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THE  ROLE O F  GRAIN SIZE AND SHAPE IN THE 
STRENGTHENING O F  DISPERSION 

HARDENED  NICKEL  ALLOYS 

B. A. Wilcox  and A. H.  Clauer 

SUMMARY 

Thermomechanical  processing  (TMP)  by  drawing  and  swaging  have 
been  used  to  work  three  dispersion  strengthened N i  alloys  and  their 
dispersion-free  counterparts:   Ni-2Th02, Ni ,  Ni-20Cr-2Th02,  Ni-20Cr7 
Ni-2OCr-IOW-2ThO2,  and Ni-2OCr-1OW. The  purpose  was  to  examine  the 
important  features of indirect  strengthening  due  to  dispersed  particles,  and 
this  was  done  by  evaluating how TMP  influenced  microstructure,   tensile 
deformation  behavior at 25 and  1093 "C and  creep  behavior  at  1093  "C. 

Room  temperature  strength  was  increased  by  TMP as a resu l t  of refin- 
ing  the  grain  size  and  substructure  spacing  (cell  size), 4 ,  in  accord  with  the 
usual  Hall-Petch  relation.  This  substructure  strengthening  increment  was 
five  to  six  t imes  greater  than  the  strength  increment  due  to  particles  alone.  

At  high  temperatures  (1093 "C) no good correlation  was  found  between 
yield  strength  and  grain  or  cell  size.  Instead,  there  was  an  excellent  corre- 
lation  between  yield  strength  and  grain  aspect  ratio  (grain  length, L, divided 
by grain  width, j ) ,  whereby  the  yield  strength  increased  linearly  with  L/j. 
This  correlation  held  for  nonrecrystallized  Ni-2ThO2  with  very  fine  elongated 
grains,   as  well   as  recrystall ized  Ni-2Th02  which  had  very  coarse  elongated 
grains .   The  same  aspect   ra t io   correlat ion  was found  for  minimum  creep 
rate  and  100-hour  rupture  life.  This  influence of grain  aspect  ratio  was 
interpreted in t e r m s  of how L/a influenced  grain  boundary  sliding,  which 
appears  to  be  the  major  mode of tensile  yielding  and  creep  at 1093 "C. When 
the   s t ress   ax is   i s   para l le l   to  the elongated  grain  direction,  increasing L/a  
lowers  the  resolved  shear stress on boundaries, on average,  and  this  mini- 
mizes  the  overall  amount of sliding. 

Thus, a f ine,   stable,   very  elongated  grain  structure  is   optimum  for 
combined  room  temperature  and  high  temperature  strengthening,  and  this 
can  be  achieved  in  Ni-2Th02  bar , but  apparently  not  in  Cr  -containing  alloys. 
Here  recrystal l izat ion  occurs   a t   h igh  temperatures ,   sometimes  giving  f ine,  
nearly  equiaxed,  grains  and  sometimes  coarse  elongated  grains. 



INTRODUCTION 

Various  workers  have  attr ibuted  dispersion  strengthening of nickel 
alloys  to the Orowan  mechanism of hardening  by  nondeforming  particles. (1-5) 
However,  in  addition  to this "direct  strengthening"  by  second  phase  particles 
it is   possible  to  thermomechanically  process  (TMP)  such  alloys  to  develop 
additional  strength at room  temperature   and  e levated  temperatures .   Various 
effects of TMP on Ni-Tho2  base  alloys  have  been  studied  by  numerous  re- 
s e a r c h e r ~ ( ~ ,  6-12),  and  in  particular a large  effort  has  been  directed  toward 
investigatin how TMP  influences  recovery  and  recrystallization  be- 

particles  play a role  in  the  microstructure  and  attendant  strengthening  pro- 
duced  by  TMP  and  here  the  effects of particles  have  been  termed  "indirect  
strengthening". (22)  

havior(67 77 f O 7  117 13-21) as well  as  mechanical  properties.  Second  phase 

It was the purpose of the  present  study  to  thermomechanically  pro- 
cess  dispersion  strengthened  nickel  al loys  and  their   dispersion  free  counter- 
par ts   to   produce  var ious  microstructures .  By  examining how particles  in- 
fluence  microstructural  development  and  strength, it was  intended  to  provide 
a quantitative  assessment of the  "indirect  strengthening"  contributions of 
Tho2  par t ic les  in Ni-base  alloys. 

