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Structure and properties of rapidly solidified Al
rich Al-Mn-Si alloys
Part| Melt spun ribbons

D. M. J. WILKES*, H. JONES
Department of Engineering Materials, University of Sheffield, Sheffield S1 3JD, UK
E-mail: k.a.burton@sheffield.ac.uk

The evolution of microstructure as-spun and during subsequent heat treatment at 200 to
500°C for up to 1000 h has been studied for Al-6.3 Mn-3.3 Si, Al-8.3 Mn-3.7 Si and Al-14.5
Mn-5.8 Si (wt %) alloys, containing 17, 26 and 48 vol % o AIMnSi at equilibrium respectively.
Microstructure as-spun ranged from primary icosahedral phase nucleating radial cellular
aAl arrays to less regular duplex arrays of «Al and «AIMnSi with decreasing alloy content
and decreased section thickness or reduced distance from the chill surface. Heat treatment
in the range 200 to 500 °C transformed any icosahedral phase present to «AIMnSi along
with spheroidization and coarsening/coalescence of «AIMnSi, to produce isolated
spheroids when volume fraction f was lower and very stable interlinked chains at higher f.
Measured coarsening rates of c AIMnSi were a factor of 10 below predictions of LSW theory
at lower f but were within a factor of 2 of prediction at highest f. Hardness was governed by
a combination of Hall-Petch and matrix solid solution hardening as-spun supplanted by
particle-radius dependent Orowan combined with matrix Hall-Petch hardening for the
evolution of hardness during prior long term heat treatment at 425°C. © 1999 Kluwer
Academic Publishers

1. Introduction results for three melt-spun alloys designed to give a
The effectiveness of a high volume fraction of nano-fixed 0.8 wt % Si in the matrix and 17, 26 and 48 vol %
sized silicide dispersoid for conferring strength and staeAl 1sMn3Si, dispersoid at equilibrium. Part 11 of this
bility on aluminium matrices at elevated temperature ispapet* will report the structure and performance of an
exemplified by the state of the art rapidly solidified 8009AI-Mn-Si alloy consolidated from atomized prealloyed
Al-Fe-V-Si alloy developed by Allied Signal [1, 2]. powder with and without an addition of silicon carbide.
This material exhibits remarkable microstructural sta-
bility during extended treatments at temperatures a2. Experimental
highas 0.75 T, (425°C) although transformation of the Alloys of composition Al-6.3 Mn-3.3 Si, Al-8.9 Mn-
spheroidaltAl 13(Fe, V)%Si strengthening dispersoidto 4.0 Si and Al-13.8 Mn-4.2 Si (wt%), designated
embrittling needles of equilibrium AFe; startsto oc- AMS 63, 94 and 135 respectively, were made first as
cur at 480 to 600C (0.81 to 0.94 ) [3-5]. The cor- ingots of dimensions 1& 50 x 150 mm by vacuum
respondingxAl1sMn3Si; dispersoid in the Al-Mn-Si  induction melting 99.999% Al with Al-Mn and Al-Si
system is a stable phase and previous work on consolimaster alloys and chill casting under argon. Samples of
dated Al-Mn-Si alloy atomized powder particulate has8009 Al-Fe-V-Si alloy were obtained as 1 mm thick hot
yielded promising results as an alternative to systemsolled sheet from British Aerospace at Warton, for com-
based on Al-Fe-Si [6-16]. parison. 10 g charges were remelted in silica nozzles
The present work formed part of a programme to ex-and chill block melt spun on copper at a wheel speed
plore the potential of rapidly solidified Al-Mn-Si alloys of 21 m/s into rapidly solidified ribbon of thickness
as a basis for achieving high strength along with hightypically between 30 and 40m and width~2 mm to
thermal stability both as a monolithic material and asgive the ribbon compositions indicated in Table |. Heat
matrix material for ceramic reinforcement. Some of thetreatments were carried out at 200 to 60for 2 to
results obtained were reported earlier [17, 18]. The sect000 h on samples wrapped in aluminium foil in silica
ond ofthese two papers reported on the effect of variablampoules that had been evacuated to°10rr and re-
silicon content over the range 2.7 to 9.8 wt % Si on thefilled with 250 torr of argon prior to sealing. Samples
structure and stability of Al-7.5 wt% Mn melt-spun for optical metallography were edge mounted in cold-
ribbon. The present paper features the correspondinggtting resin for grinding and polishing, finishing with

