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The deformation of crystal-bar zirconium was investigated as a function of strain and 
strain rate through electron back-scattered diffraction (EBSD) characterization. The 
resultant data provided spatially resolved information on microstructure and texture 
evolution, individual twin system activity, and subsequent strain partitioning between 
twinned volume and parent grains. A range of deformation conditions was represented 
through quasi-static compression, 4-point beam bend tests at room and cryogenic 
temperature, and Taylor cylinder impact experiments. Effects from the interplay between 
slip and twinning deformation modes on anisotropic plasticity are considered in order to 
address the apparent trend toward isotropy at high rates. The role of various length scales 
on deformation behavior will be considered, along with the implications of these length 
scales on the assumptions typically invoked for plasticity modeling. 
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Introduction - 
Deformation modes at room and cryogenic temps. 
- Prismatic slip { lOTO}<T210> 
- { 1012}<1011> Tensile (// c-axis) twin 
- { 1 122}<€123> Compressive twin 
- { 1121 )<'I f26> Tensile twin 

Zr good hcp candidate for study - ductility combined 
with manageable number of slip and twin systems. 
Texture evolution and resultant Plastic anisotropy affected 
by twin reorientation. 
EBSD provides mesoscale perspective with twin system 
characterization. 
Previous work by Reed-Hill, Tenckhoff, Salinas Rodriguez. 
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Quasi-static (1 0-3 s-lj 
- Tension 
- Wire-Ilrawii 
- Compression 

Hopkinson Bar (2-3 x lo3 sa'> 
- Tension 
- - Compressio t i  

Taylor C2ylinder Impact (- lo4 s-lj 
- 243rnls 
- 101 m/s 
-- Goal: Explain anomalous plastic response in Taylor 

cylindcr samples. 

n n n i  

Clock-rolled and recrystallized crystal-bar Zr plate 
In-plane samples 
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Through-thickncss 
r =  1.59 

I Hogkinson Bar 

298K Through-thickness 
r =  1.05 

208K In-plane 
r =  1.92 

Tavlor Cvlindel: 

S end WB Rates 

0.001 s-' 1100 s-' 

3 



11001 i o i o  

* Very liltle twin fiaction, little reorientation 
Slip accommodates majority of deformation ,ooo 

RD w 

Although favorably oriented for <;lip, 
iine ter . Modest 

le twins prevalent 
:orientation 

ND == Radial Dir. 
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Low IH1gh 
(SOtt)  1 (Had) 

Tayloi l k ~ o i  Scale 

* l’aylor factor inap contrasts regions by relative resistance to yield by prisiiiatic slip, 
8s a Cunction oTorieiitation and strain path. 
0 Initial tensile tvviiis reorient into less favorable deformation by slip. 

m”“-5055 
3 ab8 
2016 
1318  

O(101 1 0 1 0  

1716  

I 1 ?in nnn 

d o i o >  // tensile axis textuie 
1 .ittle twin activity, no compressive twins 

n in3 
RD 
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ar asi-static , 76K 

* <1OTO> // tensile axis texture 
* { 1122) compressive twins active 

Los Alamos --- P 

IMb o m  

E = :z 1 940 E = 40% 

0 0 0 1  

Curly microstructure analogous to bcc 
Deformation intensified near boundaries 

Insignificant twinning 

TO to accommodate compatibility 

RIJ RD 
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- 
Diamatic dilkrence in anisotropy in r-0 plane 
with axial position for 101 m/s sample. 

3.5 : 

3 :  

2.5 : 

rr" 2 1 
1.s - 

1 -  

0s - 
() L - & l u L - - L u A  

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

Log Slrain (Minor) 

( 1 0 i 2 ) < 1 0 i b T  ( 

0 0 0 1  1 0 1 0  
mu- 4'01 

1 1 2 2  ? 736 

Significant reorientation has extended to tail 3503 

end of cylinder. 
1851 TO 
I 1 0 6  

u 118 
I orno 

RD 
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Low Hlgll 
: ioiz)<iori> T (Sofi) ' (Maid) 
{11~2]<11T3>C Taylor Factor Scale 
{ 1121)<1126> T 

35W,im-l0.,o,,a IO658 3038 

m l l i  I I27 
3000 Stable orientation, <0001> -20' from (:A, 

1 . 1 " .  

TO nearly established only 5 mm from tail 
0 Subsequcnt deformation occurs in reoricnted 

struclurc. 

, 0 1 0  

Low IIigb 
(son) (Hard) 

Taylor Factor Scale 
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* 'I'win activity cvidciit at very small strains 
Monotonic increasc in twin activity 
with axial position 

0 Ilifficult to resolve twins at larger slrains 
Some grains appear to be devoid of twins 

20 pm 
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Low High 
(SOW (Hard) 

Taylor Factor Scale 

"""  

* Twins presenl at slrains on order of 1 %. 
I 

" " " 4  

Low Hq:l1 
(Soft) (Haid) 

Taylor Factor Scale 

mix-1,173 
6 0 9 ,  

4 1 0 1 6  050 

I O 1 1  1 0 1  

Twinning progresses rapidly by - 2% strain. 
{ 1012) tensile twin dominant. 

