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Table 1 Purity, mechanical properties and average grain size of the HIPed Be samples

Be content, BeO content,

Sample No. HIP temperature/’C /% /% on/MPa oo2/MPa /%  Average grain size/um
1#-1 1070 99.22 0.89 541.1 405.0 6.38 53
1#-2 1030 99.08 0.92 540.9 423.8 5.69 5.6
1#-3 1030 99.22 0.75 533.8 398.9 5.78 5.7
1#-4 970 99.04 0.74 506.4 435.1 4.06 6.0
The first 1#-5 970 99.52 0.33 547.7 491.4 5.30 6.1
group 1#-6 1030 98.99 0.54 536.3 419.1 6.35 6.3
1#-7 990 99.15 0.97 559.4 474.2 6.17 6.4
1#-8 990 99.22 0.77 456.8 346.3 5.75 7.1
1#-9 990 99.22 0.87 463.1 350.3 5.74 7.1
1#-10 990 99.21 0.79 473.8 351.8 5.74 7.4
2#-1 1010 99.33 0.58 568.7 - 0 4.6
2#-2 1010 99.09 0.74 551.6 0 4.7
2#-3 1010 98.84 0.97 557.7 0 4.9
The 2#-4 1010 99.23 0.93 559.4 - 0 5.3
second 2#-5 1030 99.06 0.86 481.6 453.8 1.06 5.3
aroup 2#-6 1030 99.06 0.99 519.2 - 0 5.4
2#-7 1030 99.29 0.74 455.3 389.4 1.62 6.0
2#-8 1030 99.11 0.91 475.2 - 0 6.1
2#-9 1030 99.12 1.02 545.0 0 6.2
2#-10 970 99.04 0.74 468.5 0 6.3
The third 3#-1 900 661.6 - 0 2.7
group 3#-2 1030 98.25 211 613.2 599.0 1.02 2.6
3#-3 1070 623.0 564.8 2.62 2.7
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Fig.1 Grain boundary distribution characteristics in the high-ductility HIPed beryllium (1#-1 sample): (a) high-angle boundaries and

(b) low-angle boundaries
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Fig.2 Grain boundary distribution characteristics in the low-ductility HIPed beryllium (2#-7 sample): (a) high-angle boundaries and

(b) low-angle boundaries

MEEE T 20 % SR, E s KA %
B R, S AR R Y . 7RSSR R
FIHREE 0 e ORI, R R 87K 32 R 1 R AR AR T
rel T, I AR PR R SRR 0 AR R AR R B R AR A
FEELAL T E SN R . IRIIE, A R
meoRL B E A RE R /NMA s, WK 1b FE 2b, #:
R, FAEER R N /N A O R W AR R
IR A R 45 1 1 (81 5247 TEM 347 WL 82 31 3 S

B RAR AR, HUE RN, EES (& 3by),
HEM R OA ST EA, (B 3by), A S A #H(F
3ay), [ e et [l 52 F i ) R b i i

A 2 Phn] e G R B N I SR, — 2
IEEE RN B R IR R R AR TR, R M. K
BF 50 I & S 3 A R BT R B EE R R E A
900~1070 C, 7E 150 GPa fl1 1227 CHIMEIE T, 8%
PP S hop G5H13, DR Zx i) i AR bee S5 M F67E,



- 2822 -

Wity @A LS TR

¥ 52 3

AT DAHE B 2S5 i 1 I B8 R o 48 1 B i A AR R ) RT e
PE. {H 900~1070 CHEEFH I, M 1445 iR
700~900 °C P*%, 3t {4 Y i AR5 A 900 CHY Ay
15.39 MPa, £ 1100 ‘CH} >y 2.60 MPal®?l, i i 4 2%
K /108 90~150 MPa, 584 AT LA HR R be gt R 4B
FEE B AR . By AR B4l IR BRI, A% M A 1 [
WKL, PFUT ML R LS WY, B,
S B P T /N R R AV 5 T IR R R A A R
AR T A T BT R, R U, ISR R
R 2 LA VA R I I AR SR b S A IR P 4 SR AT N