* Present AddressStructural Materials Centre, DERA Farnborough, GU14 OLX, UK.
**This issue, pp. 749-761.
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TABLE | Alloy compositions (wt %, balance aluminium) with their designations and calculated equilibrium volume fractions of silicide

Designation AMS 63 AMS 94 AMS 135 8009
Composition 6.3Mn, 3.3Si 8.3Mn, 3.7Si 14.5Mn, 5.8Si 8.1Fe, 1.2V, 2.0Si
Vol % silicide 17 26 48 27

a 0.25um aqueous silica suspension before etching irtensity with 433, 600 and 611 fromAIMnSi. The rel-
Murakami’s reagent. X-ray diffraction used CeKa-  ative intensities of the corresponding three peaks, how-
diation on pieces of ribbon stuck onto glass slides byever, do not match well witek AIMnSi for AMS 135.
means of UHU glue dissolved in acetone. Thinning forPeak M12 has become weaker and the peaks I3 and
TEM was achieved by electropolishing in a solution of 14 are a good match in position and relative intensity
25% nitric acid in methanol at below30°C, or by ion  with 100000 and 110000 from i-AIMn(Si), indicating
beam milling with liquid nitrogen cooling. Dispersoid dominance of the icosahedral (i-) phase with a smaller
particle sizes in samples were determined both directlgontribution froma AIMnSi.
via TEM and in directly from X-ray peak breadth mea- TEM of AMS 135 showed rosette-like regions 1 to
surements. The TEM measurements sampled at lea&t um across with dispersoid particles at their cen-
300 particles measured for each condition. X-ray peakre (Fig. 3a—e). These central particles had flower-like
breadths at half maximum intensity were measured fofFig. 3a, e€) or spheroidal (Fig. 3c) morphology with
up to 5 low angle peaks and corrected dgya, split-  diffraction patterns (Fig. 3b, d) corresponding to the
ting and instrumental broadening by reference to a puréphase indicated by XRD. CellulaiAl with intercellu-
quartz standard with a very large grain size. Microhard{ar second phase radiated outwards from these particles.
ness testing used a Knoop indenter with a load of 25 gsamples thinned from the chill or free sides showed
applied for 12 seconds on edge mounted samples. R&igher volume fraction of the i-phase particles towards
ported results are the average of at least 15 indentatiorike free surface and an increased fraction of celtudr
per condition. towards the chill surface, where many areas contained
no i-phase or other particle at their centre, confirming
the findings of optical metallography. The correspond-
3. Results ing AMS 94 samples showed some i-phase areas similar
3.1. Microstructure as-spun to Fig. 3a—e but mainly comprised discrete globular par-
Etched microsections showed both optically featuredicles, 60 to 9Qum in size, identified asAlIMnSi in the
less (zone A) areas adjacent to the chill surface andAl matrix (Fig. 4a, b). AMS 63 samples were predom-
areas (zone B) that responded to etching, which reinantly microcellulareAl with discrete or continuous
vealed dispersoids of up to2m in size, many with intercellular second phase (Fig. 5a, b). The presence of
a five-fold star morphology (Fig. 1) towards the free the i-phase was not detected, with diffraction from the
surfaces of the AMS 135 and 94 ribbons. X-ray diffrac- intercellular phase being consistent watAIMnSi.
tion showed peaks corresponding in positionetél
andaAIMNSi [19] or i-AIMN(Si) [20-22]. Fig. 2 shows
X-ray traces from the critical range of 2or the as-spun  3.2. Effect of heat treatment
condition. The peaks labelled M11, M12 and M13 for Heattreatment of AMS 135 f@ h atincreasing temper-
AMS 63 and 94 match well in position and relative in- atures between 200 and 500D resulted in a systematic

Figure 1 Optical micrograph of etched microsection of as-spun AMS 135 showing particles with five-fold star morphology near the free surface.
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Figure 2 X-ray traces from as-spun AMS 63, 94 and 135. Key to phases:

Phase aAl aAIMNSi i-AIMn(Si)

Peak designation Al A2 M11 M12 M13 13 14

Index hkl 111 200 433 600 611 100 80
Relative intensity 100 40 90 60 100 100000 110000
20 in degrees 45.1 52.5 48.6 50.1 51.6 48.7 51.4

