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SUMMARY

The effect of thermomechanical treatments on the grain size of HIP beryllium pewder
block and cast beryllium alloys has been studied. A grain-size controlled-fracture
mode change has been observed in both powder-source and ingot=source beryllium,
The mechanism of recrystallization in heavily deformed beryllium has been observed
to be the in situ transformation of subgrains to grains by dislocation migration from
grain interiors to grain boundaries. Beryllium which had been cold-worked and
partly recrystallized to form some very fine grains was found to be much tougher
than either unworked material or fully recrystallized material and approached the
toughness of high-strength aluminum alloys. In upset-forged beryllium where the
texture is similar to that of hot-pressed block, strength, ductility, and toughness
were improved by partial recrystallization, The enhancement of ductility and tough-
ness are believed to be a result of grain-boundary sliding in the regions where very
fine grains occur. Transmission electron microscopy has been used to show the
early stages of grain~-boundary fracture and the grain-boundary dislocation structure
preceding fracture. This work indicates that the use of rapidly cooled beryllium
powder rather than impact ground powder would allow a further increase in ductility

and toughness.
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Section 1
OBJECTIVE

The objective of this program was to develop an understanding of the fundamental flow
and fracture mechanism in beryllium. A specific objective of this program was to
indicate how new mechanisms of flow and fracture could be utilized to overcome beryl-

lium's low toughness.
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Section 2
BACKGROUND

Although modern beryllium has the highest structural efficiency of any material or
composite, its use has been restricted by low ductility and toughness. In the last

5 years, the ductility of beryllium has been dramatically increased so that 6-percent
elongation in all directions of a semicommercial, hot isostaticaliy pressed, low oxide
(0.5%) block can be produced routinely (Ref. 1). Still higher values of 13-percent
elongation in virtually nontextured upset forgings of the same material have been pro-
duced experimentally (Ref. 2) and recent Russian work (Ref. 3) using upset forging

of high~purity cast material has enabled three-dimensional tensile elocngation of

22 percent to be obtained. For inost structures, this degree of tensile elongation is
more than adequate to permit designs that can utilize the full strength of the beryllium.
At this stage, beryllium compares favorably in its mechanical properties with other
engineering alloys in all aspects other than its resistance to impact shocks in the
presence of a stress concentration. This condition is simulated experimentally by
charpy impact testing which is used on this program to evaluate the effects of micro-

stiructural and mechanistic changes on toughness.
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Section 3
MATERIALS

Two basic tyves of beryllium were used on this program:

(1) Mgh-purity powder products formed from electrolytic flake and then hot
isostatically pressed (HIP) by Kawecki Derylco Industries (KBI)

(2) Vacuum-~cast ingots 2- to 3~in, ~diameter containing small (0.1—-0.5,
addition of titanium, vanadium, or chromium plus a high-purity vacuum-

cast ingot (EFT) containing no alloying additions

Table 1
CHEMICAL COMPOSITION OF MATERIALS

Composition PPM

Aoy | Form T st [ [ v [ri 0w ] or |
B Ingot 40 10 [ 100 B 110 2RCIN. DO N DO N.DJTN.D,
Be-Ti | Ingot N.D. 20 1380 1 6700 =501 H20 1 1900 130 44 KO
Be-Cr | Ingot N. D. 1o 70 Q0] gy aae ] N.Id. | N.DLL 1300 | NUD.
Be-V Ingot N. D. 1O 1400 1 6601 2507 S50 1 1H0 170 301 5700
pBoP 11 HIP Block 0,100 [ 36 90 30 0 1461 220 | NLD. 185 N.D.| N.D.
BOPIZ] HIP Block | 4,500 | 26 NIt Jolotde | 220 N, 95 N.D. | N.D.
BoOP 16T HIP Block 5,000 10 50 1 1H10 d5 0 140 130 1 NUT 41 N.D.| N.D.
BOoP 1y HIP Block 5,100 32 1150 30 250 370 IN.D 260 N.D.| N.D
BOE22 T HIP Block 5,300 | 37 70 331 1807 186 | N. D 360 N.D. ! N.D.
BoP o HIP Block | 6,700 | 41 | 120 S5 | 185 ) 280 | N. I | 65 N.D.IN.D.
BOP 32| HIP Block 7,000 | 35 1140 33 L ] 210 N D, 2Ho N.D.| N.D.
RR 2437 HIP lsltx'kjklﬁ,(‘;(m 30 ) 346 16 | 550 ‘:(md N.DL PN D, lfi L N D.
NI, Not Determined,
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Section 4
EXPERIMENT 1. TECHNIQUE

All beryllium samples were canned in mild steel prior to forging extrusion or rolling

to nrevent surface cracking. Upset foring was carried out at 1333 K (1400°F), rolling
at either 1033 K or 922 K (1200°T) and extrusion (10:1 reduction) at 894 K (1150°F),

Fractographic examination was performed by scanning electron microscopy for coarso
grained (> 50 um) samples and by transmission electron microscopy of shadowed

replicas for finer-grained materials.

