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behavior of both alloys is discussed.

Tensile properties of aligned Ag.Mg

2ed

Mg-AgMg and Al~Ag,Al eutectics have been
at temperatures between ~196°C and 300°C.

Strength of Ag3Mg-AgMg increases with decreasirg spacing, A, at all test temper-
atures, but the strength of Al-Ag,Al is more dependent on eutectic grain size.
Ordering of the Ag3Mg phase 1ncrenses the effectiveness of interphase boundaries
as barriers to slip and increases the strength of Ag,Mg-AgMg. Aging treatments to
produce y' in the Al-rich phase markedly increases strensth of Al-AgoAl. Fracture

Fy

AN e

PTG ST, W TRNEE L IS KNS e~ )

NPTRRSCELT RS s

DD "V..1473

B

Unclassified

Sccunty Classification




T T 2 RS T AT g

N

k-t aasina Tl

LAt oy Ry T YL AR TR ok et L g Sl g s R RRIRRe T AT T T e
.Erumy hnnmuun
———————
[ LINK A LINK @ LINK C
KRY WORDS
ROLE wT LI-1¥ 4 wv ROL E w1

Silver-Magnesium Alloys
Eutectic Composite
long~Range Order
Unidirectional Solidification
Silver-Aluminum Alloys
Eutectic grain size

Fracture mechanisms

P

-

Security Classificatine

ki 1t hradlld

i

fesciiad

e

h i e  ne Tame e A s KT

PRERP AP S P I SOOI IR

i L PRWLLIR )

e a7 e 4

AT iuta kb

DER RN SICHLE AP, LW YV ¢

ik

R P Y

Py

ISR TP UUPEE LN



R

TEVIX TR T TR AR e e e AT AR O TR T T e G SRR T Ty T LTINS U A TN TR ATV M RY AT AT e, T

THE EFFECTS OF GROWTH SPEED AND HEAT TREATMENT ON DEFORMATION OF
ALIGNED A33M3-A3Mg AND Al-Ag,Al EUTECTICS

R. H. Bellows, Y. G. Kim and N. S. Stoloff
Rensselaer Polytechnic Institute
Troy, New York 12181

Abstract

The tensile properties of aligned Al-AgjAl and AgjMg-AgMg eutectics were stud-
ied as functions of growth speed, post-solidification heat treatments dand test tem-
perature. The yield and ultimate strengths of the latter were markedly altered by
thermal treatments which produced long-range order in the Agq Mg phase. The strength
of Al-Ag.Al was altered by heat treatwents which induced precipitation in the alumi-
num-rich“phase. The dependence of yield strength on interiamellar spacing, A, was
markedly different for the two alloys., For the Ag-Al system, strength decreased with
decreasing A but increased with finer eutectic grain size, d, brought about by slower
solidification rates. The A§~Mg alloy, on the other hand, revealed the more typical
increase in strength with A™2%; there vas a pronounced increase in slope of Oy Vs A~k
when the Ag3Mg phase exhibited long range order. The influence of test tempersture
on yield strength, UTS and fracture elongation was determined for both alloys. Frac-
ture mechanisms were studied by transmission and scanning electron microscopy.

INTRODUCTION

Previous studies (i-3) have shown that higher strengths of aligned eutectics are
achieved for rapid growth rates (small interlamellar spacings) and for samples with
few growth faults which are tested parallel to the growth direction. Recent work has
shown that additional strengthening may be introduced by post-solidification heat
treatments to produce either a fine precipitate distribution, (Al-CuAl, system) (4)
or to induce long range order (AgMg-AgsMg system) (5) in one of the co-existing phases.
It is the purpose of this paper to present additional information concerning the in-
fluence of ordering heat treatments on mechanical behavior in the AgMg-AgiMg system,
and to contrast the behavior of this alloy with a non-ordering Al-Ag,Al eutectic.

The experimental program consist:d of producing directionally solidified samples
of each alloy at several growth rates, performing post-solidification heat treatments,

and determining the tensile properties as a function of test temperature in the range
-196°C to 300°C.

