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Characterization of strength and microstructure
in deformation processed Al-Mg composites

K. XU, A. M. RUSSELL,L. S. CHUMBLEY,F. C. LAABS,

V. B. GANTOVNIK, Y. TIAN

206 Wilhelm Hall, Ames Laboratory and Department of Materials Science & Engineering,
lowa State University, Ames, IA 50011

E-mail: xukai@iastate.edu

The microstructures, mechanical properties and electrical resistivity have been evaluated
for deformation processed Al-20 vol % Mg and Al-13 vol % Mg composites. The Mg second
phase adopts a convoluted, ribbon shape filamentary morphology after deformation. Both
the size and spacing of these filaments decreases with deformation. The strength of these
composites increases exponentially with reduced spacing of Mg filaments. The electrical
resistivity of these Al-Mg composites is slightly higher than that of pure Al. © 17999 Kluwer
Academic Publishers

1. Introduction can which was soldered shut and evacuated. The cop-
Deformation processed metal matrix compositesper cans and enclosed specimen were extruded at room
(DMMCs) formed by mechanical working (i.e., rolling, temperature through a 25.4 mm diameter die followed
swaging, or wire drawing) of two-phase ductile metal by water quenching. The true strain of these specimens
mixtures have received considerable study in recentan be calculated withy =2 In(dy/d), whered, and
years because of the unique properties they show are the initial and final specimen diameter respec-
compared to conventional materials. Previous studietively.
showed anomalous strengthening in face centered cu- The extruded Al-20Mg rod with Cu sleeve was
bic (FCC) matrix materials such as Cu [1-3] and Al [4] swaged at room temperature to a diameter of 12.7 mm
containing body centered cubic (BCC) second phases =2.77). At this point the Cu and Ta were removed
The bce second phase develop&lda( fiber texture, by machining. The bare Al-20Mg was swaged to a di-
which limits the bcc phase to plane strain. Some reameter of 4.1 mmi(=4.37). One small piece of the
cent studies of Ti-Y [5, 6], Mg-Ti [7], AlI-Ti [8] have 1 =4.37 sample was swaged to 1.6 mm £ 6.29)
shown hexagonal close packed (HCP) metals’ potenwhile most of then =4.37 rods were set aside for a
tial application in DMMC’s. The HCP metals Tiand Y second extrusion. Metallography coupons and two ten-
develop a{1010) wire texture when axisymmetrically sile specimens were cut from the specimen=t2.77,
deformed. This texture restricts the HCP phase to plai#.37 and 6.29.
strain, which means that a fcc matrix containing HCP  The 4.1 mm diameter Al-20Mg rods were cleaned
second phase material will deform in a similar way towith acetone, cut to 34.3 mm length, and bundled in-
that of FCC/BCC composites. side another Ta-foil-lined, OFHC Cu can. This Cu can
In this study, a fcc matrix Al containing HCP Mg was was soldered and evacuated. The 51 mm outside di-
examined to further explore the relationship betweerameter, 182 mm long Cu can was extruded at room
properties and microstructures in FCC/HCP DMMC's temperature through a 25.4 mm die followed by water
and to see if a useful engineering material might resultquenching. During the second extrusion, the separate
rods bonded together into a single piece with an cumu-
lative deformation ratio of 5.47. The extruded rod was
2. Experimental procedures then swaged to a diameter of 3.2 mm, at which point the
High purity Al powder (99.99% purity, particle size of Cu and Ta were removed by machining. The bare Al-
45-75 um, produced by the gas atomized rapid so-20Mg rod was swaged at 300 K to diameters of 1.8 mm
lidification method at Ames Laboratory) was mixed (n =10.13), and 1 mm# = 11.25). Small metallogra-
with Mg powder (99.80% purity, particle size smaller phy coupons and two tensile specimens were cut from
than 45,um). These two powders were mixed and coldthe specimen af=10.13 and 11.25.
isostatically pressed (CIP’ed) at 132 MPa. There were The extruded Al-13Mg rod with Cu sleeve was pro-
two compositions for the Al-Mg composites. One wascessed similarly with some minor variationsjrvalues
80 vol % Al-20 vol % Mg, which is referred to as Al- for tensile test and metallography coupons.
20Mg; the other was 87 vol % Al-13 vol % Mg, which  Tensile tests were performed for all specimens with
was referred to as Al-13Mg. The 37 mm diameter greem, < 6 following ASTM standard E8 [9]. For smaller di-
compacts were loaded into a Ta-foil-lined, OFHC Cuameter wires witly > 6, tensile specimens were made
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by embedding the wire ends into Cu sleeves usin@. Results and discussion