MATERIALS AND PROCEDURES 

Materials 

The  six  alloys  studied  in  this  investigation  were  obtained  from  Fan- 
steel   Metallurgical  Corporation  in  the  form of 0. 35 to  0. 40 inch 
(0.89-1.  02 cm)  diameter  hot  extruded  bar.   The  chemical  compositions  are 
given  in  Table 1,  and  the  Tho2  particle  sizes  and  spacings  are  l isted  in 
Table 2. The Ni ,  Ni-2ThO2,  Ni-20Cr,  and  Ni-ZOCr-ZTh02  alloys  were  ob- 
tained  in  the  as-extruded  condition,  and  the  two  tungsten  containing  alloys 
had  been  annealed  for  one  hour at 1316°C.  The  sintered  billets  were  canned 
in  mild  steel  and  extruded  from 2 inch (5. 08 cm)  diameter  to  1/2  inch 
(1.  27 cm)   d iameter   a t  1093 "C. 
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TABLE  1. COMPOSITION O F  EXPERIMENTAL  ALLOYS 
(WEIGHT-PERCENT) 

Al loy   Tho2  Cr  W C S N 

Ni " 
" " 0. 0010 0. 0062 " 

Ni-2Th02  2.9 " " 0. 0024 0. 0022 0. 010 
Ni-20Cr " 19. 7 " 0.0278  0.0019 " 

Ni-20Cr-2Th02 2. 0 20.2 " 0. 0249 0. 020 0. 0051 
Ni-20Cr-1OW " 20.4 8 . 6  0. 0310 0. 0063 " 

Ni-20Cr-lOW-2Th02  2.8  20.8 9 . 9  0. 0271 0. 0035 " 

TABLE 2. Tho2  PARTICLE  SIZES AND SPACINGS 
IN EXPERIMENTAL  ALLOYS 

Range(a) of Average  Mean Planar 
Volume Particle Particle  Center-to-Center 
Per cent Diameter,  Diameter ,  Particle Spacing, 

Alloy  Tho2  Pm Pm Pm 

Ni-2ThO2 2. 58 0. 0093-0.  1163 0. 0201 0. 1505 
Ni-2OCr-2ThO2 1.  70 0. 0093-0.  1128 0. 0176 0. 1595 

Ni-2OCr-lOW-2Th02 2.  51 0. 0093-0.  1197 0. 0192 0. 1670 

(a)  2000 particles  were  measured  from  transmission  electron  micrographs  using  a  Zeiss  Particle  Size  Analyzer. 
Particle  spacings  were  determined  as  in  Reference 2. 

P rocedures  

Thermomechanical  Processing 

Two  types of working,  drawing  and  swaging,  were  used  to  process the 
alloys.  Two  working  procedures  were  employed,  one  with  no  intermediate 
anneals (hereafter re fer red   to  as Procedure  A)  and the other  with interme- 
diate  anneals  for  one  hour at 1200°C  in a hydrogen  atmosphe.re  (hereafter 
re fer red   to  as Procedure  B) .   Only  wire   drawing  was  used  to   process  the Ni 
and  Ni-2Th02 materials, but swaging  was  used  in  some  cases  for the C r -  
containing  alloys  which  proved  to  be  very  difficult  to  work  by  drawing. Sum- 
marized  below are the TMP  conditions  employed  for each of the alloys. 
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(a) N i  and  Ni-2Th02:  Drawing  by  Procedure A (no intermediate 
anneals).   Drawing  by  Procedure B (intermediate  anneals 
after  each 50% reduction  in  area).  

(b)  Ni-20Cr  and  Ni-20Cr-2Th02:  Drawing  and  swaging  by 
Procedure  A (no intermediate  anneals).  Drawing  and 
swaging  by  Procedure B (intermediate  anneals  after  each 
2570 reduction  in  area). 

( c )  Ni-20Cr-1OW  and  Ni-2OCr-lOW-2ThO2:  Swaging  by P r o -  
cedure B only  (intermediate  anneals  after  each 25% reduc- 
t ion  in  area).  

Both  drawing  and  swaging  were  performed on materials  preheated  to 2OO0C, 
and a teflon  lubricant  was  used  for  wire  drawing.  The  starting  point  for 
Procedure B was  extruded  plus  annealed  material .   For  the  alloys  drawn  or 
swaged  by  Procedure  B,  al l   studies  (microstructure,   tensile,   and  creep 
tes ts)   were  made  af ter   anneal ing.  

Tensile  and  Creep  Testing 

Tensile  deformation  was  done  in  an  Instron  at a s t ra in   ra te  of 
0. 01 m i n - l .  Two tes t   t empera tures ,  25 and  1093  "C,  were  used  and  the  high 
temperature   tes ts   were  performed  in  a vacuum  Brew  furnace  attached  to  the 
Instron.  The  specimens  had  threaded  ends,  and  those  machined  from  rod of 
> 0. 25 inch (0.  635 cm)  diameter  had a 1 inch (2. 54 c m )  gage  length.  Speci- 
mens  machined  f rom  smaller   diameter   rods  ( to  0. 096 inch [ 0. 244 cm] 
diameter)  had a 1 / 2  inch (1.  27 cm)  gage  length.  Axial  alignment of a l l   t es t s  
was  assured  by  universal  joints. 

