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ABSTRACT 

An alloy has been developed which exhibits a good 
resistance to stress-corrosion cracking at 25 ksi or higher 
stress in the short-transverse direction based on 30 days 
exposure in the 3.51 NaCl alternate immersion test. Estimated 
minimum strength of three-inch thick plate exceeds the 
guaranteed minimum strength of the closest competing aluminum 
alloy by 3 ksi and the advantage increases with increasing 
thickness. Eccentricities in the results of 84 day alternate 
immersion tests and lack of data regarding performance of 
alloys of this type in natural environments for longer than 
10 months, however, indicate that caution must be used in 
extrapolating the results of the accelerated tests to predict 
service performance. 



TABLE OF CONTENTS 

Section 
No. 

I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

INTRODUCTION 

MATERIAL 

1. CASTING 

2. FABRICATION 

3. HEAT TREATMENT 

4. TESTING 

a. Tensile Properties 

b. Str> is-Corrosion Cracking 

c. Electrical Conductivity 

d. Iracture Toughness 

RESULTS 

1. TENSILE PROPERTIES 

2. STRESS-CORROSION CRACKING 

3. ELECTRICAL CONDUCTIVITY 

4. FRACTURE TOUGHNESS 

DISCUSSION 

1. STRESS-CORROSION RESISTANCE AND 
STRENGTH 

2. FRACTURE TOUGHNESS 

SUMMARY 

CONCLUSIONS 

RECOMMENDATIONS 

REFERENCES 



Section 
No._ 

IX. 

X. 

XI. 

TABLE OF CONTENTS (CONTINUED) 

Page 

APPENDIX It STRUCTURE OF MATERIAL 

1. INGOT 

2. PLATE 

99 

99 

APPENDIX IIt TENSILE PROPERTIES OF 
ALLOYS CONTAINING V 
(Tables 63, 64, 65, 66, 67) 128 

APPENDIX III: SCANNING AND TRANSMISSION 
ELECTRON MICROSCOPE 
EXAMINATION 133 



LIST OF TABLES 

No. Title Page 

1 Chemical Analyses 18 

2 Tensile Properties of 2-1/2 Inch Thick Plate 
in Alloy 5 19 

3 Tensile Properties of 2-1/2 Inch Thick Plate 
in Alloy 6 20 

4 Tensile Properties of 2-1/2 Inch Thick Plate 
in 7175 Type Alloy 8 21 

5 Tensile Properties of 2-1/2 Inch Thick Plate 
in Alloy 9 22 

6 Tensile Properties of Alloy 10 23 

7 Tensile Properties of Alloy 11 24 

8 Tensile Properties of Alloy 12 25 

9 Tensile Properties of Alloy 13 26 

10 Tensile Properties of Alloy 14 27 

11 Tensile Properties of Alloy 15 28 

12 Tensile Properties of Alloy 16 29 

13 Tensile Properties of Alloy 17 30 

14 Tensile Properties of Alloy 18 31 

15 Stress-Corrosion Performance of Alloy 5 Plate 
in 3.5¾ HaCl Alternate Immersion Test 32 

16 Stress-Corrosion Performance of Alloy 6 Plate 
in 3.5* NaCl Alternate Immersion Test 33 

17 Stress-Corrosion Performance of 7175-Type 
Alloy 8 Plate in 3.5% NaCl Alternate Immersion 34 
Test 

18 Stress-Corrosion Performance of Alloy 9 Plate 
in 3.5* NaCl Alternate Inunersion Test 35 

19 Stress-Corrosion Performance of Alloy 10 Plate 
in 3.5% NaCl Alternate Immersion Test 36 

vi 



Mo. 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

List of Tables (cont'd.) 

Title Page 

Stress-Corrosion Performance of Alloy 11 Plate 
in 3.5% NaCl Alternate Immersion Test 37 

Stress-Corrosion Performance of Alloy 12 Plate 
in 3.5% HaCl Alternate Immersion Test 38 

Stress-Corrosion Performance of Alloy 13 Plate 
in 3.5% NaCl Alternate Immersion Test 39 

Stress-Corrosion Performance of Alloy 14 Plate 
in 3.5% NaCl Alternate Immersion Test 40 

Stress-Corrosion Performance of Alloy 15 Plate 
in 3.5% NaCl Alternate Immersion Test 41 

Stress-Corrosion Performance of Alloy 1C Plate 
in 3.5% MaCl Alternate Immersion Test 42 

Stress-Corrosion Performance of Alloy 17 Plate 
in 3.5% NaCl Alternate Immersion Test 43 

Stress-Corrosion Performance of Alloy 18 Plate 
in 3.5% NaCl Alternate Immersion Test 44 

Effect of Exposure Time in 3.51 NaCL Alternate 
Immersion Test on Loss in Strength of Specimens 
of Alloy 5 45 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Specimens 
of Alloy 6 46 

Effect of Exposure Time in 3.5% HaCl Alternate 
Immersion Test on Loss in Strength of Specimens 
of 7175-Type Alloy 8 47 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Specimens 
of Alloy 9 48 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 10 49 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 11 50 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 12 51 

vii 



List of Tables (cont'd.) 

No. 

35 

36 

37 

38 

3y 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

Title Paae 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 13 52 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 14 53 

Effect of Exposure Time in 3.5% NaCl Alternate 
Tmmersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 15 54 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 16 55 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 17 56 

Effect of Exposure Time in 3.5% NaCl Alternate 
Immersion Test on Loss in Strength of Unstressed 
Specimens of Alloy 18 57 

Stress-Corrosion Performance of Alloy 5 Plate 
in New vensington Atmosphere 58 

Stress-Corrosion Performance of Alloy 6 Plate 
in New Kensington Atmosphere 59 

Stress-Corrosion Performance of 7175-Type 
Alloy 8 Plate in New Kensington Atmosphere *0 

Stress-Corrosion Performance of Alloy 9 Plate 
in New Kensington Atmosphere 

Stress-Corrosion Performance of Alloy 10 Plate 
in New Kensington Atmosphere 62 

Stress-Corrosior Performance of Alloy 11 Plate 
in New Kensington Atmosphere 63 

Stress-Corrosion Performance of Alloy 12 Plate 
in New Kensington Atmosphere 64 

Stress-Corrosion Performance of Alloy 13 Plate 
in New Kensington Atmosphere 65 

Stress-Corrosion Performance of Alloy 14 Plate 
in New Kensington Atmosphere 66 

Stress-Corrosion Performance of Alloy 15 Plate 
in New Kensington Atmosphere 67 

viii 



List of Tables (cont'd.) 

No. Title Page 

51 Stress-Corrosion Performance of Alloy 16 Plate 
in Mew Kensington Atmosphere 68 

52 Stress-Corrosion Performance of Alloy 17 Plate 
in Mew Kensington Atmosphere 69 

53 Stress-Corrosion Performance of Alloy 18 Plate 
in New Kensington Atmosphere 70 

54 Llectrical Conductivities of 2-1/2 Inch Thick 
Plate Quenched in Water at Room Temperature 71 

55 Electrical Conductivities of 2-1/2 Inch Thick 
Plate Quenched in Water at 180 F and Precipi¬ 
tation Heat Treated at 325 F 72 

56 Electrical Conductivities of Alloys 10-18 73 

57 Plane Strain Fracture Toughness Alloy 9 Plate 74 

58 Plane Strain Fracture Toughness Alloy 14 Plate 75 

59 Degrees of Recrystallization in 2-1/2 Inch 
Thick Plate 101 

60 Degrees of Recrystallization in Two-Inch and 
Four-Inch Thick Plate 102 

61 

62 

63 

64 

65 

66 

67 

Phases Detected in 2-1/2 Inch Thick Plate 103 

Phases Detected in Two-Inch and Four-Inch 
Thick Plate 104 

Long-Transversj Direction Tensile Properties 
of 2-1/2-Inch Thick Plates in Alloy 1 12R 

Long-Transverse Direction Tensile Properties 
of 2-1/2-Inch Thick Plates in Alloy 2 129 

Long-Transverse Direction Tensile Properties 
of 2-1/2-Inch Thick Plates in Alloy 3 130 

Long-Transverse Direction Tensile Properties 
of 2-1/2-Inch Thick Plates in Alloy 4 131 

Long-Transverse Direction Tensile Properties 
of 2-1/2-Inch Thick Plates in Alloy 7 

ix 



LIST OF ILLUSTRATIONS 

No. Title Page 

1 Fabrication, Alloys 1-9 76 

2 Fabrication of Rolled Plate, Alloys 10-18 77 

3 Fabrication of Preforged Plate, Alloys 10, 
11, 12, 14, and 15 78 

4 Heat Treatment, Alloys 1-9 79 

5 Heat Treatment of Rolled Plate, Alloys 10-18 80 

6 Fracture Toughness Specimens 81 

7 Effect of Mg Content and Quenching Conditions 
on Long-Transverse Tensile Properties of 
4" Thick Plate 82 

8 Aging Curves for Alloys 5, 6, and 8 83 

9 Aging Curves for Alloys 9, 10, and 11 84 

10 Aging Curves for Alloys 12, 13, and 14 85 

11 Aging Curves for Alloys 15, 17, and 18 86 

12 Aging Curve for Alloy 16 87 

13 Short-Transverse Stress-Corrosion Tests 
in 3.5% NaCl by Alternate Immersion, 84 Days 88 

14 Short-Transverse Stress-Corrosion Tests 
in 3.5% Nad by Alternate Immersion, 84 Days 89 

15 Short-Transverse Stress-Corrosion Tests 
in 3.5% NaCl by Alternate Immersion, 30 Days 90 

16 Short-Transverse Stress-Corrosion Tests 
in 3.5% NaCl by Alternate Immersion, 30 Days 91 

17 Illustrates Excessive Amount of Fatigue 
Crack Curvature in Two-Inch Thick Specimens 
of Alloy 9 92 

18 Cu Versus Mg Plots, Experimental Alloys 93 

19 « Mg Versus Y.S., Cold Water Quench - 
18 hrs 325 F PHT 94 

X 



List of Illustrations (cont'd.) 

