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Patented Dec. 16, 1952 2,622,049 

UNITED STATES PATENT OFFICE 
Alfred. H. Hesse, La Grange, Ill., -assignor, by 
mesne assignments, to Mathieson Chemical 
Corporation, New York, N. Y., a corporation of 

This invention relates to the age-hardening o 
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 of magnesium-base alloy compositions consisting 
of lithium and one or more other metals result 
ing in the formation of a new crystal phase which 
Ishall hereinafter call thetaphase, and the 
significant discovery that such alloys having the 

se are susceptible to age-hardening. . 
um-base binary alloys containing lith 

arè, còmposed either of the magnesium-rich 
terminal solid solution alpha phase, or the lith 
it. 

, depending upon the composition of the 
The addition of a sufficient quantity of bre other metals of the group consisting, 

lithium binary alloy produces...the 
prising magnesium and lithium in the ratio to 
one another of 5:1 to 10:1, including one or more. 

the metals consisting of 4.10% zinc, 4-24%. 
cadmium, 0.12% silver and 4-12% aluminum 
have the theta phase, and, are age-hardenable 
according to the invention. The invention pror. 
ides aheat-treatment method of producing age. 
ardened magnesium-base alloys having this: 

tietaphase resulting in a precipitation of at least 
a part of the theta.phase in the age-hardened 

ccompanying, drawings: . . . . . . . 
lustrates representative X-ray diffrac 

tion patterns of phases observed in magnesiums, 
base aló * ',' ? : , ? Fig, ig. 2 is an aging curve of an alley.comprising. 
6 Mg/Li, 16%, Cd, and 6% Ag, and . . . 

Fig. 3 is an aging curve of an alloy comprising 
6 Mg/Li, 12% Cd, 8% Ag, and 0.5% Al... . . 
The theta phase has been identified by means of X-ray diffraction (XRD) patterns, as a face 

centered-cubie structure having, 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 
than 6.5 A. As indicated in Fig.1, pattern is 
a typical pattern of th? b?ta ph?se of body c?hº 
tered cubic lattice structure, pattern 2 is typical of the hexagonal close-packed magnesium struct 
ture known as alpha phase, pattern 3 is ". . . .'s, 

rich terminal solid solution beta phase, or 

alloys. Magnesium-base alloys.com-, º 

5 

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

In Fig. 1, the diffraction lines making up the 
various patterns are plotted with the visually 
estimated relative intensity shown on the ver 

cadmium, silver and aluminum to the 's 
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emplary of a diffuse pattern of atheta phase 
structure of maximum lattice constant, patternia 
illustrates a diffuse theta phase pattern having a 
relatively smaller lattice constant, and pattern 55 

tical-axis and the interplanar spacing shown in 
angstrom units on the horizontal axis (an. Ang 
strom, abbreviated A., is equal to 10 centi 
meter). In magnesium-base aloys which con 
tain the theta phase, the alpha phase and beta, 
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-ray dif 
fraction patterns of all the phases present; how 
ever, the patterns of these phases may be all 
separated from one another by using a device. 
such as the graph in Fig.1. . . . . . . . . . . ... : 

Patterns. 3 and 4 are diffuse.theta-phase pat 
terns, as represented by the broad bands indir. 
cated for each diffraction maximum, which are: 
obtained upon the examination of alloys which 
in pattern 4 are each slightly to the right of the 
corresponding lines shown in pattern 3, since the 
lattice constant-of the alloy which produced pat 
tern 4 is somewhat less than that in the alloy. 
which produced pattern. 3. A still further shift 
of the diffraction lines to the right is shown in 
pattern 5 which is a pattern for the same-alloy 
as that of pattern 4, but after overaging at a 
higher temperature. The sharpness of pattern 
5 is typical of theta-phase patterns obtained in 
examination of over-aged alloys, and it is because 
of the sharp diffraction patterns so obtained that 
it is usually preferable to examine the alloys in 
the over-aged condition to determine the pres 
ence of theta phase. ........................ : .?‘‘ ................. 
One of the outstanding characteristics that 

identifies the theta phase and differentiates...it 
from other face-centered-cubic structures is the 
high intensity of the third diffraction line from 
the left shown in patterns 3, 4, and 5 (recognized 
by persons familiar with the art as having Miller 
indices 220), as compared with the intensity of 
the first diffraction line from the left (Miller in 
dices 111) in patterns 3, 4 and 5. In the usual 
pattern of a metal or terminal solid solution, have 
ing a face-centered-cubic structure, the third. 
line (Miller indices. 220) has only about one 
third the intensity of the first 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 much smaller lattice constant. A further dis 
tinctive feature of the theta-phase diffraction 
pattern is the presence cf a line at Miller in 
dices of 200, shown as the second line from the 
left in patterns 3, ?å and 3. The simultaneous 
existence of these two features helps to readily 
identify the theta phase. As will be apparent to 
those skilled 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 
4% 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. 

