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IHTRODUCTION

The problem of properly heat treating beryllium-
eorper &lloys has been a nemesis to the engineer since the
early days of the wer., The exceptional properties
developed by beryllium-coppexr alloys have been recognized
by many industries, but attzinment of the desired physiczal
properties is not accomplished by haphazard, "hit or miss"
heat treating procedures,

The heet treatment of a particular zlloy of copper
and beryllium is dependent upon many factors., The most
important of these factors are: (1) the use to which the
material will be put, i.e., does it require maximum
hardness, maximum conductivity, maximum elongation or
minimum drift; (2) the metallurgical history of the alloy,
i.e., amount of "working" of cast alloy before and after
solution heat treatment; and, (3) the complete chemical
analysis of the alloy. At the present time, the
manufacturers of the alloys are supplying the heat
treating procedures with the alloy. However, it would
appear that these heat treating procedures have become
standardized and are unvariant,

In order that an intelligent analysis of the heat
treating processes be made, it was necessary to eliminete
as many of the variables as was possible, This

elimination procedure resulted in : (1) the selection of
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five binary alloys of beryllium and corner, (2) using
"unworked" cest test bars solution heat trected at
definite temperatures, and (3) aging to obtain maximum
hardness.

The data thus obtained enables one to draw many
general conclusions regarding the intricacies of proper

heat trectment,
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HISTORY

The credit for the discovery of the remerkable
light metal, beryllium, must be given to the French
investigator Vauquelin.(22) In attempting to find
similarities between the precious stones, beryl and
enerald, Vauguelin found, in 1797, that an oxide of an
unknown constituent was comnmon to both stones. The new
element was given the name glucinum because the salts
produced from the element were very sweet tasting. The
name glucinum is still largely retained in French
scientific literature, but the element is more commonly
known as beryllium.

The problem of the isolation of elemental
beryllium was not solved until 1828,(5) when Wohler
succeeded in obtaining metallic beryllium from beryllium
chloride by heating it with flat, pressed balls of
calcium. From 182§ until 1889 there was little research
devoted to beryll{um and its compounds and alloys except
for minor discoveries of the unusual behavioxr of beryllium
salts, The first important advancement in the research
history of beryllium was the production of high puxrity
beryllium by electrolysis of the fused double flouride of
beryllium and sodium by LeBeau in 1889.(5) In addition to
the researches on the production of beryllium, LeBeau

studied several of the beryllium alloys. Among the alloys
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studied was a series of beryllium-copper alloys ranging up
to 10% beryllium. The physical properties of the alloys
were recorded as regards color, malleability, tarnish
resistance, sonority and solubility in acids.(7) Research
development again declined until about 1915. In 1916
Osterheld published his systematic investigation of the
beryllium-copper alloys and their structures. The
equilibrium diagram proposed by Osterheld is shown in the
top figure of Irigure I.(24)

In 1919 Stock and Goldschmidt began their
investigation of electrolytic production processes for
obtaining metallic bexryllium. By 1921 Stock and
Goldschmidt had guq?eeded in producing molten beryllium
by electrolysis and the detailed description of their
laboratory experﬁments was published in 1925. I*uture work
was then undertaken by Siemens and Halske A.-G, The age-
hardening or precipitation hardening properties of
beryllium-copper alloys was discovered by lasing, about
1926, as a by-product of the study of the age-hardening
of aluminum=-copper alloys. lNasing then became interested
in redetermining the Osterheld equilibrium diagram
because the shape of the solid solubility lines did not
conform to the accepted diagram for age-hardenable alloys.
Nesing confirmed his supposition about the inaccuracy of
the Osterheld diagram and the new equilibrium diagram
showed considerable alteration of the solid solubility

lines, Mesing's diagram is shown as the middle figure of
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Figure 1. Chronological development of the accepted
equilibrium diegram for beryllium-copper alloys.

Top diegram: Proposed by Osterheld in 1916.

Center diagrem: Yroposed by liesing in 1929,

Bottom disgram: Accepted diagram. A combination
of the works of kasing (1929),

Borchers (1932), and Tonimura
and Vessermen (1933),



Figure I.
The American counter-part of Siemens-llalske A,-G,
was the Beryllium Corporation of America which was

(2)

organized end began production in 1927, The early work
on beryllium wes concerned primarily with the properties
of beryllium-coprer alloys as a possible substitute for
zinc and tin, The initial high cost of extracting pure
beryllium caused the investigations to be dropped.
However, the discovery of the exceptional spring
properties of beryllium=-coprer 2lloys caused a revival of

(15)

research interest, In 1932 J.K. Smith reported his
research results on a beryllium-copper alloy containing
2.5% beryllium, Smith's investigations estzblished the
eccepted mill procedure and confirmed the properties
obtainable upon age-hardening,

The accepted equilibrium diagram is a combination
of the works of MNasing (published in 193%2), Borchers
(published in 193%2) and, Tanimura and VWasserman (published
in 193%3), This dizgram is shovn &s the bottom figure of
Figure I.(23) A survey of more recent literature discloses

no marked changes in the accepted equilibrium diagram oxr

in the esteblished procedures,
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TABULATED DATA

Tzble 1. Solution heat tresting data for a cast 2.80% Re-
96.81% Cu alloy solution heat treated at 151001,

Time at Temp. Hardness Recdings (Rockwell "G")
(Hours) Naximum Linimum Average
«25 51 47 50
.50 50 44 47
1.00 48 45 47
2.00 49 41 46
3.00 45 41 44
4.00 43 39 43
8.00 46 43 44
12,00 48 44 46
24,00 46 39 43
48,00 47 41 44

Table 2, Solution heat treating date for a cast 2.82% Re-
96.81% Cu alloy solution heat treated at 1470°F,

Time at Temp, Hardness Readings (Rockwell "G")
(Hours) lMaximum Minimum Avercge
.25 51 48 50
50 51 46 49
1.00 49 41 46
2.00 50 44 46
3,00 49 43 46
4,00 45 42 43
8.00 49 40 44
12,00 44 41 43
24.00 47 40 43
48,00 43 36 40

Tzable 3., Solution heat treating data for a cast 2.82% Be-
96.81% Cu alloy solution heat treated at 14400F,

Time at Temp. Hardness Headings (Kockwell "G")
(Rours) Laximum Finimum Average
25 51 48 50
.50 50 48 49
1.00 50 43 47
2.00 46 43 45
3.00 48 45 45
4,00 49 43 45
8.00 45 41 44
12,00 45 38 42
24.00 48 359 43

48.00 40 37 39
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Tfable 4. Solution heact treating deta for a cast 2.61% Be-
97.16% Cu alloy solution heat treated at 15100F,

Time at Temp.

(Hours)
.25
«50

1.00
2,00
3,00
4,00
8.00
12,00
24,00
48,00

Hardness keading (Rockwell "G")

Vaximum
57
54
54
53
52
53
51
52
52
52

Minimum
53
49
52
50
51
50
49
49
46
47

Average
55
52
53

Table 5. Solution heat treating data for a cast 2.61% Be-
97.16% Cu alloy solution heat treated at 14700F,

Time at Temp.

(Hours)
25
«50

1.00
2.00
3.00
4.00
8.00
12.00
24,00
48,00

Hardness Reading (Rockwell "G")

Maximum
56
54
55
53
51
51
53
53
50
49

Minimum
49
52
50
49
48
49
48
49
47
42

Average

Table 6. Solution heat treating data for a cast 2.61% Be-
97.16% Cu alloy solution heat treated at 1440°F.

Time at Temp,

(Hours)
25
.50

1.00

2.00

3,00

- 4,00
8,00
12,00

24 .OO
48,00

Hardness Reading (Rockwell "G")

Maximum
57
54
53
54
53
53
53
52

50

Minimum
54
51
50
51
50
49
50
48

44

Averege
55
52
52



Table 7. Solution heat tresting data for a cast 2.26% Re-
97.58% Cu alloy solution heat treated at 1510°0F,

Time at Yemp.