ALLOY STRUCTURE AND CRYSTALLOGRAPHY

The Ag-33.6alMg (nominal) eutectic forms at 759°C and consists of 40vX of the
ordered CsCl type phase AgMg, and 60vi of a solid solution of approximate composition
Ag-27aiMg (6). AgMg is ordered to its melting point of 820°C, while Ag-272Mg under-
goes an ordering reaction from disordered fcc to a fct D0y4 type superlattice below
about 375°C (7). A preliminary report of temsile behavibor of this system has recently
been published (5). No data are available, however, concerning crystallographic re-
lations between thé co~existing phases.

Al1-37.5a%Ag forms a eutectic at 566°C between an fcc aluminum-rich solid solution
and an hcp intermetallic phase corregponding in composition to off-stoichdometric
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Ag Al (6). The conrninuous Ag,Al phase is present in 53v&. The composition of the
in%ermetallic phase is reduce& only from 42 to 40a%Al on cooling from 566°C to room
temperature. However, the alpha solid solution varies in composition from 23.8aZAg
at the melting point to less than a fraction of a percent Ag at room temperature.
This offers the possibility of employing post-solidification heat treatments to in-
duce precipitation in the quenched alpha solid solution., Pr2vious work on this
eutectic system has been confined to studying the growth characteristics of the
eutectic, (8,9) and the crystallographic relationships between the phases (9,10).
Elwood and Bagley (10) report (111)A1//(0001)Ag Al» and that the growth direction
(which generally is not parallel to interphase boundaries) is <001>, This alloy
reveals a pronounced tendency for structural breakdown of lamellae to rods, partic-
ularly at colony boundaries, as will be discussed later. Although Elwood and Bagley
reported that the aluminum-rich phase is the continuous phase, the present work indi-
cates that AgjyAl iz continuous,

EXPERIMENTAL PROCEDURE

Material Preparation

Starting materials for the two alloys were 99.999%Ag and Al and 99.9952Mg. One
in, diameter ingots were melted in graphite crucibles under flowing ergon in an in-
duction unit. A shift in comparison from Ag-33.6aZMg to Ag-32.2XMg was necessary to
remove proeutectic magnesium. Ag-Al ingots were remelted and cast into smaller % in.
diameter ingots, unidirectionally solidified and hot swaged at 430°C to 3/16 in. diam-
eter, The initial directional solidification before swaging proved to be a necessary
step to avoid cracking during subsequent hot working. Ag-Mg on the other hand, could
be hot swaged to 3/16 in. diameter directly after irZtially casting to 1 in. diameter.

An ingot of Al-16%Ag also was prepared to permit studies of age hardening effects
in the aluminum-rich phase of the Ag-Al eutectic.

Directional Solidificaticn

Samples of each eutectic alloy were directionally solidified in graphite crucibles
inside a resistance-wound Bridgeman apparatus through which argon was flowing. The
crucible was withdrawn from the furnace, through a water-cooled collar, at a rate which
could be varied from 0.42 to 500 cm/hr. Good alignment without horizontal banding
could be obtained in the Ag~Al alloy only for rates between 1.73 and 13.85 cm/hr. Ag-
Mg was much eaesier to grow, good alignment being achieved for any rate below 175 cm/hr.
A breakdowm to colony structure occurred at higher rates. The structure of Ag-Mg in-
gots selected for study always consisted of aligned plates parallel to the growth di-
rection, Fig. la). Ag-Al, on the other hand, while predominantly lamellar, often ex-
hibited clusters of rods at eutectic grain boundaries, as shown in Fig. 1lb). Ingots
containing a large proportion of such rods was discarded. Longitudinal sections con-~
firmed the reported off-axis growth of many eutectic grains in this system (8-10).

The relationship between average plate spacing A = t; + tz, (where t; and t: are
the thickness of adjacent lamellae of the two phases), and growtl. rate, R, is shown
in Fig. 2. Both alloys obey the relation AR = const., where the constant = 7.4x10711
cm®/sec for Ag-Al and 1.5x107% cm3/sec for Ag-Mgk.
*Note: In an eariier paper (5) A was defined as L3 Bl . To facilitate comparison with
data in the literature, the present notation was adopted.
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The eutectic grain size, d, also was measured as & function of growth rate, For
Ag-Al, Fig. 2, the average value of d increased with increasing growth rate, al-
though considerable scatter was noted, as evidenced by the ranges recorded at each
speed, Ag-Mg, however, exhibited liftle variation in grain size over the range of
growth speeds employed; the average value of d was about 0.06 cm.