Direct transmission electron microscopy of the beryllium was conducted after =lectro-
polishing in a solution containing 829, ethylene glycol, 59 H,0, 9% HNOS, 2% 112804,
and 27 HCl. Both conventional (1.20 kV} and high-voltage (650 kV) electron microscopes

were utilized to examine the electropolished foils.

Charpy specimens for impact testing were made with the rounded notch, 1-mm radius
and 1. 5~mm deep conventionally used with beryllium. The surface was etched before
testing to remove 0,1 mm of potentially damaged surface material. The specimens

were tested cn a 24-ft/1b impact machine.

Upset forging was conducted as described previously (Ref, 2),
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Section 5
RESU LTS AND DISCUSSION

5.1 GRAIN REFINEMENT BY RECRYSTALLIZATION

Grain refinement in beryllium, as in moat other metals, corfers property improve-
ments such as higher toughness and tensile elongation (Ref. 1) together with higher
strength (Ref. 4), but there are limiiations to how far this refinement can be taken.

In powder block beryllium, the grain size is similar to that of the input powder and

any degree of grain refinement can be obtained by reducing the powder size. However,
this increases the surface area of the powder and hence the oxide level. 'This counter-
acts the benefits of grain refinement on toughness and ductility, and optimum properties
are observed when the grain size is approximately 10 um. In cast beryllium where
oxide is not normally present in sufficient quantities to act as a grain refiner, it is
very difficult to produce a recrystallized grain size less than 30 um even in sheet.

An alternative method of grain refinement investigated in this program is to use inter-
metallic compounds of titanium, vanadium, and chromium to act as grain refiners in

cast and wrought beryllium.

Two types of thermomechanical treatment were conducted to determine which was

most effective in producing grain refinement. In the first type, the beryllium was de-
formed about 20 percent and fully recrystaliized at the minimum temperature at which
this could be accomplished. The recrysiallized material was then rolled to about

40 percent and recrystallized again. 'This process was repeated for 90- and 96-percent
reductions. The grain sire was reduced ateach step as shown in Fig, 1 for high-
purity beryllium (£ FI) and Fig. 2 for the 0.19-percert Ti alloy.

The initial "ar-cast" grain size was taken as the dendrite width which is about ten

times smaller than the average dendrite length in both cases.

[#4]
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HIGH-PURITY CAST BERYLLIUM (EFl)
ROLLED WITH RECRYSTALLIZATION
AT THE STAGES INDICATED

DENDRITE WIDTH
AS-CAST

1000+

‘ ANNEALED O
—_ 1255 K 30 MIN
' 5
[2N)
: |9
| & Q1255 K 1 HR
5 2 HR |
[ 2 |
< |
-4
© 00— |
l < Q1144 K 1 HR
4 01089 K 1 HR
-l
} > 1033 K 1 HR
<
L
=
i i
G
. 911 K
- ; 20 HR
> ; 0 | | 1 | L
B 0 20 40 80 80 100

PERCENT REDUCTION

e

f Fig. 1 Effect of Degree of Rolling Reduction on the Grain Size of High--Purity
Cast Beryllium (EFI) Rolled With Intermediate Recrystallization Anneals
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1000
CAST BERYLLIUM CONTAINING 0.19% Ti
ROLLED WITH RECRYSTALLIZATION AT THE
STAGES INDICATED
DENDRITE
WIDTH
AS-CAST

ANNEALED
1255 K, 30 MIN

100 —

Q1255 K 1 HR

1089 K ¥ HR
1033 K 1 HR

MEAN LINEAR GRAIN INTERCEPT (um)

9211 K 20 HR

10 1 1 R

0 20 40 60 80 100
PERCENT REDUCTION

Fig, 2 Effect of Degree of Rolling Reduction »n the Grain Size of Cast Berviliun

4

Containing 0. 13% Cr Rolled With Intermediate Recrystallizing Anneals
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LMSC-D633363

n the second type of thermomechanical process, the specimens were rolled 90 or
96 percent before recrystallization anneals were performed. These resgults are shown
in Figs. 3 and 4 for FFI and 0.19% Ti, respectively. A comparison of the two types of
thermomechanical treatments shows that the direct reduction without interstage anneals
i8 more effective for both materials in producing grain refinement. This result follows
from an examination of the recrystallization mechanism as will be discussed below.
The 0.19% Ti addition can be seen to produce grain refinement in both processes and

also produces some refinement of the as-cast dendrite size.