Data forae Al and « AIMnSi from powder diffraction file cards 4-0787 and 6-0669.
Data for i-AIMn(Si) from Bancel et al. [20]
26 values are for Col radiation,». = 0.17902 nm

change in the relative intensities of the peaks at 48.@ation of the second phase peaks for 30@nd above,
and 51.6 degreess2from dominance of the former but the relative intensities of the prominent peaks did
(characteristic of the i-phase) to dominance of the lattenot change. Treatment at 500, however, gave an un-
(characteristic ot AIMnSi) as shown in Fig. 6a. After usual increase in the intensity of the.8%6 (M14)

2 h at 500C the relative intensities and positions of peaks. Correspondingly for AMS 63 relative intensi-
the second phase peaks M7 to M15 in Fig. 6a are &éies remained the same as for the as-spun conditions
good match wittwAIMnSi. Fig. 6b shows that similar with some increase in absolute intensities aftd at
treatment of AMS 94 gave a sharpening and intensifi500°C.
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Figure 3 TEM micrographs of as-spun AMS 135 showing flower-like (a, €) and spheroidal (c) i-phase particles in aeallatatrix, with 3-fold
(b) and 2-fold (d) diffraction patterns from the i-phasgo(tinued.
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Figure 3 (Continued.

TEM of AMS 135 afte 2 h at 200C showed a high alesced into single larger particles, however, after this
volume fraction of clusters of small particles with prolonged treatment. AMS 94 aftg h at 425C had a
diffraction patterns corresponding to the i-phase busimilar microstructure to the as-spun material but with
with quite different morphology from the i-phase spheroidization of cellular arrays surrounding any rem-
rosettes in the as-spun ribbon (Fig. 7a—d). Treatmemanti-phases (Fig. 9a). AMS 63 also showed a high vol-
for 2 h at 425C in contrast gave a high volume frac- ume fraction of spheroidal particles afteh at 425C
tion of sphericakAIMnSi particles 100 to 200 nm in  (Fig. 9b). In some areas small plate-like or angular par-
size, mainly situated on cell or subgrain boundariedicles were also visible. Diffraction patterns identified
(Fig. 8a). Little coarsening of these particles was evi-the larger spheroidal particles@&IMnSi and the other
dent after 100 h at 428 (Fig. 8b), though some in- particles were notevidentinthe sample treated for 100 h
stances of the initial stages of coalescence of neighat425°C. This sample (Fig. 10a) showed ahomogenous
bouring particles were identified. No significant further distribution of finex AIMnSi within « Al grains together
increase in size of most of theAIMnSi particles or  with particles situated at triple points which had grown
thea Al subgrains was apparent after 1000 h at 425 considerably. 1000 h at 42& produced some coarsen-
(Fig. 8c). Some particle clusters had almost fully co-ing of particles within the:Al grains, slight elongation
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Figure 4 TEM micrographs of as-spun AMS 94 showing (a) fine globwAiMnSi in the «Al matrix and (b)aAIMnSi diffraction pattern. Some
i-phase areas similar to Fig. 3a—e were also present.
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Figure 5 TEM micrographs of as-spun AMS 63 showing (a) semicontinuous and discrete and (b) continuous intesdMiéSi in the « Al matrix.

in the boundary plane of particles growing®Al grain ~ results were obtained by X-ray diffraction with mea-
faces and significant further growth of triple point par- surements by TEM included for comparison where
ticles (Fig. 10b). available to confirm the validity of the XRD results.
Table Il shows mean radius r efAIMnSi particles  The results for AMS 135 show no significant change
versus time from 5 to 1000 h at 426. Most of these in r over this time interval, while AMS 94 shows some

TABLE Il Mean radiugin nm of «AIMnSi particles in melt spun AMS alloys versus duration t of prior heat treatment &t@25

t,h O 2 5 15 50 100 200 500 1000
AMS 135 — — 76+ 11 69+ 10 72+ 11 73+ 11 72+ 11 73+ 11 74+ 11
*70+4 TT+2

AMS 94 — — 54+ 8 67+ 10 — 62+ 9 67+ 10 81+ 12 76+ 11
AMS 63 22+3 36+5 34+5 45+ 7 53+ 8 54+ 8 60+ 9 69+ 10 83+ 12
*51+1 *47+1 *85+ 3