(Hours)
25
50

1,C0
2.00
3,00
4,00
8,00
12,00
24,00

Bardness keadings (Rockwell "B")

Maximum
50
48
46
49
44
46
46
48
43

iinimum
41
46
43
43
40
40
39
44
30

Average
46
47
44
45
43
43
43
46
40

Teble 8. Solution heat treating deta for a cast 2,26% Be-
97.58% Cu alloy solution heat treated at 1470CF.

Time at Temp.

(Hours)
25
.50

1.00
2,00
3,00
4,00
8,00
12,00
24 .00
48,00

Hardness Readings (Rockwell "B")

Maximum

52
40
46
42
42
42
42
40
41

Minimum

41
58
40
33
37
38
23
38
36

Average
46
46
40
42
39
39
39
36
39
39

Table 9. Solution heat treating data for a cast 2.,26% Re-
97.58% Cu a2lloy solution heat treated at 14400F,

Time et Temp.

(Hours)
25
.50

1.00
2.00
3,00
4,00
8,00
12,00
24,00
48,00

Eerdness kezdings (Rockwell "B")

Maximum

47
44
46
42
43
41
40
46
43
46

Minimum
42
41
32
30
32
35
30
33
37
38

Averzge
44
42
39
39
39
38
36
40
40
43
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Table 10, Solution heat trezting data for a cast 2, 01% Be=-
97.79% Cu alloy solution heat trezted at 1510°F,

Time at Temp, Hardness Readings (Rockwell "B")
(Hours) Meximim Iinimum Average
.25 56 29 33.
«50 34 31 33
1.00 32 27 31
2.00 36 30 33
3,00 53 16 26
4,00 31 27 29
8.00 54 27 30
12,00 34 31 32
24,00 33 25 29
48,00 33

Teble 11, Solution heat treating data for a cast 2,01% Be~-
97.79% Cu alloy solution heat trezted at 1470°F,

Time at Temp. Herdness Rezdings (Rockvell "R")
(Hours) Keximum FEinimum Average
25 57 30 53
«50 35 28 31
1.00 32 29 31
2.00 32 28 31
3.00 32 26 30
4,00 52 21 28
8.00 35 25 30
12,00 36 30 32
24,00 33 23 28
48,00 36 27 32

Table 12. Solution heat treating data for a cast 2, 01% Be-
97.,79% Cu alloy solution heat treated at 1440°F,

Time at Temp, Hardness Readings (Rockwell "B")
(Hours) liaximum Minimum Average
«25 39 34 37
50 38 29 32
1,00 38 28 33
2,00 33 32 33
5.00 37 27 32
4,00 34 30 31
8,00 36 28 31
12,00 34 29 31
24,00 38 31 35

48,00 37 29 33



14

Table 13, Solution hert treating data for a cest 1,789 Te-
97.98% Cu alloy solution hect trested at 1510°F,

Time at Temp, Fardness EReadings (Rockwell "E")
(Hours) Neximunm Iinimum Aver:ge
25 27 16 21
50 23 12 17
1.00 18 7 12
2,00 17 5 10
3,00 1 1 4
4,00 14 1 10
8.00 17 5 12
12,00 15 5 10
24,00 12 1 7
48,00 24 4 15

Table 14, Solution heat treating data for a cast 1,78% Be-
97.98% Cu alloy solution heat treated =t 14700%F,

Time at Temp, Hardness Keadings (Rociwell "B")
(Hours) Mizximum Minimum fvercge
25 30 20 26
« D0 21 1 12
1.00 12 5 8
2,00 12 7 10
3600 12 2 8
4,00 12 1 8
8,00 13 4 9
12,00 11 6 8
24,00 18 1 11
48,00 15 12 14

Table 15, Solution heat treating data for a cast 1.78% Pe-
97.98% Cu alloy solution heat treated at 1440°0F,

Time at Temp. Hardness keadings (Rockwell "B")
(Hours) Faximum Ninimm Average
25 31 25 27
«50 23 18 22
1.00 23 14 20
2,00 23 20 21
3,00 16 10 12
4,00 18 10 12
8,00 19 12 16
12,00 22 14 17
24,00 21 18 20

48,00 16 10 13



Table 16. Aging deta for a cast 2.82% Le-96.81% Cu alloy

Time 2t Lemp.
(Bours)

.00
.50
1.00
2.00
4,00
8.00
12,00
16,00
24.00

solation heat trested at 15100f, for 15 minutes
and aged at 680°F,

Lardness headings (Rockwell "C")

baxinm

40
44
40
40
37
30
26
25

Minimm

33
40
36
30
<9
27
22
22

Averecge
-13
36
42
39
34
33
50
24
24

Table 17. Aging data for a cast 2.82% Be-96,81% Cu alloy

Time at Temp,
(hours)

.00
.50
1.00
2,00
4,00
8.00
12,00
16,00
24.00

solution heat treated at 1510°F, for 15 minutes
and aged at 630°F,

Hardness EKesdings (kockwell "C")

o ximun

12
38
42
46
25
27
29
28

Minimum

9
36
39
40
20
23
22
18

Average
-13
11
37
41
43
24
24
26
22

Table 18, Aging data for a cast 2.824 Le-96.81% Lu alloy

Time at Temp,

(Lours
.00
.50

1,00
2.00
4,00
8.00
12,00
16,00
24,00

solution heat treated at 1510°F, for 15 minutes
and aged at 580°0L,

Hardness Keadings (Kockwell "C")

Maximam

33
41
45
46
41
40
39
36

Linimum

32
56
42
43
35
37
35
30

Average
-13
33
39
43
45
39
38
37
33






Tzble 19. Aging data for a cest 2,82% be- 96,81% Cu alloy

lime at Temp.
(sours)

.00
«50
1.00
2.00
4.00
8.C0
12,00
16,00
24,00

solution heat tre-ted at 1470°f, for 15 minutes
and aged at 680°F,

hardness Hezdings (kockwell "C")

g ximam

43
43
43
39
35
31
51
23

hinimom

40
40
37
28
26
25
22
19

rverage
-10
42
42
40
34
32
28
25
21,

Izble 20, #ging deta for a cest 2,826 be- 96,81% Cu alloy

Lime at Temp,

(bours
.CO
.50

1,00
2,00
4,00
8.00
12,00
16,00
24,00

solution heat treated at 14709, for 15 minutes
and sged 2t 630°F,

Herdness Readings (Rockwell "C")

heaximum

20
37
44
46
25
23
2T
24

inimom

16
34
41
29
20
2l
21
18

Averege
-10
18
35
43
40
22
22
24
21

Table 21, Aging dcta for a cost 2,82k be- 96,817 Cu alloy

Time at Temp.
(houxs)

.00
«50
1.00
2,00
4,00
8.00
12,00
16,00
24,00

solution heat treated at 1470°F, for 15 minutes
and eged at 5800F.

hardness headings (Hockwell "C")

Meximum

35
43
43
45
43
42
41
35

Linimom

30
36
38
38
35
37
54
31

Average
-10
34
40
41
43
38
39
37
33
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Table 22. Aging data for a cast 2,82% Be- 96.81% Cu alloy
solution heat treated at 1440°F, for 15 minutes
and aged at 680°F,

Time at Temp. Herdness Readings (Rockvell "C")
(Hours) Naximum Minimum Average
.00 -8
.50 41 39 40
1.00 44 38 41
2.00 42 38 40
4,00 36 31 33
8.00 35 26 30
12,00 33 25 28
16,00 29 25 27
24 .00 27 15 22

Table 23, Aging data for a cast 2.82% Be- 96,81% Cu alloy
solution heat treated at 14400F, for 15 minutes
and aged et 630°F,

Time at Temp, Hardness Readings (Rockwell "C")
(Hours) Naximum Ninimum Average
.00 - 8
«50 35 29 32
1.00 42 39 40
2.00 45 43 45
4.00 45 42 43
8.00 25 22 23
12,00 29 22 26
16,00 26 20 23
24,00 26 24 23

Table 24, Aging data for a cast 2.82% Be- 96.81% Cu alloy
solution heat treated at 1440°F, for 15 minutes
and aged at 580°0F,

Time at Temp. Hardness Readings (Rockwell "C")

(Hougg) Maximum Minimum Averzge

. - 8

.50 34 32 34

1.00 43 38 40

2.00 44 41 43

4.00 46 43 45

8.00 43 37 42

12,00 43 34 39

16,00 39 33 36

24,00 40 32 35



Table 25. Aging data for a cast 2,61% Be- 97,16% Cu alloy

Time at Temp.