; Specimen Preparation and Testing

g After unidirectional solidification, cylindrical tensile samples with 1.25 cm
gage length, 0.31 cm dia., and 0.62 cm fillet radius were machined parallel cto the
growth direction with a series 10-67 "Tensilkut" machine and a 'Tensilathe" attach-
3 ment.

: Samples of Ag-Mg in which long-range order was desired in the silver-rich phase
4 were annealed in vacuum at 500°C for 1 hour and then slow cooled to 370°C, held for

: 15 hours, and cooled to room temperature over a periocd of 10 hours., Samples in which
the silver-rich phase were to be disordered were quenched after a 1 hour vacuum an-
neal at 500°C, This treatment disordered only the Ag-27%Mg phase; complete long
range order is retained in the AgMg phase.

Sk e T

Two sets of post-solidification heat treatment schedules were followed for Ag-Al
samples. One group of samples was stress relieved for two hours at 200°C and air
cooled. The other set was annealed at 525°C for 2 hours, water quenched, and then
aged at 165°C for 5 hours followed by a second water quench. The purpose of the lat-
ter treatment was to induce strengthening in the aluminum~-rich phase through precipi-
tation of v' Angl (11).

Prior to tenmsile testing, gage sections of Ag-Mg were polished with Linde A and
B. Ag~Al samples were electropolished-etched in a solution of 20% perchloric acid
in ethanol which was held at 3~10°C by means of an ice water bath. Etching was car-
ried out at 11 volts for 3 minutes; the samples were then rinsed in ethanol.

Tensile tests were conducted on an Instron machine at a constant strain rate of
3.3x10"* sec~!. Low temperature tests were performed in liquid nitrogen. Elevated
temperature tests were performed under flowing argon in a reeistance fuinace.

Fractured tensile samples were examined by scanning electron microscopy, or two-
stage plastic replicas were taken from the fracture surfaces. Replicas were shadowed
with chromium at 45°, and then backed with carbon at 90°. Some fracture surfaces
were coated with Epon 828 Epoxy for protection; the samples were then mounted longi-
tudinally sc that crack paths could be examined.

EXPERIMENTAL RESULTS

AgqMg-Aghg

Unlike eutectic systems which contain a very strong phase in a relatively weak
matrix, the aligned Ag-Mg alloy undergoes yielding with an abrupt change from elastic
to plastic flow. Apparently both phases undergo plastic deformation at similar stress
levels.

We have recently reported that the strength and strain hardening rate are increased
and elongation is reduced by long range order in the Ag3Mg phase (5). Of particular
interest was the observation that the slope, k), as is recorded in a plot of yield
stress vs A“*,at room temperature was increased some 74%, Fig. 4. We have now extended
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our observations to two other temperatures, -196°C and 300°C, and these data also
are included in Fig. 4. There is a 93% increase in k) with order at -196°C, and a
37% increase at 300°C, see Table I. We note from Fig. 4 that the strength of the
alloy in both ordered an.. disordered conditions is a sensitive function of temper-
ature for a constant growth speed, but that k) at -196°C and 25°C are nearly the
same for each heat treatment condition, see Table I. This indicates no difference
in the effectiveness of the barriers to slip between those temperatures. However,
the slopes decrease sharply at 300°C, and there is a much smaller difference between
k) values for the two heat treatment conditions. This diminution of the apparent
effectiveness of the ordering heat treatment on strength at elevated temperatures
has previously been attributed to re-ordering of the disordered AgqMg phase (5).

Table II is a compzrison of room temperature tensile properties of as-cast Ag-Mg
with aligned samples grown at twe growth speeds. The as-cast material is comparable
to the samples grown at 3.9 cm/hr in yield strength and in responre to the ordering
treatment, but the ductility in both ordered and disordered conditions is lower than
for aligned material. While the eutectic is capable of appreciable plastic deformation
in all conditions, ordering does decrease plastizicty. There is only a small increase
in elongation at temperatures to 300°C for either heat treatment condition. There was
at least as great a variation in elongation with growth speed at any given temperature.