O RO L AR, A T A S I
WL 35 RS 88 L 1) 2% G B A5 P AR 400 AR KL JBE /1N 24
3 um, HLFEAE PR AR RN, W3 23 K
X—IR—ERBIRT R, G N R H
TV S R BB R AR R AR I R R, H bR b T
b 4f R 5 B i A O Bl RORLEE AN 10 pm,
S # J5 IE /74 250~300 MPa, [ ik R ~FAE 10 pm
LR T2 & B4 (ARG S5 R4 AR
i), =IRJE MG EIE R 300 MPa LA b, AR T
i} 250~300 MPa 1)k /7 FEAS i DU 8ok A o pe, 2
ANBEAE B R AR B R M BB ARTE, TT AA F
R Joe 5 A A T 42 o VUL R AR e PO A e 0 5 T I
R ST /N T B8 RORLFE (1 S5 AL

PG R I AR R e g5 i R A Rl E 45 8, T
AERE T LASK (A SEER B B, AT DR A B
BB, EAEEER A K GEY 4~8h), EEE, W
VA S5 S T I o R W R N B E A SR B R B 58 AT
B N TIEBIIX — A, R 1#-1 BES B B0 R [EoRE 4T
B TCIEREG, B IR NI ] 5 1#-1 B 5 B IS
T PEANE A AHE], Besb Al S5 AR TS 141
BRI SE M. RIS B Bi i 8 fE 0, = 324.6 MPa,
JE B E 09, = 204.6 MPa, ZEMHZE 6 = 4.32 %, &ikL
SRS 15.8 ume WP iZbe 45 BT i S o A REAE 4
Mr, 45 R FR IR e 45 8 f kL NS &N kL, /N A
f AR R, WK 4 FR, X AREFRREN T %
S5 B R R A e AR A il A R SR AT R
TR 5 B oL PR S 2 /N A o TR /N R TR B
F P IS0 0 TR B8 45 R IR 4 AR T Jig kA (el B2 AN P 485
T SRR, ) 1 U RS R B R R Joe & Ak [ S R T
S EERGELRE,
2.2 SRHEASEHENNNSHELERINE

B REIR R S, SEHEZ4S AN 173~1000 mifem?,
FE R4 REZ N =1190 miiem? BY3, m R it pe &),
AR IR AN, MR B A
SAT, BN T 5 Rk A Eh S B E, i ol 4 e

BREREA L LMl R B g i Bk, EHiesna)E
WIS R E M EE . ([HHoREZ it R =2
HERE B BT AR AE SIS LS B, H AT R
Re& B AlL o-Fe RAEBISFS SIS HERH 2 Fh.
— MR RIES NS A, — RN LRI B F 4
Bho AU A N NIELE I SR s S &, 5 5 AR AN B
WK, B SCHLE & ) KA o A AR R
RTE KRS R R UG SR R AR BAR T, 53R 46 Sk
MR GG e E S i, AR TR, BN AR R R
G TR A (21, T A% [0 A

AR B T 25 o AL R K B R T
W, WK 1a f1E 2a, HRSFKREZHETLEGK, 530
BRI RRASR (E 3a;, 3b; FIE 3¢ R
FERA Y o IX HE I GRAL T3 B A G B B S T A O
FT] BE B B0 25 [ & 10 & 21 R IR A R AR T R . B
EBSD =25 R0, #GEE: R8N/ ok 5 2k
BRI KRR, WK 1a FE 2a iR, 3OSk
5 AR B 9% RO 29<0001>, 40 €4/ RN
29%2110>, G /NERA 59%2110>, I5 o/ Sk
N T4%2110>, Mt/ ki 88%1010>, /)
Fihy 88%2110>. 1R AEAE GV & S 6 W i fir 4t i A
RS T, AL AR A 5 B K AR S . R AL
M 1a FOE] 2a TN, FAGEER R DT 1) A5 oRL A 5t
HELAE S A6 SRR, B TE Y LA B 25 F 45 ) B
R AR o

HEHREHFEHHSEREZESREHERSELS M
WA ELENSHE R ERA T M. ANESE)
SH4ARERNRNEEE SIS HE R, BARES
TR R, S DX i A A B TR
MASFLER, WA S S AE 5 A TR AL T AL T B IR 45
FAJUAOY, T A i S A 45 o KL S 2 R R BN BE ALy
T EEN, WHE 1la fIE 2a, REDHELSHSRE
PUNTE T AZ, il la 63 F A1 2a 6 E A F1 B
PRIRI dR R . X R AGEF RN, SBHMshASH 4
i A A% A T A N B AL R, A 2R R .