I 

No. 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

- 35 

36 

37 

38 

39 

40 

41 

Title 

% Mg Versus Y.S., Cold Water Quench - 
24 hrs 325 F PHT 

% Mg Versus Y.S., Hot Water Quench - 
18 hrs 325 F PUT 

% Mg Versus Y.S., Hot Water Quench - 
24 hrs 325 F PHT 

Minimum Yield Strengths of Plate 

Typical Macrostructure of Alloys 6, 8, 10, 
12, and 15 

Typical Macrostructure of Alloys 2, 3, 11, 
14, and 16 

Typical Macrostructure of Alloys 1, 4, 5, 
7, 9, 13, and 17 

Illustrates A112M92V Particles in Ingot and 
Plate of Alloy 1. 

Macrostructures of Alloys 4, 5, and 6 Plate 

Macrostructures of Alloys 7, 8, and 9 Plate 

Macrostructures of Alloy 10 Rolled Plate 

Macrostructures of Alloy 13 Rolled Plate 

Macrostructures of Alloy 14 Rolled Plate 

Macrostructures of Alloy 17 Rolled Plate 

Grain Structure of Alloy 5 Plate 

Grain Structure of Alloy 6 Plate 

Grain Structure of Alloy 8 Plate 

Grain Structure of Alloy 9 Plate 

Grain Structure of Alloy 10 Plate 

Grain Structure of Alloy 11 Plate 

Grain Structure of Alloy 12 Plate 

Grain Structure of Alloy 13 Plate 

Page 

95 

96 

97 

98 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

xi 

J 

* 



List of Illustrations (cont'd.) 

Title Pag i 

Grain Structure of Alloy 14 Plate 123 

Grain Structure of Alloy 15 Plate 124 

Grain Structure of Alloy 16 Plate 125 

Grain Structure of Alloy 17 Plate 126 

Grain Structure of Alloy 18 Plate 127 

Fracture in Alloy 11, 1.75% Mg 134 

Fracture in Alloy 15, 2.25% Mg, 0.2% Fe 135 

Fracture in Alloy 18, 2.5% Mg 136 



SECTION I 

INTRODUCTION 

The aerospace industry desires an aluminum alloy 
capable of developing in thick products: 1) high strength, 
2) high resistance to stress-corrosion cracking, and 3) good 
fracture toughness for advanced, reliable, high-performance 
aircraft and aerospace structures. Existing commercial alloys 
and tempers provide one or two of these characteristics, but 
the combination of all three is not available. Because of 
the great need for such a material, several Defense Agencies 
have funded programs which supplement development work at major 
aluminum producers. 

The portion of the Alcoa program reported here deals 
with evaluation of several promising leads that have emerged 
from continuing effort on this problem. The original plan was 
to verify encouraging results previously reported concerning 
effects of increasing Cu content and substituting either Mn 
or Zr for Cr in 7075-type alloys (1) and to determine effects 
of substituting elements other than Zr or Mn for Cr in such 
alloys. 

The base composition selected for evaluating effects 
of ancillary elements was 6% Zn, 2.3% Mg, 2.3% Cu, 0.09% Fe, 
and 0.05% Si. Alcoa alloy MA15 consists of the foregoing base 
composition with 0.12% Zr and was included for comparison and 
to verify promising results previously reported.(1) Other 
variants included an alloy containing 0.12% Zr and 0.05% Cr 
and alloys containing 0.15% V either alone or in combination 
with .05% Cr, 0.15% Mn, or 0.12% Zr. Another alloy contained 
0.25% Fe in combination with 0.25% Ni. A 7175-type alloy was 
included for comparison and control. This composition had a 
Zn content higher than the upper limit for 7175 (6.1% Zn max.) 
and a Cr content under the minimum (0.18% Cr min.). The 
actual composition was intermediate between that of 7175 and 
7049, somewhat closer to 7175. 

Because of coarse, primary Al^MgaV constituent 
particles present in plate rolled from five of the original 
nine alloys, and because of promising results with MAI5, the 
program was altered and additional alloys containing Zr were 
evaluated. Eight alloys containing 4.6-6% Zn, 1.75-2.5% Mg, 
and 1.9-3% Cu, 0.10-.12% Zr, and 0-0.17% Mn were selected to 
provide additional information regarding MA15 type alloys. 
A Cr-free version of a chromium-containing alloy that looked 
promising in another investigation except for its high quench- 
sensitivity (2) was also selected for evaluation. It contained 
8.1% Zn, 2.4% Mg, 1.7% Cu, and 0.13% Zr. 

1 



The objective of this program is the development of 
a high-strength aluminum alloy suitable for large forgings, 
thick plate, and extruded sections. This alloy shall be 
capable of production using presently available commercial 
processes and heat treatments, and it shall have the following 

minimum properties: 

1. A minimum longitudinal 0.2% yield strength of 
72,000 psi in three-inch plate. 

2. A minimum longitudinal 0.2% yield strength of 
63,000 psi in eight-inch forgings. 

3. A minimum short-transverse stress-corrosion 
threshold stress of 25,000 psi (as measured 
in alternate immersion salt solution tests). 

4. A minimum toughness, Kic, of 35,000 psi. /TnT 

5. A minimum fatigue strength equal to that of 
7075-T6. 

2 
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SECTION II 

MATERIAL 

1. CASTING 

All alloys were semi-continuously cast by the direct-chill 
process to 12" x 38" x 60-70" ingots (2700-3000 lbs) and stress 
relieved at 650 F. Chemical analyses are presented in Table 1. 

2. FABRICATION 

Stress-relieved ingots were scalped to ten inches thick, 
and roiling sections were fabricated to plate according to 
the schedules in Figures 1 and 2. Pieces of Alloys 3 and 7 
were rejected during ultrasonic inspection because of indi¬ 
cations of planar cracks parallel with the surface. Additional 
ingot sections of these alloys were preheated and hot rolled 
to four inches thick as described in Figure 1 then hot rolled 
at 700 F to 2-1/2-inch thick plate. Because of unwelded ingot 
porosity present in the rolled plate of Alloys 10, 11, 12, 14 
and 15, additional plate was prepared from these compositions 
by preforging and rolling as described in Figure 3. The pre¬ 
forged plate was metallographically sound. 

Results of structural examinations of the ingots and the 
plate are presented in Appendix I. 

3. HEAT TREATMENT 

Pieces of rolled plate were heat treated as described in 
Figures 4 and 5. The preforged plate was solution heat treated, 
quenched, and precipitation heat treated at 250 F as described 
in Figure 5, but the precipitation treatment times at 325 F 
were adjusted to shorter times as described in the data. Heat¬ 
ing to the second step precipitation treatment temperature was 
programmed to simulate typical plant heating curves for full 
scale furnace loads. Heat-up time for the 325 F treatment 
was 10-1/2 hours, and heat-up time for the 350 F treatment 
was three hours. Timing for the precipitation heat treatments 
began when the temperature reached control temperature minus 
10 degrees F. 

4. TESTING 

a. Tensile Properties 

Tensile properties of all items were determined using du¬ 
plicate standard specimens oriented in the long-transverse 
direction. In addition, properties were usually detennined 
in the short-transverse direction and for some items in the 
longitudinal direction. Either 1/2" or 1/4" dia. long-transverse 
and longitudinal orientation specimens were taken from mid- 

3 
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planes of the 2" and 2-1/2" thick plate and from midway 
between midplanes and rolled surfaces of the 4" thick plate. 
One-eighth inch diameter short-transverse direction specimens 
were taken midway between rolled surfaces. 

b. Stress-Corrosion Cracking 

The stress-corrosion cracking characteristics of selected 
items were determined using 1/8" diameter short-transverse 
orientation specimens exposed by alternate immersion in a 3.5% 
NaCl solution and in the New Kensington atmosphere. Stress- 
corrosion tests were conducted as described in reference(2) 
with two exceptions: 

(1) The 3.5% NaCl alternate immersion test conditions 
were controlled according to Federal Test Method 
823 except temperature and humidity were uncontrolled. 

(2) Triplicate specimens were stressed at different levels 
in the two environments: 

(a) 25 ksi, 30 ksif and 35 ksi in the alternate 
immersion test. 

(b) 25 ksi, 40 ksi, and 75% of their respective 
0.2% yield strengths in the New Kensington 
atmosphere. 