- 

Tension  creep  tes ts   were  made on only  the  three  ThO2-containing 
alloys,  and  at  one  temperature,  1093°C.  The  creep  specimens  had  the  same 
configuration  as  tensile  specimens  and  they  were  tested  in a vacuum of 

details of the  creep  testing  procedures  have  been  reported  previously.  (23)  
t o r r  (1 .  33 x N / m  ) under  constant  stress  conditions.  Additional 2 
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RESULTS 

Microstructures  

The  microstructures  of as-extruded N i  and  Ni-2Th02  are  shown in 
Figure 1,  and Figure 2 i l lustrates  the  as  -extruded  structure of Ni-20Cr  and 
Ni-20Cr-ZTh02.  Annealing  these  alloys  for 1 hour at 1200°C  caused  the 
grains  in N i  and  Ni-20Cr  to  coarsen.  The  Ni-2Th02  did  not  recrystallize 
but  the  Ni-20Cr-2Th02  alloy  recrystallized  with a fine  nearly  equiaxed  grain 
structure  similar  to  that  of the  extruded  Ni-20Cr  (Figure 2a) .  The  annealed 
Ni-20Cr-1OW  and  Ni-2OCr-lOW-2Th02  alloys  were  both  recrystallized,  the 
former  with a s t ructure  similar to  that  in  Figure 2a. The  recrystallized 
Ni-20Cr-lOW-2ThO2  had a coarser   more  e longated  grain  s t ructure .  

Drawing  or  swaging  by  Procedure A induced a dislocation  substructure 
consisting of closed  elongated  cells,  with  the  spacing  between  the  elongated 
cell  walls  decreasing  with  increasing  working.  This  is  illustrated in Fig-  
u re  3 for Ni  and  Ni-2Th02  drawn  various  amounts.  The  cold  working  opened 
voids  at   the  particle/matrix  interface of the  thoriated  alloys,  and  the  voids 
elongated  with  increasing  drawing  strain.  Such  voids  have  been  observed 
previously in Ni-Tho2  alloys(4, 1 3 ,  24-26),  and they  heal  during  high  tem- 
perature  annealing. 

When drawn  or  swaged  by  Procedure B, all of the  alloys,  except 
Ni-ZThOz,  recrystallized  during  each  anneal  at  1200°C,  with  nearly  equiaxed 
and  usually  fairly  fine  grains.  The  anneals  caused  the  Ni-2Th02 to recover 
such  that  the  spacing  between  cells  was  approximately  constant ( -0 .  8 to 
1 pm).  Typical  microstructures of Ni-2Th02 and Ni-2OCr-2Th02  processed 
by Procedure B a r e  shown  in Figure 4. Here  there  is  an  absence of voids at 
the  particle/matrix  interface  and  the  dislocation  density is relatively  low, 
compared  with  alloys  worked  equivalent  amounts  by  Procedure A. 
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a. Ni-20Cr b. Ni-20Cr 

c.  Ni-20Cr-2Th02  d.  Ni-20Cr-2Th02 

FIGURE  2.  MICROSTRUCTURES OF AS-EXTRUDED  Ni-20Cr 
AND Ni-20Cr-2Th02 

The  dark  str ingers  in a. and  c. a re  coarse  
Cr2O3  particles. 
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a. Nickel,  Drawn 53.470 b. Nickel,  Drawn 93.470 

c. Ni-2ThO2,  Drawn 49.470 d. Ni-2ThO2,  Drawn  92.570 

FIGURE 3.  INFLUENCE O F  DRAWING  BY PROCEDURE A 
(NO  INTERMEDIATE  ANNEALS) ON THE 
SUBSTRUCTURE  DEVELOPED IN Ni AND 
Ni-2ThO2 
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a. Ni-2Th02  Drawn  46. 570 and 
Annealed 1 Hour at 1200°C 

b.  Ni-20Cr-2Th02  Drawn 25.670 
and  Annealed 1 Hour at 1200°C 

FIGURE  4.  MICROSTRUCTURES O F  THORIATED  ALLOYS DRAWN BY 
PROCEDURE B 

Tensile  Deformation' 

The  room  temperature  strength  and  ductility of N i  and  Ni-2Th02 
drawn  by  Procedures A  and B a r e  shown  in Figure 5 a s  a function of percent 
reduction  by  drawing,  and  similar  results  were  obtained  for  the  four  Cr- 
containing  alloys.  After  drawing  by  Procedure A  (no intermediate  anneals) 
the  yield  and  ultimate  strengths  increased  with  increasing  drawing  strain. 
This is in accord   wi th   rev ious   observa t ions   on   d rawn  fe r rous   a l loy~(~7-~0) ,  
M o - T Z M ( ~ ~ ) ,  and W( 3 5 , where it has  been  shown  that  the  strengthening 