Measurements made from X-ray peak breadth, verified TEM
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Figure 6 X-ray traces from AMS 135, 94 and 63 respectively after 2 h
at 200, 300, 400 and 50C. Key to phases as in Fig. 2 plus additional
data fore AIMnSi as follows:

Two theta

54 56

Peak designation M7 M9 M10 M14
Index hkl 510 521 440 620
Relative intensity 50 50 10 40
260 in degrees 42.1 45.5 47.0 53.0

sults for melt spun 8009 alloy for comparison. AMS 135
shows a notable increase in HK on treatment at“ZD0
compared with as-spun material and after treatment at
160°C, with treatment at 300, 400 and 50D pro-
ducing successively lower values. Any such hardness
increase was small for AMS 94 and AMS 63, which
showed a gradual decrease in HK on treatment at200
and above similar to that shown for 8009 alloy. Corre-
sponding results for microhardness HK versus time of
prior treatment at 425C are shown in Fig. 12b. All four
alloys show a substantial decrease in HK in the initial
5 h at 425 C followed by more gradual decreases be-
tween 5 and 1000 h.

4. Discussion

4.1. Formation of microstructure as-spun

The zoned microstructures shown by optical mi-
croscopy are typical of rapidly solidified alloy samples
based on aluminium with significant additions of tran-
sition metals [23—25]. The optically featureless zone A
microstructure is formed under conditions of large prior
undercooling which allows rapid advance of the solid-
ification front during recalescence. The significantly
coarser zone B structure forms with a slower rate of
advance sustained by external heat extraction in the
absence of significant prior undercooling or follow-
ing its dissipation in forming zone A [24, 25]. More
concentrated alloys exhibit distributions of primary in-
termetallics~0.1 to a fewum in size surrounded by
cellularxAl arrays with intercellular intermetallics, as
in Fig. 3 for AMS 135. The primary and secondary in-
termetallics need not be the same phase and can fea-
ture equilibrium and/or nonequilibrium phases (or their
combinations) and theAl matrix can exhibit exten-
sion of solid solubility, the extent of which depends
on the local solidification conditions. The formation of
i-AIMn(Si) in competition with equilibrium A§}Mn or
aAIMNSi is well documented for a range of alloying
contents in Al-Mn(-Si) alloys under rapid solidifica-
tion conditions [26—31]. Our results indicate that it is
on the point of disappearing as a primary phase in our
melt spun AMS 94, with the consequence that the ra-
dial cellularaAl arrays surrounding primary i-AIMnSi

in AMS 135 are replaced in AMS 94 by the less well-
defined duplex structure of Fig. 4 giving way to the
cellularaAl structure in AMS 63 shown in Fig. 5. The
highest incidence of primary i-AIMnSi particles to-
wards the free side of melt spun AMS 135 (evidentto a
lesser extent in AMS 94) and in thicker sections of rib-
bon is consistent with the expectation that solidification
occurs at relatively lower undercoolings there and that
the higher undercoolings prevailing near chill surfaces
and in thinner sections tend to suppress the formation

change and AMS 63 shows a significant change. Examof primary intermetallics.

ple of size distributions of particle radii from the TEM

measurements are shown in Fig. 11a, b.

3.3. Microhardness measurements
Knoop microhardness HK versus temperature of 2 han increase afAl lattice parameter with increase in al-
prior isochronal treatment is shown in Fig. 12a with re-loy content under conditions where the i-phase formed
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The progressive shift of theAl reflections in Fig. 2
to lower @ values with increase in alloying from
AMS 63to 135isindicative ofincreasingAl lattice pa-
rameter and (since both Mn and Sireduce the lattice pa-
rameter otxAl) less extension of solid solubility. Such



Figure 7 TEM micrographs of a second phase cluster in AMS 135 after 2 h at@Q@a) brightfield (b) i-phase DP from centre of cluster (c) cubic
aAIMNSi DP from edge of cluster, and (d) dark field fraé81«AIMnSi showing location ofrAIMnSi.

was also noted by Schaefet al. [26] for melt spun  with b = 50 um (K/s)/2 which for theaAl cell size
Al-Mn alloys. Bendersky and Ridder [32] obtained ex- ~0.3 um in Fig. 5 givesT ~ 5 x 1P K/s, towards the
perimentally for the i-phase grain sizein Al-14 at%  upper end of the range expected.