ABLE 1. 

Table of X-ray diffraction lines observed for 
theta phase 

Interplanar 
Relative SPCST Miller , , intensity | SISTOR Visually estimated intensity units when 

indices of line of line on lattice 
(HKL) numetical cit Scale equals 

6.75 A. 

Strong------- - ... O 3.89 
Faint------- - ... 3 3.37 
Medium-strong 39 .2 8 ?? 
Medium---------------------- 6 2.04 

- Very, very faint- - - .05 .95 
- Faint------------ ... 3 E. 69 

Faint to medium- ... 4 1.55 
- Very, very faint----- .05 1.51 

Medium-faint------. .45 l. 38 
333, 51l--- Very faint--------------------- .15 1.30 
440------- Faint------------------------- 3 1.19 

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 re 
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 

inents such as hot Working, cold working, extrud 
ing, etc. Inay 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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4. 
gardless of tinae and this Solution temperature 
varies from one alloy to another. As the tem 
perature is increased, the time required for Con 
plete Solution is decreased. Usually, temperatures 
of from 400 to 600 F. are satisfactory and holding 
periods 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 
aloy containing 66.9% magnesium, 11.1% lith 
ium, 16% cadmium, and 6% silver. 

After all 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 
a Sufficiently rapid quench can be employed. 

TABLE 2 

I am : Maximum 
Solution Rockwell E 
treating A. S. T. M. hardness 
temper- Effect on precipitate grain size, reached on 
???8, Uumber aging at 

F. 150? F. 

500----- Dissolved. 33 93 
425 - - - - - - - - - - do----- - 5 94 
400---------- do------- - - - - - - - - - - - - 6 94 

350----- Coarse, undissolved particles.--- 6-7 89 

The above table shows that below 400° E. 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 
commercially impracticable. On the other hand, 
alloys which age-hardened at 300° F. were gen 
erally quite unstable. Aging times of about 100 
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 
nate 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 
phase 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 

An ingot of heat No. 25 with a composition 
of 66.9% Mg, 11.1 % Li (6 Mg/Lii), 16.9%, Cd, 
and 6% Ag was extruded at 450° F. from a diam 
eter of 2 inches to a strip of 4 inch thick by 
% 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 5000 

  



5 
F. To protect it from oxidation during solution 
treating the strip was coated with a silicone 
varnish. After solution treating, the strip was 
water quenched and agedinair at temperatures 
of 70°F, 150°F, and 300 F. As shown in 
Tablë 3, it required 2000 hour F. for this 
alloy to reach maximum hardness, whereas only 

5 

85 hours were required to reach the same maxi 
mum hardness at 150°F. At 300 F., this alloy 
aged rapidly (1.5 hours) but only increased from 
74: Rockwëll. È to 76 Rockwell E. Añ additional 
fact, not shown in Table 3, is that it required 
only 48 hours at 150°F, to obtain a hardness of 91 Rockwell E, as compared with the maximum hardness of 93 Rockwell E obtained at the end 
of 85 hours. . . . . -- - - 

EXAMPLÉ 2 

An ingot of heat No. 32, with 8. composition 
of 66,9% Mg, 1?ii % Lie (6 Mg/Li), 16% , Çd, 
and 6% Ag was forged at 550° F. from about 4 

Intendéd composition, 
º percent ???????t rolling 

tem 
öld |?olut Heat Mg/ rolling treating 

No. I Li türe, 
Cd || Ag percent 

1) 

26 

- 

?on ! Agilag 
g , tem reduc- tempera- pera 

15 diÀÌ. 
15 

550 - 5 

550 - 

550 15 

550 | 15 

5 

15 

15 

5 

15 

$ 600 

2Sh........ 600 

2Bi--------- 600 

61.5AiMn.... 600 16---- 

18- 61.5CaT1.... 550 666 

1CuZn------ 550 15 600 19.--- 

1In Na------ 550 5 600 20---- 

2-...-- 6 2SbT------. 550 5 

22.-- 6 4 6 2SrTl------- 550 15 

(See footnotes at end of table.) 