(Hours)
.OO
50

1,00
2,00
4,00
8.00
12,00
16,00
24,00

Naximum

22
39
39
35
36
31
28
27

13
54
33
20
31
22
23
21

solution heat treated at 1510°F, for 15 minutes
and aged at 680°F,

Hardness Readings (Rockwell "C")
kinimum

Average
-33
19
37
37
32
33
27
26
24

Table 26, Aging data for a cuest 2.61% Be- 97.,16% Cu alloy

Time at Temp,

(Hours)
.00
«50

1,00
2,00
4,00
8.C0
12,00
16,00
24,00

Maximum

-1
35
43
42
27
29
28
27

33
30
56
25
25
21
24

5

solution heat treated at 15100r, for 15 minutes
and aged at 630°F,

Bardness Readings (Rockwell "C")
Kinimum

Averzge
=33
= W5
54
38
40
26
28
26
26

Table 27, Aging data for a cast 2,61% Be- 97.16% Cu zlloy

Time at Temp,

(Hours)
.00
«50

1.00
2.00
4,00
8,00
12.00
16,00
24,00

Maximum

19
58
41
43
41
317
36
33

11
35
37
40
54
51
26
30

solution heat treated at 1510°F, for 15 minutes
and aged at 580°F,

Hardness Readings (Rockwell "C")
Minimum

Averzge
=33
15
37
40
41
58
35
32
31



Table 28, Aging data for a cast 2,61% Be- 97.16% Cu alloy

Time at Temp.

(Hours)
.00
.50

1.00
2,00
4,00
8,00
12,00
16,00
24,00

Naximum

38
43
40
38
39
29
28
2T

35
40
34
31
29
26
25
22

solution heat treated at 1470°F. for 15 minutes
and aged at 680°F,

Hardness Readings (Rockwell "C")
Kinimum

Averzge
-13
37
41
39
35
35
27
27
25

Table 29, Aging data for a cest 2,61% Be- 97,16% Cu alloy

Time at Temp,

(Hours)
.OO
.50

1.00
2,00
4,00
8.00
12,00
16,00
24,00

Maximum

29
37
44
46
26
27
25
24

26
33
38
35
22
21

20
20

solution heat treated at 1470°F, for 15 minutes
and aged at 630°F,

Hardness Readings (Rockwell "C")
Minimum

Average
-13
28
35
42
40
24
23
21
22

Table 30, Aging data for a cast 2,.61% Be- 97.,16% Cu alloy

Time at Temp,

(Hours)
,00
.60

1.00
2,00
4,00
8,00
12,00
16,00
24,00

Maximum

30
39
22
44
42
41
39
38

27
35
58
39
35
35
32
30

solution heat treated at 14709F, for 15 minutes
and aged at 580°F,

Hardness Readings (Rockwell "C")
Minimum

Average
-13
29
37
41
41
39
38
36
34



Table 31. Aging data for a cast 2,61% Be- $7.16% Cu alloy
solution heat trezted at 1440°F, for 15 minutes
and aged at 680°F,

Time at Temp. Hzrdness Readings (Rockwell "C")
(Hours) Kaximum Iinimum Average
.00 -16
«50 40 38 39
1.00 43 41 42
2.00 43 36 39
4,00 38 33 35
8.00 35 31 33
12,00 28 22 26
16,00 28 20 24
24,00 24 20 22

Table 32, Aging data for a cast 2,61% Be- 97,16% Cu alloy
solution heat treated a2t 1440°F, for 15 minutes
and aged at 630°F,

Time at Temp, Hardness Recdings (Rockwell "C")
(Hours) Faximum Vinimum Average
.OO -16
«50 17 9 ' 13
1.00 39 56 38
2,00 43 42 43
4,00 44 39 42
8.00 26 23 25
12.00 27 21 24
16,00 28 20 25
24,00 26 19 24

Table 33, Aging data for a cast 2,61% Be- 97,16% Cu alloy
solution heat treczted at 1440°F. for 15 minutes
and aged at 580°r,

Time at Temp, Lardness Re-dings (Rockwell "CM)

(Hours) Feximunm Minimum Average

.OO -16

.50 35 32 34

1,00 42 36 39

2,00 44 39 42

4,00 46 42 44

8,00 43 37 40

12,00 41 34 38

16,00 39 33 35

24,00 34 28 30



Table %4, Aging data for a cast 2,26% Be- 97,58% Cu alloy

Time at Temp,

(Hours)
.00
50

1.00
2.00
4,00
8,00
12,00
16,00
24,00

Neximum

14
45
38
36
29
51
27
23

- 2
40
32
26
21
24
20
19

solution heat treated at 1510°F, for 15 minutes
and aged at 680°%r.

Herdness Readings (Rockwell "C")
Finimun

Aversge

-38

7

42

56

32

26

27

26

21

Table 35, Aging data for a cast 2.26% Be- 97.58% Cu alloy

Time at Temp,

(Hours)
<00
50

1,00
2,00
4,00
8.00
12.00
16,00
24,00

Maximuam

15
37
40
43
26
30
29
28

8
29
57
56
20
21
20
24

solution heat treated at 15100F, for 15 minutes
and aged at 630°F,

Ezrdness Reedings (Rockwell “C")
kinimum

Average
-38
11
53
39
39
24
25
26
26

Table 36, Aging deta for a cast 2,26% Be- 97.58% Cu zlloy

Time at Temp.,

(Hours)
.00
.50

1.00
2,00
4,00
8.00
12,00
16,00
24,00

Maximum

- 6
33
41
43
41
40
40
57

3
30
38
41
54
34
54
31

solution heat treated at 1510°F. for 15 minutes
and aged at 580°F,

Hardness Readings (Rockwell "C")
Ninimum

Average

-38

1

31

40

41

57

36

57

33
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Table 37. Aging data for a cust 2.26% Be- 97,58% Cu alloy
solution heat treated at 1470°F, for 15 minutes
and aged at 680°F,

Time at Temp, Hardness Readings (Rockwell "C")
(Hours) Maximum NMinimum Average
«00 -22
«50 41 56 39
1.00 44 40 43
2,00 40 37 39
4,00 37 30 34
8,00 36 31 34
12,00 30 24 28
16,00 31 23 27
24,00 26 16 22

Table 38, Aging data for a cast 2,26% Be- 97.58% Cu alloy
solution heat treated at 1470°F., for 15 minutes
and aged at 630°F,

Time at Temp. Herdness Readings (Rockwell "C%)
(Hours) Faximum inimum Average
.OO "'22
«50 41 32 38
1,00 43 40 41
2,00 44 39 42
4,00 45 38 42
8,00 24 20 22
12,00 27 20 22
16,00 24 21 23
24,00 23 20 21

Table 39, Aging data for a cest 2.,26% BS- 97.58% Cu alloy
solution heat treuted a2t 1470°F, for 15 minutes
and aged at 580°F,

Time at Temp, lardness Rexdings (Rockwell "C")

(Hours) Kaximum inimum Average

oOO "22

<50 32 29 32

1.00 39 35 37

2.00 44 37 41

4.00 47 41 44

8.00 40 36 38

12,00 37 54 36

16,00 39 51 54

24.00 39 27 30
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Table 40. Aging data for a cast 2.26% Be- 97.56% Cu alloy
solution heat treated at 1440°F, for 15 minutes
and aped a2t 680°F,

Time at Temp. Hardness Readings (Rockwell "C")
(Hours) Liaximum liinimum Average
.00 -19
.50 40 36 38
1,00 38 30 35
2,00 42 38 39
4,00 %6 31 33
8.00 36 24 32
12.00 31 23 27
16,00 28 23 25
24,00 23 1o 20

Tzble 41, Aging data for a cast 2,26% Be- 97,58% Cu alloy
solution heat treated at 1440°F, for 15 minutes
end aged at 630°F.