Recrys.allized grain sizes after upset forging and rolling are shown in Figs. 5 and 6 for
EFI and a 0.13% Cr alloy. There appears to be no particular advantage to any particu-
lar temperature in terms of grain size, but annealing temperatures above 950 K pro-

duce fully recrystallized structures in less than 72 hr.

A more detailed study of the recrystallization of EFI and Be-0.13% Cr was conducted
at 977 K (Fig. 7). The recrystallized grain size wag measured in both alloys in the

early stages of recrystallization when the structure was only partially recrystallized.
Recrystallization is obviously retarded in the chromium alloy, probably by the inter-

metallic compounds.

In this ailoy, grain growth is continuing in the recrystallized areas even though further
nucleation of recrystallized graing is inhibited. The optical microstructure of EFI and

Be 0.137 Cr after 5 min at 977 K is shown in Figs. 8 and 9, respectively. In beth
materials faint, ghostly "'grains' can be seen inside what appears to be large unrecrystal-
lized areas. These are actually subgrains in the process of transforming to grains.

This process is revealed in more detail by transmission electron microscopy.

The subgrain structure of E¥I in the vicinity of an original grain boundary after rolling
95 percent and 2nnealing for 1 min at 977 K is shown in Fig. 10. Most of the subgrains
have poorly detined boundaries and a high density of dislocations in the subgrain interiors,

A tew of the subgrains, such as those at A on the original grain boundary, have low
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w : DENDRITE WIDTH
AS-CAST
1000 HIGH PURITY BERYLLIUM (EF1),
ROLLED DIRECTLY TO THE INDICATED
L REDUCTION BEFORE RECRYSTALLIZATION
N
3/- o
—
Q.
w
. 9
i ac
. W
[
< 100 —
z
! <
; 6 ] 991 K 16 HR
? < T
1%} -
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i !
i V4
" © 950 K 1 HR
2 - l
I
10 b 922 K 1 HR
5 | L i |
) 0 20 40 60 80 100
g PERCENT REDUCTION
.:]-.j ! Fig. 3 Effect of Degree of Rolling Reduction on the Grain Size of High-Purity
| Cast Beryllium (EFI) Rolled Without Intermediate Recrystallizing
Anneals
! 9
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CAST BERYLLIUM CONTAINING 0.19% Ti,
ROLLED DIRECTLY TO THE INDICATED
REDUCTION BEFORE RECRYSTALLIZATION

DENDRITE WIDTH
AS-CAST

?1505 K 1T HR

1033 K 1 HR
z 939 K 20 HR

| +95| K 16 HR
922K 1.5HR

10 ‘
950 K 1 HR
922 K 1 HR
5 1 | I i 1
0 20 40 60 80 100

PERCEINT REDUCTION

Fig. 4 Effect of Degree of Rolling Reduction on the Grain Size of Cast Berylliun
Containing 0.19% Ti Rolled Without Intermediate Recrystallizing Anneals
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LMSC-16:33363

Fig., 8 Optical Micrograph of EFI, Rolled 960 and Anncaled 977 K, 5 Minutes.  laint

'ghostly! subgrains can bhe seen in some unreerystatlized areas,  Muagnification
200
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.
Fig., 9 Optical Micrograph of Be 00130 Cp Rolied 86 and Annealed at 977 K,
5 Minutes,  Muagnification 200-
Tw
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LMS5C-D633363