Mn alloy atomized droplets:

A=ar (1) 4.2. Transformations on heat treatment

The transformation of nonequilibrium i-phase to equi-
librium intermetallics has been studied both for Al-Mn
alloys where the product, directly or eventually, is
AlgMn [27, 29-31, 35-44] and for Al-Mn-Si alloys
0Where the result i’ AIMNnSi [30, 44-52]. Onset tem-
peratures as low as300°C [37, 40—43] have been de-
termined for i-phase to transform togMn in Al-Mn
alloys with the transformation complete within 1 h
13 at 400°C [25, 37] while transformation of i-phase
A=DbT ™ (2) to ¢AIMNnSi or other products starts at400°C in

whereT is cooling rate and & 7 m(K/s)7. The cell
size~300 nm of Fig. 3 would correspond to an opera-
tive cooling rate~2 x 10* K/s, below the lower end of
the range expected [33] for melt-spinning of ribbon 3
to 40 um in thickness. The corresponding relationship
for Al cell size in representative Al alloys gives [34]:
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Figure 8 TEM micrographs of AMS 135 after (a) 2 (b) 100 and (c) 1000 h at425

Al-Mn-Si alloys [30, 46, 47]. The observation of what Hanseret al.[50] also found a relationship of this kind
appears to be the beginnings of transformation inas well as [530rAIMnSi//5-fold axis of i-phase and
AMS 135 at 200C in Fig. 7a—d is at odds with these [100] «AIMnSi//2-fold axis of i-phase.

previous observations, though the location of the prod-

uct phase at the interface between the i-phase and the

Al matrix does accord with earlier reports [37, 50]. 4.3. Spheroidization and coarsening or

One possibility is that the close similarities between coalescence of «AIMnSi in prolonged

the local structure of the i-phase aa@dIMnSi in Al- heat treatment

Mn-Si [53, 54] could reduce energy barriers comparedBoth X-ray diffraction and TEM confirmed that all of
to the i-phase to AMn transformation in Al-Mn al-  any i-phase had transformed ¢®IMnSi within 2 h
loys. A further possibility is that partial transformation at 425°C. At this stage AMS 135 contained chains
to «-silicide had begun at the periphery of i-phase par-or isolated spheroids efAIMnSi (Fig. 8a) with only
ticles even in as-spun material, as was found by Parkome larger clusters remaining and after 1000 h this mi-
et al. [55] for Al-Fe-V-Si. The diffraction patterns in crostructure was essentially still intact (Fig. 8c) with no
Fig. 7a—d suggest thatAIMnSi forms with its [111]  detectable coarsening (Table Il). The initial distribution
zone parallel to the 3-fold zone axis of the i-phase.in «AIMnSi areas of AMS 94 was not dissimilar and
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Figure 9 TEM micrographs of (a) AMS 94 and (b) AMS 63 aftg h at 425 C showing spheroidatAIMnSi particles (A) along with plates (B) and
angular particlesttilted plates (C).

Figure 10 TEM micrographs of AMS 63 after (a) 100 and (b) 1000 h at Z25howing large particles at triple points.

again there was minimalAIMnSi coarsening (increase 5 h to 83+ 12 nm after 1000 h at 42%. Fig. 13a—c
inTfrom 54+ 8to 76+ 11 nm - see Table Il) between show r? versus time t at 425C for «AIMnSi in the

5 h and 1000 h at 100@. The somewhat more dis- three materials. The associated slopes K and intercepts
cretew AIMNSi particles in AMS 63 afte2 h at 425C  r3 from Fig. 13a—c are given in Table Ill according to
(Fig. 10a) coarsened more measurably, both within th¢he equation [56, 57]

aAlgrains and at grain boundary junctions (Fig. 10b, c)

giving a continuous increase irffrom 34+ 5 nm after P =134 Kt (3)

TABLE Ill Coarsening parameters K arﬁKEquation 3) forw AIMnSi in melt spun AMS 135, 94 and 63 at 426 as given by Fig. 12a—c, along
with corresponding results for 8009 sheet from [17]

System AMS 63 AMS 94 AMS 135 8009 sheet
r3, m 1.1(+0.4) x 10-22 2.6 (+0.6) x 10-22 3.5(+0.9) x 10722 5.8(x0.7) x 10-23
K, m¥/s [17] 14(+0.6) x 1028 5.8(+£2.9) x 10729 2.8(+£15)x 1072° 1.2 (£0.5) x 10730
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for melt spun (a) AMS 63 (b) AMS 94 and (c) AMS 135, from data in
Table II.