Time a2t Temp, Eardness Readings (Rockwell "C")
(Eours) Ve ximum Ninimunm Average
.00 -19
«50 21 13 18
1.00 37 52 34
2,00 43 37 40
4,00 45 37 41
8.00 25 20 23
12,00 24 20 23
16,00 27 20 24
24,00 23 19 22

Table 42, Aging data for a cast 2.26% Be- 97,58% Cu alloy
solution heat trezted at 1440°F, for 15 minutes
and aged at 580°F,

Time at Temp. Hardness Ekeadings (Lockwell "C")

(Hours) Meximaun Vinimum Average

.00 -19

.50 32 27 30

1,00 39 35 37

2.00 42 37 41

4,00 43 41 42

8.00 39 36 38

12,00 36 28 34

16,00 33 30 32

24,00 32 28 30



Table 43, Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat treated at 1510°F. for 15 minutes
and aged at 680°F,

Time at Temp. Hardness Readings (Rockwell "G")
(Hours) Meximun Kinimum Average
.00 -15
«50 20 17 18
1.00 70 54 62
2,00 95 85 89
4,00 93 o1 93
8.00 91 80 88
12,00 90 82 85
16.00 88 80 84
24,00 85 79 83

Table 44. Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat treated at 1510°F, for 15 minutes
and aged at 630°F,

Time at Temp. Herdness keadings (Lockwell "G")
(Hours) Maximun Minimum Average
QOO -15
050 8 - 2 2
1.00 58 46 51
2.00 88 75 80
4,00 96 92 94
8.00 91 82 88
12.00 90 83 87
16.00 91 83 87
24,00 90 85 88

Table 45. Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat treated at 1510°F, for 15 minutes
and aged at 580°F,

Time at Temp. Hardness Readings (Rockwell "G")

(Hours) IMaximum Minimum Average

.00 =15

.50 23 11 19

1.00 70 62 65

2.00 90 72 83

4,00 98 92 96

8.00 98 93 96

12,00 99 94 96

16,00 99 93 96

24,00 97 90 85



Table 46. Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat trezted at 1470°F, for 15 minutes
and aged at 680°F,

Time at Temp. Hardness Readings (Rockwell "G")
(Hours) Maximum Minimum Average
.00 -16
.50 20 13 17
1,00 88 60 77
2,00 96 €3 €8
4,00 oL 83 88
8.00 96 85 91
12,00 90 78 86
16,00 87 86 87
24,00 83 T4 80

Table 47. Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat treated at 1470°F, for 15 minutes
and aged at 630°F,

Time at Temp. Hardness Readings (Rockwell "G")
(Hours) Maximum liinimum Average
.00 -16
«50 20 7 12
1.00 54 46 51
2.00 95 90 93
4,00 97 92 95
8.00 94 91 93
12,00 92 &9 89
16,00 94 88 oL
24,00 93 86 90

Table 48. Aging data for a cast 2.01% Be- 97.79% Cu alloy
solution heat treated at 1470°F, for 15 minutes
and aged at 580°F,

Time at Temp, Hardness Readings (Rockwell "G")

(Hours) Naximum Minimum Average

.OO "16

.50 2 11 8

1.00 58 50 55

2,00 85 55 68

4.00 97 83 g2

8.00 98 88 94

12.Q0 98 91 95

16,00 98 95 96

24.00 97 90 94






Table 49, Aging data for a cast 2,01% Be- 97,79% Cu alloy
solution heat treated at 1440°F, for 15 minutes
and aged at 680CF,

Time at Temp, Hardness Readings (Rockwell "G")
(Hours) aximum Iinimum Average
.OO "'.1.7
.50 23 12 18
1,00 78 62 58
2.00 93 76 84
4,00 95 85 92
8.00 96 91 94
12,00 91 g9 90
16,00 89 84 87
24,00 88 83 86

Table 50, Aging data for a cast 2,01% Be- 97.79% Cu alloy
solution heat treated at 1440CF, for 15 minutes
and aged at 630°F,

Time at Temp, Hardness Readings (Rockwell "G")
(Hours) Maximum VMinimum Average
.OO "17
50 15 1 7
1,00 82 66 T4
2,00 95 92 94
4,00 a8 97 98
8,00 92 87 89
12.00 90 85 88
16,00 92 86 89
24,00 89 80 85

Table 51, Aging data for a cast 2,01% Be- 97,79% Cu alloy
solution heat treated at 14400F, for 15 minutes
and aged at 580°F,

Time at Temp, Hardness Readings (Rockwell "G")

(Hours) Maximum Finimum - Average

.00 ] =17

«50 16 2 7

1.00 62 55 57

2,00 90 86 87

4,00 100 95 a8

8,00 99 96 98

12,00 99 94 97

16,00 100 97 98

24,00 99 92 96
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Table 55, Aging data for a cast 1,78% Be- 97.98% Cu alloy
solution heat treated at 14T70°F, for 15 minutes
and aged at 680C°F,

Time at Temp. Hardness keadings (Rockwell "B")
(Hours) Faximum Liinimun Averzge
.00 23
.50 26 13 19
1,00 61 33 42
2.00 15 49 63
4.00 €5 68 78
8.00 97 68 &3
12,00 94 87 91
16.00 97 a7 Q3%
24,00 94 &5 91

Table 56, Aging deta for a cost 1.78% Be- 97,98% Cu alloy
solution heat treated at 1470°F, for 15 minutes
and aged at 630°F,

Time at Temp, Hardness Reedings (Rockwell "B")
(Hours) Vaximum Minimum Average
.00 23
<50 28 19 o4
1.00 42 31 39
2.00 27 21 26
4,00 51 33 44
8,00 91 83 87
12,00 90 82 86
16.00 G2 &0 eT
24,00 92 83 &8

Table 57. Aging data for a cest 1,78% Be- 97.,98% Cu alloy
solution heat treated at 1470°F, for 15 minutes
and sged 2t 580°F,

Time at Temp. Hardness Readings (Rockwell "B")

(Hours) Maximum Minimum - Average

.00 23

«50 42 10 23

1.00 55 40 45

2,00 73 46 60

4,00 59 47 55

8,00 90 13 85

12,00 90 79 87

16.00 93 84 £8

24,00 g6 92 94



Tzble 58, Aging data for & cost 1.78% Be- 97.98% Cu zlloy
solution hect trecsted &t 1440°F, for 15 minutes
znd eged &t 680°F,

Time at Temp, Hordness Lkeadings (Rockvwell "B")
(Houxs) hiaiximum Linimuam Lvereage
.00 24
«50 34 1¢ 25
1.00 57 57 48
2.00 71 58 606
4.00 86 76 61
8,00 94 A 13 &6
12,00 97 86 92
16.00 89 79 85
24,00 90 81 86

Table 59. Aging data for & cast 1.78% Fe- 97.98% Cu alloy
solution hesat tveuted at 1440°F, for 15 minutes
and aged at 630°7F,

Time at Temp. Eardness Reedings (Roclkwell "B")
(Hours) Feximum Vinimum Average
.00 24
.50 34 30 33
1.00 47 30 37
2,00 60 39 49
4,00 74 61 68
8.00 98 91 95
12,00 g8 93 95
16,00 58 92 G4
24,00 95 86 ¢l

Table 60, Aging data for a cast 1,78% Be- 97.,9¢% Cu zalloy
solution hezt trezted at 1440°F, for 15 minutes
and 2ged at 580°F.

