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le test results show (hat the strength velues are primarily

he grain size in o behavior predictable by the Hall-Petch
rerationsniy,  Mnly a fraction of the strength difierential can be attributed
o oretallic impurilies in solution. The grain size is controlled by the
sewder size distribution.  The ductility is dominated by both grein size and
cxide centent. The fine grained, lTow oxide billets exhibited the highest
duc-ilities. There is eviderce to suqqest that oxide distribution has o large
mmfluence on the ductility,
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The iracture loughness was highest for the high purity beryllium billets.
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Frguare 1. Progras Matrix - showing the billet identification numbers for
eacit particle size and grade of pewder.



Haterial:

The materials used in this investigation were produced by Kawecki Berylco
{ndustries using a hot isostatic pressing process. The pressing schedule
affered the advantage of consolidetion at much higher pressures (103 MPa) over
zorventianal vacuun hot pressing and thus lTower temperatures to accomplish

“i17 dersificaticrn. The low temperatures minimize grain growth and the

ic press.re produces a near isotropic material. The high pressures

*Tow the consolidat‘on of high purity powders to full density. Billet

are shown ir Table 1.
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* vet Chemistry

Pawders:

The P-10 powder was derived from magnesium reduced bead by vacuum m2lting,

casting into small ingot form, lathe turning to chips and impact attritioning.



The latter i3 a process Dy which chips are fed into e hopuer 2qd cervied by
high velocity, cold, inert gas to a berylliun target. The imnact veloctily is
sufficient to fracture the chips into smaller particles. The result is a
powder of varying sizes ranging from sub-micron to >34 um. Subsequent
separation into size ranges {powder classification) produced the fractions
ysed in this study: -44+10 @z, -44 we, and =20 un, The X7-10 grade was
sroduced by further processing <he ©-10 uowder ysing an acid leaching step o
reduce impurities. As noted in Table I, the £el, AT, Mg and to some extent C,
¥roand €r are lowered by this process.

The 9.1 powder was processed from electralytic flake {grade CF~1) and

the 2-0U powder from twice cluectrolized flake -0). This step utilizes an
einctralytic precess tn reduce the irpurity conternt of the magnesium reduced
bead.,  The Bed content was ninimized by srocessing the berylijum in an argon

wticn was accomplished in a

envircnment whenever possible.  The final co
Yeryllium-lined ball mill {tungstur cardde 5alls) filled with argon, Powder

clagssificatian Srtn the ranges discussed earlier wes done in araon.

fans:

>idation:

Tha flow dragrans for powder srecessing to billed form are shown in

Frowes 2 and 3. The P-10 and (=10 yowders were hot isostatically pressed
at o« opressure of 103 MPa 116 ksi) at “I8°C; the P-loand 70 powders at 103

MPa and 1065°0.  The higher temperature used to consclidete the latter powders

waes to ensure full densification, 10 billets were given on additienal
heat treatment (750°C, 2 hours, air cool) to eliminate the low ductility
exhibited in the as-pressed condition.

The schedule used in powder consolidation was to {1): load the powders

into a stainless steel cylindrical can, (2) weld the end closed with an

attached stem, {3) vacuum bake out the can, {4) pinch off the stem and (5)



process the assembly in a HIP chamber at a predetermined pressure, temperature

and time schedule.
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Tensile tests were conducted or an Instron machine on specimens having

a 17.7 um gage length and 3.56 mm diameter;

PR
$.5%1077 ofsec.

attached to the specimen.

Strain was measured using a 7.62 mm extensometer

etching 0,08 m from the surface of all test specimens.

at a cross head velocity of

Surface damage from machiniag was removed by

Compressive test data was generated cn an Instron machine with cylindrical

samples 6.35 1w in length and a 5.00 mm diameter.

Toughness tests were accomplished using a WOL geometry with a thickness of

9.91 mm. The cross head velocity for all tests was 8.5x10'4 cm/sec.

