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2 Cla.lm

“Thls invention relates to the age-hardemn of
magnesium-base alloys comprising magnesium
and lithium in the ratio to.one another.of 5:1.to
10:1. The invention is based upon the discovery
o,f magnesium-base alloy ¢ompositions consisting
of lithium and one or more other metals result-
ing m the formation of a new crystal phase which
1 ‘herelnafter ‘call. “theta” phase and .the

“phase aré susceptlble to age-hardemng -
-base bmary alloys contalnmg lith-
.composed ‘either of the’ magnesmm-rxch
termmal solid "solution alpha phase, .or the l1th—
ium=rich. termmal sohd solutlon beta phase ox
Sth dependirig’ upon, the composmlon of the
The addition. of a suﬁiment quantrty of
ore other metals of the group consisting,
dmium, snver and aluminum . to. the
-lithium bmary alloy produces., the,

prising mag}nesmm and Ilth1um in the rat1o to
on another of 5: 1 to 10 1, mcludmg one -or .Imore.

m 0-12% sﬂver ‘and - A—12% alummum
e theta phase and are age-hardenable

, _,magnesrum base alloys havmg thlS
Tieta phase resulting in a precipitation of at least
a4 part of the theta phase in. the age-hardened
alloy,. .. o . . Fo

lustrates’ representatrve X-ray dlﬁrac-
t1o patterns of phases ohserved in magnesiume,

‘1s a_*l agmg curve of an alley comprlsmg
. 16%.Cd.and 6% Ag, and .

"Fig.’3"is an aging curve of an a110y compnsmg
6 Mg/1i, 129 Cd, 8% Ag, and 05% Al o
The theta phase has been 1dent1ﬁed by means

of X-ray’ dlﬁractmn (o4 R ), patterns.as.a faces.

centered—cub1c stlucture havmg a lattice con-.
stant ranging from 6.5 A, to 6.92 A. in the alloys
thus far investigated.” In ‘other alloys of this
type, this lattice constant for theta phase may be
slightly greater than. 6.92° A or somewhat less
than6.5 A: As indicated in Fig"1; pattern is
a typical pattein'of the béta phase of Body-cen—
tered ‘cubic lattice stiuctiife, pattern 7 i8 typlcal
of the hexagonal close-packed magnesmm struc-

dlscovery that such alloys having the

3

(L 148—219) o e

5 shows the sharp, well deﬁned pattern of— the
theta phase typically observed in- over-aged al-
loys Pattern 3 was obtalned from a cadmium
ternary alloy, whereas patterns 4 and-§ were ob-
tained from a silver ternary alloy.

In Fig.- 1, the diffraction lines- makmcr up- the
various patierns are .plotted with the visually

- estimated relative intensity shown on the ver-

i0

tical.axis and the -interplanar: spacing shown:in
angstrom units on.the horizontal axis (an Ang-
strom, abbreviated A., is equal to 108 centi-
meter) .. In magnesmm -base alloys which con-

3 tam the- theta phase, the alpha phase and beta

i3

20

phase are also normally present-to-some extent
and. the X—ray diffraction photogram of the sam-
ple examined will be a mixture of the X X-ray dif-
fraction patterns of all the phases present; how- |
evér, the patteérns of these phases may be all
separated from one another by usmg -8 gevice.
such as the graph in Fig. 1. P e

. Patterns.3 and & are d1ﬁuse theta-phase pat-g
terns as represented by the broad bands indi-.

s eated for each diffraction maximum,. which are:
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ture: known' as alphd phHASE,” pattern s’ ex— .

emplary-of a° dlfque pattern of heta bl se
structure of ‘maximum l5ttice” constant ‘pattern g
llustrates a diffuse theta phase pattern having a
relatively smaller lattice constant, and pattern

55

obtamed ‘upon the examination of alloys which:
have been age-hardened ‘The dlﬁr_aetmn lines:
correspondlng 11nes shown in pattern 3, s1nce the
lattice constant-of the alloy whlch produced pat-~
tern 4. is- somewhat less- than that in-the alloy-
which. produced ‘pattern 3. - A still: further- shifé-
of the dnTractlon lines to the -right is-shown in:
pattern 5- Wthh is-8, pattern for the same-alloy
as that of pattern 4, but after overaging-at a
higher" temperature The sharpness of pattern-
§ is typical of- theta-phase- patterns obtamed in
examination of over-aged alloys, and it is because
of the sharp diffr action patterns so obtained that
it is usually preferable to examine the alloys in
the ‘over-aged condition to deter‘mne the pres-
ence of theta phase.

