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Fig. 5--Influence of titanium content on the temperature for 
60 pct reduction in area. 

potent ia l  of this e l e m e n t a l  addit ion,  thus i nc r ea s ing  the 
amount  of t i tanium r e q u i r e d  to comple te ly  s u p p r e s s  
i n t e r g r a n u l a r  b r i t t l e n e s s .  

T i t an ium at lower  concen t ra t ions ,  while  not c o m -  
p le te ly  s u p p r e s s i n g  i n t e r g r a n u l a r  b r i t t l e n e s s ,  does  
tend to m i n i m i z e  i ts  d e l e t e r i o u s  e f fec t s .  Re l l i ck  and 
McMahon 1 have noted that  c e r t a i n  furnace  cooled F e - T i  
a l loys  exhibi ted far  g r e a t e r  duct i l i ty  at -195~ than that 

obse rved  in e i the r  F e - C  or Fe-A1 a l loys .  Th is  duct i l i ty  
i n c r e a s e  is  probably  due to the gene ra l  affinity of t i t an-  
ium for  ca rbon  which leads  to the e l imina t ion  of the 
c o a r s e  ca rb ides  contained in the l a t t e r  a l loys .  Indeed,  
a s i m i l a r  ef fec t  has been obse rved  in the p r e s e n t  in-  
ves t iga t ion ,  F ig .  6. Although the t e m p e r a t u r e  fo r  60 
pct  reduct ion  in a r e a  is  not a " t r u e  t r ans i t ion  t e m p e r -  
a t u r e "  it does  i l l u s t r a t e  the s a m e  gene ra l  behav io r  
p r e v i o u s l y  r epor t ed .  1'2 It appea r s  that the o b s e r v e d  
m i n i m u m  o c c u r s  when the i n c r e a s e d  duct i l i ty  a s s o -  
c ia ted with the e l imina t ion  of the c o a r s e  ca rb ides  and 
the pa r t i a l  suppres s ion  of i n t e r g r a n u l a r  b r i t t l e n e s s  is  
coun te rba lanced  by i n c r e a s e d  t i tan ium so l id - so lu t ion  
hardening .  
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Morphology of Aluminum Oxide 

Particles in Nickel 

JANG YUL PARK AND CHE-YU LI  

T H I S  communica t ion  r e p o r t s  the h i g h - t e m p e r a t u r e  
equ i l ib r ium morphology of a luminum oxide p a r t i c l e s  
in a n ickel  m a t r i x .  The compos i t e  s p e c i m e n s  w e r e  
p r e p a r e d  by a vapor  deposi t ion technique  and by the 
in te rna l  oxidation method.  

Severa l  methods  have been a t t empted  to produce  
a luminum oxide d i spe r s ion  f r e e  f r o m  cluster ing.1 The 
vapor  deposi t ion  technique was found to be favorab le .  
High-pur i ty  nickel  (99.999 pct) was  deposi ted  onto a 
(0001) face  of Linde sapphi re  s ingle  c ry s t a l  by e l e c -  
t ron  beam evapora t ion  in a bel l  j a r  at a vacuum be t t e r  
than 1 • 10 -~ t o r r .  P r i o r  to the deposi t ion,  the sapphi re  
subs t r a t e  was  c leaned sequent ly  with hyd roch lo r i c  
acid,  ace tone ,  and methyl  a lcohol .  T e m p e r a t u r e  of the 
subs t r a t e  was  held at 600~ during the deposi t ion.  The 
deposi ted n ickel  f i lms  w e r e  po lyc rys t a l l i ne  with a 
typica l  g ra in  s i ze  of 1 m m .  When the deposi ted  f i lm 
r eached  a th i ckness  of app rox ima te ly  half a m i c r o n ,  it 
was  then exposed to an a e r o s o l  suspens ion  of a - a l u -  
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mina  p a r t i c l e s .  The  suspens ion  was p roduced  by m e c h -  
an ica l ly  v ib ra t ing  a j a r  containing L inde -A  a lumina  
powder  (nominal s i ze  0.3 ~). P a r t i c l e s  s m a l l e r  than 
the nominal  s i z e  w e r e  a d s o r b e d  on the s u r f a c e  of the 
n ickel  f i lm.  A second l aye r  of nickel  was  then de-  
pos i t ed  to p roduce  a sandwich containing the a lumina  

~ y  

~/le 

: "  

off 

3 

~ --- 0.I micron 

Fig. I--~-AI203 (Linde-A) particles before annealing. 
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Fig. 2--~-A12% partic]es from a sandwich specimen annealed 
at 1400~ for 25 hr. 

p a r t i c l e s .  Dur ing  the deposi t ion of the second nickel  
l ayer ,  the subs t r a t e  was t i l ted f requent ly  to va ry  the 
incident  angle  of n ickel  vapor ,  thus avoiding the pos -  
s ible  fo rmat ion  of voids a round the p a r t i c l e s .  The 
above p rocedure  of deposi t ing succes s ive  l a y e r s  of 
nickel  and a lumina  p a r t i c l e s  was continued unt i l  a 
spec imen  of the des i r ed  th ickness  was produced.  