"arises  from  substructure  refinement.  The  same  explanation is relevant 
he re ,   e .  g . ,  see   Figure 3 .  A similar  strengthening  effect  in  drawn  thoriated 
nickel  has  been  reported  by  Worn  and  coworkers(6, 7).  When pure N i  was 
drawn  by  Procedure B, recrystall ization  occurred  after  each  anneal,  and 
thus  the  room  temperature  strengths  in  Figure 5 remained  relatively  con- 
stant.  The  slight  variation  in  yield  strength  resulted  mainly  from a va r i a -  
tion  in  the  recrystallized  grain  size.  Similarly,  the  strength of Ni-2Th02 
drawn  by  Procedure B was  nearly  constant,   since  recovery  to a cell  width of 
0 . 8  to 1 p occurred  during  each  anneal. 

Tensile  results on pure N i  and  Ni-2Th02 at 1093°C  are  shown in Fig-  
u r e  6.  There is little  difference  in  the  strength of pure N i  drawn  by  Pro- 
cedures  A  and  B,  because  specimens  drawn  by  Procedure A recrystall ized 
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during  heat-up  to  the test temperature  and  during  tensile  deformation. In 
Figure 6 it is seen that the  yield  and  ultimate  strength of Ni-2Th02 at 
1093 "C increase  with  increasing  drawing strain after drawing  by  both  Proce- 
dures  A and B. The  highest   strengths  were  achieved  for  specimens  drawn 
by  Procedure A. The  specimen  drawn  92.5%  by  Procedure A was  examined 
metallographically  after  tensile  testing at 1093 "C and it had  not   recrystal-  
l ized. A somewhat  surprising  observation in Figure 6 is that although  there 
was  no  large  variation  in  cell  width, the s t rength of the  Ni-2Th02  drawn  by 
Procedure B increased  with  increasing  drawing  strain;   but as expected,  the 
room  temperature  strength  was  relatively  constant  (Figure 5 ) .  An explana- 
tion of this  behavior is given  later. 

Creep  Studies 

In the  creep  investigation  only  the  thoriated  alloys  processed  by  Pro- 
cedure B were  studied,  and  the  final  anneal  at  1200°C  prior  to  creep  pro- 
duced  stable  microstructures in these  alloys.   The  creep  results  are  plotted 
in  Figure 7 a s  log imb versus  log  stress  and in Figure 8 a s  log tr ve r sus  
log  s t ress ,   where C m i n  is the  minimum  creep  rate  and t r  is the  t ime  to  rup- 
ture .  In both  Figures 7 and 8 l inear  relations  are  apparent,   which  lead  to  the 
proportionalities : 

E 
n 

min m' 7 

and 

t = o  -m 
r 

The  values  of  minimum  creep  rate  times  rupture  life  were  found  to  obey  the 
usual  empirical   relation: 

and  the  average  value  for C f rom all tests  was  Thus,   for  example,  a 
rough  estimate of the  minimum  creep  rate  for  material  which  ruptures  after 
100 hours   a t  1093°C would  be zmin = h r -  1 . 

F o r  Ni-2ThO2  (Figures  7a  and  8a)  increasing  the  amount of total   reduc- 
tion  by  drawing  Procedure B had  two  effects: ( 1 )  the  plots  are  shifted  to 
h igher   s t resses   for  a given  or tr and ( 2 )  the  slopes (n and m values)  
increase.   The  exponents  increased  from 6 .  7 to 26. 1 for   minimum  creep 
rate  (Figure  7a)  and  from 7. 8 to 1 9 . 6  for   rupture   l i fe   (Figure  8a) .   Stress  
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exponents of 4 t o  5 a re   common  for   c reep  of single  crystals  and  pure  poly- 
crystalline  metals,  and  exponents of 6 to  8 have  been  reported  for  recrystal-  
l ized  thoriated N i  alloys  with a near ly   equiaxed  grain  s t ructure .  (33-35)  
However,  very  high stress exponents  are  common  for  thermomechanically 
processed  dispersion  strengthened  nickel  al loys  which  have  an  elongated 
grain  s t ructure  (23, 3 6 ,  37) .  Thermomechanical  processing of Ni-20Cr-2Th02 
also  increased  the  creep  s t rength  (Figures  7b and  8b),  but the increase  in 
stress  exponent  with  TMP  was small. F igures  7c and  8c  show  that  the 
extruded  plus  annealed  Ni-ZOCr-lOW-ZTh02  was  stronger  than  the  alloy 
after  TMP.  These  creep  and  rupture  l ife  results  can  be  interpreted  in 
t e r m s  of the   micros t ruc ture ,   as   i s   d i scussed   la te r .  