The alternate immersion test was terminated after 84 days; 
the test in the industrial atmosphere of New Kensington, 
Pennsylvania, is continuing. 

c. Electrical Conductivity 

The electrical conductivities of all pieces were measured 
on the rolled surfaces with a model FM-100 Magnatest. 

d. Fracture Toughness 

The fracture toughness of certain items were determined 
using L-W* (longitudinal) and T-L* (short-transverse) speci¬ 
mens of the type described in Figure 6. 

* First letter refers to direction of stress. Second letter 
refers to direction of crack propagation. L » length 
(longitudinal), W » width (long-transverse)fT = thickness 

(short-transverse). 

4 
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SECTION III 

RESULTS 

I 
! 

I 
I 

1. TENSILE PROPERTIES 

Long-transverse tensile properties of alloys containing 
0.12% V were determined, but because coarse Ali2Mg2V particles 
rendered them unsuitable for use as structural materials, the 
properties are of only academic interest and relegated to 
Appendix II, Tables 59 through 63. The data do indicate, 
however, that 0.12% V increased the quench sensitivity to such 
an extent that such alloys would not meet target properties 
in thick sections. 

Tensile properties of Alloys 5, 6, 8 and 9 are presented 
in Tables 2 through 5. These data confirm that chromi;an- 
free Al-Zn-Mg alloys containing more than 2% copper develop 
substantially higher strengths after precipitation treatments 
in the 325 F - 350 F range than they do after the usual T6 
treatment for high-strength 7XXX aluminum alloys of 24 hours 
at 250 F. The data also reveal that adding as little as 0.05% 
Cr had no effect on strength of cold-water-quenched plate pre¬ 
cipitation heat treated 24 hours at 250 F, but lessened the 
strength increase attainable by subsequent precipitation treat¬ 
ments at 325 F or 350 F and further decreased the strength 
of more slowly quenched material. The marked quench sensi¬ 
tivity and monotonie decrease in strength upon precipitation 
heat treating at 325 or 350 F following first-step precipi¬ 
tation at 250 F that are characteristic of alloys with higher 
Cr content are evident for the 7175-type composition, Alloy 8. 
Substituting 0.24% Fe and 0.28% Ni for 0.12% Zr affected the 
quenching response and precipitation characteristics in a 
manner similar to the addition of 0.05% Cr. 

Elongations of Alloy 9 (Zr) and Alloy 5 (Zr and Cr) were 
lower than those of 7175-type Alloy 8 after identical heat 
treatments, but were comparable to the elongations of this 
Hoy when collated on an equal strength basis. Elongations 

o* Alloy 6 (Fe and Ni) were lower than those of the other 
alloys. 

Tensile properties of Alloys 10 through 18 are presented 
in Tables 6 through 14. Strength progressively increased 
and per cent elongation decreased with increasing magnesium 
content and was considerably less affected by variations in 
either zinc or copper contents. Alloys with less than 2.3% 
Mg showed more loss in strength with time at 325 F than alloys 
containing high Mg. Quench rate also affected elongation as 
well as strength. Effects of Mg content and quenching con¬ 
ditions on long-transverse tensile properties of 4-inch thick 
plate are presented in Figure 7. Long-transverse elongations 
of slowly quenched 4-inch thick plate in alloys containing 

«H-H-Iwa .üMtftkiâ 
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less than 2.35% Mg were substantially higher than those of 
the compositions containing more than 2.5% Mg. It should 
be pointed out that this plate received less hot working re¬ 
duction (60%) than is generally required to develop the full 
elongation in tho long-transverse direction that is asso¬ 
ciated with plate produced with normal reductions of 75% or 
greater. 

Because the concomitant large increase in per cent elonga¬ 
tion and small increase in strength of alloys containing the 
lower Mg contents were unusual, broken tensile specimens of 
several alloys were investigated using a scanning electron 
microscope. Results of these examinations are detailed in 
Appendix II. Briefly, the scanning electron microscope re¬ 
vealed that differences in elongation reflected differences 
in fracture mode; per cent elongation increased as per cent 
intergranular fracture decreased. Slow quenching decreased 
the amount of intergranular fracture in alloys containing 1.75% 
and 2.25% Mg but did not affect the relatively large amount of 
intergranular fracture in the alloy containing 2.5% Mg. 
Attempts to correlate grain boundary precipitation as revealed 
by transmission electron microscopic technique with fracture 
mode were inconclusive. 

Effects of precipitation heat treating time at 325 F and 
fabricating practice on long-transverse yield strengths of 
Alloys 10 through 18 are illustrated in Figures 8 through 12. 
Long-transverse strengths of plate quenched in cold water are 
plotted. Similar plots for Alloys 5, 6, 8 and 9 are included 
for comparison of aging curves. These data indicate that 
strengths after a given precipitation heat treatment were 
affected very little by fabricating practice. 

2. STRESS-CORROSION CRACKING 

Results of the accelerated stress-corrosion cracking tests 
employing l/8"-diameter short-transverse tensile specimens 
exposed at constant strains by alternate immersion in 3.5% 
NaCl solution are presented in Tables 15 through 27. Notations 
referenced to the "days to failure" for individual specimens 
denote classifications of crack characteristics based upon 
metallographic examinations of the failed specimens. 

Performance of the 7175-type Alloy 8 is presented in 
Table 17. Development of resistance to SCC at the three stress 
levels, 25, 30, 35 ksi, with this alloy required precipitation 
times at 325 or 350 F that produced long-transverse yield 
strengths of 65 ksi or lower. In comparison, mill-fabricated 
and heat treated 2 to 2.5 in. thick 7075-T7351, SCC-resistant 
under the same testing conditions at 41 ksi for 30 days, has 
an average long-transverse yield strength of about 60 ksi. 

Among the first group materials (2.5 in. plate) Alloy 9 
(MAIS) provided highly encouraging results surpassing those of 
7175 type Alloy 8. No failures were encountered in the 84-day 
test with specimens stressed at 25 ksi with conditions of pre¬ 
cipitation heat treatment that provided long-transveri« yislfl 
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strengths up to and including 78 ksi. Based on a 30-day test¬ 
ing period, all specimens of this composition plate having 
yield strengths to and including 78 ksi were intact at applied 
stresses to 35 ksi. These results considered alone would pro¬ 
vide an extremely optimistic outlook for the MA15 composition. 
However, as will be evident, the enthusiasm offered by the 
performance of this material is moderated by the less-promising 
performance of closely-related compositir ns. 

By comparison with Alloy 9, no benefit in SCC performance 
could be discerned from the addition of 0.05% Cr to the Zr- 
containing alloy. In fact, the results were distinctly in¬ 
ferior. The SCC evaluation of Alloy 6 (Fe + Ni addition) was 
restricted in view of the unattractive elongation values. The 
alloy offered no SCC advantage. 

Disregarding for the present the significance of failure mode 
based on the metallographic examinations, resvilts of the ac¬ 
celerated stress-corrosion tests of Alloys 10-18 were distinctly 
less encouraging than those obtained with the initial compo¬ 
sition of the MAI5 type (Alloy 9). Alloys 10, 11, 12, 13, and 
15 were intended to assist in defining the composition limits 
of MA15. Among this group none of the 17 variants of compo¬ 
sition, thickness, fabrication, or heat treatment having a 
long-transverse YS of 74 ksi or higher survived the 84-day 
test period without failure of one or more specimens at 25 
ksi. On a 30-day test basis, seven of the items having YS 
of 74 ksi or higher were intact at the 25 ksi stress level. 
There are 37 items in this group that had long-transverse YS 
of 70 ksi and higher. A summary of the per cent of these items 
that survived without failure at each stress level as well as 
all lower stresses for two periods of exposure, 30 and 84 days, 
is shown below: 

Per cent of items from Alloys 10, 11, 12, 13 
and 15 having Y.S. >70 ksi showing no failure 
at indicated stress and at all lower stresses 
in indicated exposure period_ 

Stress, ksi 

25 

30 

35 

Exposure Period, Days 
TO 84 

68« 

49« 

32« 

38« 

24« 

14« 

Interpretation of the accelerated stress-corrosion test data 
in a simple, clear-cut manner involved difficulties associated 
with eccentricities such as those cases in which failures occurred 
at a certain stress but not at a higher stress, the significance 
of the metallographic observations concerning differences in 
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apparent failure mode, sud some cases in which material was 
apparently more resistant with a shorter time of second-step 
precipitation heat treatment. Because of these difficulties. 

8,frvfval" method of comparative analysis was employed, 
analysis, the per cent of the total number of specimens 

expose, at each stress that survived without failure is plotted 
as a function of the applied stress. Such curves are generally 

threihM^i 8haPe» Jndicative of the lack of a sharply defined 
?hÍd Thls Procedure permits relative comparison 

ith the performance under the same conditions of testing with 
alloys currently being used and generally having established 
service records. 