One of the outstanding characterlstms that
1dent1ﬁes the, theta phase and differentiates it
from: other Tace- centered cubic structures is the.
high 1ntensrty of ‘the third diffraction line from
the left shown in patterns 2,4, and 5 (recognized -
by persons fanullar with the art as havmg Miller
indices 220), as compared w1th the intensity of
the first dlfrractlon line from the left (Miller in-
dices 111) in Dpatberns 3, 4 and 5. In the usual
pattern ofa metal or termmal solid solutlon hay-
ing a face-centered-cublc structure the . third.
line (Miller indices 2205 has only about one-..
third the intensity of the frst line. For theta
phase, however, the intensity of these two lines is
almost equal. Furthermore, a face-centered-
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cubic metal or terminal solid solution would have
a rauch smaller lattice constant. A further dis-
tinctive feature of the theta-phase diffraction
pattern is the presence c¢f a line at Miller in-
dices of 200, shown as the second line from the
left in patterns 3, 4 and 5. The simultaneous
existence of these two features helps to readily
identify the theta phase. As will be apparent to
those skilied in the art, the diffraction patterns
represented in Fig. 1 are merely typical, and
slight departures therefrom in intensities and
lattice spacings will be found in various types
of theta-phase patterns.

In the following Table 1, the Miller indices,
the visually estimated intensities, the same rela-
tive intensities placed on a numerical scale, and
the interplanar spacings of the lines found in a
typical theta-phase pattern are tabulated. The
X-ray tube had an iron target or anode and
the sample, photographed in a Debye camera,
comprised filings filed under 200-proof ethyl al-
cohol and dried. The alloy employed contained
49 zinc, 6% cadmium, 6% silver, the balance be-
ing magnesium and lithium in the weight ratio
to one another of 7:1. Patterns of theta phase
can also be observed in diffraction patterns ob-
tained on an X-ray diffraction spectrometer,
either from block samples or from filings.

TABLE 1

Table of X-ray diffraction lines observed for
theta phase

Interplanar
spacing in
angstrom
units when
lattice
constant
equals
6.75 A.

Relative
intensity
of line on.
numerical
scale

Miller 2 : intensi
indices Visually estimated intensity

(IKL) . ofline

Faint
Faint to medium-faint --
Very, very faint__..___ -
| Medium-faint_......
i Veryfaint ... ... ____.
Faint
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The points of distinction for identifying the
theta phase brought out above in connection
with the patterns in Fig. 1 are further emphasized
by the above table. The line having Miller in-
dices of 111 had a relative intensity of 1.0, where-
as the line having Miller indices of 220 had a rel-
ative intensity of 0.8. The line having Miller in-
dices of 200 had an intensity of 0.3.

I have found that none of the magnesium-lith-
ium binary alloys form the theta phase, but that
a large number of magnesium-base alloys con-
taining other added metals do form theta phase
and respond to age-hardening treatment, as
shown in Table 3.

In carrying out this process, the usual pretreat-
ments such as hot working, cold working, extrud-~
ing, etc. may be employed, but are not requisite
to the age-hardening treatment. In general, it
is desirable to solution heat treat the alloy, that
is, to put all or a major part of the theta phase
into solution. The alloy may be hot worked or
subjected to any other treatment which aids in
dissolving the theta phase. The solution of theta
phase involves two inter-related factors, namely,
time and temperature. Below certain tempera-
tures, theta phase will not go into solution re-
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gardless of time and this solution temperature
varies from one alloy to another. As the tem-
perature is increased, the time required for com-
plete solution is decreased. Usually, temperatures
of from 400 to 600° F. are satisfactory and holding
pericds of from a few minutes to 16 hours may
be employed. The following Table 2 shows the ef-
fect of the solution treating temperature on an
alloy containing 66.9% magnesium, 11.19 lith-
ium, 16% cadmium, and 6% silver.

After aii of the theta phase has gone into solu-
tion, the alloy is quenched with sufficient rapidity
to prevent precipitation of the theta phase. This
is normally accomplished by a water quench, al-
though any other quenching means which effects
2 sufficiently rapid quench can be empleoyed.