DISCUSSION 

Room  Temperature  Deformation 

The  influence of TMP on room  temperature   s t rength  is   readi ly  
rationalized  in  terms of the  Hall-Petch  equation  which  relates  the  yield 
strength,  0, to  the  grain  or  substructure  size,  a ,  by  the  equation: 

0 = 0  t k a  - 1/2 
0 

Plots of yield  strength  versus a-  1 / 2  a r e  shown  in  Figure 9 for  N i ,  Ni-2Th02, 
Ni-20Cr  and  Ni-ZOCr-ZTh02.  Results  from  the  present  study  are  included 
together  with  data  from  previous  investigations(' ,  2,  13) .  In drawn  or  swaged 
materials  containing  elongated  closed  cells,  the  value of a was  that  dimension 
of the  cell   normal  to  the  rod  or  wire  axis;  i. e . ,  the  width of the  cell.   Several 
features   are   apparent   in   Figure 9: (1)   There is a convergence of the  plots 
f o r  a given  base  composition, i. e . ,  the k values   for   the  thoriated  a l loys  are  
lower  than  those of the  respective  ThO2-free  alloys,  and (2)  The  slopes of 
the  Cr-containing  alloys  are  higher  than  those of N i  and  Ni-2ThO2.  The 
nonparallelism of the  four  plots  in  Figure 9 indicates that the  direct  additivity 
of strengthening  mechanisms  (e.  g.,  solution  strengthening,  particle  strength- 
ening,  and  refinement of grain  and  substructure  size)  suggested  by  Hansen 
and L i l h ~ l t ( ~ ~ )   i s  not   correct .  In Figure 9 the  magnitude of s t rength  incre-  
ments  due  to  Cr  in  solution  and  Tho2  particles  depends on the  grain  or  cell 
s ize ,  a .  
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At ,8-1/2 = 0, the particle  strengthening  contributions  are 21, 000 psi 
(145  MN/m2)  for  Ni-2ThO2  and  42,000  psi (290 MN/m2)  for  Ni-20Cr-2Th02 
The  value  for  Ni-2Th02  corresponds  exactly  with the strengthening  expected 
from  the  Orowan  mechanism of hardening  using  the  relation  derived  by 
A ~ h b y ( ~ 9 ,  40).  However,  the  particle  strengthening  increment is about 
1. 7 times  the  expected  Orowan  strength  contribution  for  Ni-20Cr-2Th02. 

It is of interest   to  compare  the  relative  room  temperature  hardening 
capability of second  phase  particles  with  that of grain  or  cell   boundaries.  
The  intersection at J-1/2 = 0 in  Figure 9 shows  that  by  starting  with a single 
crystal  of pure Ni ,  an  increase of 21, 000 psi  (145 MN/m2)  in  the 0. 2% tensile 
yield  strength  can  be  achieved  by  adding 2.  58 vol. % of randomly  spaced  Tho2 
particles  having an average  particle  diameter of 0. 02 pm, i. e . ,  a mean 
planar  edge-to-edge  particle  spacing of 0. 134 pm. Also, f rom  Figure 9 it is 
seen  that  the  same  increment  in  strength  can  be  achieved  by  grain  boun  aries 
or  tangled  dislocation  cells  which  have a spacing of 5.  17  pm;  i.  e. , a-1  7 = 
0. 44 p-1/2. Another  way of examining  this  is  to  determine  the  expected in- 
c rease  in yield  strength of pure N i  if the  boundaries  had  the  same  spacing  as 
particles  in  Ni-2ThO2 (0.  134 pm). Upon  extrapolating  the  pure Ni  resul ts   in  
Figure 9 to = 2 .  73 p-1/2,  it is found that a yield  strength  increment of 
133, 500 psi  (921  MN/m2) would  be realized,  compared  with  the  21, 000 psi 
(145  MN/m2)  achieved  by  particles  which  had  the  same  edge-to-edge  spacing 
as the  boundaries.  Thus,  for a given  spacing  between  boundaries  or  between 
particles,   boundaries  are  more  than  six  t imes  as  potent  in  raising  the  room 
temperature   yield  s t rength  than  are   par t ic les .  A similar  effect  is obtained 
for  Ni-20Cr  and  Ni-20Cr-2Th02. 

Elevated  Temperature  Strength 

In an  attempt  to  ascertain  whether  the  grain  size  and  substructure  re- 
finement  played a role  in  strengthening  at  high  temperatures,  the  Hall-Petch 
analysis  was  applied  to  the  Ni-2Th02  results  for  tensile  tests at 1093  "C. 
Figure 10 is a lot of the 0. 270 yield  strength of Ni-2Th02 at 1093  "C as a 
function of J - lY2. Here  it is   seen  that   there  is a great   deal  of scatter,   and 
thus  no  good  correlation  between  yield  strength  and  J-1/2.  For  example, 
one  point  (open  triangle) is for  recrystallized  TD  Nickel  with a coarse  elon- 
gated  grain  structure,  and  the  strength,  18, 000 psi  (124  MN/m2), is the 
same as that  for  TD  Nickel  bar  (closed  circles)  with a very  f ine  nonrecrystal  
l ized  elongated  grain  structure.  