For this purpose, data from all of the Cr-free, Zr-containinq 
alloys except 16 (high Zn, low Cu) were combined. Differences 

H\fíri;atÍOn' plate thickness and quench were disregarded, 
u the data were segregated into two sets corresponding with 

5lna, PfeciPitation heat treating practices, 18 hours at 
3..5 F and 24 hours at 325 F. The two curves derived in this 
manner for the broad group of experimental Zr-containing alloys 

pf^l°,i‘,PerE.Cent survival after 04 days exposure are shown in 
rigure ij. For comparison purposes, corresponding curves from 
tests of 7075-T651, 7079-T651 and 2024-T851 plate and 2024-^2 

afe Provi2ed* 0n this basis, the accelerated stress- 
corrosion test performance of the experimental alloys places 

íhÍ °f rankln9 between the 2024-T852 forgings and 
the 2024-T851 plate. No stress-corrosion cracking difficulties 
have been encountered with these two alloy-temper-product 
combinations, although service experience of 2024-T852 foruinas 
is somewhat limited. 

Specific performance depended strongly upon second-step 
precipitation heat treatment time. When precipitation heat 
treated !8 hours at 325 F (average long-transverse yield strength 
/J ksi for all cold water quenched material, 70 ksi for all hot 
water quenched material), 90% of the specimens stressed at 25 ksi 
survived, and oyer 50% of those stressed at 35 ksi survived. A 
substantially higher percentage survived with the longer final 
precipitation heat treatment of 24 hours at 325 F. With this 
treatment the average long-transverse yield strength with a cold 

wase67qksiCh WaS ?1 kSÍ# while the avera9e witb a hot water quench 

Experimental alloys within a restricted range of Cu and Mg 
performed better than the broader alloy group as a whole. Com¬ 
bined performance of Alloys 9, 12, 14, 15 and 17 is presented 
in Figure 14. When precipitation heat treated 24 hours at 325 F 
97% of the specimens stressed at 25 and 30 ksi survived the ' 
84-day alternate immersion test. The average yield strengths 
for this alloy group were 69 ksi for the 80 F quench and 65 ksi 
for the 180 F quench. An average survival rate of 80% at the 
same cwo stresses was obtained with these alloys after precipitatic 
hea. treating 18 hours at 325 F with average Y.S. of 73 ksi for 
material quenched in cold water, 70 ksi for material quenched 
in hot water. 
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Analyzing the stress-corrosion data on the basis of a 30- 
day exposure rather than an 84-day exposure significantly re¬ 
duced the number of eccentricities previously discussed» particu 
larly the incidence of fractured specimens which repealed no 
evidence of typical stress-corrosion cracking. Percent survival 
plots for the broad and restricted alloy group» are presented 
in Figures 15 and 16, respectively. Decreasing the test period 
substantially increased the performance of the experimental 
alloys while it had relatively little effect on the performance 
of the standard alloys. 

The relationships of strength and per cent survival for the 
combined stress levels of 25 and 30 ksi for the entire group of 
Zr-containing Cr-free alloys containing less than 84 Zn and 
the restricted group can be summarized as followst 

Alloys 

Second-Step 
Precip. H.T. 

9,10,11, ) 18 hrs 325 F 
12,13,14,) 
15,17,18 ) 24 hrs 325 F 

Avg. % Survival 
25 and 30 ksi 

3ÏÏ days 84 days 

87% 

98% 

66% 

85% 

Avg. Y.S, 

CWQ_ 

73 ksi 

71 ksi 

Avg. Y.S. 

_HWQ— 

70 ksi 

67 ksi 

9,12,14, ) 18 hrs 325 F 97% 80% 

15,17 ) 
) 24 hrs 325 F 100% 97% 

73 ksi 

69 ksi 

70 ksi 

65 ksi 

The increased resistance provided by the longer precipi¬ 
tation is accompanied by a significant strength trade-off. 

As a means of monitoring corrosion attack, tensile tests 
were performed on unstressed short-transverse specimens removed 
from the alternate immersion exposure after periods of °n® 
one month, and twelve weeks. Data for per cent losses in tensile 
strength of these specimens based on initial strengtht 
ponding unexposed specimens are listed in Tables 28 through 40. 
Also included are the per cent losses in tensile strength of 
stressed specimens which survived the 84-day test. 

These data indicate that most of the alloys suffered such 
high losses in tensile strength during this relatively severe 
exposure that determining resistance to Stal¬ 
ing would be hampered by losses from roech"|ical Metal 
lographic evidence confirmed the large number of fractured 
specimens which exhibited no evidence of,int?fgranular stress- 
corrosion cracking but exhibited severe localized corrosion and 

associated mechanical cracks. 

Stress-corrosion performances in the New 

pher. for Alloy. 5, 6, S and » U« &>« M% 
(100 days) are presented in Tables 41 through 53. 
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of thA specimens from Alloys 9, 12, 14, 15 and 17 precipitation 
heat treated 18 hours at 325 F have survived at a stress level 
of 75% of the yield strength (up to 55 ksi) and 100% of the 
specimens from these materials stressed at the lower levels 
have survived. All specimens from these alloys precipitation 
heat treated 24 hours at 325 F are intact regardless of stress 
level. 

3. ELECTRICAL CONDUCTIVITY 

Electrical conductivities of Alloys 5, 6, 8, and 9 are 
presented in Tables 54 and 55 and the electrical conductivities 
of Alloys 10-18 are presented in Table 56. Conductivities 
were measured and recorded in the event that some empirical 
relationship may eventually be found between electrical con¬ 
ductivity and resistance to stress-corrosion cracking in the 
atmosphere. No attempt will be made to correlate electrical 
conductivity with the results of the alternate immersion test. 

4. FRACTURE TOUGHNESS 

Plane strain stress intensity factors, KIc' for Alloy 9 
quenched in cold water and precipitation heat treated 18 hours 
at 325 F are presented in Table 57. Original tests of two- 
inch thick longitudinal specimens of Alloy 9 indicated that 
results were invalid because fatigue crack front curvature 
exceeded the amount allowed by ASTM specifications. The 
curved crack fronts are illustrated in Figure 17. To provide 
meaningful data, one-inch thick specimens were machined from 
the broken two-inch thick specimens and tested. The 2-1/2-inch 
thick plate of Alloy 9, nominal MA15, did not develop target 
fracture toughness. 

Plane strain fracture toughness for Alloy 14 (5.8% Zn, 
2.3% Mg, 3% Cu, 0.1% Zr) is presented in Table 58. Two-inch 
thick plate quenched in cold water and precipitation heat 
treated 18 hours at 325 F developed fracture toughness slightly 
lower than that of Alloy 9 and comparable material quenched 
in hot water developed even lower toughness. 

10 



SECTION IV 

DISCUSSION 

1. STRESS-CORROSION RESISTANCE AND STRENGTH 

Although none of the materials produced demonstrated a 
capability of meeting all target properties, alloys within a 
definable composition range appear to offer a combination of 
properties that are advantageous relative to those of estab¬ 
lished commercial alloys, particularly in thick sections. 
Alloys containing 1.9-3% Cu, 1.9-2.6% Mg, and 0.1% Zr with a 
nominal Zn content of 6% are indicated to develop after a 
second-step precipitation heat treatment of 24 hours at 325 F 
a resistance to stress-corrosion cracking in the alternate 
immersion test intermediate between that of 2024-T852 forgings 
and 2024-T851 plate. Cu and Mg contents of experimental 
alloys in relationship to these composition limits are pre¬ 
sented in Figure 18. 

Alloys within a restricted composition range of 2.25-2.75% 
Cu and 1.9-2.4% Mg performed better. A high resistance to 
stress-corrosion cracking in the accelerated test at 25-30 ksi 
stress is indicated after a second-step precipitation heat 
treatment of 18 hours at 325 F, while even higher resistance 
to stress-corrosion cracking is indicated after a second-step 
precipitation heat treatment of 24 hours at 32s F. These re¬ 
st ructed Cu and Mg limits are also plotted in Fig are 18 for 
comparison. 

Average strengths of these alloys approximated target 
minimum strengths, but guaranteed minimum strengths would 
necessarily be lower. Guaranteed minimum strengths are prop¬ 
erly calculated using statistical analysis of a sufficient 
number of commercially fabricated lots, but this method cannot 
be used in this case. In the present work several thicknesses 
and fabricating practices were employed, however, so that if 
these results are combined with test results of previous in¬ 
vestigations, we can estimate the minimum yield strength with 
some degree of confidence. Because strength of these alloys 
appeared to depend to a high degree on Mg content, regression 
lines for long-transverse yield strength of experimental 
Al-Zn-Mg-Cu-Zr alloys in four conditions versus Mg content 
were determined. All of the Al-Zn-Mg-Cu-Zr alloys except the 
high Zn Alloy 16 and the low Mg Alloy 11 along with NAVAIR 
Alloys 4, 6, 7 and 10 were used in the analysis.(2) The 99% 
confidence limit at 1.9% Mg content was calculated using the 
conditions which had the highest standard error of estimate. 
This value is the estimated minimum strength for Al-Zn-Mg-Cu-Zr 
alloys containing a minimum of 1.9% Mg. Plots of regression 
lines and 99% confidence limits for the fcur conditions are 
plotted in Figures 19 through 22. The four conditions and the 
estimated minimum long-transverse yield strengths are tabulated 
below i 
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Figure 

19 

20 

21 

22 

P.H.T. 
2nd Step 

Quench 

Cold Water 18 hrs 325 F 

18 hrs 325 F 

24 hrs 325 F 

24 hrs 325 F 

Hot Water 

Cold Water 

Hot Water 

Estimated 
Minimum 
Strength 

67 ksi 

65 ksi 

61 ksi 

59 ksi 

Estimated minimum yield strengths of the material quenched 
in cold water are considered to be appropriate for three-inch 
thick products, and estimated minimum strengths of the materials 
quenched in hot water are considered to be appropriate for eight- 
inch thick products. 