1 OUU 
,1703 

LosAlamos -- P 

Thl .\R M 
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of Shear 

Twin Shear =Shear disulacement = y : 
Twin width 

V = Volumc fraction twinned 
p = Schmid factor 

:: 2 cot0 

‘Twinning contribution to derormation relatively sniall compared to slip 
I lowever, may bi: iniportaat at s d l  strains 

Mceti infomation on volume fraction twinned 

e g. [r V = 50% and p averages 0 4 Tor the activated twins, twinning can 
completely account for following E: 

.- E% 

{ 11%2}4 123> C 0.225 4.5 

S-m 1! 
~ 1 0 1 2 j ~ : 1 0 1 1 s ~  0.167 3.3 

( I ~ % I } < I I ~ - T  0.63 12.6 
Los Alainos -- - . . . I I I * I Y I I Y . I - . I P . ” - m -  1_1_-- 

n n n r  r n i n  
n l a ~ = d D d l  
1068 
2 0 1 4  * At -7% strain, tensile twins begin to noticeebly 

affecl texturc. 

comparable strains much less due to less twinning. 

2 2 1 1  , 778 
I 3 1 0  
I ouo 
0703 

Texture cvolution at quasi-static rates and 

R I I  
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0 0.0 1 15~1 2 85" reorientation of basal pole 

5. aL c Q 1 massive globular twinned regions, accelerated 
/ ~ O P  , Subsequent growth and deformation produce 

, i'" texture evolution 
/ { 1012) shows large tolerance for incoherent growth 

L 
flD RD 

ND = Axial 
RD = Major Radial Axis 
TD = Miiioi Radial Axis 

N D  = Axial 
1111 =Major Radial Axis 
'TI) =Millor Radial Axis 
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Low H1gb 
(Soft) (Hard) 

Taylor Factor Scale 

, 010  
Low High 
(Soft) (Hard) 

Taylor Factor Scale 
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(10T2}<10~1> T 1.0w Hiyli 
{llZ2)<1123'3>C (Soft) (Hal d) 
( l l ~ 1 ) < 1 1 ~ 6 > T  Taylor Factor Scale 

ma*= 111" 

2110 

,483 
1100 
1 000 
002, 

o o o i  lOi0 

P S O B  

I700 

0 Compressive twin activity begins, reorients 
grains lo more favorable slip position. 

4 111111 from 
1 terface 

2 mm from 

r = 2 . 1  

-. Iligli-r Transition Region Mid-Transition Region 

r =: 1.5 

Low-r Transition Rcaion 

Lo8 Alamoa -'- 

,*IS \o.w 
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Low lllgll 
(Soft) (Hard) 

Tayloi Facto1 Scale 

msr:810, 

l J l 6  3311 * { 1151) knsilc twins observed as stress increases. 
2 (80 

80.00 pm = eo steps IQ 61.6 ... 379.1 

1, sir, t l l  
4 2J5 
1155 
1367 
1110 
I 3 3 1  
I030 
e 7 %  
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\ ,  

Taylor Factor Scale 

Some rcgions show massive { 1012) twins. 
r-viilue transitioned to that observed throughout 
213 m/s sample by this position. 

16 



Low High 
(sow (Hard) {ioi2)<iori> 1 

Taylor Factor Scale { 1122)<11?3> C: 
{ 1 IT1 ) < I  1?6> 1 

11181-3810 
3165 
2 6 0 7  

1583  
1 9 9 2  

1258  To 0 Results in little r-O anisotropy 
* Texturc now nearly fiber about axial direciion. 

i aao 
0 185 

RD 

Los Alamos --- ------=----'-.---- 

TU' 0 OE 

I-.. *^..I.*. .I,. 
..W.P.W..," . r . u ,  

1.10 

I 

' V  

1 4 
'1 I- ,. m...nr,,. I." >:,, 

{1oi2}<1071> T Low High 
{ 1 1221 4 123> c (son) (Hard) 
{I  121 ) 4 1 ?6> 1' Taylor Factor Scale 

rnsl .6311 
,081 
30BB 

Z 3 , B  I I S ?  

1 t u 0 0  d13 

* Slip deformation has oblitcrated misorientation 
relationship for many twin boundaries. 

0161 

Los Alamos -- 
,*I3 R m  

17 



Basal Pole Distribution ws. Preferred Deformation _I- Mode 

I1001 1 0 1 0  

R" 
0 10 20 30 40 50 60 70 80 90 

Angle [degrees] 
I 

0 I- 
0" 45" 90 ,  

Angle between CA and <0001> 

z == 211 min z =  I1  mm 
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0 1  -I 

0" 45" 
Aiig~e between CA and <0001> 

Near Tail 

2, := 5 Illrn z = 2 m m  
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- U P I I I . I _ P - U . F _ I _ U . * m - P - W I _ I I ^ - - . ~ ~ - -  - 
0 Compressive strain and high rates lead to significant { 1072) tensile 

twin fraction, despite texture favorably oriented for slip. 
- Rate sensitivity of prismatic slip increases CRSS relative to twin 
-- [n tension, for same orientation, { 1122) activation stress relatively higher, 

resulting ini less lwin reorientation. 
Iiicrcased twhiiiiiiig results in accelerated weakening of r-0 plane 
texture -- less subsequent plastic anisotropy than anticipated. 
Microstructural evolution masked in 243 ids  Taylor sample due to 
large straiii throughout cylinder. 

0 'Twinning less active at quasi-static rates. 
-- 'I'exture evolution primarily due to slip, much more gradual than twinning 
-- Greater plastic anisotropy from slip in sharply r-8 textured structure 
- -  Anisotropy directionally sensitive at Hopkinson-bar rates 

9 Compri:ssive twins in tcnsion less activo than tensile twins in comp. 
4 L,ess twin reorientation in tension leads to greater plastic anisotropy 
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