Our corresponding results for melt-spun 8009 al-
loy from [17] are included in Table IIl for compar-
ison. The systematic decrease in K in proceeding
from AMS 63 to 94 and 135 is evident along with
a small increase indr Both £ and K are consid-
erably lower foraAli3(Fe, V)3Si in 8009 sheet. For
low volume fractions of isolated particles in a matrix,
coarsening isothermally under volume diffusion con-
trol, LSW theory [55, 56] predicts K in Equation 3 as
8DC., V2, y/9RT where D and ¢ are solute diffusivity
and equilibrium solid solubility at coarsening temper-
ature T, \, is molar volume of dispersoig, is interfa-

cial energy and R is the gas constant. Results of [58—61]
for diffusivity of Mn in Al are in excellent agreement
giving D = 2.0 £+ 0.4 x 10718 m?%/s at 425C while
solubility data give &, = 0.1 [62] or 0.07 [63] at%
Mn = 100 or 70 mol/m. Takingy = 0.25 J/nt as a
representative value andy\= 6 x 10~°> m3/mol gives

K ~ 2.4x 1072 m?/s at 425 C which is less by factors

of 5 and 2 than the measured values for AMS 63 and 94
and in agreement with the measurements for AMS 135.
The corresponding factor farAl 13(Fe V)3Si in 8009
sheet is 0.15 The significance of this good level of

* An earlier version of this calculation [17] underestimated K by not

Figure 12 Knoop microhardness of AMS and 8009 ribbon versus (a) taking account of the factor of 6 larger molecular volume AfMnSi

temperature ©2 h prior treatment up to 500 (b) duration of prior

treatment at 425C.
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agreement obtained between prediction and experiment o Measured Micro Hy

is difficult to assess. The prediction assumes that Mn ~ * a -z~ Caleulated from partcle spacing
will control the rate of coarsening because it has lower w0
diffusivity and solubility in thex Al matrix than Si, and 160 1

any effects of Si on D and £ for Mn in Al are neg-
ligible. No correction has been made for the effect of
finite volume fraction f of the coarsening phase and the
trend in Table Ill of a decrease in K with increase in f
is the opposite of what is predicted [64]. As reported
for other systems, the AIMnSi particle size distribu-
tions (Fig. 11a, b) are skewed towards higher values of
r, which is the opposite of what is predicted for steady
state coarsening in the LSW model, and the distribu-
tions are wider than predicted. The prediction does not 0 1 1 100 1000
take into account the faster coarsening of particles sit- time (h) ar425°C
uated on grain boundaries which was very evident for

AMS 63. Perhaps the most notable feature of the re- —o— Moasured Micro By
sults, however, is the remarkable stability of the chain- 8- Calenlated from partcle spacing
like configuration of linkedxAIMnSi particles which b

characterize AMS 135 and 94 especially after extended
treatment at 425C. The stability ofaAl13(Fe, V);Si o
in 8009 sheet at 425 is even greater, according to
Table 11, by a factor of 50 in K compared to melt spun
AMS 94 which has a similar volume fraction of sili-
cide to 8009. This increased resistance to coarsening of

1404
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3

aAli3(Fe, V)Siis partly attributable to the lower solu- w0

bility in aAl of Fe compared with Mn but possibly also »

to a presumed effect of V in reducing the interfacial en- o . » o -
ergy between the silicide and th&\l matrix. Another time (h) at 425°C

possible factor could be the finer initial particle size

of the silicide in 8009 which would result in a smaller o Measured Miceo By

proportion of the silicide population being resident at o1 o Calelted from gaile spcing

grain boundaries, so that the averages less affected — —Caluttd from paricle spacing an su granconension.