It was  apparent,  however,  that  the  high  temperature  strength  did  relate 
to  the  shape of the  grains  or  cellsj   and  in  fact ,   the  yield  strength  and  creep 
strength  increased  l inearly  with  increasing  grain  aspect  ratio (G. A. R .  ); 
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FIGURE 9. DEPENDENCE OF ROOM TEMPERATURE  YIELD STRENGTH  (0.270  OFFSET)  OF  Ni,  Ni-2ThO2, 
Ni-20Cr, AND Ni-20Cr-2Th02  ON GRAIN SIZE AND CELL SIZE PRODUCED BY DRAWING 
PROCEDURES  A AND B 

FIGURE 10.  DEPENDENCE OF  0.270  OFFSET YIELD STRENGTH ON GRAIN OR  CELL SIZE FOR 
Ni-2ThOp  TESTED AT  1093°C 

1 6  



i. e .  , ratio of grain  or  cell   length,  L, to  grain  or  cell  width, a .  In Figure  11 
the  yield  strength  and  creep  strength at 1093 "C are   plot ted  versus  L/a  for  
the  materials  examined  in this stud  to  ether  with  previous  results on non- 
recrystal l ized TD Nickel  bar( , l 1  3 '$7 "1, recrystall ized TD Nickel  which 
contained  very  coarse  elongated  grains(2,  "), TD  NiCr sheet and  foil  which 
were  recrystallized  with  coarse  elongated 42), Ni-Cr-W-Tho2 
alloys  containing  fine  recrystallized  grains(43),  and  recrystallized  dispersion 
strengthened  Ni-base  superalloys(36, 44, 45).  It should  be  noted that in all of 
these  studies  the  tensile  stress  axis  was  parallel   to  the  elongated  grain 
direction.  From  the  available  micrographs,  it was  not  possible  to  determine 
the G .  A. R .  for   a l l  of the  specimens  examined in this study. In par t icular ,  
i f  the rat ios   were 7 12, it was  impossible  to  obtain  an  accurate  measure of 
the  grain  length, L. Also there  is some  uncertainty  in  the  values of L /a  
taken  from  the  l i terature  since  usually  only  several   measurements of the 
G. A. R .  could  be  made  from  the  published  micrographs. An important  fea- 
tu re  of Figure 11 is  that  the TD Nickel  bar  data  points  (fine  elongated  non- 
recrystall ized  grains  with a G.  A. R .  = 10-15 p m / l   p m )  fall on the  bame 
plots  as  the  recrystallized  TD  Nickel  which  had  very  coarse  elongated  grains, 
e .   g . ,  G . A .  R .  = 900 pm/100  pm,  Under  creep  conditions  (Figures  l lb  and 
1 I C )  the  Ni-2ThO2  points  fit  the  same  plots  as  the  alloys  containing  Cr  and 
W and  the  dispersion  strengthened  superalloys,  which  indicates  that  here  the 
matrix  composition  has  no  significant  effect on creep  s t rength.  

The  influence of G.  A. R .  on high  temperature  strength  can  be  formu- 
lated  as  follows.  The  yield  strength  or  creep  strength, 0, is given  by 

A physical  interpretation of Figure 11 is  that   grain  boundary  sl iding 
plays  an  important  role  in  high  temperature  yielding.  Wilcox  and C l a ~ e r ( ~ ~ )  
previously  suggested  this  to  the  case  for  high  temperature  creep of TD  nickel 
b a r ,  and  Doble,   et   al(l   l)   and  Fraser  and  Evans(12)  felt   that   grain  boundary 
sliding  was  the  predominant  mechanism  for  yielding of Ni-Tho2  alloys  ten- 
si le  tested  at   high  temperatures.  When most  of the  grain  boundaries  are 
para l le l   to   the   s t ress   ax is ,   i .   e . ,  a highly  elongated  microstructure,  there  is, 
on average,  a low  resolved  shear  stress on the  boundaries.  This  minimizes 
the  overall  amount of sliding.  The  maximum  sliding  would  occur when the 
grain  aspect  ratio  was  unity  (equiaxed  grains).   I t   is   probable  that  a coarse  
equiaxed  structure would  have  better  high  temperature  strength  than a fine 
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equiaxed  structure,  because  having  fewer  boundaries  would  reduce  the  total 
amount of sliding.  Thus,  there  can  be a grain  size  effect at high  tempera-  
tures  and Oe is probably  not  truly  constant  at a given  temperature. It can 
be  concluded,  however, that when grains  are elongated, the G .  A. R .  effect 
swamps  any  grain  size effect. 