dislocation densities and may appear in polarized light to be the ghostly recrystallized
grains described above for Figs. 8 and 9. In other areas of the same sample, the re-
crystallization process has progressed further as shown for grain A in Fig. 11 where
the grain interior i8 dislocation-free and the houndaries are sharply defined. This
grain would appear in polarized light to be fully recrystallized. A still later stage of
recrystallization is shown in Fig. 12 which shows the Be 0.137 Cr alloy after 90-percent
reduction and an anneal of 6 min at 977 K. This area shows 2 boundary hetween unre-
crystallized subgrains and fully recrystallized grains with low dislocation densities and
high-angle boundaries. The particle at A is a heryllium-chremium intermetallic with
an associated defcrmation void.  With continued annealing, the unrecrystallized sub-
grains in all the cast alloys are seen to transtorm gradually to recrystallized grains of
the same size, although there is no definite point at which a grain can be said to be re-
crystatlized by microscopic observation. However, there is a sharp transition in frac-
ture mode during annealing which can be used to define the point at which the conversion

from subgrain to grain is complete.

It follows from the above observation indicating the mechanisn, of recrystallization to

be by subgrain transformation that the finest recrystallized grain size will result from
the finest subgrain size, This subgrain size is found in most metals to be inversely
proportional to the amount of cold work. This explaing why in the two thermomechanical
processes described above the finest grain size was produced when intermediate re-
crystallization steps, which would have reduced the total amount of cold work,were
avoided. 1f the recrystallization mechanism had been by the growth of grain-boundary
nuclei, then the gradual prain refinement produced by the intermediate recrystallization

steps in the second process would have produced the finer grain size.
5.2 FRACTURE MODE TRANSITION

The normal fracture moede in both powder-source and ingot-source beryllium is cleavage.
However, when the grain girze is reduced below a certain eritical value characteristic of
each composition and method of manuwtacture, the tracture mode i8 by grain-boundary

separation, Previous work (Ref, ) has mdicated gram-houndary siiding occurs prior to
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L Pransmission Electren Micrograph of B Rolled 9467 and Ameaded 977 K,
I Minute, Graoin ot A is pecrystallized, Mapgnification S000-
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at 977 K
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Y
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5 Minutes, Magnilication L, 000~
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wiron Micrograph of Be 0, 139 Cr Rolled 905 and Annealed
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LMSC-D633363

fracture, and this additional slip mechanism may be responsible for the improved tough-
nesg and ductility of the fine-grained materials. The two fracture modes can he seen in
Fig. 13 which shows the fracture surface of EFI after rolling 96 percent and partially
recrystallizing for 5 min at 977 K. The unrecrystallized area, typified by A, shows
cleavage with only minor perturbations in the fracture path across subgrain boundaries.
The recrystallized areas, such as B, have grains which are about the same size as the
subgrains but where fracture is completely intercrystalline. Similar fracture mode
transitions are observed in partly recrystallized powder products (Figs. 14—17),but the

tranaition is at {iner-grain sizes than for cast and wrought products.

In Fig. 14, an isolated grain in a Be-0 197, Ti alloy has fractured in an intergranular
manner while the surrounding grain fracture by cleavage. Figure 15 shows a mixture

of intergranular fracture and cleavage fracture in a HIP powder product. BeO particles
can ve seen in the grain-boundary fracture surfaces. It should he noted that these frac-
ture characteristics are easily seen in powder products uging transmission electron
microscopy of carbon replicas as shown in Figs. 14 through 17, but are very difficuit

to resolve with the lower contrast and resolution of the more commonly used scanning
electron microscope. Figure 16 shows the fracture of a high-purity HIP powder product
after upset forging, rolling. and partly recrystallizing. The fracture is mainly cleavage,
but some areas of very fine intergranular fracture can he seen at A. ¥igure 17 shows

an intergranular fracture area in this material at higher magnification

The fracture mode trangition temperature for high-purity ingot-source veryllium (EF1)
alter upset forging and annealing at two difierent temperatures is shown in Fig. 18,

All grains under 35-um diameter fracture intergranularly., The largest graiu size that
fractures along the grain boundaries varies from 100 pin in the sample anneuled at 1061 K
to 400 um in the sample annealed at 1116 K. This indicates that at the lewar annealing
temperature some excess dislocations remain inside the larger grzins and encourage
cleavage fracture. A uimilar fracture mode transition is seen when E¥I, which hac been
reduced 96 percont by warm rolling, is annealed at 997 K, 1089 K, and 1172 K (Fig. 183)j.
The main difference between the fracture of the relatively untextured upset-forged
material and the highly textured rolled materirl i8 that the grain size at which all frac-

ture is intergranular is displaced from 25 um to 4 pum by the texture.
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Scanning Electron Micrograph of EFI Rolled 96'¢, Annealed 977 K, 6 Minutes
and Fractured ot Room Temperature, Subgrains at A Show Cleavape Frae-
ture While Grains at B Show Intergranulay Fricture, Magnification 1320+
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Fig, 14 Replica of Fracture Surtace of Cast Be 0,19, T'i,
and Partially Recerysuallized at 977 K for 5 min. An isolated grain 3-um
diarreter has fractured along its boundary while the surrounding grains or
subgrains have failed by transgranular cleavage, Magmification 24, 000 ~

