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The influence of condensat ion  t e m p e r a t u r e  f rom 1000 ~ to 275~ on the m i c r o s t r u c t u r e  and 
t ens i l e  p r o p e r t i e s  of t i t an ium sheet  produced by the h igh- ra t e  phys ica l  vapor  deposi t ion 
p roce s s  was studied. Deposi t ion r a t e s  of 1 mi l  (250,000/~) per  min  were  obtained.  The 
m i c r o s t r u c t u r e  va r i ed  with dec reas ing  condensat ion  t e m p e r a t u r e  in the following sequence:  
above 883~ t r a n s f o r m e d  fl; f rom 883 ~ to 850~ coa r se  co lumnar  a ;  a round 840~ p r e -  
dominant ly  whisker  growth; below 740~ fine co lumnar  a ;  below 450~ ve ry  fine g ra ined  
co lumnar  ot of l e s s  than theore t ica l  densi ty .  The yield s t rength  of the d i s t i l l ed  sheet  f rom 
27,000 psi  to 62,000 psi  as the g ra in  d i ame te r  dec reased  f rom 32 to 1/~. The yield s t rength  
vs  (grain d i ame te r )  -~/2 plot is l i nea r .  

T H E  object ive  of this  inves t iga t ion  was to study the in -  
f luence of condensat ion  t e m p e r a t u r e  on the m i c r o s t r u c -  
ture  and mechanica l  p r o p e r t i e s  of t i t an ium sheet  p r o -  
duced by h igh- ra t e  phys ica l  vapor deposi t ion.  Deposi -  
t ion r a t e s  of 0.001 i n . / m i n  (250,000A/min) were e m -  
ployed. In an e a r l i e r  study, Bunshah and Juntz 1 p r e -  
sented expe r imen ta l  de ta i l s  for the product ion of t i t a -  
n ium sheet  by h igh- ra t e  phys ica l  vapor  deposi t ion using 
e lec t ron  beam heat ing in a h igh-vacuum env i ronment .  
They showed that fu l l -dens i ty  t i t an ium sheet  that had 
p r o p e r t i e s  s i m i l a r  to cast ,  worked, and annealed m a -  
t e r i a l  could be produced by this  p roces s .  

EXPERIMENTAL DETAILS 

The expe r imen ta l  setup used for this  inves t iga t ion  
is  shown schemat i ca l ly  in Fig.  1. The evaporant ,  a 
1 in. d iam c o m m e r c i a l  pu r i ty  (A-70 grade vacuum arc  
mel ted)  t i t an ium rod,  was contained in an e l e c t r o n -  
beam-hea t ed  rod- fed  source .  The t i t an ium was vapor -  
ized and col lected on a 0.018 in. thick, 3 by 3 in. s t a in -  
l e s s  s tee l  or copper subs t ra te  located 1.5 in. f rom the 
vapor  source .  The subs t ra te  was prehea ted  by rad ian t  
hea t e r s  above it. The en t i re  a s s e m b l y  was contained 
in a vacuum bel l  j a r  sys t em main ta ined  at a p r e s s u r e  
between 10 -6 and 10 -7 t o r r  dur ing  evaporat ion.  

The t e m p e r a t u r e  of the subs t r a t e  was m e a s u r e d  by 
the rmocouples  welded to the subs t r a t e  face away f rom 
the vapor  source .  In a ca l ib ra t ion  expe r imen t  it was 
de t e rmined ,  by welding the rmocouples  to both s ides  of 
the subs t ra te ,  that the t e m p e r a t u r e  drop ac ros s  the 
subs t r a t e  th ickness  was 5~ 

The expe r imen ta l  p rocedure  was as follows: Before 
beginning  evaporat ion,  the subs t ra te  was heated by r a -  
diant  hea t e r s  to the des i r ed  condensa t ion  t e m p e r a t u r e .  
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The condensat ion  t e m p e r a t u r e  range  inves t iga ted  was 
f rom 1000 ~ to 275~ The e lec t ron  b e a m  was then 
tu rned  on and the t i t an ium evapora ted  f rom the source  
and deposi ted on the subs t ra te .  The deposi t ion ra te  in 
these  expe r imen t s  was approx imate ly  0.001 in. 
(250,000.~,) per  min.  The th ickness  of the deposi t  v a r -  
ied f rom 0.012 to 0.030 in. The subs t r a t e  t e m p e r a t u r e  
was main ta ined  by cont ro l l ing  power to the rad ian t  
hea te r s  dur ing  evapora t ion .  