adhesive. All tensile tests were done at room temper3.1. Microstructure characterization

ature with a strain rate of 1.0 mm/min (when< 6),  Figs 1, 2 show the SEM micrographs of Al-13Mg com-

and 0.15 mm/min (when > 6). posite wires at different deformation true strains. The
Filament thickness and spacing were determined byleformation processing resulted in a gradually finer mi-

standard stereographic intercept procedures [10] usingrostructures of Al and Mg filaments. Many, but not

a JOEL6100 SEM. all, of the Mg filaments displayed a convoluted rib-
Four point electrical resistance measurement wason shape at transverse section predicted by the plain

performed for Al-13Mg specimem(= 11.28) before  strain mode [11]. These filaments inhibited the move-

and after annealing at 538 K in vacuunt fioh and for  ment of dislocations, which is believed to be the reason

Al-20Mg (n = 11.95) without annealing. for strengthening in the composites. In the longitudinal
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Figure 1 SEM micrographs of Al-13Mg deformation-processed to a true strginf(2.77. (a) is longitudinal section; (b) is transverse section. The
Al matrix is light gray, and the Mg is dark gray in these back-scattered electron images.
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Figure 2 SEM micrograph of Al-13Mg deformation-processed to a true stiginf10.10 and mounted in transverse section. The Al matrix is light
gray, and the Mg filament is dark gray in the back-scattered electron image.
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Figure 3 Mean true spacing, mean free distance and Mg filament thick-
ness as a function of true strain for Al-20Mg and Al-13Mg. Figure 4 UTS as a function of deformation true strain for Al-20Mg and
Al-13Mg.

section, the filamentary morphology and alignment of

Mg with the wire axis is evident. Presumably, those Mgthe smaller difference between filament spacing and

filaments that developed a convoluted ribbon shape dithickness at higher deformation true strain.

so because the HCP Mg developed afiber texture during

deformation processing which promotes plane strain.

The microstructure of Al-20Mg is quite similar to 3.2. Strength of Al-Mg composite wires

that of Al-13Mg with some convoluted, ribbon shapedFig. 4 shows the relationship between ultimate ten-

filaments. sile strength (UTS) and deformation true strain for
The relationship between filament spacing and thickAl-20Mg and Al-13Mg. The tensile strength of both

ness and true strain is plotted in Fig. 3. The filamentAl-Mg composites increased as deformation process-

spacing and thickness decreases sharply with deforméag proceeded. One significant feature of Fig. 4 was

tion processing. The difference between filament spacthe relatively low increase in ultimate tensile strength

ing and thickness also becomes smaller at higher dewhen the specimen was deformed frogm= 6.24 to

formation true strain. As observed previously [2], then = 10.10 for Al-13Mg. When the Al-13Mg specimen

filaments in the composites always decrease in thickwas deformed, the rods were rebundled for a second

ness at a slower rate than the wire diameter. This mearextrusion as described in Section 2 to achieve a higher

that the FCC matrix undergoes more deformation thameformation value;. During the second extrusion of

BCC or HCP second phase filaments, which leads t&\l-13Mg, the separate rods did not initially bond well,
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which lowers the strength of the composite. Not un-
til the Al-13Mg exceededy = 10 did the specimens
appear to be a single monolithic wire.

Embury had modified the Hall-Petch model and in-

dicated that there was an exponential relationship be-

tween strength and deformation true strain [12]:

o =o00+ kdo_l/2 exp@/4)

whereo is strengthg andk are constantsl is the ini-

tial filament spacing, ang is deformation true strain.
This assumption was confirmed by Russell [5] for de-
formation processed Ti-Y composite. Similarly, Sakai
et al. [13] found that UTS=565 expf(in) for Cu-Ag
composites where is a factor that varies with Ag con-
tent. The exponential relationship between strength an
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deformation true strain can also be applled tothe AI'MgFigure 5 The dependence of ultimate tensile strength on mean true spac-

composites. It was found that:

UTS = 95.0exp(Q123;) for Al-20Mg

ing for Al-20Mg and Al-13Mg.
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The fine filamentary microstructures were thoughtg
to impede the propagation of dislocations in both theg
matrix and the second phase, which leads to strengtré
ening of the composites [14]. Previous studies on vari-g
ous DMMCs have quantified the relationship betweerg
filament spacing and ultimate tensile strength using &
relation similar to the Hall-Petch type power function
for yield strength. In Cu-20Nb axisymmetrically de-
formed DMMC's [15], UTS change was proportional
to (Nb filament spacing)wherex varied between-0.5
at low strains te-0.38 at high strains, while in axisym-
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metrically deformed Ti-20Y DMMC [5], UTS change
was proportional to (Y filament spacing)®’. In the

Figure 6 The dependence of ultimate tensile strength on the mean free
distance, and filament thicknessof Al-20Mg and Al-13Mg.