Reduced 907, by Rolling
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Replict of Practure Surface of HIP 1,567 Beo (RR243) Extruded 10:1 at 1033 K

and Anneated for T he at 114t Ko The fracture shows o mixture of fine (1 —3 jum)
interpranular tailure and coarser transgranuliar cleavage failure. Beo particles
up to about 200-mm diameter can be seen in the regions ol interpranular sepuara-
tion.  Magnification 15,000
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Fig. 16 Replica ol Fracture Surface of {IIP Be, 070 Be®), Upset-Forged 1033 K, Re-
duced 757 by Rolling at 922 K und Annealed at 977 K for 10 min. The structure
mainly cleavage tailure with isolated avreas of fine intergrianular fracture.

: { Maynification 8000+
- i 24
‘ ; LOCKHEED PALO ALTO RESEARCH LABORATORY
' VO LR R EED MLy s 3 LIRS § €O P AN PN
] a IUBYIOD ARY o LOCKMHERD AR CRAMT CORPORANION

ST B

et e e e A —————— b m RTINS b NN e S g e o S e




ol 1LMSC-D633263

' Fig., 17 Higher Magnification View of Sample in Fig. 16 Showing a Region of Fine Inter~
granular Fracture. BeO particles are visible on the grain-boundary surlace,
. Magnitication 60, 000 -
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It was expected that an increase in the temperature of fracture above room temperature

would significantly increase the tendency of the beryllium to fracture in an intergranular
manner and also increase the grain size at which intergranular fracture occurred. A

: small increase in the latter parameter was observed in EFI (Fig. 20); however, in powder-
source materials which have only about 10-percent intergranular fracture after cold work
and recrystallization, no significant increase in the amount of intergranular fracture was
observed up to 533 K, although the observed intergranular fracture became better defined

at the higher temperature.

° . Fracture mode transitions for high-purity, HIP, powder-source beryllium are shown in
Figs. 21~23. These materials show completely intergranular fracture for grain sizes
e; kelow about I-um diameter. Intergranular fracture at the larger grain sizes seems to

: he only in areas where little or no oxide particles occur, i.e., when recrystallized
grains form inside the original beryllium powder particle boundaries. This is particu-
larly irue in the case of unworked HIP material where the amount of intergranular frac-
ture ig negligible and is seen only when multiple grains form inside a single powder
particle and do not have oxide particles along their boundaries. These isolated regions,

therefore, behave like ingot source and favor grain-boundary fracture.
0.3 MICROSTRUCTURAL OBSERVATICNS OF THE INITIAL STAGES OF FRACTURE

The above results have shown that iine-grain materials fracture predominantly along
the grain boundaries. Previous work (Ref 2) on polished samples has indicated that
grain-boundary sliding precedes and is probably responsible for intergranular fracture.
However, to examine the microstructural events leading to grain-boundury fracture,
recrystallized and partly recrystallized samples were deformed by cold-rolling at
room temperature and examined by transmission electron microscopy. Specimens

‘ \ were examined in the areas containing the finest recrystallized grains for evidence of

' grain-boundary sliding or local defermation in boundary regions that could lead to

grain-boundary fracture. The type of structure formed in a partly recrystallized ingot-

¥
2 |
o source Be 0.197 Tialloy after 15-perceni reduction by rolling at room temperature
} is shown in Fig. 24.
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- Fig. 24 ‘Transmission Klectron Micrograph of Cast Be 0,1 ¢ Ti, Warn Rolled 967,
: Annealed 977 K 10 min,and Then Cold-Rolled 157, A gmall ¢ % has ap-
peared on the grain boundary ni A, Dislocation tengles ut triple junction b
may he evidence of sliding along one of the adjaceat boundarics.
Muagnification 22, 000~
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Before deformation, this area contained very fine (~ 3 um) recrystallized grains of low-
: ' dislocation density. Deformation has produced a fairly uniform network of dislocations
throughout the grains. A small (1-um-long) crack has {ormed at a triple junction A and
a tangle of diglocations at another triple-junction £ may be evidence of the accommoda~
tion of grain-hcundary sliding along one of the boundaries forming that junction and could

be the precursor to fracture at that point.