The t i t an ium deposi t  was removed  f rom the copper 
subs t ra te  by d isso lv ing  the subs t ra te  in concen t ra ted  
n i t r i c  acid,  which does not at tack t i t an ium.  Tens i l e  
and meta l lographic  samples  were  taken f rom the cen-  
t e r  of the deposi ts .  The t ens i l e  spec imens  had a gage 
length of 1 in. and a gage width of 0.130 in. 

The condensate  t e m p e r a t u r e  was highest  in the cen-  
ter ,  d i r ec t ly  above the vapor source ,  and dec reased  
about 100~ f rom the cen te r  toward the edge, as  
indicated by the rmocoup les  on the back of the sub-  
s t ra te .  This  obse rva t ion  is in ag reemen t  with the 
cosine law, because  both the vapor  flux (hence, the 
la tent  heat of condensat ion)  and the r ad ian t  heat  flux 
f rom the vapor source  dec rea se  f rom the cen te r  to-  
ward the edge of the condensate .  

RESULTS AND DISCUSSION 

Chemica l  Analys is  of the Evaporant  and Dist i l la te  

Resul t s  of chemica l  ana lys i s  of the p r inc ipa l  i m p u r -  
i t ies  in the evaporant  (A-70 grade t i t an ium rod) and 
the d i s t i l l a te  a re  shown in Table I. Mass spec t ro -  
graphis  techniques  were used to analyze for the me-  
ta l l ic  i mpur i t i e s ;  vacuum fusion techniques  for Oe, Na, 
and H2; and the combus t ion  method for carbon.  For 
compar i son ,  data f rom the ana lyses  of an ingot p ro -  
duced by vacuum e l e c t r o n - b e a m  drip mel t ing  of high- 
pur i ty  e lec t ro ly t ic  flake t i t an ium produced by the U.S. 
Bureau of Mines and the d is t i l la te  data f rom this  high 
pur i ty  ingot a r e  included in Table I. 

It can be seen  that cons ide rab le  pur i f ica t ion  is  ob-  
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Table I. Chemical Analysis of Evaporant Material and Titanium 
Deposits Produced by Distillation (ppm by Weight) 

Element 

Ingot Vacuum Distillates From 
Commercial Distillates From Melted From Electrolytic 

Purity A-70Ti Commercial Purity Electrolytic Flake Vacuum- 
Evaporant A-70 Evaporant Flake Melted Ingot 

O 3000 350 200 250 
C 1000 70 40 50 
N 400 150 40 60 
Si 400 5 15 2 
Mg 1120 10 <5 <5 
Fe 2000 1200 30 25 
Mn 200 200 1.5 1 
Co 200 10 - - 

Substrate ITherm~176 pIe 
Condensate 

Electron beam~~,,~ [-~ ~~, ~ F~ Molten TI 

Rod-fed electron source 
Fig. 1--Schematic of evaporation setup. 