The equ i l ib r ium shape of the a - a l u m i n a  pa r t i c l e  was 
achieved by anneal ing  the spec imen  in a nickel  c ruc ib le  
containing h igh-pur i ty  n ickel  powder in a vacuum fu r -  
nace  at  1400~ in a vacuum be t t e r  than 10 -6 t o r r ,  and 
for t i m e s  longer  than 25 hr .  Ext rac t ion  r ep l i ca s  of 
oxide pa r t i c l e s  were  then examined with an AEI-100KV 
t r a n s m i s s i o n  e lec t ron  mic roscope .  Fig.  1 shows the 
oxide pa r t i c l e s  before  annea! ing .  The s ize  of the oxide 
pa r t i c l e s  is  very  smal l ,  100A or l e s s .  The two la rge  
pa r t i c l e s  shown in Fig.  1 a r e  oxide pa r t i c l e s  of nom-  
inal  s ize  (0.3 ~) which were  a lso  in t roduced into the 
ae roso l  suspens ion  but with much l e s s  f requency.  By 
annea l ing ,  the a luminum oxide p a r t i c l e s  grew to a s ize  
of approx imate ly  0.1 ~, and developed mos t ly  into a 
hexagonal  thin p la te l ike  shape which cons i s t s  of (0001) 
basa l  p lane bounded by [1010] edges as  shown in Fig.  
2. No apprec iab le  change in the morphology of a lumina  
pa r t i c l e s  was observed  by the addit ion of 2 at.  pct A1 
to the nickel  ma t r ix .  This  Ni-A1 al loy sandwich spec i -  
men was p r e p a r e d  by us ing Ni-A1 al loy as  a vapor  
source  dur ing  the deposi t ion.  

Alumina  d i spe r s ion  were  a lso  produced by the in -  
t e rna l  oxidation of Ni-A1 a l loys  (0.1 to 0.5 at .  pct A1). 
Small  d isks  20 mi l s  thick were  cut f rom the al loy b a r s  
by e l e c t r o - s p a r k  cutt ing,  pol ished with a chemical  
pol ishing solut ion,  r i n sed  with d is t i l led  water  and a l -  
cohol, and dr ied.  The chemica l  pol ishing solut ion used 
cons is ted  of 65 ml  of acet ic  acid,  34 ml  of n i t r i c  acid,  
and 1 ml  of hydrochlor ic  acid.  The disks  were  then 
placed in an unsea led  nickel  capsule  containing a pow- 
der  mix tu re  of 8 NiO + 1 Ni + 1 AlzO3. This  capsule  
was then sea led  in an evacuated quar tz  tube (10 -s t o r r ) ,  
and heated at 1000~ for 24 hr  in a r e s i s t a n c e  heated 

q 

�9 , 0 . 5  m i c r o n s  

Fig. 3--Alumina particles from Ni-0.45 pet A1 alloy specimen 
which was internally oxidized at 1000~ for 24 hr, and then 
annealed at 1400~ for 50 hr. 

,1 m i c r o n  

Fig. 4--Waist formation in an alumina particle obtained from 
Ni-0.2 at. pct alloy specimen which was internally oxidized at 
1000~ for 24 hr, and then annealed at 1400~ for 50 hr. 