Estimated minimum strengths did not meet the target, bat 
aid exceed strengths of commercial alloys. The advantage of 
the experimental alloys over 7079-T651, 7075-T651, and 7079-T7351 
plate are illustrated in Figure 23. Estimated minimum yield 
strength of experimental alloys precipitation heat treated 18 
or 24 hours at 325 F exceeded guaranteed minimum yield strength 
of 7079-T651 by 7 or 1 ksi, respectively, at 2.5-3 inch thick¬ 
ness, and the advantage increased with increasing thickness. 

2. FRACTURE TOUGHNESS 

Fracture toughness tests on Alloy 9, nominal MA15, confirm 
other data(10) and indicate that three-inch thick plate of this 
alloy type will not develop target fracture toughness in any 
direction. These and other data indicate, however, that the 
fracture toughness meets or exceeds that of commercial aluminum 
alloys when comparing the same products at equivalent strengths. 

Tests on Alloy 14, 3% Cu, confirm that toughness decreases 
as the amount of interraetallic constituent increases. These 
data suggest that the copper content should be a maximum of 
2.75% to minimize the amount of A^CuMg and thus maintain high 
toughness. 

Toughness of the high iron Alloy 15 was not determined, 
but other data indicate that iron content should be maintained 
at a low level to provide high toughness. 

12 
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SECTION V 

SUMMARY 

Eighteen alloys containing 4.6-8.1% Zn, 1.7-3% Cu, 1.75- 
2.6% Mg, and up to 0.13% Zr, 0.17% Cr, 0.24% Fe, 0.28% Ni, 
0.17% Mn, 0.15% V, 0.05% Ti, and 0.06% Si were cast as 12" 
thick ingots and fabricated to 2"-4" thick plate. Preliminary 
results indicated that an alloy containing 6% Zn, 2.3% Mg, 
2.5% Cu, and 0.12% Zr developed an attractive combination of 
high strength, low quench-sensitivity, and high resistance to 
stress-corrosion cracking in the alternate immersion test. 
Additional tests on related alloys indicated that small dif¬ 
ferences in Cu and Mg appeared to impart large differences 
in resistance to stress-corrosion cracking. Moreover, longer 
precipitation heat treatment times and consequent lower 
strengths were required to produce a given level of resistance 
to stress-corrosion cracking them were anticipated from results 
of initial experiments. Consequently, target strength could 
not be attained at target resistance to stress-corrosion crack¬ 
ing. Moreover, target fracture toughness was not attained in 
the tempers examined. 

Al-Zn-Mg-Cu-Zr alloys, however, do seem to have the ability 
to develop a combination of strength in thick sections and 
resistance to stress-corrosion cracking in the alternate 
immersion test superior to that of commercial alloys. When 
precipitation heat treated 24 hours at 250 F followed by 24 
hours at 325 F, an alloy containing a minimum of 1.9% Mg has 
a tentative minimum yield strength at three-inch thickness 
exceeding that of 7079-T6 by 3 ksi, and the advantage increases 
with increasing thickness. Thirty-day alternate immersion tests 
indicate that material in this temper containing up to 2.6% Mg 
and 1.9 to 3% Cu will have a high resistance to stress-corrosion 
cracking at 25 ksi. Results of longer exposures in the alter¬ 
nate immersion test are difficult to interpret because of 
various eccentricities, but indicate that a cautious attitude 
must be taken regarding stress-corrosion performance until long 
time atmospheric exposures are complete. Another reason for 
caution regarding stress-corrosion performance is the lack of 
data to determine correlation between results of 3.5% NaCl 
alternate immersion tests and exposures in natural eavironments 
for periods longer them ten months for Al-Zn-Mg-Cu-Zr alloys 
of this type. 

Average fracture toughness of this material is expected at 
least to match that of other aluminum alloys when compared on 
an equal strength and equivalent product basis, but material 
containing A^CuMg constituent is expected to have lower 
toughness. 
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Material containing a maximum of 2.4% Mg and 2.25 to 
2.75% Cu has the same estimated minimum strength as the 
material having broader composition limits, but the re¬ 
sistance to stress-corrosion cracking and fracture toughness 
is expected to be higher. 
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SECTION VI 

CONCLUSIONS 

1. An alloy which exceeds the strength of commercial alloys in 
thick sections in a temper which appears to confe*- target 
resistance to stress-corrosion cracking in the 3.D% NaCl 
alternate immersion test was developed but strength and 
toughness were below the target. Verification of resistance 
to stress-corrosion cracking must await the results of long¬ 
time atmospheric exposure. 

2. For optimum combination of strength in thick sections, resis¬ 
tance to stress-corrosion cracking, fracture toughness, 
the following composition limits are proposed: 5.5-6.5% Zn, 
1.9-2.4% Mg, 2.25-2.75% Cu, 0.08-0.14% Zr, 12% max. Fe, 
.10% max. Si, and .04% max. Ti. 

3. When precipitation heat treated 24 hours at 250 F followed 
by 24 hours at 325 F, this material is expected to develop a 
high resistance to stress-corrosion cracking in the 3.5% NaCl 
alternate immersion test at stress levels of 25 ksi or higher 
in the short-transverse direction. Estimated minimum longi¬ 
tudinal yield strength of three-inch material is 61 ksi and 
of eight-inch material is 59 ksi. These strengths are 
higher than the guaranteed minimum strengths of commercial 
alloys. 

4. Typical fracture toughness values for this alloy are expected 
to meet or exceed those for 7075-T6 and 7079-T6 at equivalent 
thicknesses. 
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SECTION VII 

RECOMMENDATIONS 

It is recommended that a commercial-scale heat of the 
optimum composition be produced and tested as initially 
proposed for Phase II. 
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12" 

DC Cast 
X 38" X 60" 
Ingot 

Stress-Relieve 
at 650 F 

Machine to 10" x 14" x 12" 

Rolling Sections 

Preheat 20 hrs at 850 F 

Hot Roll at 750 F 
4" x 14" x 30" 

Saw to 4" x 14" x 12" 

i 

Hot Roll at 600 F 
to 2-1/2" x 14" x 22" 

Ultrasonically Inspect 

Figure 1 - Fabrication, Alloys 1-9 
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DC cast 
12" X 38" X 60" 

Ingot 

Figure 2 

Stress-Relieve 
at 650 F 

Machine to 10" x 14- x 32" 
Rolling Sections 

Ultrasonically Inspect 

Preheat 20 hrs at 850 F 

Hot Roll at 760 F 
7" x 14" x 51" 

Reheat 10 hrs at 850 F 

Hot Roll at 760 F 
to 4" x 14" x 76" 

Saw to 4" x 14" x 24" 

Hot Roll one piece at 750 F 
to 2" x 14" x 48" 1A. 

- Cv 
Ultrasonically Inspect 

i 
Fabrication of Rolled Plate, Alloys 10-18 



10" X 14" X 12" 
Scalped Ingot Section 

Figure 

Ultrasonically Inspect 

Preheat Overnight 
at 900 F 

Hot Forge to 
5" X 14" X 24" 

ac 750 F 

Reheated Overnight 
at 900 F 

Hot Roll 
to 2" X 14" X 60" 

Ultrasonically Inspect 

3 - Fabrication of Preforged Plate 
(Alloys 10Í 11, 12, 14 & 15) 
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A. 

Hot Rolled 2-1/2" X 15" x 22" Plate Section. 

Solution Heat Treat 
8 hr. at 890 F 

Quench 

Cold water - B# 180 p Water 

« ^ at Room Temperature 
Precipitation Heat Treat 24 hr. at 250 F 

Section and Precipitation Heat Treat as Follows: 

I 
A« Cold Water Quenched Sections: 

0' 2, 4, 6, Q, 10, 12 hr. at 350 F 
0* 6, 12, 18, 24, 30, 36 hr. at 325 F 

i ' : 
B. 180 F Water Quenched Section.: * 

18, 24, 30, 36 hr. at 325 F 

Figure 4 - Heat Treatment (Alloy. 1-9) 

l 
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Hot Rolled 2" X 14M x 24" (2 pieces) Plate Sections 
4" x 14" x 24" 

Solution Heat Treat 
9 hrs at 900 Ft 

Quench 

2" & 4" 2" 
Cold Water 175 F Water 

1-^-1 ■ 

After 4 days at Room Temperature 
Precipitation Heat Treat 24 hrs at 250 F 

Section and Precipitation Heat Treat as Follows: 

•• « 

Alloy 16 
« 

8, 18, 24 hrs at 325 F 

Other Alloys 

18, 24, 36 hrs at 325 F 

t Alloy 16, 880 F? Alloy 17, 910 F 

Figure 5 - '«eat Treatment of Rolled Plate (Alloys 10-18) 
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Fig. 7
Quenching Conditions on

Long Transverse Tensile Properties of 4" Thick Plate
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mvniM 

10 15 20 25 30 40 

5.9% Zn 

2.3% Mg 
2.3% Cu 
0.12% Zr 
0.05% Cr 

' 5.9% Zn 
j 2.4% Mg 
: 2.2% Cu 
! 0.01% Zr 
0.24% Fe 
0.28% Ni 

6.4% Zn 

2.4% Mg 
1.6% Cu 
0.17% Cr 

Hrs. at 325 F after 24 hrs. at 250 F. 