Time at Temp, Hordness Readings (Rockwell "B")

(Hours) Meximum Finimum Average

.00 24

50 32 23 28

1.00 49 31 43

2.00 52 33 40

4,00 79 45 61

8.00 77 66 73

12,00 90 76 82

16.00 91 79 &6

24,00 96 88 S1
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Teble ©6l. Herdness conversion data, kociwell "I'"- kocimwell
':G'“ .
Kockvell "E" 12 51 46 54 68 78 80
Rockwell "G" =35 =20 0 <0 38 50 55

Table 62, Hardness conversion data, koclwell "G"- Rockwell

"C " R
kockvell "G" 69 80 96
Roclwell "CV 1 14 33

Table 63. Yhysicel prorverties of five binary beryllium-
copper zlloys in the "as cest" condition.

Heet ih:mber 1 2 3 4 5
% Beryllium 2.82 2.61 2.26 2.01 1.78
Tensile Strength 80,000 78,200 55,400 39,750 30.150
(psi)
% Flongation in 24,55 21.5  15.4  17.5° 6.8
2 Inches,

Foekvell Eardness
Laximum 50 G 44 G 71 B 61 B 46 B

Kinimum 44 G %6 G 62 B 38 B 25 B
Average 47 G 40 G 68 B 54 B “4 B

Condition of Good Good Good Good Good
Yracture.
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Figure 1, Microstructure of a 2,82% Be-96.82% Cu
alloy in the "as cast" condition.
Magnification: 100X Etchant: FeCl3

Figure 2. Wicrostructure of a 2.82% Be-96.82% Cu
alloy in the "as cast" condition.

Magnification: 500X Etchant: FeCl3



Figure 3, licrostructure of & 2.61% Be-97.16% Cu-
alloy in the "as cast" condition.
lagnification: 100X Etchant: FeClz

e ji;,vg”’;/
(3 g S A X X
o "’{*f ¥

Figure 4, MNicrostructure of a 2,26% Be=97.58% Cu
v alloy in the "as cast" condition. s
Magnificstion: 100X Etchant: FeClsz
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Figure 5, Microstructure of = 2,01% Be-97.79% Cu.
alloy in the "as cast" condition,
Magnification: 100X Etchant: FeCl3

Figure 6, ‘Microstructure of a 1,78% Be-97.98% Cu
alloy in the "as cast" condition,

Megnification: 100X Etchant: FeCl3
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Figure 7. MNicrostructure of a cast 2.82% Be-96,82%
Cu ellog after solution heat treatment
at 1470 ' F, for 15 minutes,
Mzgnification: 100X Etchant: FeClsy

Figure 8, MNicrostructure of a cast 2.,61% Be-97.82%
Cu allog after solution heat treatment
at 1470%F, for 15 minutes,
Magnification: 100X Etchant: FeCl3



Figure 9., Microstructure of a cast 2.26% Be-97.58%
Cu allog after solution heat treatment
at 1470°F, for 15 minutes,
Magnification: 100X Etchant: FeCl3

. Figure 10, liicrostructure of a cast 2,01% Be-97.79%
Cu alloy after solution heat treatment
at 1470°F, for 15 minutes,
Magnification: 100X Etchant: FeCl3
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Figure 11, Microstructure of a cast 1.78% Be-=97.98%.
Cu allog after solution heat trestment
at 1470”F, for 15 minutes,
Magnification: 100X Etchant: FeClB

Figure 12, NMicrostructure of a cast 2.82% Be-96.82%
Cu alloy after solution heat trestment
at 1510%F, for 15 minutes and aging at
680°F, for 1 hours.
liegnification: 100X Etchant: FeCl3
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Figure 13, Nicrostructure of a cast 2,61% Be-397.16%

JFigure 14,

Cu .1108 after solution heat treatment
et 1510°F, for 15 minutes and eging at
680°F, for 1 hours,

Vagnification: 100X Etchant: FeClgy

Microstructure of a cast 2,26% Be-97.58%
Cu ellog after solution heeat treatment
at 1510 F, for 15 minutes and aging at
680°F, for 1 hours.

Magnification: 100X Etchant: FeCl3
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Figure 15. Nicrostructure of a cast 2,01% Be-97.79%
Cu alloy efter solution heat treatment
at 15100F, for 15 minutes and aging at
680°F, for 4 hours,

Kagnification: 100X Etchent: FeCls3

Figure 16, lMicrostructure of a cast 1,78% Be-97.98%
Cu allo% after solution heat treatment
at 1510YF, for 15 mimites and aging at
680°F, for 16 hours.

Megnification: 100X Etchant: FeCl3
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DISCUSSION

As indicated in the introduction to this
investigation, the remarkeble physical properties of
beryllium-copper alloys are dependent upon the close
control of heat treating processes. The object of this
investigation is concerned with the correlation of
beryllium content, heat treat;ng temperatures, time &t
temperature and herdness; noting chearccteristic
microstructures, tensile strength &nd elongction at
various stages of processing.

Since commercial heat treating processes seem to
heve become standardized over a narrow temperature range,
it woas deemed advisable to investigate the heat treating -
characteristics of five binaxy alloys of beryllium and
corpexr over the temperature range recommended in
commercial practice,

Inspection of the equilibrium dizgram (Figuxre I.)
shows that the solution hect treating temperature, over
the range of 1,7% Be to 2.9% Be, ranges from 1200°F, to
15450F, Commercial practices recommend that the solution
heat treating temperatures be in the range of 1400°F,
(5,18,12) 44 15000°F, (3:6) However, the common commercial
beryllium-copver alloys contain 2.0% Be to 2.5% Be, The
most probable explanation for the 30° difference in the

upper limit of the theoretical end reconmmended
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1
tempersztures is feer of "burning out" the zlloy. "Iurning

out" is defired &s the segregotion of the beta phose at the
grain bouncdries due to solution heat treating &t too high a
tempercture, The beta phose has a melting point of 15459k,
eand cormercicl nrocesses do not have the close temperature
contxrcl necesssry to remcin within the narrow temperature
range, 1520°F, to 15459¥, It is also logical to cssume

that solution heat treating at the higher temperatures
would reaquire less time at temperature than at a lower
temperature. At temperatures sligntly above the minimum
solution temverature, there is consiaerably less driving
Torce then &t a higher tempereture ond the atomic mobility
is very low, As the temperature increcses, atomic

mobility increases and the rete of diffusion is high,
hence, the eaquilibrium condition is reached more rzpidly.
There is still enother factor to be considereda cnd that is
the effect of cold and hot worlking. Eoth hot a&nd cold
viorking of the alloys would tend to increcse the rate of
diffusion because of the high stress condition existing in
the structure; possibly lowering the solution heat
treating «n apprecicble amount.

In view of the factors enumerated in the previous
discussion, the cest alloys were subjected to solution
Leat trectment at temperatures of 1440°F,, 1470°>, znd
1510°F, for periods up to 48 hours, In order that the
super-saturated condition be retained, & necessary

condition for age hordening, the alloys were quenched in
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cold woter., Commercial processes nearly all call for a
water quench because the temperature gradients are much
higher than those obtained.by oil quenching.

After the problem of solution heat trezting has
been solved, there remains the problem of aging the alloy.
Inspection of the eauilibrium diecgram discloses that the
possible hardening temperature renge is fiom room
temperature to 1065°F, Commercisl hardening practices call
for herdening over a narrow temperature range from 525°F,
to 700°F.(3’5’6’7’11’15’17a18’19’21) This narrow
temperature range for hardening is cheracteristic of many
of the age hardenzble alloys, e.g., magnesium-aluminum
alloys (Dowmetel) and aluminum-copper alloys (Dural). In
accordence with the accepted theory of hardening, there
is an optimum particle size vhich csuses the mrxirmum
amount of keying ection on the potentizl slip planes with
a resulting meximum increase in hardness and tensile
strength, In order to secure the desired precipitation,
the temperature must be such that there is sufficient
atomic mobility to produce the optimum perticle size. As
the tempersture increeses, the atomic mobility incresases
and the rate of diffusion is high, causing a coalescence
of precipitated particles to a size greater than the
optimum, ‘he desired physicel properties decrecse &s the
particle size increases., The selection of the commercicl
aging tempercturea is not eacsily justified on the basis

of the rrevious discussion because it is believed that
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time at temperature is as important &s the tempercture,
Commercizal processes are generally constituted so that
time at temperctures ere as short as possible without
sacrificing uniformity of product.