ta ined by d is t i l l ing  the c o m m e r c i a l  grade t i tan ium.  
Analyses  of the h igh-pur i ty  evaporant  and d is t i l la te  
a re  about the same.  The impur i ty  content  of the d i s -  
t i l la te  is  the sum of the pur i f ica t ion  and r e c o n t a m i n a -  
t ion r eac t ions  occu r r i ng  dur ing  the p roces s .  For  m e -  
ta l l ic  impur i t i e s ,  f ac to rs  such as vapor p r e s s u r e s  of 
the i m p u r i t i e s  and solvent ,  devia t ions  f rom ideal so lu-  
t ion behavior ,  and r eevapora t ion  of impur i t i e s  f rom 
hot condensate  a re  impor tan t .  For  the nonmeta l l i c  i m -  
pu r i t i e s ,  in addit ion to the above, contaminat ion  of the 
d i s t i l l a te  f rom the r e s idua l  gases  in the vacuum envi -  
r onmen t  and the fo rmat ion  and vola t i l i za t ion  of me ta -  
s table  species  (e.g., TiC) f rom the mol ten  pool a re  
fac to rs .  A detai led d i scuss ion  of these  aspects  is be -  
yond the scope of this  paper  and the r eade r  is  r e f e r r e d  
to an a r t i c l e  by Bunshah and Cocca. 2 

Influence of Condensat ion T e m p e r a t u r e  on 
M i c r o s t r u c t u r e  of the Deposit  

The morphology of the condensate  is s t rongly  inf lu-  
enced by the condensa t ion  t e m p e r a t u r e .  As the conden-  
sa t ion t e m p e r a t u r e  is  dec r ea sed  f rom 1000~ the m i -  
c r o s t r u c t u r e  undergoes  changes  as  follows: 1) above 
883~ (a-/3 t r a n s u s  t e m p e r a t u r e ) - - t r a n s f o r m e d  fl s t r u c -  

ture ,  2) f rom 883 ~ to 850~ co lumnar  e,  3) 
around 840~ whisker  growth occurs  at 
the vapo r - so l id  in ter face  with subsequent  thickening of 
the whiskers  and elongated poros i ty ;  4) below 700~ - 
fine co lumnar  a with the gra in  size becoming  f iner  with 
dec reas ing  condensat ion  t e m p e r a t u r e ;  5) below 450~ - 
ve ry  fine gra ined  co lumnar  e of l e s s  than full t heo re t -  
ical  densi ty .  

The changes f rom coarse  co lumnar  a to whisker  
growth to fine co lumnar  ot a re  not abrupt ,  but blend 
smoothly f rom one to the next. 

The effect of va r ious  condensat ion t e m p e r a t u r e s  on 
m i c r o s t r u c t u r e  through the c r o s s - s e c t i o n  of the t i t an i -  
um deposi t  is shown in Fig. 2. At a condensat ion  t e m -  
p e r a t u r e  of 900~ which is above the t r a n s f o r m a t i o n  
t e m p e r a t u r e  for t i t an ium (883~ the s t r uc t u r e  is a 
" t r a n s f o r m e d  fl" s t ruc tu re .  Thus, the t i t an ium vapors  
condensed to/3 t i tan ium,  which on cooling t r a n s f o r m e d  
to e t i t an ium.  At condensat ion t e m p e r a t u r e s  f rom 860 ~ 
to 460~ except for condensat ion  t e m p e r a t u r e s  around 
840~ the s t ruc tu re  cons i s t s  of co lumnar  ~ g ra ins .  As 
the condensat ion t e mpe r a t u r e  in this  range  d e c r e a s e s  
there  is a marked  dec rea se  in g ra in  s ize .  In the ne igh-  
borhood of 500~ the co lumnar  g ra in  size becomes  
v e r y  fine, about 1/~ diam by 5 to 10 ~ long, Fig. 3(a). 
To r evea l  the t rue  co lumnar  g ra in  s ize  and shape of 
the c r o s s - s e c t i o n  of the f i ne -g ra ined  m a t e r i a l  a spe-  
cial  technique,  spu t t e r - e t ch ing  followed by two-s tage  
rep l ica t ion  had to be developed. 3 In the plane of the 
sheet ,  g ra in  shapes a re  polyhedral ,  as shown in Fig. 
3(b). With the exception of the deposi ts  condensed at 
or  near  840~ the deposi ts  condensed at 460~ and 
above had full theore t ica l  densi ty .  At condensat ion  
t e m p e r a t u r e s  of 315 ~ and 275~ the condensate  had 
l e s s  than theore t ica l  dens i ty  with apparen t ly  i n t e r con -  
nected longi tudinal  poros i ty .  A drop of fluid on the s u r -  
face of these deposi ts  was quickly absorbed .  Appar-  
ent ly at these  low condensat ion  t e m p e r a t u r e s  and high 
deposi t ion r a t e s ,  sur face  diffusion of the incident  t i t a -  
n ium a toms is insuff ic ient  to move them to the low- 
energy  s i tes  to produce a fully dense deposit .  Thus, 
growth of g r a in s  is  p r i m a r i l y  in the d i rec t ion  of the 
vapor beam leaving cav i t ies  in between.  