2½ inch thick plate. 

Fig. 8 Aging Curves for Alloys 5, 6, and 8. 

ALLOY 5 

ALLOY 6 

ALLOY 8 
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6% Zn 

2.3¾ Mg 
2.4% Cu 
0.12% Zr 

ALLOY 9 

: 5.8% Zn 
¡ 2.3% Mg 
< 1.9% Cu 

65 

60 

55 

80 

75 

70 

- ---— 

• 1 . ! o ; 

— A 2" Pfafogged ■J ■ ! 

_ O 2“ Rolled' t • 

U 4M Rolled 
—j— 

• « 
♦ , 

»- ■ ' -i - —i-_»_ 

*■ 
jiii 

10 15 20 25 30 40 

6% Zn 

' 1.75% Mg 
:~f-H 2.3% cu 

.i 

i (... 

'i i4 
• ; 

: ! ; _ 
♦ ♦ T 

j i;. ; 

% 
10 15 20 25 .30 40 

Hra. at 325 P after 24 hrs. at 250 P. 

ALLOY 10 

ALLOY 11 

Fig. 9 Aging Curves for Alloys 9# 10, and 11. 
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0 2“ Rblled
---- i lli-L

5.5% Zn 
2% Mg 
2% Cu
0.11% Zr ALLOY 12

25 30

75

70

65

■;i: .

■r-j—

• - ■' ..............................

: t ■■

i 5.J% Zn 
2.6% Mg 
2.5% Cu 
0.12% Zr ALx,0Y 13

60 _-jQJL"-Rolled 
04“ Rolled
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- - - 1...

15 20 25 30

Hrs. at 325 F after 24 hrs. at 250 F.

I
Fig. 10 Aging Curves for Alloys 12, 13, and 14.
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5.7% Zn 
2.3% Mg 
2.3% Cu 
0.10% Zr 
0.20% Fe 
0.06% Si 

5.6% Zn 
2..5% Mg 
2.2% Cu 
0.11% Zr 
0.17% Mn 

F. 

ALLOY 15 

ALLOY 17 

ALLOY 18 

i 

i! 

J 
i 1 

Aging Curva» for Alloys 15, 17, and 18. .1 
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2“' rcilléd 

4. . 7 I 
I 1 
X i- 

5 10 

Mrs. at 325 F after 24 hrs. at 250 F. 

8.1% Zn 
2.4% Mg 
1.7% Cu 
0.13% Zr 

ALLOY 16 

Fig.12 Aging Curve for Alloy 16 

Note that time scale is different than for other alloys. 
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APPENDIX I 

STRUCTURE OF MATERIAL 

1. INGOT 

Ingot slices from all alloys except Alloy 18 were etched 
and examined. Samples of ingots were also examined metallo- 
graphically. The macrostruc'cnres and microstructures of the 
plate were examined; the degrees of recrystallization were 
determined by standard x-ray techniques, and phases present 
were determined using the x-ray camera and procedure described 
previously. 

Ingot macrostructures can be divided into three categories* 

a. Equiaxed throughout. (Alloys 6, 10, 12, 15 and 
7175-type Alloy 8) 

b. Equiaxed surrounded by a shell of columnar grains 
less than 3/4" thick. (Alloys 2, 3, 11, 14, and 16) 

c. Equiaxed surrounded by a 3/4" to 1-1/2" thick shell 
of columnar grains. (Alloys 1, 4, 5, 7, 9, 13, 17) 

Photographs of typical macrostructures are presented in Figures 

24, 25, and 26. 

Metallographie examination revealed that average dendrite 
cell sizes were .002" i .0005" and were apparently not related 

to composition. 

Coarse, intermetallic particles identified by the electron 
microdrobe and by x-ray diffraction analysis as were 
found in all ingo4 s containing V. A photomicrograph illus 
trating these particles is presented in Figure 27. A slight# 
amount of porosity is also indicated. 

2. PLATE 

Representative macrostructures of rolled plate are pre¬ 
sented in Figures 28 through 33. Evidence of the columnar 
grains originally present in some of the ingots was found near 
the rolled surfaces in some 4-inch thick plate. The 
tures are representative of structures of high strength 

alvsainum alloy plate. 

Nlcroatructur«« of longitudinal cro.a Motion« of all ot 
the alloys except those containing V are presented in Figures 
34 through “.Th. grain, of all except Alloy « (Fe and Hi) 

99 



were characteri.tic of high-.trenqth aluBlnum alloy, in that 
they were elongated and fragmented. The grains of Alloy o, 

however» were relatively equiaxed. 

Effect of fabricating practice on grain structure is 
evident in Figures 38 through 46. Grains in 2-inch thjdc 

rolled plate were more elongated than those in 4”in?h. 
plate, while grains in preforged plate were the most highly 

directional. 

negroes of recrystallization of the plate aiepresented 

in Tables 59 and 60. All materials had started to . 
lire, and Alloy 6 (Fe-Ni) was almost completely recrystallized, 
iîé 2-“ch tSick rolled plate usually «h£U<=da «renter 
degree of recrystallization than either the 2-inch .thick 

preforged plate or the 4-inch thick rolled plate. 

Phases detected are presented in Tables 61 and 62. M 
w_ i p.. »i \ Ä I« readilv soluble at the solution 

temoerature^so'its'presence isattributed to precipitation. 
is «oluble in all of the alloy, except 14 

(3% Cu) but complete solubility requires solution treatment 
Avtcmded times only slightly below the melting range. 

SSSiUlS « K“S¡ rïSSÆÂÏÏ ». 
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Table S9 

DEGREES OF RECRYSTALLIZATION IN 
2-1/2 INCH THICK PLATE 

§ZÜ2jl 

367799 

367800 

367801 

367802 

367803 

367804 

367805 

367806 

367807 

Alloy 

1 

2 

3 

4 

5 

6 
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7175 
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Partial 

Partial 

Partial 
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S. NO. 367799 lOOX 
NEG. NO. 176264 

AS POLISHED 
INGOT 

• » 
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S. NO. 367799 I00X 
NEG. NO 176265 

LIGHT KELLERS ETCH 
PLATE 

FIG. 27 Al1IMo1 V PARTICLES IN INGOT AND PLATE- 
ALLOY I. 
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FIG. 28 MACROSTRUCTURE OF ALLOYS 4,5, AND 
6 PLATE. /

109 /

4.»

;



— •^■'^■•,15.’ '

1 -H

y r''̂ ' .. '

"P

/

V :S^ii
or^*:-- J -rr » . V, f‘

‘U||||||jl(jJ<^j||||^|||||||||||^|||||||||||||n||||||^^

FIG. 29 MACROSTRUCTURE OF ALLOYS 7,8, AND 
9 PLATE. '

110



I

<
-I
Q.
O
UJ
-I

o
q:

>o
-j

IL.o
UJ(r
»“o
3
q:
J—
Wo
DC
<

o
ro
O

\



J2'

I

f

-----------j--------------------

kj. ]m .

w
■ ^ '* ••' ‘N- ••• • K J- '

L.»-

{-■•''■ *'

; >. •.-

• r- ■ •'VVv.;|’«-.
.''* i ■

mm
■ v*^■■mm

y.
Id

!5
Q.
O
Id

-I
O
oc

>-
o
-I
-J
<
L.
o

pi
Id.o:
3
Ho
3
q:
h-
O)
O
q:
o
<

ro
o
u_

■ 1

|j



/

■ 't

I
1

I\

■rvS

fca®i

-n

tij
.H
<

Q
liJ
-I
-J -
O
q:

>o
-I
-I
<
u.o
UJa:
3

O 
3 
OC

‘ !;; o 
q:k. o
< z
CVJ 
ro
O 
U.

I
,

a

\
' j



■m

9 • . 4

mmW
vS!v-

f.Av',.>^‘i;. • ^-'P'" •m
*.»■ ■ X

m ’
w*/>'< V’ . J 

.■^ .V--- '4

'-'yM.

i*;i
•vV--^ L vi^.

7-.-1

UJ
I-
<
J
0.
o
liJ
-J

o
q:

>o

u.o
UJ
q:
I—o
3
q:
h--
Vio
q:
o
<
2

- ro
O
u.

i

• •



"IÍ 'Ht 

I 

ï 
c 
I! 