Fig. 5 shows a longitudinal section of an ordered sample grown at 3 cm/hr and

tested at 25°C. The primary crack runs at angles of 30-45° to the tensile axis and

to individual lamellae. As a consequence of irregularities in the structure the crack
front appears to run parallel to lamellae for short distances, and then traverses other
lamellae. Ordered samples, particularly those tested at ~196°C, exhibit somewhat more
evidence of interphase decohesion than disordered samples, as shown in the scanning
electron micrograph of Fig. 6a), although the overall crack path is similar at -196°C
and 25°C. Most fracture surfaces exhibited dimples of diameter approximately equal te
the width of individual lamellae, as shown in Fig. 6a) and in the replica fractographs
of Figs. 6b and ¢). The ordered sample shown in Fig. 6¢) exhibits somewhat flatter
fracture facets and smaller dimples than does the disordered specimen, Fig. 6b). All
of these observations are consistent with the lowered ductility arising from long range
order. Fig. 6a) also shows a short segment of crack running along a eutectic grain

boundary, marked G. Al-AgoAl showed somewhat more tendency for grain boundary crack-
ing, as will be discussed later.

TABLE I

Effects of Temperature and Order on k)

Temperature Condition |3 Increase
°c kg um % y
~-196°C ordered 1.58 93
«~196°C disordered 0.82 -
25°C ordered 1.45 73
25°C disordered 0.84 -
300°C ordered 0.59 37
300°C disordered 0.43 -
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TABLE II

Comparison of Properties of As-Cast Ag,Mg-AgMg with Aligned Structure

Growth Conditions

IR

Oy VTS

el Lo courn 2 Dk Tk o 2o i G
—

€
. F

ksi ksi y 4
;
as-cast - 0 47.8 67.0 13 3
: as-cast - D 3.2 60.3 30.5 %
: 3.9 ca/hr - 0 48.1 75.8 22 3
3 3.9 cm/hr - D 38.8 56.8 60 :
: 15 cm/hr - 0 41.3 80.5 26 %
" 15 cm/ht - D 3601 5802 38.5 4

_ Al-AgAl

This alloy yields in a manner similar to the Ag-Mg eutectic in that am abrupt
transition occurs from elastic to plastic behavior.

Fig. 7 shows the variation in yield stress of stress-relieved Ag~Al as a func-
tion of A for two test temperatures, 25°C and -196°C. At both temperatures yield
stresses aecreased with finer spacing (higher growth speeds). This 1is the reverse

of the usual trend in strength with spacing at low temperatures for aligned eutectics
(2,12,13).
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Walter and Cline (12) have noted that the NiAl-Cr eutectic exhibits decreasing
strength with more rapid growth speeds at 800°C (0.86T ) as a consequence of the
shear of eutectic grain boundaries; at 600°C the alloymbehaved in the normal manner,
that is, strength increased with decreasing A. Room temperature is about 0.36Ty and
-196°C is about 0.09T, for Al-AgjAl, so that it is highly unlikely that cell boundary
or interphase boundary shear is the explanation for the data of Fig. 7. Rather, we
believe that the variation in eutectic grain size with growth rate, Fig. 3, is re- 3
sponsible for the observed changes in flow stress with solidification rate. As shown
in Fig. 8, the yield stress at 25°C varies with the inverse square root of grain size,
d‘*, in the manner of the Hall-Petch relation; at 150°C (0.5Ty), there is virtually
no effect of grain size on strength. This suggests that the primary barriers to
plastic flow at low temperatures in this alloy are the grain boundaries rather than
the interphase boundaries. Some evidence to support this hypothesis is provided by
observations of slip bands on sampies defcrmed by indentation in the vicinity of grain
boundaries. Fig. 9 shows slip lines which are continuous across interphase boundaries,
but do not cross the grain boundaries. We shall return to this point in the Discussion.