IEEER IR R BE O I 45 o R R A M AT
AT RE ) R R AP . — 7 T2 BT B AR e 0 i
JE S NEKIE 1, BOKE J1fg g &R 22 e, s
59 7B R be sk fm A IE M RAR R, H— 2
B T804 R Joe 4 4k f 7 K 2 A B A IR0 7% 1A R 5%
f, JEEWR: (1) SR AR giEtE s,
Ky R R TH M 5y A2 i — 2 3505 1) BeO T I o e I s 2L BT
Bk R BeO v LA AV SR 4 /N ) BeO Fif,
SREL A AT T Bk R BURL 2 8], % R oK Joe 45 4k St i/
b ST RS TR ET SLIE VS, Rk, AR R e ik



58

VRIS SR BRI (230 25 1B RME5 W AT O B SE PR R

- 2823 -

P 3 G T B O AL i 45 4

Fig.3 Dislocation configurations in the HIPed beryllium: (a;) paralleled structure and cells structure with thin dislocation walls and

aligned boundaries (1#-5 sample, 46#) and (a;) paralleled structure (1#-4 sample, 39#) in the high-ductility HIPed beryllium;

(b1) cells structure with curve boundaries (2#-10 sample, 41#) and (b,) cells structure with aligned boundaries (2#-2 sample, 38#) in

the low-ductility HIPed beryllium
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Fig.4 Grain boundary distribution characteristics in the

pressureless sintered beryllium

Hh H R R ORI AR 1 e O AS B RS
A AT o (2) AT S B R RS/ T 1) 25 L e 4
YR AR FEE 2 W) A S5 i s < R B s 25 1 45 R
AR FE RS AN KT B 4 R 0k RRL R . BRIk,

g i i R R AL RT DU TS — R0 B A S O ORI A
TENZ o NG R Bl SR ORL PN 358 P 45 /s Bl R AR A 4R
EARZHTa%E, BT RAmHEANSR, W
la FIE] 2a, R, P45 RO 2 102 /N ki
[ AL R A 2 R ST R A2 . IR ER IR kL Y
B A IR 4 D AR AT DU — R R A, ] 1a Ao
D FRIR A SR & A B 2921 10>HL [ 41 (5 /)N i
i, W] PLRAFEIZRA, i 1a PR E ARR 0 R
E 88101 0>HI A4 € /) i i Al 290001 > Bt [f) 2
/N R A HERR GUAR [R) R 1Y 1 45 SRRl S S L
TN T KRR B IA K R B T AR I AT R T
BeO K F AT FLAEH, RA AR AY K 45 & okl
GIEReE A Zh R S St . ] 1a A 2a AT,
e RL P 0 [ B A7 CE A R S 28 1) P 485 s ok 1 s 2 5 B
P R P AR B e B A E R . ASh,
EEER R P OUAS R S BY B 25 /N i R il )5 BB % AE HH
A AR RIURL T B PR it R P 30 7 A s L, AR AR
B ST 357 it b RUST8 L ) 8 B A B AR R B /N
2 3 um, AR 4ERF A T 45 d dtobn R 1E e R

B T DA BB P A S SR DAAN, 7E 3#-2 AR5 TR



- 2824 -

Wity @A LS TR

¥ 52 3

RILT 78<1010>H1 7823 11>HY ] i 45 & i ki, 4%
LB By ML A BRI d kL A RS A I A )N R
FIHG IR B FR 1R 1) &okL 4 30 & A B BN ok, g
IR BN S PR EE S L SRR R I S 8 Fh. ME
R EEAIR  aEE, IR 2. — 284 Bk E AT N R
(coincidence site lattice, CSL) i, +&{% = {4 CSL
L (2<29), f 29%0001>, 59%2110>, 74%2110>,
78%1010>1 881010>. — I i it Jy Bl v #% 7 11,
U 29%2110>, 59%2110>, 74%2110>, 78<%2311>
#88%2110>, Hr, 59%2110>F1 74°<2110>HF 2
& ZAE ST, B2 5 s & 7 .

-4 0 o HY ) 9 B T RS O ) R R R AR
R I A R e S 4R 1) P 4 i R T Be ST RS A A 0%,
FF H.<21 10>Hi il ol PR 45 S AR %2, T <23 11> Hi i)
TS SRR R R, mAA<21 10>2 8 LK
TR 5 10T <2 3 11> A AN AE B i T A B ) 3h AU AS T 4y
fif. Febas b ahi N % X 18 CSL &4 5%, mRE2Hm TR Y
{H CSL At Refk, AFIT F 455 fbifE N % .