At  lower  temperatures,  approaching 0 . 5  Tm,  or  at   much  higher  strain 
rates, it is expected  that   there would  be a larger  relative  contribution of 
grain  interior  deformation  to  macroscopic  yielding.  Although  there  are  not 
enough  data  presently  available  to  quantitatively  assess this in the case-of 
thoriated  nickel  alloys,  Figure 12 schematically  depicts the anticipated  be- 
havior .   Here  the  G.A.R.  is  plotted  horizontally,  and it is assumed  that   the 
grain  width, a ,  is constant. If this  assumption  were  not  made,  then  com- 
plications  would  arise  because  at  higher  rates  and  lower  temperatures  grain 
size  strengthening  would  be  superimposed on the grain  aspect  ratio  effect. 
The  interplay  between  grain  size  strengthening  and  deformation  due  to  grain 
boundary  sliding  might  be similar to  the  effects  observed  in  dispersion 
strengthened  zinc  by  Tromans  and  Lund. (46) In Figure 12a ,  there   is   no 
influence of aspect   ra t io   a t   T1 < 0. 5 Tm.  This  curve would be  shifted  to 
h igher   s t resses   as   t empera ture  is further  lowered,  or  as a was  decreased 
at  constant L / i ;  i .   e . ,   the  usual  Hall-Petch  strengthening. At T2 > 0. 5 Tm 
grain  boundary  sl iding  assumes  some  importance  and  here  there is an  effect 
of grain  aspect   ra t io .  At still higher   temperatures ,   T3 >> 0. 5 Tm,  grain 
boundary  sliding  contributions  to  yielding  become  much  more  important,  and 
the  influence of L/a  on the  yield  strength  is  more  pronounced. At these   very  
high  temperatures,  grain  width,  is  not  significantly  important  from  the 
Hall-Petch  strengthening  point of view,  since  most of the  macroscopic  yield- 
ing occurs  by  boundary  sliding. 

TABLE 3. VALUES OF THE GRAIN ASPECT  RATIO COEFFICIENT, K ,  A N D  EQUIAXED 
GRAIN STRENGTH, ue, FOR THORIATED  NICKEL ALLOYS  DEFORMED 
AT 1093°C IN TENSION AND  CREEP 

Dispersion  Strengthened 
Ni-2Th02  Ni-20Cr-base  Alloys 

K 
O e  

K oe 

0.2% yield  strength  1200 psi  3000  psi  2800  psi  2000 -4000 psi 
(8.3  MN/m2)  (20.7  MN/m2)  (19.3  MN/m2)  (13.8-27.6  MN/m2) 

Stress for 100-hr  1100  psi  1000  psi 1100 psi 1000 psi 
rupture life (7.6  MN/m2)  (6.9  MN/m2)  (7.6  MN/m2)  (6.9  MN/m2) 

Stress  to give a  1100  psi 1000 psi  1100  psi 1000 psi 
minimum  creep  (7.6  MN/m2)  (6.9 MN/m2) (7.6  MN/m2)  (6.9  MN/m2) 
rate of 10  -4hr-1 



Similarly,   Figure 12b reveals  the  anticipated  effects of s t ra in  rate at 
T >> 0. 5 Tm.  For   very  high rates of deformation, c1, grain  boundary  slid- 
ing  may  not  occur,  and  hence  there is no  effect of aspect   ra t io  on yield 
strength.   Here  there  would  be an effect on strength  due  to  grain  width, a .  
At  prog'ressively  lower  strain  rates,  c 2  and c 3 ,  sliding  would  become  more 
pronounced,  and  there  would  be a larger  influence of G. A. R .  on yield 
strength.  

t 
f 

? 
t, 

0 

D 
Y > 
- 

TI < 0.5 T,. 

Equioxed (L/X = I) 

Gram Aspect  Roto, L/R - 
(assummg  constant R )  

(b) Constant T, where T >>0.5Tm 

Gram Aspect Ratlo, L/x - 
(ossumlng constant 1 ) 

FIGURE  12.  SCHEMATIC  PLOTS SHOWING HOW TEST  TEMPERATURE 
AND STRAIN  RATE MAY INFLUENCE  THE  RELATION 
BETWEEN  YIELD  STRENGTH AND GRAIN ASPECT 
RATIO, L / a ,  in  Ni-ThO2-BASE  ALLOYS 