TABLE 2
Solution Maximum
treating A.8.T. M, Rﬁglr{g‘;fl;f
temper- Eflect on precipitate grain size, reachede (;11
ature, number agi

°F ging at

* 150° F.
500..... Dissolved 31% 93
425__ ... do 5 94
400 .. |- do 6 94
350 - .. Coarse, undissolved particles.___ 6-7 89

The above table shows that below 400° F. theta
phase was not completely dissolved, but solution
treatment at 400° F. produced an alloy containing
a finer grain size than the same alloy solution
treated at 500° F. Grain size appears as a direct
function of the solution treating temperature.

The solution heat treated alloy must then be
reheated at a temperature substantially below
the solution temperature in order to bring about
the precipitation of the theta phase. For most
of these magnesium-base alloys, a temperature of
about 150° F. produced the best age-hardening
conditions, although certain alloys age-hardened
as high as 300° F. and others age-hardened at
70° F. As is shown in Table 3, however, alloys
which hardened only at 70° F. required such a
long period of aging that the process would be
commercialiy impracticable. On the other hand,
alloys which age-hardened at 300° F. were gen-
erally quite unstable. Aging times of about 1C0
hours have been found preferable. Referring now.
to Table 3, it is evident that for both heat Nos.
25 and 32 higher aging temperatures hardened
the alloys more rapidly than the lower aging
temperatures. In both cases, however, aging at
150° F. produced as high or higher hardnesses
than aging at 175 and 200° F., so that the ulti-
mate hardness obtained was not affected ma-
terially by the aging temperature. This is prob-
ably due to the fact that the maximum hardness
is attained before all of the theta phase precipi-
tates, and the precipitation of additional theta
vhase merely over-ages the alloy.

In order to enable those skilled in the art to
better practice the present invention, the fol-
lowing detailed examples are set forth:

EXAMPLE 1

An ingct of heat No. 25 with a composition
of 66.9% Mg, 11.1% Li (6 Mg/Li), 16% Cd,
and 6% Ag was extruded at 450° T, from a diam-
eter of 2 inches to a strip of % inch thick by
7% inch width. 'The strip was given one hot-
rolling pass at 30% reduction at 550° F., air
cooled to room temperature and then reduced
by cold rolling 15%. The cold-rolled strip was
solution treated by holding for 16 hours at 500°



5
F. To protect it from oxidation during solution
treating the strip was coated with a 51l1cone
varnish. After solutmn treatmg, the, strip. was
water quenched and aged air at temperatures
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inches square to a cross-section of 4 inches by
1% inches. The forged ingot was machined to
clean up at 1.462 inches thickness and.then hot
rolled . at, 550°, P, t0..0.668 1nch thickness. in the
eross forging direction. It was then turned and

of 70° F' 150° F and 300° F., .As shown in 3
Y at 70° F for this Hot rolled at 650° F. in the forging direction to
alloy to reach maximum hardness; whereas only 0.250 inch thick. The temperature was .then
85 hours were required to reach the same maxi- dropped to 400° F. and rolling continued in the
mum hardness at 150° F. At 300° F. this alloy = forging direction to a thickness of 0. 065 inch.
aged rapidly (1 5 hours) but only mcreased from 1p Tensile specimens from this sheéet were coated
74 Rockwéll E to 76 Rockwell E,. An addltmnal w1th a silicone varnish and solution. ireated by
fact, not shown ih _Table 3, is that 1t requlred holding at 400° F. for 16 hours. The solution-
only 48 hours. a.t 150° F. to obtam a hardness of treated hardness was 73 Rockwell. E., On aging
91 Rockwell E; as compared w1th the max1mum . at i50° 7. for 135 hours the hardness. was in-
hardness of 92 Rockwell E obtained 4t the end 15 creased to 93.5 Rockwell E. In the aged state,
of 85 hours: the tensile yield strength was 47,800 i p. s. i, the
BXANMPLEH 2 ultimate tensile strength was 49,200 p. s. i., and

elongation was 1.8%. ;

An ingot of héat No. 32 with & composmon .. This application is a continuation- n-part of
of 66.9% Mg, 11:1% Li (6 Msg/id), 16% Cd, 20 my copending application Séfial No. 792,232, filed
and 6% Ag was forged at 550° F. from about 4 December 17, 1947 (now abandoned).

