948
K, respectively.

To estimate the effect of temperature dependence of the load transfer coeffi-
cient a on the values of the apparent activation energy ., the testing temperature
of 923 K and the applied stresses of 12 and 16 MPa will be considered. At 923 K,
LTC equals to 88.6 kJ-mol~! (see above). By means of Eq. (14) the activation
energy Q. = 1281.2 kJ-mol~! is obtained for 923 K and 12 MPa, while the contri-
bution of the term —[nRT? /(o — orn)|(dorn/dT) (threshold stress contribution —
TSC) amounts to 1110.6 kJ-mol 1. Thus the LTC to Q. represents only about 6.9
% of Q., while TSC represents 86.7 % of Q..

At the same temperature but the higher applied stress of 16 MPa, the apparent
activation energy Q. = 594.6 kJ-mol~! is obtained by means of Eq. (14). The LTC
is again equal to 88.6 kJ-mol™!, representing now 14.9 % of Q. while the TSC is
equal to 424 kJ-mol~! and thus represents 71.3 % of Q..
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The above analysis clearly shows that the high values of the apparent activa-
tion energy of superplastic flow in an Al-8.5Fe-1.3V-1.75i-1551C,, composite cannot
be explained merely by the temperature dependence of load transfer coefficient «
(cf. ref. [43]). Instead, it is the temperature dependence of the true threshold stress
that affects the value of the apparent activation energy ). dominantly.

The role of temperature dependence of the true threshold stress in relation
to the values of the apparent activation energy (). has been already discussed in
Section 3.3, where the load transfer effect has not yet been taken into account. It
is interesting to note that replacing (¢ — orn) in Eq. (3) by (1 — a)(o — orn) the
apparent stress exponent twice as high follows from this equation for the accepted
value of @ = 0.5.

The above accepted definition of the effective stress incorporating load transfer
coefficient 0. = (1 — a)(0 — o) implies that the load transfer starts to take place
only after the threshold stress is surpassed by the applied stress, in other words,
that load transfer is associated with some plastic strain. Referring to the recent
papers by Li et al. [44] and Shi et al. [12], Li and Langdon [43] prefer to define the
effective stress as: . = (1 — a)o — orn. Introducing the apparent threshold stress
o7y = oru/(1 — a), the effective stress is expressed as g = (1 — a)(0 — o77). Li
and Langdon [43] believe that using the linear extrapolation method to estimate the
threshold stress, it is just the apparent threshold stress that is obtained. If this is the
case, the analysis in terms of the effective stress defined as g = (1 — a)(o — o75})
does not qualitatively differ as to the Q.(7T,o0) from that above in terms of the
effective stress oo = (1 — a)(o — oTH).

Frequently, the origin of high values of the apparent activation energy Q. is
left out of consideration and the quantity which is believed to represent the true
activation energy is determined plotting Iné vs. 1/T for a constant value of the
effective stress oo = (0 — orn) (e. g. ref. [37]). However, such a procedure seems
questionable, since the true threshold stress itself depends on temperature.

4.2.2 Load transfer in creep not associated with the true threshold stress

In the temperature interval 773-823 K, the true threshold stress is absent (Sec-
tion 3.2). Using the model developed by Rosler and Arzt [30], the creep behaviour
can be interpreted in terms of thermally activated detachment of dislocations from
incoherent particles, predominantly the particles of the Aly5(Fe,V)3Si phase. Nev-
ertheless, the load transfer effect must still be expected. To take this effect into
account the applied stress o in Eq. (7) should be replaced by (1 — a)o. Unfortu-
nately, no procedure to estimate the load transfer coefficient a and its temperature
dependence from the experimental é,,,(T, o) creep data seems to be available at the
present time.

However, to get an idea on the load transfer effect under consideration, this
effect can be modelled choosing arbitrarily, but reasonably, a value of the coefficient



240 KOVOVE MATERIALY, 39, 2001, &. 4

10-8 S 5 T T T T 10'2 T T T T—T—T T
Al-8.5Fe-1.3V-1.7Si-158iC,, ba s fong (2000
ol - 103 m
© 773K
10~  &798K = 104
0 823K
10 - = 0%
- —
a T
. 2 e -6
Nn 10 = c 10
(= W
W
107 . 107~ L
i = 1078
Al-8.5Fe-1.3V-1.7Si-15SiC,
. o| ®723K AT48K m773K v 823K
10715 — - 1079~ -
Al-8.5Fe-1.3V-1.7Si
©T723K, AT48K,0773K, v 823 K
10-16 1 vl 1 ot Ao 4§ 10-10; e ! N T O
1074 1073 1072 10 100
(1-a)o/G o [MPa]

Fig. 13. Temperature interval 773-823 K.