B R FI A3t O A e 4 1 I 8 RO TR IR e 22, 3
B FAGE T T T R O R AR TR e R A AE HLE R AR
A o SR R B 5 /N A i S BN dRoRL I R 7
HEP RN AAIRES, WK 1A 2, 1ExBEHEKE
JIX—FTERE o I H, K i i R AR TR S
EH T4, X FEC T AR ok [R5 R4 i 5E 4 1 B 4
PEo BRI, Bl AR e 45 A — A kL P 50 P g 3% i ok T LA
PLEIZS IR AT, Wik la #6lE A A1 B AR IR &AL, 1
AL S A RO E, WK la 6l C. DL G fil K
PR IR kLo 37 [B] 52 AN 30 25 7345 it ] DAAE — A kL
WA RSP AT, SN A R SR/ SRR AR, W la
WAl E A1 F AR IR SRR . A B 2RI 10 5 45 i bt m]
PLSEELLAE, anB la Ml G A K AR TR Ak o (H A
KA, AR FELFE R 29° L &SR (B la
A 2a A ERE AN ERD HH 2R
2.3 WHERKREARASHENNISRENBLERIT

73 %3 FE T B F2 M

EEER IR /N AR SRS R 23 ) e B
K TR Joe & A TS B B 1 B ST AN 45 AT R . IR0 ET
Bk, 2 1 4w e AR R A 9 /D A O SRS R
FRT 2 2 AR EH R REFHFRENEZ N2, WHE
1 AN 2, 3 3% B o S #0555 R A0 1 2 25 [0 52 R0 P-4
HAEBR T BRI KR TEM 237 0 22 31 I% 8 5 R
IEEER IR 2 R R ). S IR,
D P 3y, T e 20 i 2 45 11 FR R &5 ) T B A Y 0 ff -
B, WK 3a;. A4, 1Em i 2 GG R e R
W7 REREASIMERFAT A, WL 3a. 7 f 4

4 3 AT AR, 7% B v A A S e B (] A 2 UMK AE A S
JESAR R AR . Rk, BT aiE Rk, R
B AR R R 5 R OIR S T BR AR S, Bl U A ¢
AR B I AL A S X e e G E A . Bk
XoF JE G A i 2H 7 P RO P 0 e e ) A B AR

Fah, EN TR R A I E e, R SRR
SPECRON 15.8 pm, fH T @SR AR S B TR L 17
B, WEMZFEN 0=4.32%, HTE— &R _E AR
(R REE LR 5 K B A A A RS A OGS Y B2 D
2.4 BEMEMAKREAAZHENNSEEMBLES

LA

f i TR — #y A BHE 870 1000 AT 1040 C i &
TIEH] T 3 AR . 3#-1. 3#-2 A 3#-3 FF i GE A
NN 0%, 1.02%F1 2.62%, &b 550 A BE AL 5 5
N 5a~5¢ . MR 5 kN, B & PS5 5 IR
OB, 3#-1. 3#-2 Al 3#-3 5 19 S RL N 358 /N £
RN SR 5 SRR RE B R . T L, R
T UL RS R AR R R R A AR I sh S TR R
FUFE 28, Uk TS Bk R e 4 Rk O BB R B, B
75 20 5 AR A0 B A7 B S R, AT A AR 5 i s B YD A
(CEIEE=R

PR VL & S BB, DRI I (R A 70 )
R BRI RGE . R, RAMIERRNSH,
P R E RIR S R R EERSH. KLCk,
R o A S e R P P A R KR BeO A4S AN
AifE ., BRI BeO LN B4 K oe 454 i U FHL A%
TEM, 5§ BeO MBI IY i BeO KL, BeO
R ] 25 K040 A WA 0 2 R 5 e e e, IR
Uk 35 R 1) A S R R R BE B RO R SR T
BeO M, o5 BeO Ki 1 {45 9% B4 /N 43 Aii o
o N, ARG L e — L, X R R OB
BeO 44/ LAAh, b e 44 ot R 2 A Bhpe /e %,

Hszbr b, 7EAIRER BeO Z%J5i & &4 4 K15 il
N, SRR — PR e A B B, AR DUAH
ZEARK, W 1 1#-2 FE SR 2#-5 AR, 1#-3 FE R
M1 2-THEE S, 1#-4 FESFD 24#-10 BES, X ECA R IR
] A0 6 5 T B B R AR i ) R I R . AN TR I i
FSIE — 7] R 14 Ji DRI 7E T e A A 2 5 ot ARAIG A A 3R A5
AEEAT A 22 5, T3 R SR A A A 4L S 22 /1
5 DRI 7E T~ 0 55 i s B 400K R Joe &6 4k 20 245 [l 52 0 - 485 i
TR ZESR . RS RRE, A8 H e 0k
RIREERREE RIS B AL 5, 2R m RS
B A P A AT B