300 
70 

150 
300 
70 
50 
300 

0 
150 
300 
70 

150 
300 
70, 

150 
300 
70 
150 
300 
70 

150 
300 
70 
150 
300 
70 
150 
300 

6 
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°F, to 0.668 inch thickness in the 
cross forging direction. It was then turned and 
hot rolled at 550 F. in the forging direction to 
0.250 inch thick. The temperature was then 
dropped to 400°F. and rolling continued in the 
forging direction to a thickness of 0.065 inch. 
Tensile specimens from this sheet were coated 
with a silicone varnish and solution, treated by 
holding at 400°F. for 16 hours. The solution 
treated hardness was 73 Rockwell. E. On aging 
at 150° F. for 135 hours the hardness was in 
creased to 93.5 Rockwell E. In the aged state, 
the tensile yieldstrength was 47,800 p.s. i., the 
ultimate tensile strength was 49,200 p.s. i., and 
elöngation was 1.8%. 
This application is a continuationin-part of 

my ?öpending appli?ation Seriál Nö. 792,232, filed 
December 17, 1947 (now abandoned). 

TABLE 3. 
Time to 
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TABLE 3-Continued 
i 

Intended composition, Time to 
percent ?? Cold Solution Aging : Maxi- reach ???! 

Heat Mg| t ??? rolling treating tem- nun maxi Duration Aged hardness at No. e reduc- tempera- I pera- aged mum of test, Li pera- Solu- aged end of test 
ture tion, ture, ture, tion hard- aged hardness hours 

Cd || Ag Other g" |percent F. o F. treated ness h??????8, hours 

70 61 83 1,500 1,000 2,500 83. 
23. --- 6 | 8 || 6 -...----------. 550 5 600 150 60 69 1,000 li, 500 2,500 69. 

300 60 || 60 || - - - - - - - ??---?? --? ? ? ? ? ? ? ? ? ?----- Did not age harde. 
70 67 88 2,000 500 2,500 88. 

.80.5 2,500 280 84 88 66 150 600 15 550 ? ? ? ? ? ? ? ? ? ? ? ??? !! 6 || 12 | 6 |????--24 
300 66 68 9 28 1,000 64. 
70 75 92 2,000 500 2,500 92. 

25- - - - 6 16 6 ------------- 550 15 600 150 4 92 85 500 2,500 85.5. 
300 74 76 1.5 1. 1,000 69. 
70 71 87.5 2,000 500 2,500 87.5. 

26---- 6 4 12 -------------- 550 5 600 150 70 9. 90 510 2,500 80.5. 
300 70? ? ? ? ? ? ?---?? ? ? ? ? ? ? ? ? ??? ? ? ? ? ? ? --? ? 70 ? Did notage harden. 
70 64 85 2,000 500 2,500 85. 

27---- 6 | 4 | 6 | 4 InNa.---- 550 8.5 d 600 150 63 83 28 320 2,500 73. 
300 63 65 4. 25 1,000 60. 
70 76 - 93 2,500 (t) 2,500 93. 

28---- 6 12 2 1Al...-------. 550 5 600 150 75 89 12 135 2,500 76.5. 
300 75 80 ... 5 1.5 1,000 63. 
70 80 95 1,500 1,000 2,500 95. 

29---- 6 E 16 2 1Al---------- 550 15 660 150 79 93 5 30 2,500 81. 
300 79 88 ... 5 ... 5 1,000 70. 
70 61 87.5 2,500 (1) 2,500 87.5. 

30---- 6 12 2 0.5Al-------- 550 15 600 150 60 8. 16 250 2,500 72. 
300 60 1 60 ? - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Did not age harden. 
70 69 90 2,500 (1) 2,500 90. 

31---- 6 12 4 0.5Al-------- 550 15 600 150 67 89 40 220 2,500 79. 
300 67 1 67 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Did not age harden. 
70 76 93.5 2,500 (1) 2,500 93.5. 

32-...-- 6 12 8 0.5A.------- 550 7.5 600 150 75 95 100 900 2,500 87.5. 
300 75 91 ... 5 2 1,000 73. 
70 77 96.5 2,000 500 2,500 96.5. 

33---- 6 6 6 4Zn--------- 600 15 ?00 50 75 96 30 115 2,500 82.5. 
300 75 77 3. 25 1,000 71. 
70 68 92 1,500 1,000 2,500 92. 

34---- 6 ---- 4 42n-4Ca---- 550 15 4500 150 69 72 85 55 1,000 65. 
300 69 69 0 1,000 59. 
70 66 9 900 2,600 3,500 91. 

35. --- 6 ---- 4 4Zn--------- 550 15 500 50 65 O 82 80 1,000 66. 
300 65 67 1. 2.5 1,000 58. 

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. 
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 clain: 
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% zinc, 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 F. 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. to 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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