(Ref. ASTM-E399).
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Transmission electron microscopy (TFM) was accomplished on a Phillips
300 £ using & double tilt stage. Foils were electropolished at 273K to
final thickness in a solution consisting of 350 ml ethylene glycol, 43 ml
HNO,, 8 mi HZSOq and 9 ml MCL.
3
Grain size was determined orticaliy using polarized light and a mean 1inear

1

intercept method[DJ at e magnification of 80IX. The stiage on the oot
microscope was rotated 120° after each count to provide three counts for
averaging. No attempt was made to determine grain size distributions, ner was

a correction factor incorporated for grain morphology.

Test Nesults:
The tensile proper:ies together with the compressive yield strengths and

the yrein sizes are shown in Table If.
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The toughness data is shown in Table Il1l. The Ki¢ value is derived by

the equation

k,. = ps/Bwi/? £ (®)  (Ref. ASTM-E399)

1C

where P = load, B = specimen thickness,

span, W = specimen depth and

wvy
1]

a = crack length.

Taste {11
TOUGHNESS DATA

Material/ Kie
Billet Particle Size ;2
No. LLEE o
301 p-10/-24 11.65
3e3 P-10/-44<20 20.85
305 P-10/-20 9.93
3er XP-10/-44 8.98
1y XP-10/-44+10 14.29
m XpP-10/-29 11.24
318 P-1/-44 15.11
Ms P-1/-43¢10 14,486
nr P-1/-20 11.47
39 P-0/-44 14,58
321 P-0/-44+10 17.90
nx P-0/-20 16.28

Discussion:

Strength -~ The yield point phenomenon, indicated by the value, % (Table

11), for the P-10 and XP-10 grades, has been suggested as due to the metallic
impurity, iron.[6] Heat treating at 1023K for 5 hours followed by slow cooling
{25°C per hour) to 523% nroduces a precipitate, removes the iron from solution,

and eliminates the yield paint. No work was done in this study to dispute or
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support this claim. However it is noteworthy that only the high metallic
impurity grades exhibited this phenomenon.

The tensile yield strengths of the P-10 and XP-10 grades are contrasted to
those of “he P-1 and P-0 grades as influenced by grain size in Figure 4. The
strength dependence on grain size is predicted by the Hall-Petch relationsnip.
The higher yield strengths on the P-10 and XP-10 grades are thought to be due
to the solid-solution strenghthening effect of the metallic impurities. This
theory is supported by Figure 5, where the grain size dependence has been
{P-10

norualized and the higher impurity billets , XP-10) are mcderately

higher in strength. The strength differential is about 100 MPa.
The compressive yield strengths follow the same behavior as in tension but

at a consistantly lower vailue indicating a degree of anisotropy.

600r
)
2001
400>
~
f .
o
& 150+ et
IS 3 b
: Sl -5
: | roor
200 m-134 i Lm- 4 ™
! m-335 8Py e el o
i 4 Xm0
i 50 = P10
i
L \ ) . . 500 1000 1500 2000
"
02 04 06 o8 1 METACHIC IMPLRLTIES . 9D =3
K .
. 3 . a Fiqure 5 - The infiuence of metallic
fiqure & - ke influsnce of qrain ssze cmpurities on the yield strenglh

on the yield strength.

(normaltzed tor qrasn sizel



Juctitity:
The ductility within a given beryllium grade wes influenced strongly by
the powder input size; the finest size powder (smallest grain size) consistently

yrelded the lowest ductility. To infer that grain size is singly affecting

<he ductility value is an over simplif.caticn as the impurity= level for 2
qiven grece of berylliur goes up as the powder siz2 goes down. The increease
“modmipgrities Nay contribute to the reductian in ductility. Each grade was
capable of yielding a high ductility\( 0.04 strain to failure}. In recent
studies by Aldinger et al. on similarly processed beryllium grades includirg
P-1, P-10, RR 243* and cast material, it was shown that elongaticn was devendent
*r grain size and beryllium oxide content. Figure 6 shows the elongation

cnormalized for grain size) as influenced by bery!lium oxide content. The
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