Al-20Ti DMMC, UTS change was proportional to (Ti
filament spacing)®?® [8]. In the Al-Mg DMMCs of

this study, the relationships between ultimate t(_:‘nsnegicknesst. The strength correlates with the filament

ickness and mean free distance, with higher tensile
strength at smaller mean free distance, and filament
thickness.

The ultimate tensile strength are plotted againdt?
in Fig. 7 showing that while there is a good correlation
with the Hall-Petch relationship, different curves are
where UTS= Ultimate tensile Strength (Mpa) anrd — Obtained for Al'ZOMg and A|'13Mg aS-We" as for the
mean true spacing of Mg filamentgrf). ghfferent compositions of each composite. The compos-

The strengthening produced in these Al-Mgite with higher Mg content (Al-20Mg) has the larger
DMMC'’s may result from blockage of disloca‘tion mo- S|0pe This apparently occurs because the filament acts
tion by the interfaces in the microstructure, i.e., the in-as a barrier to dislocation motion, and strength results
terface between Mg filaments and Al matrix. The largefrom the blockage of dislocations. Al-20Mg has more
number of interfaces between Mg filaments and Al maMg content than Al-13Mg, hence more filaments in
trix inhibit the motion of dislocations, which gives rise Unit fransverse section area. This makes the motion of
to the strengthening of the deformation processed confislocations in Al-20Mg more difficult than Al-13Mg
posites. The more the composites were deformed, thand results in the higher strength and larger slope for
larger the total area of interfaces between the filament4l-20Mg.
and matrix and the smaller the filament spacing, leading
to higher strength of the composites.

The results from Fig. 3 and Fig. 4 are replotted in3.3. Electrical resistivity of
Fig. 6 to show the dependence of the ultimate tensile  Al-Mg composites
strength of the Al-Mg composites on the mean freeThe Al-13Mg composites{ = 11.28) was annealed
distance. (or mean edge-to-edge spacing) and filamenat 538 K for 1 h in \acuum to form an Al-20AMg»

strength and mean true spacing of Mg filaments are a
follows (Fig. 5):

UTS = 585, %% for Al-20Mg.
UTS = 498, %> for Al-13Mg
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TABLE | Electrical resistivity and ultimate tensile strength of
Al-13Mg at n = 11.28 before and after anneadjril h at 538 K and
Al-20Mg

Electrical
resistivity Ultimate tensile UTSp ratio

(nQ2-m)  strength (MPa) (€@-m:MPa)
Al-13Mg (n = 11.28) 32.7 310 9.49
as-drawn (no annealing)
Al-13Mg (n = 11.28) 55.2 287 5.20
after annealing
Al-20Mg (n = 11.95) 35.8 420 11.73

as-drawn (no annealing)
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Figure 7 Hall-Petch relationship for Al-20Mg and Al-13Mg com-
posites.

composite as confirmed by XRD. The electrical re-
sistivity and ultimate tensile strength of Al-13Mg be-

fore and after annealing and Al-20Mg are tabulated in 5

Table I.

The Al-13Mg and Al-20Mg have lower electrical
resistivity compared with that of Al-20Ti (43<km)
[8]. It is not surprising that Al-13Mg composite has
a low electrical resistivity. The matrix of the DMMC
is 99.99% purity Al without solid solution atoms or
GP zones. The electrical resistivity of pure Mg is 46
n2-m at 293 K, which is moderately higher than that
of pure Al (28.2 12-m at 293 K). Moreover, although
the electrical resistivity of Mg is larger than that of Al,
most of the cross sectional area of the DMMC is long
strands of high purity Al, which allow the electrons to

2. Most of the Mg second phase adopts a convoluted,
ribbon shape filamentary morphology after deforma-
tion. Both the size and spacing of these filaments de-
crease as deformation progresses.

3. With increasing deformation, the strength of Al-
Mg composites increases exponentially with true strain.

4. Strengthening in Al-Mg composites arises from
the Mg filaments acting as barriers to dislocation move-
ment. The heavy deformation results in a reduction
in Mg filament spacing ;) and the dependence of
strength (MPa) on this spacing is:

UTS =585, %! for Al-20Mg
UTS = 498, %% for AI-13Mg.
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