The protlem confronting the commercial heat
treaters of bexryllium-copper alloys is one of selecting
a solution heat treating temverazture and &n aging
temperature that can be utilized on & production basis
and still maintain uniformity of products. This problem
resolves itself into two separste problems, (1l.) accur:zcy
of temperzture control, and (2,) accuracy in controlling
time at temperature,

The aging characteristics of the alloys used were
studied at temperctures of 580CF., 6300F, and €80°F,
efter solution heat treatment at 14400F., 14700F, and
15100%F,

The relationship of commercial and laboratoxry
practices has been discussed in sufficient detail to
warrant a discussion of laboratory results,

Trhe selected alloys were cast without a great deal
of difficulty in accordance with the technique desciribed
in Fart 2 of the Appendix. The analysis of the first heat
did not conform to the calculated composition, however,
the master alloy was not analyzed until after the heats
vere cast because of the analysis supplied with the alloy.
The beryllium content of the master z2zlloy, as determined

in the laboratory, was .30 percent higher than indicated
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by the data supplied with the alloy. Caculating the
heats showed that the analysis obtained (see snalysis
data, Part 1, Appendix) were correct znd the amount of
beryllium loss wes negligible,

After completing the cesting, the test bars wvere
cut from the pouring besin, properly labeled, machined to
size (see Figure 172) and punch marked for elongztion

measurements, One bar was selected from each heat for
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Fignre 172. Dimensions of Fignre 17b, Sampling The Test
- Test Ears. - Bars,

determining the physical properties in the "as cest"
condition, The specimens viere mounted in a Dillon Tensile
Tester in the manner shown in Figures 18a and 18b,
Tension wes applied until the specimen broke and the
breaking load, the elongation and the appearance of the
fracture were noted and recorded., The hardnecss of the
bottom end of the test bar was determined and the same
end cut into 3 equal portions as shovn in Figure 17b. The
physical properties of the lloys in the "e&s cest"
condition are shovn in T=ble 63,

It is interesting to note that hardness, tensile

strength and elongation are proportional to the amount of
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beryllium that is present in the zlloy. The velues
obtained are in accordance with those obtained by other
investigators, although the test specimen wes not of
adequate size. It is recommended that future work be
carried on using test specimens not less than one inch in
diameter.

The microstructure of each of the broken specimens
was exemined after a macrosconic eximinetion disclosed
the presence of a dendritic structure upon fracture,
Typical microstructures are shovn in Figures 1, 3, 4, 5
and 6, representing, respectively, each of the heats cest,
It should be noted that there is a definite dendritic |
pattern in evidence in the first four heats cast, while
the last heat cast exhibits a modified dendritic structure.
The equilibrium diagrom shows that there should be two
phases, alpha and gamma solid solution, present in the
microstructure if a condition of true equilibxrium exists.
However, equilibrium does not exist because of the high
cooling rate obtained upon casting. Under the existing
condition of non-equilibrium, the microstructure should
be constituted of alpha and teta solid solutions with
trazces of gamma so0lid solution, All three of the
components, alpha, beta and gamma solid solutions, can be
recognized in the microstructures of each of the heats
cast., The alpha solid solution is the light etching
constituent which constitutes the bulk of the structure.

The alpha solid solution is the first solid solution
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formed and solidifies in & dendritic pattern. The beta
solid solution is tlie last of the melt to solidify end it
is found in the dendritic interstices and outlining the
grains of alpha solid solution, The beta solid solution
is the dark etching constituent in the microstructure.
The gamma solid solution is a transformation product of
the beta solid solution, It is found in the middle of the
beta solid solution areas that have remained at
temperature long enough for some transformation to occur.
The gamma solid solution avpears as light etching areas,

A representative sample (Section A., Figure 17b.)
was taken from each heat and solution heat treated at
15100F, Hardness readings were taken after solution heat
treating for .25, .50, 1.0, 2.0, 3.0, 4.0, 8.0, 12.0,
24,0 and 48,0 hours,

The second portion of each broken test bar was
heat treated at 1470°F, according to the scheme described
above, The scme procedure wes repeated using the third
portion of the test bar at a temperature of 1440°F,

The cumulative data obtained is expressed in
tabular form, Tables 1 through 15, and in graphical form,
Graphs 1 through 15.

There are several characteristics of the graphical
data that merit considerable comment., It should be noted
that the six hardness readings were taken to determine
the average hardness, Trhe meximum and minimum hardness

readings were recorded to show the degree of unifoxmity
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or non-uniformity obtained by the heat treating processes.’
Average values may be misleading unless there are
indications as to the amount of veriation encountered,

A significant feature of the time hardness solution
heat treating curves is the slight increase in hardness
exhibited by the alloys of 2.82% Be- 96.81% Cu and 2,62%
Be- 97.16% Cu upon initial solution heat treatment. This is
in contrast to characteristics of the other three alloys
which exhibit a rapid drop in hardness in the early stages
of solution heat treatment. The most probable explanation
for the increase in hardness is thet of accelerated age
hardening. The composition of the alloys is beyond the
alpha solid solubility limit and, There is an appreciable
quantity of the gamma phase to be found in the
microstructure. Upon rapid cooling of the cast alloy, there
would be an appreciable degree of supersaturated solid
solution, On short time at high temperatures, the gamma
solid solution would precipitate causing a slight increase
in hardness and corresponding physical properties,

The heat treating characteristics, exemplified by
time-hardness relationships, may be best summarized by
examining a consolidation of the series of curves for the
various alloys at a specific temperature. A generalized set
of curves is shown in Figure 19a. As the beryllium content
increases, the hardness of the solution heat treated alloy
increases, However, beyond a critical time limit there is

little change in the inherent hardness of each alloy.
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Figure 19a. Time-hardness ' Figure 19b. Time-herdness
curves for a series of curves for a cast 2.01%
cast Be-Cu alloys Le- 97.79% Cu alloy S.H.
5.0 et 15107%, T. at 1440°F., 1470°F.

and. L5107,

The cfiticzl time limit will be a2 funection of the solution
heet treating temperatnre as evidenced by an inspection of
a generalized, consolidated, time-hardness curve for a
particular alloy &t various solution heat treeting
temperestures. This curve is shown in Figure 19b. It should
be noted that the critical time limit increases s the
solution heat treating temveratinre decreases. Beyond the
critical time limit there is very little change in the
herdness value no matter what the solution heat treating
temperature may be. In other words, short time-high
temperature solution heat treatment may be duplicated by
prrolonged solution heat treatment at lower temperatures,
Since the greatest changes seem to appear in all
the alloys after_lS minutes of solution heat treatment at
each of the selected temperatures, it was considered that a

15 minute solution heat treatment would add to the interest



Figure 18a. Dillon Tensile Figure 18b. Detailed view of the
Tester with specimen mounted specimen,
mounted,
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of the investigation. It is realized that optimum cging
properties cannot be expected with insufficient heat
treatment.

Three test tecrs from each of the heats cast were
solution heat treated at 1440°r., 1470°F, and 1510°F. for
a period of 15 minutes and cuenched in cold wvater. One
bar from each heat solution heat treated at the
appropriate temperatures (15 bars in all) were selected
to detecrmine the physical prorerties of the :2lloys ot
this stage of processing. The specimens were broken in
the Dillon Tensile Tester end the following fects noted
end recorded: breeking lozd, elongation end frecture
anpeercnce, The herdiness of the bottom end of the test
ber woes determined end the scme end cut into 3 equel
portions, The physicel properties of the alloys in the
solution heet trected condition are summerized in Table
64.