furnace .  The i n t e rna l l y  oxidized spec imens  were  ex- 
amined  in the same  way as  de sc r ibed  above.  The m o r -  
phology of oxide p a r t i c l e s  obtained by this  method was 
different  f rom that of the sandwich spec imen .  The ox- 
ide pa r t i c l e s  in this  case  were  mos t ly  in an elongated 
polyhedron shape as  shown in Fig.  3. Wais t  fo rmat ion  
in a pa r t i c l e  was s o m e t i m e s  observed ,  Fig.  4, as  had 
been repor ted  by Stapley and Beeve r s  z in the i r  a l umina  
w h i s k e r - n i c k e l  composi te .  An X - r a y  powder diffract ion 
pa t t e rn  of the oxide p a r t i c l e s  obtained f rom in t e rna l  
oxidation was ident ical  with that of Linde c~-alumina, 
except that it showed extra  ve ry  weak l ines .  However,  
a se lec ted  a rea  e lec t ron  diffract ion pa t t e rn  revea led  
a more  compl ica ted  s t r u c t u r e  than that of c~-alumina. 
This  d i f ference in s t r uc t u r e  could co r r e spond  to a dif-  
fe rence  in composi t ion and lead to the different  equi-  
l i b r i um morphology f rom that of ~ - a l u m i n a .  

In s u m m a r y ,  f rom the hexagonal p la te l ike  equi l ib-  
r i u m  morphology of the c~-alumina pa r t i c l e s  in the an -  
nea led  nickel  sandwich spec imen ,  it was concluded 
that the (0001) c rys ta l  p lane of c~-alumina in a nickel  
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m a t r i x  at 1400~ is  a s i ngu l a r  su r face  on which the 
cusp of the T-plot  of the Wulff d i ag ram appears .3 
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Comments on the Analysis of 

Thermal Grooving Data 

P. V. McALLISTER AND I. B. CUTLER 

IN a previous publication I it was pointed out that the 
data developed by N. A. Gjostein 2 for the thermal 
grooving of copper could be interpreted as volume dif- 
fusion ins tead  of a combina t ion  of volume diffusion and 
sur face  diffusion.  Such in t e rp re t a t i on  r e su l t ed  in vo l -  
ume diffusion coeff ic ients  which a re  in a g r e e m e n t  with 
coeff ic ients  de t e rmined  f rom t r a c e r  diffusion s tudies .  3 
This  r e a n a l y s i s  was jus t i f ied  on the bas i s  of an incu -  
bat ion per iod dur ing  which the t he rma l  groove at ta ined 
an equ i l i b r ium prof i le .  

In his  c o m m e n t s  on this d i s cus s ion ,  Gjos te in  4 d i s -  
agreed  with the r e a n a l y s i s  and made object ions which 
can be s u m m a r i z e d  as follows: 

1) No groove width is n e c e s s a r y  to de sc r ibe  an 
in i t i a l  groove of equ i l i b r ium shape s ince  m a t h e m a t i c -  
al ly no al lowance mus t  be made for an inf ini te ly  na r row 
e q u i l i b r i u m - s h a p e d  groove.  

2) The negat ive or posi t ive  in t e rcep t  r e s u l t s  f rom 
i n c r e m e n t a l  widths cont r ibuted  by an addi t ional  dif-  
fus ion  p roce s s  to the dominant  one cha rac t e r i z e d  by 
the exponent.  

3) Data at 1020~ show the same  shape tendencies  
theore t i ca l ly  desc r ibed  for i n c r e m e n t a l  width c o n t r i -  
but ions .  

4) Surface con tamina t ion  can change the t r a n s p o r t  
ra te  by s e v e r a l  o rde r s  of magni tude ,  thus indicat ing 
sur face  diffusion.  

The r ea sons  that these object ions a re  not cons ide red  
conclus ive  are  as follows: 

1) A cons ide rab le  n u m b e r  of a tomic s teps  m u s t  be 
p r e s e n t  ac ros s  the groove prof i le  before  the prof i le  
contour  is  smoothly defined and not dominated  by the 
s teps  and cu rva tu re  of individual  a toms.  F u r t h e r  
desc r ip t ions  of the neces s i t y  of cons ide r ing  a tomis t ic  
behavior  dur ing in i t i a l  prof i le  fo rmat ion  were  p r e -  
sented in the or ig ina l  note.  

1 2) If the two p r o c e s s e s  having ~ and -~ exponent ia l  
r a t e s  each made a subs tan t i a l  cont r ibut ion  to groove 

1 growth with the ~ one s t rongly  dominant  in i t ia l ly  and 
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the other  dominan t  f ina l ly ,  then the data would con-  
s i s t en t ly  plot concave upward on a t lz4 plot and concave 
downward on a t ~/3 plot.  This  is not the case .  Ind iv i -  
dual  data points  f rom s tudies  of many m a t e r i a l s  con-  
s i s t en t ly  r e s u l t  in the s ame  shape of curve  (near ly  
s t r a igh t  l ine) whether  plotted t I/4 or t I13. Long- t ime  
annea l ing  data points  which fal l  below the bes t  fit 
s t r a igh t  l ine on t lj3 plots  a lso fall  below on t 1/4 plots  
lending suppor t  to the model  of a dominant  m e c h a n i s m .  