Su s 2235 aaar
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The data shown in Figs. 7 and 8 for stress relieved material served as a base~
line for further heat treatment studies. It was established from work on a heat of ;
Al-16wXAg (approximating the average composition of the Al-rich phase between the k
eutectic temperature and 25°C) that precipitation hardeuing occurs at 165°C after
solution treatments at 525°C. A double peak in tensile strength was noted with time,
as is characteristic of Al-Ag alloys (11). The first peak occurred at 5 hours, with
a yield stress of 22,000 psi compared to 17,200 psi for solution treated material. ;
Accordingly, a set of Ag-Al eutectic samples was solution treated at 525°C for 2 hours,
water quenched and aged at 165°C for 5 hours. A striking increase in the room temper-
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ature strength of the euiuctic relative to stress relieved r:terial was noted for all
growth speeds, as snown in Fig. 10, but the anamolous dependence of strengta on inter-
phase spacing was altered only slightly, indicating no change in the primary mechanism
of plastic flow. The averave increment in strength of 25,000 psi for the eutectic
with “he aging treatment is many times larger than the modest increment in strength

of 480" psi which had been imparted to Al-1l6w%Ag after an identical 2ging treatment.

T.i'» for vecrystallizei Al-AgjAl, summarized in Table III, indicate that no strength

advan - -+ is act'ev:d by directional solidification of this alloy (Fig. 10), even with
the &,. i~ trezcment.

Nev-.vheless, in 1. 3w of the comsiderable improvement in strength achieved by the
aging ticstment, 7% :n..8equent experimental work on the aligned eutectic was done on
material wnich re _<_d this treatment. The influence of test temperature on the
mechanical behavior of the Ag-Al eutectic. for a growth speed of 3.47 em/hr, is sum-
marized in Fig. 11. Load displacement curves, Fig. lla), reveal the abrupt yielding
previously .- “2rred to, as well as the extensive plasticity associated with this allay,
Fig. 11b) is a summary of yield stress, ultimate tensile stress and total elongation
derived from the leed displacement curves. A rapid decrease in both yield and tensile
stresses occurs at temperatures above 100°C. Also, thc ductility begins to increase
rapidly between room temperature and 100°C. Note from Iigs. 1lla) and b) that there
is virtually no strain hardening above 200°C.

The fracture behavior of Al-Ag,Al was only peripherally differemt from that of
Ag3Mg-AgMg. Necking occurred only at temperatures above 200°C. Elliptical distortion
of specimen cross sections occurred at lower temperatures, exccpt at -196°C, where
failure occurred p-ior to such distortion. Crack paths cended to lie between 30 and
60° to the tensile axis, Fig. 12a), with secondary cracks which followed colony or
interphase boundaries lying nearly parallel to the tensile axis. The pronounced ten-
dency for off-axis growth of eutectic grains made it possible for a s’ -3le, nearly
flat crack front to sometimes run along interphase boundaries, and elsewhere to run
nearly perpendicular to individual lamellae. A region of predominantly transverse
failure is shown in Fig. 12b). A particularly cleaar example of interlamellar failure
is shown in Fig. 12c). Scanning electron microscopy revealed that interlamellar fail-
ure was accompanied by dimple formation, ¥Fig. 12d). Note the change in crack appear-
ance at the eutectic grain boundary, G, in Fig. 12d). It is apparent from this micro-
graph, and Fig. 12b) that cracks tend to run for shart distances along interphase
boundaries (or a path parallel to the boundaries) and then switsh over to a path at
90° to those boundaries. For the latter pach, dimples were rarely observed; instead,
individual lamellae appeared to cleave, as noted by nearly featureleas regions in Fig.

TABLE III

Strength of Recrystallized Al-Angl Eutectic at 25°C

Heat Treatment¥ Grain Size o] ouyTs

H ks! ksi

525°C - 2 hrs, W.qQ. 11.5 62,2 85.5
SZS.C - 6 h!’S, w.Qo 1105 6409 9007
SZS.C - 20 hts, W.Q. 1909 6Co6 84.0

%A1l samples re-annealed at 165°C for 5 hours.
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12d). &an exception to this behavior was ncted when cracks intersected the clusters
of rods which were shown in Fig. 1b). Thc fracture surface was then covered with an

array of deep, equiaxed dimples. Thers was little effect of test temperature on the
fracture mechanisms of this alloy.