The most striking feoture of tkhe clloys in tie
solntion hent treazted slote is the errstic clisxrccter of
the physical properties. Althongh the cverege hordness
for eech ¢1lloy solution nect trezted &t the selected
temperatures is uniform, the veristion in the herdnecs of
ecch specimen is considereble., This wonld seem to
indiccote that tlie microstructure of the alloys would show
soft ara Lefrda constitnents., tensilc strerngin ond
elongetion cre very erratic, which may bte die, in paort,

to tne size of the test specimen, Light porsity in o



114

smell dicmeter test ber will cccentrcte 2 decresse in
tensile strength beceause the effective area will be
greatly decrezsed. Vhen bers of lorger dicmeter ere used,
the decrease in the effective vrec is not so great.
Elongation is ¢lso dependent vpon the soundness of the
test bars.

Characteristic microstructures are exhibited in
Figures 7 through 1ll. LExaminction of the photomicrographs
shovis that the microstructure of each of the alloys is a
trensforretion rrodveet of the cest structures., Yhe beta
phiise bhes diseypeeared leaving the microstructure composed
of two solid solutions. The darker elching constituent is
the superseturated clphe solid solution, vhich is very
soft &nd ductile. The light etching constituent, stending
in relief, is the gamma solid solution. The garmma phcse is
very herd end brittle. Decreesing bexyllium content gives
& decrecsing emount of gamma prhese in the microstructure.
This is justifietle on the teasis of the following
explanation. Vhen high teryllinm elloys ere cast, there w
will be considerable bete phase present in massive forxm,
As 1he berxryllium content decreases the emont of the beta
rhase will become smeller &nd smaller., In alloys of low
beryllium content, the beta vhese would have disappeared
¢lnost completely leaving only elvhe solid solntion,
Solution hest treating wonld decompose the bets phese
leaving the gamma phease in the form of massive particles.,

[=8

Larger pexrticles of gamme phise exe more difficult to
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discolve because tre slvha solid solution in the
immediate viecinity of the gemma narticles become
supersaturated very cuickly and the rete of diffusion is
materislly decrecsed,

(ne section from ecch test ter weos telen, es
previoucly described, &nd cged et 580°F, Herdness readings
vere taken on each specimen cfter aging for periods of .50,
1.0, 2,0, 4,0, 8.0, 12,0 &and 24.0 hours. The second
portion of ezch test bar wes eged at 630°F, according to
the scheme described above. The same procedure vies
repeected using the third portion of the test bar at a
temperature of 680°F.

The cumulative data is expressed in tabular form,
Tables 16 through 60, and in graphicel form, Graphs 16
through 60,

The grephical data has several characteristics
that are wiorthy of considerable comment, It should be
noted that six hardness readings were taken to determine
the average herdness, lLaximum and minimum hardness
readings were recorded to show the derree of uniformity
obtained upon aging.

It was found that maximum hardness obtainable
upon age hardening is a function of the beryllium content,
up to a certain concentration, 2.26% Be. Alloys richer in
beryllium showed little or no increcese in hardness, This
is explainable upon investigation of the equilibrium

diegram. The solubility of beryllium in the alvha solid



116

solution increazses to & maximum at 2.4% Be at
epproximetely 1580°F, At the solution heat treating
temperature, the maximun emount of beryllium expected in
the alpha solid solution is approximately 2.3 percent,
This concentration of beryllium will produce the meximum
amount of precipitation of gamma solid solution elong
the potential slip planes with meximum hardness
resulting. However, a large excess of the garmma phase
will cause a higher reeding by virtue of the inherent
hardness of the gamma so0lid solution. This extremely
hard condition wes observed in the master alloy
(containing 4,28% Be).

Solution heat treating ot different temperatures
aprears to have no noticable effect on the time-hardness
curve, However, the temperature at which aging proceeds
has a very pronounced effect on the shspe of the time-
hardness curves, Examination of the shapes of the curves
discloses that the rate of sging increases with
increasing aging temperatures, After full herdening, the
rate of overaging also increases as the aging temperature
is increased., It should be noted that full hardening is
dependent uvpon time at tempereture and not on aging
temperature, This is true of all the alloys studied.

There is still anothexr chearacteristic of the
sexries of curves that is of prime importance and should
be commented upon. Although maximum hardness is not a

A
strict function of beryllium content, rate of aging and
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beryllium content zre very closely releted., Alloys of
beryllium, richer in beryllium than 2.4 percent, produce
a highly supersaturated solution upon proper solution
heat treatment., Upon aging, the gamma phese precipitates
very recdily and optimum particle size is obtained very
quickly end, hence, produce full harcness over short time
intervals, Alloys containing less than 2,4 percent
beryllium are not highly supersaturated, even though
properly solution hest treated, Aging low beryllium (2.4%
Ee or less) causes precipitetion of the gemma phase once
agcin, However, since the solid solution is not highly
supersaturated, much diffusion may be necessary before
the perticles may coalesce to the optimum size. This

rate of diffusion is greater at Ligher temperatures
giving rise to the possibility of using considerzbly
higher temperatures when aging the low beryllium alloys.
As discussed above, maximum hardness is a function of
time at temperaturesand not temperature,

Lack of sufficient time forxced the investigation
to a close and it was decided to determine the physical
properties of the aged alloys after aging as indicated
on the following page.

Each specimen was broken in an Olsen Tensile
Tester and the following facts noted and recbrded:
breaking load, elongation and fracture appecrance.
Herdness readings viere teken on the bottom end of the

Per. The physical propefties of the 2lloys in the aged
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condition cre simmarized in Yrble 65.

Table I. ifging uwrocedure,

% Fe Seiele Time at Leing demp, Time ¢t
Term, Temp, Temp,

7.2 15100¥, 15 min, 68001, 1 honr

2.62 15100, 15 min. 6500F, 1 ho'r

2.26 1510°F, 15 nmin, 650018, 1 hour

2.01  1510°F., 15 rin. 6800F, 4 hours
1.78 1%109F, 15 min, 65007, 16 hours
2.82 14700F, 15 min, 630°F, 2 honrs
2.62 14700L, 15 min. 6300F, 2 hours
2.26 1470°F, 15 min. 6300F, 2 hours
2.01  14700F, 15 min, 630°F, 4 hours
1.78 1470071, 15 min, 6300F, 16 hours
2.82  14400F, 15 min. 580°7F, 4 hours
2,62 14400F, 15 min., 580°F, 4 honrs
2.26 144007, 15 min, 53007, 4 hours
2.01 14400F, 15 min, 5800F, . 8 hours
1.78 14400F, 15 min., 580°%, 24 Lours.

The most significant feature of the physical
properties is, of course, the greet incresse in hardness.,
It should be noted that the tensile strength and
elongation have behaved in the manner that wrs expected,
i.e., tensile strength increzsed and elongation decreased
greatly. The properties of the aged alloys are in
accordance with results of other investigations,

The microstructure of a typicel aged specimen
from each heat wes investigated and photographed.
Fhotomicrographs of typical structures are shovm in
Figures 12 through 16. The photomicrographs give
evidence that hardening has taken place because of the
dark-etching gemma phase precipitated at the grain
boundaries., The lighter etching constituent is that part
of the gamma phase remaining after solution heat
treatment. The matrix is the hardened alpha solid

solution phase,
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CC.LCLUSICKN

It is realized thet the results of this
investigation cre not complete enough to warrant their
incorporation into commercial practices, however, several
general conclusions can be drawn ©s regerds the effect of
heat treatmeht upon cest alloys,

The results indicate that the physical properties
of the cest alloys ere prceportional to the ammount of
teryllinm in the alloy. rardness, tensile strength and
elongation increase as the bexrylli:m content increases
from 1.73 percent to 2.82 percent. The rhysical
vrorerties obtained sre in good agreement with those
obtained by other investigators.,