L 

S .NO .367803 NEG NO .176267 KELLER ’S 

100X 

H 
FIG.34 GRAIN STRUCTURE OF ALLOY 5 PLATE 
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S.NO.367804 N EG NO .176 2 6 9 KELLER'S 

100X 

FIG. 35 GRAIN STRUCTURE OF ALLOY 6 PLATE 
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S.NO.367806 NEC NO.176271 KELLER'S 

100X 

FIG.36 GRAIN STRUCTURE OF 
7I75 TYPE ALLOY 8 PLATE 
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S .NO .373468 NEC NO .176 273 KELLER S 

100X 

FIG.37 GRAIN STRUCTURE OF ALLOY 9 PLATE 
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S-NO. 379390-1 NEC. NO. 177888 KELLER'S 

FOUR-INCH THICK PLATE 

S-NO. 379390-3 NEC. NO 177906A KELLER'S 

TWO-INCH THICK ROLLED PLATE 

S-NO. 379390-7 NEG. NO. 179858 KELLER'S 

TWO-INCH IHlcK PREFORGED PLATE 

100X 

FIG.38 GRAIN STRUCTURE OF ALLOY 10 PLATE 
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S-NO. 379391-1 NEC. NO. 177890A KELLER'S 

FOUR-INCH THICK PLATE 

S-NO.379391-3 NEG. NO. 177908A KELLER'S 

TWO-INCH THICK ROLLED PLATE 

S-NO. 379391-7 NEG. NO. 179859 KELLER'S 

TWO-INCH THICK PREFORGED PLATE 

100X 

FIG.39 GRAIN STRUCTURE OF ALLOY II PLATE 
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S-NO. 379392-1 NEG. NO 177892A KELLER S 

FOUR-INCH THICK PLATE 

S-NO. 379392-3 NEG. NO. 177910A KELLER'S 

TWO-INCH THICK ROLLED PLATE 

S-NO. 379392-7 NEG. NO. 179860 KELLER'S 

TWO-INCH THICK PREFORGEU PLATE 

100X 

FIG.40 GRAIN STRUCTURE OF ALLOY 12 PLATE 
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S-NO. 379393-1 NEC. NO 177894A KELLER S 

FOUR-INCH THICK PLATE 
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i 
il 
il 
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a 

S-NO. 379393-3 NEG. NO. 177912A KELLER S 

TWO-INCH THICK ROLLED PLATE 

. 51 
100X 

FIG.41 GRAIN STRUCTURE OF ALLOY 13 PLATE 
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S-NO. 379394-1 NEG. NO. 177896A KELLER'S 

FOUR-INCH THICK PLATE 

S-NO. 379394-3 NEG. NO 177914-A KELLER’S 

TWO-INCH THICK ROLLED PLATE 
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S-NO. 379394-7 NEG. NO. 179861 KELLER S 

TWO-INCH THICK PREFORGED PLATE 
100X 

FIG.42 GRAIN STRUCTURE OF ALLOY 14 PLATE 
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S-NO 379395-1 NEC. NO. 177898A KELLER'S 

FOUR-INCH THICK PLATE 

S-NO. 379395-3 NEC. N0.177916A KELLER’S 

TWO-INCH THICK ROLLED PLATE 

S-NO. 379395-7 NEC. NO. 179862 KELLER'S 

TWO-INCH THICK PREFORGED PLATE 

100X 

FIG.43 GRAIN STRUCTURE OF ALLOY 15 PLATE 
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S-NO. 379396-1 NEC. NO. 177900A KELLER'S 

FOUR-INCH THICK PLATE 

S-NO. 379396-3 NEG. NO. 177918A KELLER'S 

TWO-INCH THICK ROLLED PLATE 

100- 

FIG.44GRAIN STRUCTURE OF ALLOY 16 PLATE 
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S-NO. 379397-1 NEG. NO. 177902A KELLER'S 

FOUR-INCH THICK PLATE 
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S-NO. 379397-3 NEG NO. 177920A KELLER’S 

TWO-INCH THICK ROLLED PLATE 

100X 

FIG.45 GRAIN STRUCTURE OF ALLOY 17 PLATE 
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S-NO. 379398-1 NEC. NO. 177904A KELLER'S 

FOUR-INCH THICK PLATE 

S-NO. 379398-3 NEC. NO. 177922A KELLBR'S 

TWO-INCH THICK ROLLED PLATE 

100X 

FIG.46 GRAIN STRUCTURE OF ALLOY 18 PLATE 
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APPENDIX II 

TENSILE PROPERTIES OF ALLOYS CONTAINING VANADIUM 

TABLE 63 

LONG-TRANSVERSE DIRECTION TENSILE PROPERTIES OF 2-1/2-INCH 

THICK PLATES IN ALLOY 1_ 

Specimen 

Number 

367799 

Code 

A 

IB 

1C 

ID 

IE 

IF 

1G 

1H 

2B 

2C 

2D 

2E 

2F 

2G 

2H 

6E 

6F 

6G 

6H 

Quench 

Water 

Temp. 

Second Step 

Precipitation 

Heat Treatment 

Long-Transverse 

t7 S. Y. S. El. 

_ksi_ ksi % 

80 

80 

80 

80 

80 

80 

80 

80 

F 

F 

F 

F 

F 

F 

F 

F 

None 

To 350 F 

2 hrs, 

4 

6 
8 hrs. 

10 hrs. @ 350 

12 hrs. @ 350 

@ 350 

hrs. 350 

hrs. (3> 350 

@ 350 

80 F 

80 F 

80 

80 

80 

80 

80 

To 325 F 

6 hrs. @ 325 

12 hrs. <â) 325 

18 hrs. @ 325 

24 hrs. @> 325 

30 hrs. @ 325 

36 hrs. 325 

F 

F 

F 

F 

F 

F 

180 F 

180 F 

180 F 

180 F 

18 hrs. @ 325 F 

24 hrs. @ 325 F 

30 hrs. @ 325 F 

36 hrs. @ 325 F 

76.6 

76.4 

77.5 

75.6 

73.7 

71.6 

69.8 

68.1 

75.4 

78.7 

78.1 

77.0 

73.8 

72.3 

71.5 

66.7 

66.3 

65.6 

63.0 

67.3 

68.9 

74.2 

71.2 

67.0 

63.9 

59.9 

57.8 

69.5 

75.1 

75.2 

73.2 

70.7 

68.0 
66.0 

58.1 

56.1 

55.4 

52.9 

5.5 

4.8 

3.5 

4.0 

6.5 

6.5 

8.0 
8.0 

3.5 

3.0 

2.2 
2.5 

3.0 

3.8 

5.0 

5.2 

6.0 
6.2 
6.8 

Solution treated 8 hours at 890 F, quenched as indicated. 

Precipitation heat treated 24 hours at 250 F after four days at 

room temperature. 

Properties are average of duplicate 1/4 inch diameter, one inch gage 

length specimens 

Yield strength is 0.2 per cent offset. 

6.1$ Zn, 2.3$ Mg, 2.4$ Cu, 0.13$ V 

i 
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TABLE 64 

LONG-TRANSVERSE DIRECTION TENSILE PROPERTIES OF 2-1/2-INCH 

_ THICK PLATES IN ALLOY 2 

Quench 

Specimen Water 

Number Code Temp. 

Second Step Long-Transverse 

Precipitation T. S. Y. S. El. 

Heat Treatment ksi ksi % 

367800 A 80 F 

IB 80 F 

1C 80 F 

ID 80 F 

IE 80 F 

IF 80 F 

IG 80 F 

IH 80 F 

None 

To 350 F 

2 hrs. @ 350 F 

4 hrs. @ 350 F 

6 hrs. @ 350 F 

8 hrs. @ 350 F 

10 hrs. @ 350 F 

12 hrs. @ 350 F 

77.8 66.6 8.8 

78.1 .69.0 7.8 

78.5 72.2 7.2 

76.6 69.8 7.2 

73.9 65.6 8.5 

71.3 62.0 9.0 

69.5 58.9 9.0 

67.9 56.9 9.5 

2B 80 F 

2C 80 F 

2D 80 F 

2E 80 F 

2F 80 F 

2G 80 F 

2H 80 F 

6E 180 F 

6F 180 F 

6G 180 F 

6H 180 F 

To 325 F 

6 hrs. @ 325 

12 hrs. @ 325 

18 hrs. @ 325 

24 hrs. @ 325 

30 hrs. @ 325 

36 ’■'rs. @ 325 

18 hrs. @ 325 

24 hrs. @ 325 

30 hrs. @ 325 

36 hrs. @ 325 

78.2 

F 78.8 

F 78.0 

F 76.7 

F 75.5 

F 73.9 

F 72.9 

F 65.4 

F 64.3 

F 63.9 

F 63.4 

69.1 7.8 

72.4 7.5 

71.9 6.2 

70.6 5.0 

68.2 9.0 

66.2 7.0 

64.4 9.5 

56.1 5.8 

54.2 6.5 i 

53.4 8.0 [ 

52.9 7.5 

Solution treated 8 hours at 890 F, quenched as indicated. 

Precipitation heat treated 24 hours at 250 F after four days at 

room temperature. 

Properties are average of duplicate 1/4 inch diameter, one inch gage 

length specimens. 

Yield strength is 0.2 per cent offset. 

6.1* Zn, 2.4* Mg, 2.5* Cu, 0.04* Cr, 0.13* V 
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TABLE 65 

LONG-TRANSVERSE DIRECTION TENSILE PROPERTIES OF 2-1/2-INCH 
THICK PLATES IN ALLOY 3_ 

Specimen 
Number 

367801 

Code 

A 
IB 
1C 
ID 
IE 
IF 
1G 
1H 

2B 
2C 
2D 
2E 
2F 
2G 
2H 

6E 
6F 
6G 
€H 

Quench 
Water 
Temp. 