Ti tanium deposi ts  on 3 by 3 in. s t a in l e s s  s tee l  sub-  
s t r a t e s  a re  shown in Fig.  4 at va r ious  condensat ion  
t e m p e r a t u r e s .  The t e m p e r a t u r e s  shown are  at the cen-  
te r  of each deposit .  There  is  a t e m p e r a t u r e  gradient  
of 100~ or about 150~ in the 1~- in. d i s tance  f rom 
the cen te r  to the edge of the deposit .  Around 840~ 
condensat ion t e m p e r a t u r e ,  the deposi t  was formed by 
whisker  growth at the va po r - so l i d  in te r face ,  with sub-  
sequent  thickening of the whiskers .  The r e su l t an t  col-  
umna r  s t ruc tu re  with elongated poros i ty  is  shown in 
Figs .  4 through 8. The p redominan t  fea ture  on the high-  
t e m p e r a t u r e  deposi ts  is  a dark  c i r c u l a r  band which i s  
a fo res t  of whiskers .  In Fig. 5 the va r ious  s t r u c t u r e s  
a re  identif ied on a deposi t  at 940~ condensat ion  t e m -  
pe ra tu re .  The same deposi t  is  shown in Fig. 6 photo- 
graphed at an oblique angle to show up the whisker  
growth. A scanning e lec t ron  mic rog raph  of the whisker  
fo res t  is  shown in Fig. 7. The composi te  pho tomic ro -  
graph through the c r o s s - s e c t i o n ,  Fig. 8, shows the 
p r o g r e s s i o n  of m i c r o s t r u c t u r e s  in Fig. 5. 

The r ea son  for the change in growth morphology to 
p redominan t  whisker  growth around 850~ is  not obvi-  
ous. Normal ly ,  whisker  growth is favored by low s u p e r -  
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Fig. 2--Change in microstructure through cross sections of titanium deposits produced at various deposition temperatures. 

Fig. 3--Microstructure of titanium de- 
posit produced at 500~ condensation 
temperature. (a) Cross section. Mag- 
nification 200 times. (b) T~ansmission 
electron micrograph in plane of the 
sheet. 

sa tu ra t ion  in the vapor phase.  In these expe r imen t s ,  
the vapor dens i ty  was v e r y  high. It has been  suggested 
that whisker  growth may have something to do with the 
fact that the t i t an ium vapor  condensat ion  t e m p e r a t u r e  
is c lose  to the (~-~ t r a n s u s  t e m p e r a t u r e .  This sugges -  
t ion is  refuted by two obse rva t ions :  1) whisker  growth 
did not occur  at or nea r  840~ when the condensat ion 
ra te  was dec reased  f rom 0.001 in.  (250,000.~) per  m i n  
to 0.0001 in.  (25,000.~) per  min ;  4 and 2) whisker  growth 
also occur s  at about the same condensa t ion  t e m p e r a -  
tu re  with b e r y l l i u m ,  whose ~-f~ t r an sus  t e m p e r a t u r e  
(1220~ is  far  r emoved  f rom the condensa t ion  t em-  
pe ra tu re .  Although X - r a y  d i f f rac t ion  showed the whis-  
ke r s  to be s ingle  c r y s t a l s ,  more  work is needed to 
c lar i fy  the r e a s o n  for the whisker  growth mode. 