TABI:E 3
Intendedcompomtmn 5y o L ‘ ¢ Time to
* percent (Hot 4 Gaig ' Aging | 199 | nraxi. | Treach | Timesat o s e
: m o rolling’| i tem-. | "% I'mum | maxi- | D8 ipuration Lo :
Heat [ Me/ tem- du g1 © Derse a3, | hoed mim mum 0° test Aged hardness at
No. | Li ! pera- | Tofuc: pe solu- | pgeC | ! | . aged: i end o° test
- S ture tion, t;ure, . tion J-hard- | ! saged hardness, hours
Cd | Ag Other o |percent « 1 %P eated] Dess hai]rgélr(;ss, hours |
e \ it ol &1 s | g0 W 2,500 | 7.
I 6| 4 6| 0BAL. . . 550 | 15 500 )4 ) 6 | 130 ) 0. W v,
s . gid not age harden.
2. 6| 4| 614 55077 15 4500 { | W e
. 300-4. gid not age hard
3. 6 4] 6]6al_____o. 5507 15 oo 1 1%, S s o
1 )|, g)jd not age harden.
4 6 4 61241 550 [ 2 <6 { 50:[ G
R : -,Dld not age hardcu.
5. 6| 4] e _.___ 550 | 15 600 {
: f . L ;?’id not age harden.
6= 6 4 6] 8Tz A s 15 260 i
7. el 4 e astis 550 |: 15 {500
YIRS, PP HVR H B o 550 | 15 d0o’ 805 . .
i 2 ' {‘Dxd Sot age harden.
o -l sl a6 550 |7 18" 1500 it

) . ) o ;Dsid not age harden.
10.2|, 67 49 6 [sSn.oo 550|; 15 1600 id m,t ag‘g‘ﬁgrden'
Mo 6|46 8Bi i 550 | 15 600 vae g et

: . ;D1d Dnot age harden.
. 0.
12._ 6 4 e 2PbIiziily 5507|157 4 600 Gy e e it
) Did not age harden.
FE ARt SN TIPS RN B SR A T + 600 85 aedn
E D1d nbt' age harden
.| 6] 4 efespiiiinn 55013 15 600 DO e st
D1d Iz)lot age harden
1 ot . L
5. 8| 4l 6| 2Bl 550 |, 15 600 1y
. - Dld not age harden
16...| 6| 4| 6] rsAiMulol. 55070 15” 600 B v
» ]%m not age harden
. - B Ay 3y, LY
1w .| 641 6]05BiT1 ... 550 |- 15 600 R R T—
: f ’ s ez ?%1(51 not age harden..
12| 6| 4| 6] 15CaTI ... 50| 15 660" |4 .
19....| 6| 4| 6|1CuZn_._... 550 | 15 600 5.
7%1(51 not age harden.
20....{ 6| 4| 6| 1InNa_____ 55 | 15 600 65.
g);d not age harden.
21.._| 6| 4| 6| 28bTh___._. 55 | 15 600 74
%id not age harden,
22....1 6| 4| 6faScTl...___ 550 | 15 7600 68,
Did not age harden