Relations between normalized creep strain

rates £,b? /Dy and the normalized stresses

(1 — a)o/G; a is the load transfer coeffi-
cient.

Fig. 14. Relations between é, and o for

an Al-8.5Fe-1.3V-1.7Si alloy and Al-8.5Fe-

1.3V-1.75i-15SiC,, composite for tempera-

tures 723-823 K. Data of Ma and Tjong
(33].

a equal to 0.5 at 798 K and da/dT = —2.5 x 1073 K~!. Then «a is equal to 0.44 at
773 K and to 0.56 at 823 K. The normalized creep strain rates éy,b% /Dy, are plotted
against the normalized stress (1 — a)o /G in Fig. 13. Provided the values of o and
da/dT are correctly chosen, the relations in Fig. 13 should represent those for un-
reinforced Al-8.5Fe-1.3V-1.7Si alloy. Unfortunately, the relations between é,,b% /Dy,
vs. 0 /G have not yet been obtained for this alloy; consequently, the comparison is
not possible.

In this context, the recently published paper by Ma and Tjong [33] must be
mentioned. These authors found that the € vs. o relations are apparently identical
for the Al-8.5Fe-1.3V-1.7Si alloy and this alloy reinforced with silicon carbide par-
ticulates. Both the Al-8.5Fe-1.3V-1.7Si alloy and the Al-8.5Fe-1.3V-1.75i-15SiC,
composite exhibit true threshold behaviour even at temperatures 723 to 823 K
(Fig. 14) in contrast to the present results (Fig. 1). Consequently, the load trans-
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Fig. 15. The true threshold stress be- 200 ——T T
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fer coefficient @ = 0 at temperatures ranging from 723 to 823 K. The absence of
the load transfer at the temperatures under consideration remains to be clarified,
independently of whether the creep behaviour is or is not associated with the true
threshold stress.

To conclude the present section, Fig. 15 is presented illustrating the spectrum
of rate controlling deformation mechanisms identified in the temperature interval
623-948 K. The figure does not need any further comment.

5. Summary and conclusions

In the present paper, results of investigations of creep behaviour in an Al-
-8.5Fe-1.3V-1.7Si alloy reinforced with 15 vol. % silicon carbide particulates — an
Al-8.5Fe-1.3V-1.7Si-15SiC;, composite — are reported and analysed. The creep is
investigated at ten temperatures ranging from 623 to 948 K using the isothermal
constant stress creep test technique. At temperatures 623, 673 and 723 K the
measured minimum creep strain rates cover seven orders of magnitude. The creep
is associated with the true threshold stress decreasing with increasing temperature
more quickly than the shear modulus of the composite matrix. The creep strain rate
is matrix lattice diffusion controlled and the true stress exponent of minimum creep
strain rate is close to 5. The creep is interpreted in terms of athermal detachment
of dislocations from the incoherent, predominantly Al;(Fe,V)3Si phase particles
in the composite matrix.

At temperatures 773, 798 and 823 K (the measured creep strain rates cover six
orders of magnitude) the true threshold stress is not observed. The true activation
energy is higher than the activation enthalpy of lattice diffusion in the composite
matrix, the true stress exponent increases with increasing stress from about 5
at the lowest stresses up to about 40. The creep is interpreted in terms of the
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thermally activated detachment of dislocations from the incoherent Aljs(Fe,V)3Si
phase particles.

At temperatures ranging from 873 to 948 K the true threshold stress reap-
pears. However, its origin is different from that at temperatures 623-723 K. The
true activation energy of plastic strain is close to the activation enthalpy of grain
boundary diffusion and the true stress exponent is close to 2.5. The creep at these
temperatures is interpreted in terms of superplasticity.

The observed very high values of the apparent activation energy as well as
of the apparent stress exponent under condition of the true threshold behaviour
are discussed taking into account load transfer effect. It is shown that the “true
threshold stress effect” is more important than the “load transfer effect”. The load
transfer effect under conditions, when the true threshold stress is absent, is also
discussed.
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