DISCUSSION

Botih eutectics are somewhat wnusial in that the co-existing phases deform plastic-~
ally from the opbset of yielding, ratl : 5 than the more typical elastic-plastic defor-
mation of most eutectic and artificial ccmposites., While it 1s not possible to achieve
dranatic strengthening relative to the as-c~st or worked and recrystallized micro-
structures as in many previously studied eutectics, these alloys are quite ductile
under most conditions and we have shown that post-solidification heat treatments offer
substantial improvet.ents in strength, with little sacrifice of ductility. More impor-
tantly, this work has shed considerable light upon the effectiveness cf several of the
followirg proposed mechanisms of barrier strengthening in eutectic composites:

a) Modulus differences, AG between two co-existing phases may give rise to an
image force barrier at the interphase boundary of magnitude (3):

By
Tac = 87 L

b) A difference in lattice parameter between the phases on either side of the

interfece must be taken up by interface dislocations; the latter interact
with slip dislocations, requiring a stress (13):

GAL
TAB 2ms (2)

¢) Inter-phase boundaries may act as barriers to slip ir the same manner as
grain boundaries, provided that siip planes and directions are not parallel

across the boundary (2). In that case. by analogy to grain boundary eftects
(14):

ky = mz'rcr;’ (3)

where m is an orientation factor, T, is the stress necessary tc activate dis-

locations across an interphase boundary and r is a dislocation source dis-
tance,

Calculations of lattice and modulus misfit stregses for the two alloys are sum-—
marized in Table IV. In each case, G or b is taken for the continuous phase. For
Al-Ag,Al, ve have had to use modulus data for pure aluminum (18), so that the modulue
misfit stress for Ag-AgjAl is probably overestimated; also, although basal slip is
the more lik:ly deformation mode in AgyAl (16), we have had to use the only availeble
modulus data, for prism slip (17). The results for Ag-Ag,Al show that both the mod-
ulus and lattice parametexr mismatch stresses are low, 4,650 and 22,600 psi, resgpective-
ly, and therefore interlamellar bcundaries are unlikely to offer strong barriers to
plastic flow by either of these mechanisms, Since slip planes in the twc phases also
are coincident, it is clear that the only effective barriers to slip propagation in
this eutectic are the grain boundaries and the results of Figs. 7 and 8 can then be

‘eéasily understood. However, we are unable to explain the observation that grain

size decreases with decreasing growth rate. An increase in colony size with decreasing
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TABLE IV

Calculation of Barrier Stresses

Phase b ¢ Th e
A° 10%psi 10%psi 103psi
Al-Ag 2.86 3,62+
AgoAl 2.88 4.19% b 4 22.6
Ag Mg (d) 2.92 5.8
e 2.86 2.61 { ig'g iﬁg
Ag3Mg (o) 2,917 6.1 .

* data for pure Al
*%prism slip - no data available for basal slip

growth rate has previously been reported for Al-Cu eutectic (20).

For Ag3Mg-AgMg, equally enlightening results are obtained from consideration of
Table IV. (The moduli of AgjMg and AgMg were obtained from (7) and (19) respectively).
Modulus misfit stresses are very high, and could give rise to the large k) in the dis-
ordered condition. However, ordering produces vnlv a small increase in Tpg, some
19,000 psi, and therefore cannot explain the large increase in k) at low temperatures
shown in Fig. 4 and Table I. The situation is even more striking with respect to
lattice misfit, There is no increase in T b with order, since the lattice parameter
of Ag,Mg is virtually unchanged (15), nor is T,, high enough to explain k) for the
disoraered alloy. These calculations therefore support our previous conclusion (5)
that the 73X increase in k) with order at room temperature is associated with more
difficult propagation of slip within the AgiMg phase. Work on bulk Ag-27XMg has in-
dicated an 85Z increase in T, with order, more than sufficieat to explain the increase
in k) according to Equation ?3). At 300°C slip propagation becomes easier in both
phases, thereby lowering T, and explaining the drop ir k) relative to 25°C, see Table

I. However, the disordered phase can re~order during test so that the difference in
k), with order decreases sharply.

The value of k) for disordered Ag3Mg-AgMg at 25°C, 0.84 kg/mm’lz, is very close
to that observed for lamellar Ag-Cu, 0.8 kg/mm3/2(13). Siuce T, for Ag.Mg-AgMg is
127,000 psi (Table IV), and Tpc 80d Ty, were both of the order ﬁ? 100,008 psi for
Ag~Cu (13) there is considerable supps>rt for previous suggestions (2,13) that bar-

riers to plastic flow must be overcome by stresses arising from dislocation pileups,
the length of which are limited by the interlamellar spacing.