(See footnotes at end of table.)
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TABLE 3—Continued
Intended composition, Time to :
percent r(ﬁ?xﬁ Cold | Solution'| Aging Eé%gg' Maxi-| reach Tl;ln;}ed?t
Heat Mg/ £ m_g rolling | treating | tem- as mum | maxi~ mum Duration Aged hardness at
No. 3 © reduc- | tempera- | pera- aged | mum of test,
Li pera- | ' t t solu- | =g a aged h end of test
ture, lon, ¢ Lure, JIE?’ tion | D2rG- h ac%e hardness;] _OWS
Cd| Ag Other ° Dercen - ltreated| 1SS a}rmlr;resss, hours
70 61 83 1, 500 1,000 2,500 | 83.
2.... 6| 8| 6 |oceeeao . 550 15 600 150 60 | 69 1,000 1, 500 2,500 | 69.
300 600 60 |- e | . Did not age harden.
70 67 | 88 2,000 500 2,500 | 88.
4. 6112) 6 ... 550 15 600 150 66 | 88 84 280 2,500 | 80.5
300 66 | 68 9 28 1,000 | 64.
70 75 92 2,000 500 2,500 | 92.
25....| 6116 6 _.._._......_ 550 15 600 150 41 92 85 500 2,500 | 85.5.
300 74 76 1.5 11 1,000 | 69.
70 71| 875 2,000 500 2,500 | 87.5.
26.--. 6 412 | ... .. 550 15 600 150 0] 9 90 510 2,500 | 80.5.
300 TO01 70 ool Did not age harden.
70 64| 85 2,000 500 2,600 | 85.
... 61 4| 6| 4InNa._.___. 550 8.5 4600 150 63 | 83 28 320 2,500 | 73.
300 63 | 65 25 1,000 | 60.
70 761 93 2, 500 [O) 2,500 | 93.
28___. 6112 2 1AL ... 550 15 600 150 75 89 12 135 2,500 | 76.5
300 751 80 1.5 1,000 | 63.
70 80| 05 1, 500 1,000 2,500 | 95.
b2t F— 6116 2(1Al.__.___ 550 15 660 150 791 93 15 130 2,500 | 81.
300 79| 88 1. 1,000 | 70.
70 6l ] B87.5] 2500 Q)] 2, 500 | 87.5.
30.__. 612 2]05AL ... 550 15 600 150 60 { 81 16 250 2,500 | 72.
300 60§ 60 faeooeoce|occmee e s Did not age harden.
70 69 | 90 2, 500 ) 2,500 | 90.
3l.__. 612} 4 05A1 __._ .. 550 15 600 150 67| 89 4 220 2,500 | 79.
300 67 | 67 |ocooeofomeeo e Did not age harden.
70 76| 93.5| 2500 Q)] 2,500 | 93.5.
32.... 6/12] 8054 .. ... 550 7.5 600 150 75| 95 100 900 2,500 | 87.5.
300 %9 . 2 1,000 | 73.
70 771 96.5| 2,000 500 2,500 | 96.5.
... 6| 6! 6{4Zn_.__.____ 600 15 600 150 751 96 30 115 2,500 | 82.5
300 75| 77 3 25 1,000 | 71.
70 681 92 1, 500 1, 000 2, 500 | 92.
34.... 6|---c] 4| 4Zn-4Ca.._. 550 15 4 500 150 69| 72 85 155 1,000 | 65.
300 69 1 69 0 1 1,000 | 59.
70 66 | 91 900 2, 600 3,500 | 81,
35..__ 6(....| 44Zn_._ .. __. 550 15 500 150 65| 70 82 180 1,000 | 66.
300 65| 67 1 2.5 1,000 | B8.

! The hardness of this alloy will probably remain at this level indefinitely.

* A second phase which could not be put into solution at 500° F. could be dissolved at 600° F.
4 A second phase could not be put in solution at either 500° F. or 600° F.

NoTE.—All hardnesses in this table are reported on the Rockwell “E’’ scale.

I claim:

1. The method of producing an age-hardened
magnesium-base alloy consisting of magnesium
and lithium in the ratio to one another of 5:1
to 10:1 and at least one metal of the group con-
sisting of 4-10% zine, 4-24% cadmium, 0-12%
silver and 4-12% aluminum and having a pre-
cipitated theta phase which comprises heating
the alloy to dissolve at least a major portion of
the theta phase, quenching the alloy to prevent
precipitation of the theta phase, and thereafter
heating the quenched alloy to a temperature
above 150° F. but below 300° F. to precipitate
at least a part of the theta phase to age-harden
the alloy, said theta phase being identified by
X-ray diffraction pattern as a face-centered
cubic structure having a lattice constant ranging
from 6.5 A. units to 6.92 A. units.

2. The method of producing an age-hardened
magnesium-base alloy consisting of magnesium
and lithium in the ratio to one another of 5:1
to 10:1 and at least one metal of the group con-
sisting of 4-10% zinc, 4-24% cadmium, 0-12%
silver and 4-12% aluminum and having a pre-
cipitated theta phase which comprises heating
the alloy to a temperature of from 400° F. to

60

65

600° P. to dissolve at least a major portion of
the theta phase, quenching the alloy by rapid
cooling to prevent precipitation of the theta
phase, and heating the quenched alloy to a tem-
perature above 150° F. but below 300° F. {o pre-
cipitate at least a part of the theta phase to
age-harden the alloy, said theta phase being
identified by X-ray diffraction pattern as a face-
centered cubic structure having a lattice con-
stant ranging from 6.5 A. units to 6.92 A. units.

ALFRED H. HESSE,
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