Some comment s  on other publ ished re l a t ed  work a re  
tn o rde r .  Movchan and Demchi smin  studied the s t r u c -  
tu re  and p rope r t i e s  of thick vacuum deposi ts  of Ti, Ni, 
W, AltOs, and ZrO2. 4 They found that the deposi ts  could 
be divided into three  c h a r a c t e r i s t i c  s t ruc tu re  zones 
with i n c r e a s i n g  condensat ion  t e m p e r a t u r e ,  Fig. 9: 
T rans i t i on  t e m p e r a t u r e  T t between zone 1 and zone 2 

is  0 . 3 T  m (melt ing point,  K) for me ta l s ;  t r a n s i t i o n  t e m -  
p e r a t u r e  T~ between zone 2 and zone 3 is 0.45 to 0 . 5 T  m 

for meta l s .  Zone 1 has a c h a r a c t e r i s t i c  domed s t r u c -  
ture .  In c r o s s  sect ion,  the g ra ins  nuclea te  at va r ious  
points  on the subs t ra te  and i n c r e a s e  in d i ame te r  as 
they grow in th ickness ,  Fig. 9. Zone 2 cons i s t s  of col -  
umnar  g ra ins  with a smooth, dull  sur face  on the deposit .  
Zone 3 cons i s t s  of polyhedra l  g ra ins  and a br ight  s u r -  
face on the deposi t .  

For  t i t an ium,  T 1 is  390~ and T 2 is  695~ T t c o r r e -  
sponds with our obse rva t ions  on the t r ans i t i on  f rom a 
ful ly dense co lumnar  s t r uc t u r e  to one of l e s s  than theo-  
r e t i c a l  densi ty.  On the other hand we have not observed  
the t r a n s i t i o n  f rom zone 2 to zone 3 repor ted  by 
Mochvan and Demchismin .  4 Moreover ,  it is somewhat 
s u r p r i s i n g  that they do not r epo r t  any change in the de-  
pos i t  s t ruc tu re  at the ~-f~ t r a n s u s  oc c u r r i ng  at 883~ 
although they va r i ed  their  condensat ion  t e m p e r a t u r e s  
up to l l00~ 

Marcus ,  Jean,  and Turk  5 studied the morphology~ of 
t i t an ium and cobalt  deposi ted at 50,000 and 85,000A/min 
f rom a wi re - fed  e l e c t r o n - b e a m  source .  Their  deposi t  
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Fig. 4--Titanium deposits on 3 by 3 in. 
stainless steel substrates at various 
deposition temperatures. 

of r enuc lea t lon  in the higher  pur i ty  m a t e r i a l  deposi ted 
in this  invest igat ion.  

Texture  and Residual  S t ress  in the Deposi ts  

The texture  of the deposi ts  was inves t iga ted  us ing 
the Laue back re f lec t ion  technique.  The r e s u l t s  showed 
that the deposi ts  were l ightly textured and exhibited no 
apprec iab le  r e s idua l  s t r e s s .  

Fig. 5--Titanium deposit produced at 940~ deposition tem- 
perature: A = transformed fl, B = coarse columnar a, C 
= whiskers, and D = fine columnar a. 

had a much higher  impur i ty  content  than the deposi ts  in 
our inves t igat ion.  The i r  subs t r a t e  t e m p e r a t u r e  was 
va r i ed  over  a r e l a t i ve ly  na r row range  of 430 ~ to 595~ 
F r o m  a study of the sur face  m i c r 0 s t r u c t u r e  of the high 
deposi t ion ra te  (85,000~./min) deposit ,  these authors  
concluded that r enuc lea t ion  of (0001) p lanes  occurs  as 
evidenced by hexagonal  growth p a t t e r n s  of 1 ~ or l e s s  
on the sur face  of the deposi t .  Growth then p roceeds  by 
pseudoepi taxia l  growth of the basa l  p lane to form the 
co lumnar  growth pa t t e rn .  The i r  obse rva t ions  a re  in 
a g r e e m e n t  with those made in this  inves t igat ion,  ex-  
cept for a minor  devia t ion of somewhat  s m a l l e r  degree  
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Tens i l e  P r o p e r t i e s  vs  Grain  Size 