Figure 25 shows the dislocation structure of a powder -source beryliium sample which

has been upset-forged, rolled to a 75-percent reduction at 922 K, and then partly re~

L2 W S
2

crystallized at 977 K. The structure consists o 2 mixture of fine recrystallized grains
in areas ol low-oxide particle concentrations and even finer subgrains in areas of high-
oxide concentrations. It should be noted that the central regions of both grains and sub-
% i grains are relatively free of dielocations, When a similar sample is deformed 10 percent
' at room temperature by rolling to simulate flow and fracture during tensile and impact
testing, a high density of dislocations (Fig. 26) are produced in localized areas mainly
around the houndaries of grains or subgrains formed during annealing. This concentra-

tion of dislocations along the grain boundaries is even more apparent in the thicker

-
i

regions of the foil (Fig. 27) revealed by the 650-Kv microscope. These dislocation con-
centratior.g in grain-boundary areas are thought to indicate that plastic flow is occurring
a preferentially in these regions, probably by grain-boundary gliding leading to grain-
S boundary fracture. Two examples of grain—~boundary fracture in the very early stages

are shown in Fig. 28. At A , a grair-boundary crack ¢.025 um wide ard 0.5 um long
. ' can be seen with difficulty. A larger crack it B can be seen to lie near a grain-boundary
: triple junction. Deformsation voids 0. 01 um wide ¢an he ceen on oxide particles at A .
The orientation of these voids can be used to determine the stross axis since in compres-
e s'on the veids are at particle-matrix interfaces at right angles to the compression axis
A' (Rer. 5}, The latter determined in this manner is shown in Fig. 28, aad it can be seen
that at least one branch of each grain~boundary crack and, in some cases, the Lheaviest
grain-boundary dislocation tanglea are on boundaries at approximately 45 deg to the
3 stress axis along the lines of maximum shear stress. This is consistert with the idea

| that grain-boundary sliding is occurring and {3 the precursor to the observed grain-

houndary fractures An indication of the fracture process in coarser-groined material
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LMBC-D633363

: Fig. 25 Transmission Electron Micrograph of High-Purity Powder Source Beryllium
! Alloy BOP 32, Upset-Forged, Rolled 757, and Annealed 977 K 10 min,
Structure shows a mixture of fine recrystallized grains and subgrains.
Magnitication 14, 000x
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Fig. 26 'Transmission Electron Micrograph of Be 0. 7% BeO (BOP 32), Upset-I'orged,

Rolled 76, at 922 K, Partinlly Recrystallized for 1 hr at 977 K,and Reduced
L7 by Cold-Relling.  Heavy Concentrations of Dislocations are seen along
many grain houndaries, bat no cracks have tormed in this region.
Magnificution 32, 000 36
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Fig. 27 High-Voltage (650 kV) Electron Transmission Micrograph of a Relatively Thick
foil of BOP 52, 0.7 Be(, Upset-Forged and Rolled 76, ut 922 K, Partially
Recrystallived at 977 K for 5 min and Then Reduced 1077 at Room Tempera-

[P,

: ture. A heavy concentration of disloe ation tangles along some grain boundaries
{ can be seen.  Magnitfication 75, 000>
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' Fig. 24 Trangsmission Electron Micrograph of BOP 3z, 0.7 Beo, Upset-Forged end Rolled
759, at 922 K, Partially Recrystallized 977 K 1 hr, and Deformed by Rolling 107, at
Room Temperature, A small grain-boundary crack is visible at A, together with
some faintly vigible deformation voids on Be() particles which define the compression
; axis. A larger grain-boundary crack is visible at B. The cracks and many of the
houndaries with a high density of dislocation tangles are approximately at 15 to the
compression axis, i.e., along the lines of maximum shear stress. Magnification

: 0 .
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i is shown in Fig. 29. This shows a fully recrystalilized (grain size ~ 40 pm) high~-purity
g ingot-source material (EFI) after 14-percent cold reduction at room temperature.

3 After a certain amount of plastic flow within the grains, a sharp grain-boundary crack

Boasba i b

has been nucleated, which then initiated a second crack, this time on a cleavage plane
within the grain. It can be seen from Fig. 19 that a 40-um grain size in EFI fractures

| 5 in both an intergranular and a transgranular manner.