80 
80 
80 
80 
80 
80 
80 
80 

F 
F 
F 
F 
F 
F 
F 
F 

Second Step 
Precipitation 
Heat Treatment 

None 
To 350 F 
2 hrs. 350 F 
4 hrs. 350 F 
6 hrs. 350 F 
8 hrs. @ 350 F 

10 hrs. @> 350 F 
12 hrs. 350 F 

Long-Transverse 

T. S. Y. S. El. 
fcsi % 

68.2 
72.5 
73.8 
72.5 
70.2 
67.8 
66.9 
65.4 

64.7 
66.8 
69.8 
69.0 
64.3 
61.7 
58.7 
56.5 

2.0 
2.5 
2.8 
2.0 
4.0 
4.5 
5.5 
6.5 

80 F To 325 F 72.4 67.1 3.0 
80 F 6 hrs. @ 325 F 74.8 69.9 4.0 
80 F 12 hrs. @ 325 F 74.2 69.4 2.5 
80 F 18 hrs. @ 325 F 74.2 68.8 3.0 
80 F 24 hrs. <a 325 F 73.5 67.2 4.0 
80 F 30 hrs. <S> 325 F 73.0 65.2 5.0 
80 F 36 hrs. @ 325 F 71.9 65.4 5.0 

180 F 18 hrs. 325 F 63.2 57.8 3.0 
180 F 24 hrs. (3> 325 F 61.9 54.8 4.5 
180 F 30 hrs. @> 325 F 61.6 53.3 4.5 
180 F 36 hrs. @ 325 F 60.0 52.6 3.5 

Solution treated 8 hours at 890 F, quenched as indicated. 

Precipitation heat treated 24 hours at 250 F after four days at 

room temperature. 

Properties are average of duplicate 1/4 inch diameter, one inch gage 

length specimens. 

Yield strength is 0.2 per cent offset. 

6« Zn, 2.4* Hg, 2.5* Cu, 0.13* Mn, 0.13* V 
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TABLE 66 

LONG-TRANSVERSE DIRECTION TENSILE PROPERTIES OF 2-1/2-INCH 

_THICK PLATES IN ALLOY 4_ 

Quench 

Specimen Water 

Number Code Temp. 

Second Step 

Precipitation 

Heat Treatment 

Long-Transverse 

T. S. Y. S. El. 

ksi _ks_i__ % 

367802 A 80 F 

IB 80 F 

1C 80 F 

ID 80 F 

la 80 F 

IF 80 F 

IG 80 F 

IH 80 F 

None 

To 350 F 

2 hrs. (§> 350 F 

4 hrs. @ 350 F 

6 hrs. @ 350 F 

8 hrs. @ 350 F 

10 hrs. @> 350 F 

12 hrs. @ 350 F 

75.5 68.5 4.0 

74.6 68.6 4.0 

77.3 72.3 4.0 

75.8 70.4 4.5 

73.6 66.5 5.5 

71.8 63.8 6.5 

70.5 61.2 7.5 

68.8 58.2 7.0 

2B 80 F 

2C 80 F 

2D 80 F 

2E 80 F 

2F 80 F 

2G 80 F 

2H 80 F 

6E 180 F 

6F 180 F 

6G 180 F 

6H 180 F 

To 325 F 

6 hrs. @ 325 F 

12 hrs. @ 325 F 

18 hrs. @ 325 F 

24 hrs. @ 325 F 

30 hrs. @ 325 F 

36 hrs. @ 325 F 

18 hrs. @ 325 F 

24 hrs. & 325 F 

30 hrs. 325 F 

36 hrs. 9 325 F 

76.2 69.4 4.0 

78.5 72.6 5.5 

77.6 71.9 4.5 

77.1 71.0 5.0 

75.1 68.3 5.5 

74.2 66.9 6.5 

72.7 64.7 6.0 

63.8 54.4 6.5 

61.6 53.2 4.5 

62.4 53.5 6.0 

60.6 51.5 5.5 

Solution treated 8 hours at 890 F, quenched as indicated. 

Precipitation heat treated 24 hours at 250 F after four days at 
room temperature. 

Properties are average of duplicate 1/4 inch diameter, one inch gage 
length specimens. 

Yield strength is 0.2 per cent offset. 

6* Zn, 2.4« Mg, 2.3« Cu, 0.12« Zr, 0.12« V 
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TADLL 67 

LONG-TRANSVERSE DIRECTION TENSILE PROPERTIES OF 2-1/2-INCH 
-THICK PLATES IN k LOY 7 

Quench 
Specimen Water 
Number Code Temp. 

Second Step 
Precipitation 
Heat Treatment 

367805 A 80 F 
IB 80 F 
1C 80 F 
ID 80 F 
IE 80 F 
IF 80 F 
IG 80 F 
IH 80 F 

None 
To 350 F 
2 hrs. @) 350 F 
4 hrs. @ 350 F 
6 hrs. @) 350 F 
8 hrs. @ 350 F 

10 hrs. <§> 350 F 
12 hrs. @) 350 F 

Long-Transverse 
T. S. Y. "s. El. 
_ksi ksi % 

69.2 65.5 2.0 
71.1 67.2 2.0 
72.4 71.0 2.0 
70.7 68.4 2.0 
68.6 64.8 2.0 
66.3 61.4 3.0 
64.8 58.6 4.0 
61.9 56.2 3.5 

2b 80 F 
2C 80 F 
2D 80 F 
2E 80 F 
2F 80 F 
2g 80 F 
2H 80 F 

To 325 F 
6 hrs. 325 F 

12 hrs. @ 325 F 
18 hrs. 325 F 
24 hrs. @> 325 F 
30 hrs. <§> 325 F 
36 hrs. @ 325 F 

70.0 67.0 2.5 
70.8 68.0 2.0* 
74.1 70.0 2.0* 
70.2 68.5 2.0* 
67.8 66.1 2.0 
67.6 64.2 2.0 
64.9 62.7 1.8 

6E 180 F 
6F 180 F 
6G 180 F 
6H 180 F 

18 hrs. @ 325 F 
24 hrs. @ 325 F 
30 hrs. @ 325 F 
36 hrs. (§) 325 F 

60.6 52.3 4.5 
59.3 50.7 5.0 
58.6 49.4 5.5 
58.5 49.2 6.0 

Solution treated^ 8 hours at 890 F, quenched as indicated. 

P"SÂ$.ï;«.tre#ted 24 hOUrS at 250 F four days at 

pr^"ie:p:crL::::a,e oí dupucat'1/4 d“r. one inch gage 

Yield strength is 0.2 per cent offset. 

* Value for one specimen; other specimens had 0.0% El. 

5.7* Zn, 2.3* Mg, 2.6* Cu, 0.12* Zr, 0.1^ v 
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APPENDIX III 

SCANNING AND TRANSMISSION ELECTRON MICROSCOPE EXAMINATION 

Because the concomitant large increase in per cent elon¬ 
gation and small decrease in strength exhibited by several of 
the experimental alloys was unusual, broken specimens were 
examined using a Cambridge Stereoscan scanning electron micro¬ 
scope. Specimens from Alloys 11, 15, and 18 were selected to 
illustrate the phenomenon. Quench practice and tensile prop¬ 

erties are listed below: 

Alloy S - No. 

Quench 
Water 
Temp. 

Lonq-Transve rse 
y.s: \ LTT 
ksi in 2" 

11 379391-1B 70 F 
-2B 175 F 

63 
62 

9 
14 

15 379395-lB 70 F 
-2B 175 F 

70 V 7 
67 11 

18 379398-lB 70 F 7! 4 
-2B 175 F 70 4 

Similar features were seen on the center of the fracture 
where failure initiated and on the shear lips towards the edge 

of the specimens. 

Amount of dimpling on the fracture correlated with the 

elongation observed. 

In the low magnesium Alloy 11, patches of fine dimples 
were separated by rather flat featureless regions (Figure 47). 
Fewer featureless regions appeared in the specimen from the 
plate quenched in hot water. 

Fracture in the high iron, intemediate magnesium Alloy 15 
was influenced by AI7CU2F3 particles (Figure 48), and the two 
quenches produced different amounts of dimpling. 

In the high magnesium alloy, dimpling was very limited 
and the fracture was faceted (Figure 49). Both quenches pro¬ 

duced similar features. 

Transmission electron microscopy of broken specimens and 
of additional samples taken from the plate was used to examine 
the structure at high resolution. No consistent structural 
feature such as amount of grain boundary precipitation could 
be correlated with tensile elongation or fracture appearance. 

133 



C.W.Q. 9 3 % E L . 5 5 OX 

H.W.Q. 13 8%EL. 50OX 

FIG. 47 FRACTURE IN ALLOY II, 1.75% Mg 

134 



'«ÜMHi 

C.W.Q. 6.8 % E L . 5 OOX 

H.W.Q. 1 0.5 % E L . 20C0X 

FIG. 48 FRACTURE IN ALLOY I5, 2.25 % Mg ,0.2% Fe 
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C.W.Q. 3.8 % EL. 2000X 

H.W.Q. 3 8 % EL . 2000X 

FIG. 49 FRACTURE IN ALLOY 18, 2.5% Mg 
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