3) At no t ime  prev ious  to these object ions has there  
been the suggest ion that cu rva tu re  mus t  be cons ide red  
in analyzing the data.  L e a s t - s q u a r e s  fi ts  have been 
used as the bes t  approx imat ion .  On the 1020~ data 
r ep lo t s ,  a s t r a igh t  l ine (with negat ive  in te rcep t  at t 1/4 
and posi t ive  in te rcep t  at [113) f i ts  the data as well  as 
the curves  which were  drawn and forced through the 
or ig in  in Ref. 4. Rechecking of G j o s t e i n ' s  data at 
other  t e m p e r a t u r e s  shows that data at other t e m p e r a -  
tu res  do not even approximate  the shapes  proposed 
to explain the in t e rcep t  p r o b l e m s .  Of cou r se ,  it is 
agreed  that,  in i t i a l ly ,  mul t ip le  p r o c e s s e s  do cont r ibute  
subs tan t i a l ly  and a cu rva tu re  wil l  r e s u l t  which gives a 
pos i t ive  in t e rcep t  when the s t ra igh t  l ine por t ion  is 
ext rapola ted back to t = 0. Jus t i f i ca t ion  has been given 
for the high act ivat ion energy obtained for sur face  dif-  
fus ion being in the s ame  range  as for volume diffusion.  
This  is ex t r eme ly  incons i s t en t  with the observa t ion  
that there is a subs tan t i a l  cont r ibu t ion  f rom volume 
diffusion at higher  t e m p e r a t u r e s .  Unless  there  is a 
d i f ference  in ac t iva t ion  energy  between sur face  diffu- 
s ion ,  and volume of diffusion,  t e m p e r a t u r e  wil l  not favor 
one or the other as a m e c h a n i s m .  Surface diffusion 
should logical ly have a much lower act ivat ion energy .  

4) Gjos te in  h imse l f  2 has been r e luc t an t  to a t t r ibute  
the high t h e r m a l  grooving act ivat ion ene rg i e s  to con-  
t amina t ion .  However ,  in the event  of con tamina t ion  
sur face  diffusion would be re t a rded  and volume di f -  
fusion would be left  unchanged.  The mos t  impor t an t  
point  is  that both p r o c e s s e s  a re  being d r iven  by s u r -  
face tens ion ,  and if the ro le  of contamina t ion  is to 
d e c r e a s e  sur face  tens ion ,  then both t r a n s p o r t  p r o c e s s e s  
would be affected. Compar i son  of accepted meta l  and 
c e r a m i c  sur face  tens ion  va lues  indica tes  that the r e -  
duction of su r face  tens ion  in the p r e s e n c e  of absorbed  
i m p u r i t i e s  is ve ry  subs tan t i a l  and could eas i ly  explain 
the effect that the changing oxygen pa r t i a l  p r e s s u r e  has 
on copper t he r ma l  grooving r a t e s .  In fact ,  the su r face  
tens ion  may become low enough to i n c r e a s e  the tangent  
at the root  to the point  that the low angle a s sumpt ions  
a re  no longer  val id .  Th i s ,  combined with the p r e s e n c e  
of a second " p h a s e "  on the su r face ,  may make the 
whole p rocedure  of grooving copper in the p r e s e n c e  of 
oxygen very  ques t ionable .  F o r  instance---for  bare  cop-  
per  with a 160 deg d ihedra l  angle and Y s  = 1850 erg  per  
sq cm,  Y G B  is 640 erg  per  sq cm.  If copper oxide is  
fo rmed  on the su r face ,  (ys(oxide) ~ 900 e rg  per  sq cm),  
the d ihedra l  angle becomes  138 deg giving a s m a l l  
angle of 21 deg which is outside the range  which makes  
the low angle assumpt ion  val id .  

In o rder  to e lucidate  the actual  m e c h a n i s m s  of groove 
growth, some addit ional  inves t iga t ions  of the t he rma l  
grooving of copper were  conducted.  

In this inves t iga t ion  the smooth,  flat  sur face  was 
produced by gr ind ing  with succes s ive ly  f iner  d iamond 

1 gr i t s  r ang ing  f rom 600 mesh  to -~ ~m in d i a m e t e r .  
The samples  were  e lec t ropol i shed  to remove  the 
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