5.4 IMPACT RESISTANCE

R

, | The impact resistance of ag-cast berylliam and dilute beryllium alloys is about 0.7 .
2 ' This can be increased about 409, by extrusion at 1033 K and partial recrystallization
at 977 K (Fig. 30). However, if the extrusion is then rolled below its recrystalliza-

! tion temperature, the impact resistance can be increased to 2.4 J.

’fl b Similar results are seen when powder retallurgy extrusions are annealed (Figs. 31 and

: ! 32). After ext .sion at 894 K, annealing is required to develop maximum toughness as

, shown for BOP 18, while after extrusion at 1089 K sufficient annealing occuras during ex-
“,: trusicn to produce maximum toughnees in the extruded condition. The effect of beryl-
B ] lium oxide content on the development of maximum toughness during annealing is shown
in Fig. 32. As would be expected, the higher oxide material requires higher tempera-

N tures, and its peak toughness is less.

The effect of upset forging prior to rolling at 922 K produces a beneficial «iffect on the
! impact strength after annealing as shown in Fig. 23. This i8 presumably due . the

greater anisotropy of the deformation and subsequent recrystailization when prior upset

! forging is used.

g The impact transition temperature of a partially recrystallized powder-source beryl-
lium extrusion, BOP 18, is shown in Fig. 34 to be about 200 K. The impact transition
i range of commercially produced cross-rolled sheet is shown for comparison, The
: b commercial sheet has a poorly defined transition temperature which would appear to

be about 600 K. The transition temperature in hep metals, including barvllium, has
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Fig. 29 Transmission Electron Micrograpn of F il Rolled 969, Anrealed 977 K, 1 Hour
and Cold Rolled i4',. A shoerp grain boundary cruck has heen initinted,
Magnification 20, 000>
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heen predicted by A rmstrong (Rel. 7) to be proportional to the square root of the grain
size. Armstrong shows that ii the data of previous investigators who detcriined trans-
ition temperature from ductility rather than toughness measurements are plotted in this
way, the data extrapolate to a transition temperature of 200 K for very fine-grain sizes,
The impact data plotted against dl 2 {(Fig. 3Y) break down into three regions which are
differentiated by the amount of disperscid present. The higher the volume fr:nction of
dispersoid, the lower the impact energy at a given grain size. The volume fraction of
intergranular fracture of each sample is also indicated in Fig. 35, and this value will
be used below to estimate the impact resistance of fully intergranular fracture at eacn

grain size.
5.5 TRNSILE PROPERTIES

Tensile testing of textured beryllium products can give misleadiag results since the
strain-to-failure uniike toughnegs is extremely orientation—dependent, with the maximum
tensile elongation being in the direction of maximum plastic flow during hot working.
TFor this reason, tensile testing of extrusions was not performed, hut an upset forging
of a low-oxide, HIP hlock was made and tested in tensgion after various annealing treat-
ments. The forging was upset six times in two dirvections with the thivd dimension re-
maining unchanged. Since there was zero metal (low in this thivd dirvecticon, it ghouls

be the direction in which tensile elongation i8 & minimum, &ang the tensile tents were
carried out in this orientation. i has been demonstrated previously (Ref, 2j that the
texture develope. by upset forging is less than that normally found in a conventiona) hot-
pressed block and that the variation in tensile elungution'm an upset forging is about the
same as that in the original billet. It hag a8 been shown {Ret. 2) that the tensile
elongation and bent angle of a casting forged in only two directions I8 not greatly depen-
dent on testing direction and i8 expected to have about the same texture as a billet forged

in three directions.

The mechanical properties of the upsel forging are shown in Fig. 36. Compared to the
"ag-HIF'" properties, there is an ineveass in strength  tensile elongation, and ‘mpact

toughness. The peak ductility and strength occur afier apnesling ot 1200 K, bul the
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itapact ‘oughness is still increasing at the maximum annealing temperature tested