AT 5T 45 SR A A B T I L ] e B I TR TR
AT AR T H B ARYE, T R N R



%58

VRIESRAE: <R R T I ) B 25 1P SR P46 AT O B LR R ) )

- 2825 -

R2 AEBHERBERBNETMER

Table 2 Characteristics of the recrystallized grain disorientation in the HIPed beryllium

Recrystallized grain disorientation

CSL grain boundaries of beryllium™ >0

Characteristic

Angle/(9 AXis Angle/(9 AXis AOnmaxd (9
29 <0001> 27.80 <0001> 4.16 >-13
<2110> Axis is slip direction
59 <2110> 57.42 <2110> 4.16 2-13 and axis is slip direction
74 <2110> 72.28 <2110> 3.12 2-23 and axis is slip direction
18 <1010> 76.66 <1010> 4.16 >-13
<2311> Axis is slip direction
88 <1010> 86.98 <1010> 3.44 o190
<2110> Axis is slip direction

“Brandon criterion®?

29%0001>, — 0 < 2 i i 0>,

e 88 %10 1 0>, e 88 <2 1 1 0>,

59%271 10>, emmmm——78%107 0>,

The other angles (>5°), cmmm— 2-5%

78<2311>,

The other angles

B 5 ASTR]E B A S B I 4 292 592 741 88 < IT 1 K £ & Jt I /N iy i S AE 2L 4R ) 93 A

Fig.5 Distribution of high-angle grain boundaries with the disorientation around 29< 59< 78<and 88<(al-c1) and 2<25<low-angle grain

boundaries (a2-c2) in the HIPed beryllium from the same beryllium powder under different conditions: (a) 900 C, J = 0%, (b)

950 'C, 6 = 1.02%, and (c) 1000 C, § = 2.62%
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DRV and DRX Behavior of Beryllium Metal During HIP
and Its Effect on Ductility

Xu Demei’, Li Feng?, Li Meisui?, Li Zhinian?, Qiao Peng?, Qin Gaowu®
(1. International Scientific & Technological Cooperation Base of Industrial Waste Recycling and Advanced Materials, Key Laboratory of
Powder Material & Advanced Ceramics, School of Materials Science and Engineering, North Minzu University, Yinchuan 750021, China)
(2. State Key Laboratory for Special Rare Metal Material, Northwest Rare Materials Research Institute Ningxia Co., Ltd,
Shizuishan 753000, China)
(3. Key Laboratory for Anisotropy and Texture of Materials, Ministry of Education, Northeastern University, Shenyang 110819, China)

Abstract: Grain boundary character distribution (GBCD) of the hot isostatic pressed (HIPed) beryllium was systematically analyzed by
electron backscattered diffraction (EBSD), and the pressureless sintered beryllium was prepared for comparison. It is found that some
grains of the HIPed beryllium have very dense low angle grain boundaries (LAGBs) of 2<25<and a large number of fine-grains within grain
interiors. The size of fine-grains is mostly in the range of hundreds of nanometers. Conversely, the pressureless sintered beryllium has few
LAGBs and no fine-grains. The results show that the beryllium has very high stacking fault energy, which results in not only the dynamic
recovery (DRV) during HIP, but also dynamic recrystallization (DRX). The dynamic recrystallization behavior of the metal beryllium
during HIP is very unique. A large number of recrystallized grains are densely formed within grains at the same time, but they have a
specific orientation relationship with the beryllium matrix. The specific disorientations are 29%2110>/<0001>, 59%2110>, 74%2110>,
or 78%2311>/<1010>, and 88<%2110>/<1010>. The disorientations can be divided into two categories according to their characteristics.
One is that the disorientation axis is the slip direction of beryllium, and the other is the low X value coincidence site lattice (CSL) grain
boundaries of beryllium. Additionally, 59%2110> and 74<%2110> disorientations belong to both categories. The highly efficient recovery
and recrystallization of beryllium powder sintered body during HIP can acquire more optimized dislocation configurations, which is the
prerequisites for the HIPed beryllium to achieve high ductility. Increasing the hot isostatic pressing temperature is able to effectively
promote the DRV and DRX of beryllium powder sintered body during HIP, and thus the ductility of the HIPed beryllium is improved.
Keywords: beryllium; high stacking fault energy; hot isostatic press; ductility; dynamic recovery and recrystallization
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