by any accelerated coarsening on grain boundaries. 0

I
2

4.4. Mechanism of hardening as-spun and
after heat treatment

The Al cell size d ~50, ~100 and~300 nm char-
acteristic of AMS 135, 94 and 63 as-spun could give 50
Hall-Petch contributions Jd~%/2 to hardening~160,
110 and 80 kg/mibased on k = 3.65 MPa mnt/2 o . 0 P o0
for «Al cells bounded by hard intermetallic [65] and as- fime @) st 425°C
suming HK= 3oy for full plasticity under the indenter. Figure 14 Measured hardness of AMS 63, 94 and 135 respectively ver-
Comparison with the experimental values of 260, 16Gsus time of prior treatment at 426 compared with predictions from
and 140 kg/mrﬁ suggests additional contributions of Orowan hardening (Equation 4). For AMS 135 the effect of the additional
110, 50 and 60 kg/anfrom solid solution hardening contribution from Hall-Petch subgrain hardening is also shown.
in the ¢ Al matrix. This proposed larger solid solution
hardening contribution as-spun for AMS 135 is con-
sistent with the evident age hardening response of thiwhere M is the Taylor factor{3), Y ~ 0.9, G is shear
alloy in 2 h at 200C, further raising its hardness to modulus of the matrix{26 GPa for Al), b is burgers
330 kg/mnt, any such effect being much smaller for vector (~0.286 nm)yp is Poisson’s ratio (0.345 for Al), -
AMS 94 and 63. L is average centre to centre particle spacing argd

A different model is appropriate for the microstruc- average particle radius. For a random distribution of
tures evolved by 1000 h treatment at 425which  spherical particles of uniform radius r, thens given
comprise chainlike or isolatedAIMNSi particles in by 1.23r (2/3f)%2 [67]. Equation 4 then predicts an
a granularAl matrix. The particles then harden by an Orowan contribution of 35 kg/mfnto the measured

Hardness (kgf/mm?)

Orowan mechanism giving a contribution [66]: hardness 6@t 6 kg/mnt of AMS 63 after 1000 h at
425°C (using f= 0.17 andr = 85 nm from Tables |
and I1).

AH = 2MYGb(1— 0.2v)/2 In (3-2F) (@) The remaining Hall-Petch contribution derives from

T 2tl—wY4L—-16n \ b the sub-grain size o600 nm of thexrAl matrix, which
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based onk= 2.1 MPamnt/?for pure aluminium[68], 4.

contributes 25 kg/m#é For AMS 135 after 1000 h at
425°C, Equation 4 predictdH = 105 kg/mn? (using

f = 0.48 and = 77 nm from Tables | and Il), the resid- .
ual Hall-Petch contribution amounting to 35 kg/rhm
based on therAl sub-grain size of 350 nm applica-
ble, totaling up to 140 kg/m#f close to the measured
value of 150 kg/mrf Fig. 14a—c compare the predicted
Orowan contribution to measured hardness versus time
at425°C for the three materials, the reductionin HK be- 8.
yond 5 h for AMS 63 and 94 being entirely attributable

to the decrease in Orowan contribution arising from S
the increase i that results fromxAIMnSi particle
coarsening.

11.

5. Conclusions

1. As melt spun AMS 135, 94 and 63, Al-Mn-Si al- |,

loys show an evolution of microstructure from primary
icosahedral phase particles nucleating radial arrays of
cellular ¢Al to less regular duplex arrays ofAl and
aAlMnSiwith decreasing alloying contentand decreas-

) . . . 14,
ing section thickness or reduced distance from the chllil
15

surface.
2. Heat treatment in the range 200 to 5@results

in transformation of the icosahedral phase to equilib-16-

rium ¢ AIMnSi where this is not already present, along
with spheroidization and coarsening/coalescence of the

aAIMnSi dispersoid to produce isolated spheroids inis.

AMS 63 and very stable interlinked chains in AMS 135.

3. Mean silicide particle radius more than doubled®-
20. P. A. BANCEL,P. A. HEINEY,P. W. STEPHENSA. I.

between 2 and 1000 h at 426 for AMS 63 with a
smaller measurable change for AMS 94 and virtually,;
no measurable change for AMS 135.

4. The measured coarsening rate parameterdok 1
10728 m%/s at 425C for AMS 63 was a factor of ten
larger than predicted by the unmodified LSW theory,g
which does not take account of any contribution from
accelerated coarsening of particles situatedo@d 25
grain boundaries. 26.

5. Hardness as-spun appears to be governed by a
combination of Hall-Petch hardening from Al cell
size and solid solution hardening of thél matrix,
while evolution of hardness resulting from long term 2s.
heat treatment at 42% could be effectively modeled
by a combination of particle radius dependent Orowan
hardening and Al subgrain size dependent Hall-Petch
hardening.

22.
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