(1300 K).
5.6 DISCUSSION

The above results indicate that when the grain size of beryllium is reduced helow a
certain value, the fracture mode changes from cleavage to intergranular. This trans-
ition is inhihited by dispersed particles such a3 BeO which occur in powder metallurgy
products so that the transition is displaced to finer-grain sizes. It appears from
previous work that even at room temperature grain-boundary sliding precedes inter-
granular fracture and that this additional slip mechanism allows beryllium to satisfy
the Taylor~Von Mises criterion for homogeneous plastic flow which requires the oper-
ation of five independent s8lip systemg. However, it is apparent that the change of
{fracture mechanism alone is only one of the factors contributing to toughnesg, since
continued grain refinement of material that fractures in an intergranuiar manner pro-
duces significant increases in toughness (Fig. 35%). Microstructural evidence indicates
thas, in the toughest materials tested, there is considerable localized flow in grain-
boundary regions hefore fracture occurs. It is iogical to assume, theveiore, that the
beneficial effect of grain refinement is a result of the enhanced amount of grain-houndary

flow or sliding that can occur before fracture is initiated.

Most of the materials examined in this work were only vartially recrystallized or in ad-
vanced stages of recovery, and therefore were fractured only partially in an intergranu-
lar manner. However, it i8 peaaible to estimate what the‘ toughness of materials frac-
turing in a compietely intergranular manner at various grain sizes would be if two as-
sumptions can he made. The first is that grain refinement has little effect on toughness
if the specimen fractures by cleavage. For example, a high-purity casting with grains
10, ¢00 um long has the same toughness (0. 6% J) when the grain size is reduced te 200 pm
by upset forging (Ref. £). It is only when the grain size is further refined and the frac-
ture bscomes intergranular that the toughness increases. . urther support for this view
is provided by Laryllium block-tested in the as-presseid condition, where oxide particles

are preseni on almoest all grain boundaries angd the fracture is over 99-percent cleavage.
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These powder-gource materials have about the same impact toughness as coarse-

grained cast beryliium even though they have a grain size of only 10 pm.

If the effect of grain refinement on the toughness of beryllium that fractures by cleavage
is negligible and a constant value of 0. 68 J can be assumed, then the improvements in
toughness illustrated in Fig. 34 are a result of the small volume of fine grains that
fracture intergranularly. Since this volume fraction and its grain size are known, it
is possible to calculate what the toughness would be at each grain size if the sample
fractured with a 100-percent intergranular fracture. For example, the sample BOP 32
{upset-forged, rolled 75 percent and annealed at 977 K for 10 min) has a measured im-
pact value of 5,95 J (4.46 ft/1b). Since the fracture is 90-percent cleavage and 10-
percent intergranular, the contribution of the component that fractures by cleavage
wili he 3.9 x 0.68 = 0.61 J. The remaining impact resistance contributed by the
material that fractures intergranularly will be 5.95—0.61 = 5.34 J. Since, in this
case, this is only 10 percent of the tstal sample, if the entire sample fractured inter-
granularly at the same grain size, its toughness should be 63.4 J. This calculation
has been carried out for the data shown ir Fig. 34 and is shown in Fig. 37. It can be
seen that the projected impact values are considerably higl er than high-strength alum-
inura alloys such as Al 7075 and at a grain size of 1 um approach the toughness of pure

aluminum.

The next questior. i8, How can a uniform fine-grain size of 1 um be achieved in beryl-
lium without tne high-oxide content formed when conventfonal powder metallurgy pro-
cesges are used? One answer is that it can be done by the very rapid cooling of beryl-
liurmn powder from the liquid state and consclidating it by techniques that do not allow
grain growth, It is hoped that a program along these lines can be initiated in the near

future.
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Section 6
{ CONCLUSIONS

(1) The impact toughness of high-purity, low-oxide, powder-source beryllium can he
increased by thermomechanical treatiments to a level not far below that of A1 7075-T6.

(2) Optimum toughness occurs when the microstructure consists of very fine (<4 pm)
recrystallized grains or subgrains which are on the threshold of recrystallizing in

situ, and which fracture intergranularly.

{3) There is a grain-sgize controlled [racture mode change in both power-source and

ingot-source beryllium. The change is displaced to finer grain sizes by oxide

particles and texture.

(4) There is potential for a considerable further improvermant in the toughness of beryl-

lium by the use of rapidly cooled powders.

(5) To produce the finest grain size in beryllium for a given tetal reduction, a thermo-
i mechanical process should avoid any recrystallization before the final annealing

treatment.

(6) Recrystallization in heavily deformed beryllium occurs by the in situ trausforma-
tion of subgrains to grains by the dislocation migration from grain interiors to

grain boundaries.

(7) Upset forging followed by annealing can produce increases in strength, ductility,
and toughness.
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