Bertorello and 3iloni (4) have studied post-solidification age hardening effects
in the Al-CuAl; eutectic. They found that in the absence of aging, flow stress in-
creased about 60 for an order of msgnitude decrease in A, although there was not a
precisely linear dependence of strength on A™s, However, aged materiai revealed no
effect at all of A on strength. This indicated that the presipitation effezt out-
weighed any variation of streagth with spacing. Increases in ultimate tensile strength
in excess of 100% were gsometimes noted at a1 constant A, although strength for aged ma-
terial varied randomly with A. The prescnt work contirms the effectiveness of aging
in increasing strength, although the strength-spacing relationships are different.
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Finally, we shall ccnsider the role of perfection of aligned microstructure on
mechanical properties. Colony structures consist of lamellae (or rods) which are
curved and not oriented along the primary growth direction. Colony structures are
generally considered to be weak, and this was confirmed in the present work. Growth
speeds above 175 cm/hr for AgqMg-AgMg, corresponding to Ak > 0.6u‘%, resulted in no
increase in strength, see Fig. 4, even though the average interlamellar spacing with-
in the colony boundaries decreased. For Al-Angl, which was more susceptible to gen- 4
eral structural breakdown at all growth speeds, the introduction of a colony structure g
caused considerable scatter in experimental results.

Ahova s Sy

SUMMARY AND CONCLUSIONS

1. Both Al-AgyAl and Ag,Mg-AgMg obey the relation A’R = constant.

2. The strength of AgjMg-AgMg increases with A% at -196°C, 25°C and 300°C.
The dependence of strength on A increases sharply at -196°C and 25°C with
ordering of the AgqMg phase.

3. The increase in k) with order for Agjhg-AgMg arises from increased difficulty
of propagating slip in the Ag3Mg phase.

4. The low temperature strength of Al-AgoAl is controlled primarily by the
eutectic grain size.

5. Fracture mechanisms do not vary significautly with test teaperature for
either alloy, but long range order reduces the ductility of Ag3Mg-AgMg.
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FIGURE CAPTIONS

10.

11.

12,

Transverse sections of aligned eutectic alloys a) AgjMg-AgMg, R = 3.4 cm/hr, %250
b) Al-AgpAl, R = 1.7 em/hr, x750 (note rods at arrows).

Effect of growth speed, R, on interlamellar spacing, A.

Influence of growth speed on eutectic grain size, d, of Al-Ag;Al. Bands denote

scatter at each speed.

Dependence of yield stress on X-% for ordered and disordered AgiMg-AgMg at -196°C,
25°C and 300°C. (Points at 300°C omitted for clarity).

Longitudinal section, showing crack path in ordered AgsMg-AgMg, R = 3 cu/hr, tested
at 25°C, x500.

Electzon fractographs of Ag.Mg-AgMg, a) SEM, ordered, R = 13.9 cm/hr, -196°C.
G denotes eutectic grain boundary. b) replica, disordered, R = 27.8 cm/hr, 25°C

¢) replica, ordered, R = 27.8 cm/hr, 25°C.
Dependence of yield stress on X-% for stress-relieved Al-Ag Al at ~196°C and 25°C.

Dependence of yield stress on d-% for stress-relieved Al-Ag,Al at 25°C aud 150°C,

Siip bands in Al-AgsAl, R = 6.9 cm/hr, x750. Note traces terminate at grain bound-

aries, G.

Effect of aging heat treatment on the yield strength of Al-AgjAl.

Tensile properties of aged Al-Ag,Al a) Load-strain curves at several test tem-
peratures b) Influence of temperature on strength and ductility.

Fracture modes in Al-Agj,Al, with eutectic grain boundaries marked G. a) Crack
path, -196°C, R = 31.7 cm/hr, x121 b) Lanellae fractures, -196°C, R = 3.5 cm/hr,
x500 c¢) Interlamellar crack, -196°C, R = 6,9 cm/hr, x250 d) SEM fractograph,

-196°C, R= 3.5 cm/hr’ x7250
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Fig. 1: Transverse sections of aligned eutectic alloys

a) A33H3-A3Hg R = 3.4 em/hr, %250
b) Al-A32 » R = 1.7 cm/hr, x750 (note rods at arrows).
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