It was found thet the solution heat treating
temverature does not materially effect the prhysical
proverties of the #lloys in the eged condition, if the
solution heat treatment haes teen proper, i.e., time &at

e

témperature has been long enovgh to insure homnogenity. As
the sélwtion hest treating temperatires sre increased,
shorter times &t temperatire mey be employed vwith: the

sure resultent properties. Froper solation heat treatment
results in a decrecse in hordness and tengile strengsth end
en increcse in elongation as compared to the corresponding
rroperties of the cest alloy. Vhen high beryllinm alloys

are used, eccelerated aging mey teke place in the eerly
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stages of solution heat treatment. Recause of insufficient
heat treatment, the physical properties obtained were

only in fair agreement with those obtained by other
investigators.,

The greatest effect of heat treatment was obtained
vpon aging. The shape of the aging curve is dependent
upon the beryllium content of the alloy and the
temperature, As the beryllium content increases, the
alloys harden more rapidly until the beryllium content
reaches 2.3 percent, Alloys richer than 2.3% Be all age
harden in avprroximately the same time intervel.
Increasing the aging temperature decreases the aging time,
however, the maximum herdness is dependent on the
beryllium content. 4ibove 2.3% Be, the hardness incre:ces
by virtue of the inherent heardness of the grrma phase.
The tensile strength of aged alloys is increased greatly
as compared to the cast and solution heat treated alloys.
The elongation is extremely low as was expected. The
physicel properties obtzined are in fair sgreement vwith
those obtained by other investigators.,

Even though the investigation is incomplete, it is
believed that commercial practices could utilize higher
solution heat treating temperatures, 1510°F. to 1535°F.,
if accurate temperature control were maintained, It is
also believed that higher aging temperatures, TO0CF, to
T7500F,, could be used with low bexryllium alloys. For

~increesing beryllium content the aging temperzture
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should te lowiexr proportionately,
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APPENDIX
Part 1, Anslysis Procedure.(25)
Determination of Copper,

In a2 400 ml, beaker, dissolve 5 g, of well mixed
turnings in 50 ml, of mixed acid solution, Dilute to 250
ml, and determine copper by electrolytic method (Fischer
Electro-Analyzer) using platinum gauze cathodes, Pass .3
amperes through the solution for a period of 24 hours.
From the weight of copper deposited, calculate the
percentzage of copper
Determination of Silicon, Iron and Aluminum, and
Beryllium,

Eveporate solution from copper determination to
100 ml. concentrated sulfuric acid and evcporcte to
fumes of sulfur trioxide, Take up with 100 ml, of water
containing 10 ml, hydrochloric acid, bring to a boil and
filter through ashless paper. Wash thoroughly with hot
water and save filtrate for determination of iron,
aluminum and beryllium, Ignite residue in a weighed
platinum crucible and weigh, moisten the residue with a
few drops of sulfuric acid, add 10 ml, hydroflouric acid
and evaporate to dryness, Ignite at a dull red heat for
5 minutes, cool and weigh. The loss in weight is silicon
dioxide, If any residue remeins it must be redissolved

in hydrochloric acid and added to the original filtrate.
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Eveporate original filtrate plus "silica
washings" to 100 ml,, 2dd 3 drops of methyl red indicsator,
neutralize with ammonium hydroxide and, then, add
hydrochloric acid dropwise until the solution is acid and
clear, Heat to 609C, and add an excess of 8-hydroxy-
gquinoline, Add 2.0-N, ammonium acetate solution until all
the aluminum and iron are precipitated, then add 25 ml,
excess, Filter and wash with cold water. Ignite precipitzte
" in a weighed platinum crucible for 1 hour at 1000°C,
Difference in weight is the combined weight of A1203 and
Fego3 from which the combined perxcentage of iron and
aluminum mey be calculated. The iron may be determined by
making a potassium bisulfate fusion, dissolving the fusion
in sulfuric acid, passing the solution through a Jones!
reductor and then titrating the iron with a standard
potassium permanganate solutioh. The iron is also
cazlculated in terms of Fey03 so that the Al,0z and, hence,
the percentage of almminum meay be calculated,

Heat the filtrate from the iron-aluminum
determination plus the "cold water washings" to 60°C, and
2dd ammonium hydroxide until alkaline to phenopthalein,
Cool to room temperature and filter precipitzte on
ashless paper, Wash precipitate with 1% ammonium

chloride solution, Evaporate filtrate and washings to



one-forth their origincl volume and precipitate eny
remaining beryllium, Filter and add the second
precipitate to the first precipitete. Ignite in a
vieighed platinum crucible at 1000°C. after the peper
hes been burnéd off. Cool, weigh rapidly end record
increase in weight zs BeO, Celculate percentage
beryllium, Duplicate samples are run throughout the
entire anelysis,

Freperation of keagents
Nixed Acid Solution.

To 625 ml, of distilled water add 250 ml, of
concentrated sulfuric ecid and 175 ml, of nitric acid.
8-Hydroxyquinoline Solution,

Triturate 2,5 g. of solid resgent with 5 ml, of
glacicl scetic acid, VWhen completely dissolved pour
into 100 ml, of distilled water and heat to 60°C,
Amnmonium Chloride Washing Solution,

Dissolve 10 g, emnmonium chloride in distilled
water, make just alkaline with ammonium hydroxide and
dilute to 100 ml,

Ammonivm Acetate 2,0-N, Solution.
Dissolve 15,4 g. ammonium aceteéte in distilled

water and dilute to 100 ml.
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Tabulated Analysis Data

Heat Iumber 1 2 3 4 5

% Beryllium 2.82 2.61 2.26 2.01 1.78
% Copper 96.81 97.16 97.58 97.79 97.98
% Silicon .104 .101 .105 .085 .063

% Iron and

Aluminum .150 .13% .1%5 .125 .168

Total 99.984 100,004 99.580 100.000 99.991

Part 2, Cesting Procedure

Kold Preparation

All heats were cast in core-sand molds made up in
the following menner, To 100 parts of lake sand add 5
parts of cereal binder and mix well, add 5 parts of water
end mix well, and finally, add 2.5 parts of oil binder
and mix well., The resulting core-sand mixture is rammed
tightly in a mold-box (shown in Figure 21.) and the mold-
box removed. The green molds are then baked for 24 hours
at approximately 500°F, Vhen cool, the cured molds are
given a light wesh with mold-coating in ordexr to secure a
cleaner casting. The coated molds are dried at 300°F. for
16 hours.
lelting and Casting Technique(B)

Calculate the correct proportions of master alloy
and electrolytic copper necessary to make up a heat of the
required size. Melt the copper in a crucible (shown in

Figure 23 .) using a layer of coarse graphite as a
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protective covering. Vhen the molten copper reaches a
temperature of QOOOOF., the pigs of master alloy are
dropped in, one by one, Raise the temperature of the
melt to 2100°F. and remove the crucible from the furnace,
Stir the melt with the thermocouple to insure homogenity
and remove the protective layer of graphite with a "slag
skimmer", Allow the melt to cool to 2000-1950°F, and
pour the melt into the molds with a minimum amount of
delay.

The loss of beryllium, by oxidation, in the |
melting practice used, was negligible,

-

Calculation of Heats lLelted

Hezat Number 1 2 3 4 5
% Reryllium 2.50 2.25 2.00 1.75 1.50
(Calculated)

Weight of Kaster 5966g., 52708, 5230g. 4949g. 4148g.
Alloy Used

Beryllium in 238g. 2l1g, 209g. 197g. 165g.
lMaster Alloy

Estimated Lossf 17g. 15g. 15¢g. l4g, 1l2g.
of Berylliumf

Weight of Corvwer 2924g. 3330g. 4970g. 5508g. 6052g.
Used

% Beryllium 2.82 2.61 2.26 2.01 1,78
(Actual)

# Calculated on the basis of 4% beryllium in the master
alloyo

# Calculated on the basis of a theoretical loss of 7%
of the contained bexryllium.
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Figure 21. Two views of the mold box,
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Figure 22, View of coated and
uncoated molds,
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Figure 23. Materials end equipment.
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