The va r i a t ion  in tens i le  p r o p e r t i e s  at room t e m p e r -  
a ture  with g ra in  size is  shown in Table II. For  c o m -  
pa r i son ,  data f rom the l i t e r a t u r e  on mel ted,  worked, 
and annealed c rys t a l  bar  t i t an ium of comparab le  pur i ty  
a re  i n c l u d e d /  It is seen that for comparab le  gra in  
s izes ,  the p rope r t i e s  of the d i s t i l l ed  sheet  and mel ted  
rod a re  s i m i l a r .  As the g ra in  s ize  of the d i s t i l l a te  de-  
c r e a s e s ,  both the yield s t rength  and the t ens i l e  s t rength  
i n c r e a s e  markedly ,  but the pe rcen t  of e longat ion de-  
c r e a s e s .  However, as is well  recognized,  pe rcen t  
e longat ion is  not a t rue  c r i t e r i o n  of inheren t  duct i l i ty  
of the m a t e r i a l  because  it depends on an a r b i t r a r y  pa -  
r a m e t e r ,  i .e. ,  the gage length. The pe r c e n t  reduc t ion  
in a r ea  however can be a t rue  c r i t e r i o n  of duct i l i ty .  
Even at the f ines t  g ra in  s ize,  i ts  value is s t i l l  25 pet, 
which shows that the highest  yield s t rength  m a t e r i a l  
is s t i l l  quite ducti le .  

The yield and flow s t r e s s e s  of po lyc rys t a l l i ne  me t -  
als  can be re la ted  to the g ra in  s ize  by the re la t ionsh ip  
proposed by Hall 7 and Petch, 8 i .e. ,  
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Fig.  6--Oblique view of t i t an ium deposi t  shown in Fig. 5. 
Fig.  7--Scanning e lec t ron  mic rog ra ph  of t i t an ium w h i s k e r s .  
Magnificat ion 200 t ime s .  

1000 ~ 840 ~ 690 ~ 

I Temperature 1 "~ 
Large columnar Grain size Small columnar 
grains Whisker grains 

forest 

Fig. 8 - - C r o s s  sect ion of t i tanium depos i t s  a t  va r ious  t e m p e r a t u r e s  showing t rans i t ion  f rom t r a n s f o r m e d  # to coa r se  co lumnar  
to whiske r  growth and back to fine co lumnar  c~. Magnificat ion 95 t imes .  
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F i g .  9- -S t ruc tura l  zones  in condensate  a s  a function of s u b -  
s t r a t e  t e m p e r a t u r e  (after  Movchan and Demchismin4) .  

a(c) = ai + bd-ll2 

where ~(e) is the yield or flow stress, ~i is the friction 
s t r e s s ,  d is  the g ra in  d i ame te r ,  and k the Ha l l -Pe tch  
slope, is a m a t e r i a l  constant .  

A plot of log a(e) -1/2 is l inear  for many  p o l y c r y s t a l -  
l ine meta l s .  Such a plot is  shown for the yield s t rength  
of d i s t i l l ed  t i t an ium sheet  vs  g ra in  d i ame te r  in Fig. 10 
and is l i nea r .  The va lues  of k and a i f rom the plot a re  
0.95 k g / m m  3/2 and 14 k g / m i n  2, r espec t ive ly .  The k 
value obtained is lower than the value of 1.3 k g / m m  3/2 
obtained by Guard s and quoted by A r m s t r o n g  et  a l . ,  I~ 

3/2 as compared  to 48 k g / m m  obtained by Jones  and 
Conrad.  1~ In c onc u r r e nc e  with these authors ,  ~1 it ap-  
pe a r s  that with low impur i ty  contents  in close packed 
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Fig. 10--Yield s t reng th  vs (grain d iamete r )  -U2 for  t i tan ium 
deposi ts .  

h e x a g o n a l  m e t a l s ,  k v a l u e s  a k i n  to t h o s e  t y p i c a l  of f a c t  
c e n t e r e d  c u b i c  m e t a l s  a r e  o b t a i n e d .  

T u r k  a n d  M a r c u s  xa o b t a i n e d  a y i e l d  s t r e n g t h  of 
55 ,000 p s i  in  t h e i r  d i s t i l l e d  t i t a n i u m  s h e e t  w i th  1/~ 
g r a i n  s i z e ,  w h i c h  i s  q u i t e  c l o s e  to t he  v a l u e  of 62 ,000  
p s i  o b t a i n e d  in  t h i s  i n v e s t i g a t i o n .  

SUMMARY AND CONCLUSIONS 

1) The influence of condensation temperature from 
1000 ~ to 275~ on the microstructure and tensile prop- 
erties of titanium sheet produced by high-rate physical 
vapor deposition processes was studied. 

2) The microstructure varied as follows: above 883~ 
(~- f l  t r a n s u s  t e m p e r a t u r e ) - - t r a n s f o r m e d / 3 ;  f r o m  883 ~ 
to 8 5 0 ~  c o l u m n a r  a ;  a r o u n d  8 4 0 ~  - 
n a n t  w h i s k e r  g r o w t h  a t  t h e  v a p o r - s o l i d  i n t e r f a c e  w i t h  
s u b s e q u e n t  t h i c k n e n i n g  of the  w h i s k e r s  and  e l o n g a t e d  
p o r o s i t y ;  b e l o w  7 0 0 ~  c o l u m n a r  ~ w i th  g r a i n  s i z e  
d e c r e a s i n g  w i t h  c o n d e n s a t i o n  t e m p e r a t u r e ;  a n d  b e l o w  
4 5 0 ~  f i ne  g r a i n e d  c o l u m n a r  a of l e s s  t h a n  fu l l  

Table I I .  Tensile Properties of  Distil led T i tan ium Sheet 
(Average of  Duplicate Samples) 

Melted, Worked, and 
Parameter Distilled Sheet Annealed Crystal Bar 

0.2 pct. yield strength, ksi 62 32 27 27 
Ultimate tensile strength, ksi 67 43 42 43 
Pet. elongation 3.0 20 25 40 
Pct. reduction area 25 38 56 61 
Grain size, p 

Diameter 1 8 32 50-100 
Length 10 32 140 

t h e o r e t i c a l  d e n s i t y .  
3) The  t e n s i l e  s t r e n g t h  i n c r e a s e s  m a r k e d l y  w i t h  d e -  

c r e a s i n g  g r a i n  s i z e  i n c r e a s i n g  f r o m  27 to  63 k s i  a s  t he  
g r a i n  d i a m e t e r  d e c r e a s e s  f r o m  32 to 11 ~.  The  d u c t i l -  
i t y  i s  good e v e n  a t  t he  f i n e s t  g r a i n  s i z e .  T h u s ,  f u r t h e r  
r e f i n i n g  of t he  g r a i n  s i z e  b y  d i l u t e  a l l o y i n g  a n d  low 
c o n d e n s a t i o n  t e m p e r a t u r e  g i v e s  p r o m i s e  of p r o d u c i n g  
a v e r y  h i g h - s t r e n g t h  h i g h - t o u g h n e s s  t i t a n i u m  s h e e t  b y  
h i g h - r a t e  p h y s i c a l  v a p o r  d e p o s i t i o n  t e c h n i q u e s .  

4) T i t a n i u m  w h i s k e r s  c a n  b e  e a s i l y  g r o w n  b y  h i g h -  
r a t e  p h y s i c a l  v a p o r  d e p o s i t i o n  t e c h n i q u e s  b y  m a i n t a i n -  
ing  t h e  s u b s t r a t e  a t  840~ 
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