The  grain  elongation  effect  should  be  apparent  at  temperatures  above 
-0. 5 Tm  (-600°C  for  dispersion  strengthened Ni  alloys)  since  here  there  can 
be a significant  contribution of grain  boundary  sliding  to  the  total  deforma- 
tion. At 1093 "C  it  appears  that  sliding  plays a dominant  role.  Grain  bound- 
ary  sliding  requires  accommodation  deformation  by  diffusional  processes  or 
dislocation  motion  within  grains. At lower  temperatures,   approaching 
0. 5 Tm,  or  at   higher  strain  rates,   i t   is   expected that the re  would  be a l a rge r  
relative  contribution  to  the  accommodation  deformation  by  dislocation  mo- 
t ion,   whereas   a t   h igher   temperatures   or   s lower  s t ra in   ra tes ,   the   contr ibu-  
tion  by  diffusion  would  become  increasingly  important.  This  may  explain 
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why in Figure 1 la  the  yield  strength of thoriated  alloys  containing  Cr  and W 
is greater  than that of Ni-ThO2.  The  tensile  strain rates are high  to 
lo-4sec- l )   compared  with  creep  ra tes   to   10-9sec-I) .   Thus  the  ac-  
commodation  deformation  in  yielding  may  be  predominantly  by  dislocation 
motion  within  grains  and the increment of solid  solution  strengthening  by  Cr 
and W would be  realized.  However,  the  solute  elements  should  not  signifi- 
cantly  influence  diffusion  and  thus the tendency  for  diffusion  accommodation 
of grain  boundary  sliding  during  creep  should  not  produce a solution  strength- 
ening  effect .   This   in   fact   appears   to   be  the  case  (Figures   l lb   and  l lc) .  

The  conclusion that an  elongated  grain  structure is desirable  for  high 
temperature   s t rength is  not  new.  For  example,   workers in the  lamp fila- 
ment  industry  have known for  many  years  that  doped  tungsten,  which  re- 
crystall izes  to a coarse  elongated  grain  structure,   is  far superior  to undoped 
tungsten,  which  recrystallizes  with  an  equiaxed  grain  structure.  The  benefit 
of doping is   der ived in part   from  enhanced  creep  resistance  due  to  the  elon- 
gated  interlocking  grain  structure. Also, Ver  Snyder  and  Guard(47)  obtained 
directional  grain  structures in a cast  Ni-Cr-A1  alloy,  and found improved 
high  temperature  ducti l i ty  and  creep  rupture  behavior  compared  with  the 
same  alloy  having an equiaxed  grain  structure.   Bourne,  et   al(48)  dispersion 
strengthened Pt and Pt alloys  with a number of oxides  and  carbides.  They 
produced  stable  elongated  grains  by  thermomechanical  processing,  with 
grain  aspect  ratios  as  high  as 12. 5, and  they  found  that  high  temperature 
creep  rupture  life  increased  with  increasing G . A .  R .  For  example,   in a 
thermomechanically  processed Pt -0 .  04% Tic   a l loy   they  found  the  following 
results:  at 1400  "C  and 700 psi   (4.8  MN/m2) t r  = 800 hours  for L / j  = 5 and 
t r  = 1200 hours  for L / a  = 12. 5. Recently,  Benjamin(44)  and  Benjamin  and 
Cairns(36)   reported a new  superalloy  development  involving  "mechanical 
alloying"  which  allowed  them  to  combine y' hardening  for  low  temperature 
strength  with  oxide  dispersion  strengthening  for  high  temperature  strength. 
Their  material   was  hot  extruded,  and when recrystall ized it had a coarse ,  
very  elongated  grain  structure.  In this  condition,  the  ultimate  tensile 
strength at 1093  "C  was e uivalent  to  that of TD  Nickel   bar .   Pr ior   to   this  
development,  Cook,  et a1 145)  , produced in sheet  form a Ni-base  alloy 
strengthened  by y '  which  also  contained  Tho2  particles.   Their  material   in 
the heat treated  condition  had  low  temperature  strength  equivalent  to 
Nimonic 80-A,  but at high  temperatures  (7 950°C)  the  usual  Tho2  particle 
strengthening  was  not  achieved.  The  microstructure  contained  fine,  nearly- 
equiaxed  grains  and  the  primary  mode of deformation at high  temperatures 
was  probably  grain  boundary  sliding.  Because  pronounced  sliding  took  place 
at  relatively low stresses ,   compared  with  that   required  to   produce  macro-  
scopic matrix yielding,  the  potential  Tho2  strengthening  was  not  utilized. 

At this point, it is useful  to  compare  the  present  results on Ni-Tho2 
with  the  work of previous  investigations(7, 7 12)  which  have  related 
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thermomechanical  processing  by  drawing  and  swaging  to  room  temperature 
and  high  temperature  strength  properties.   This is done  in  Figure  13,  which 
shows  plots of ult imate  strength at 25, 871,  and  1093 "C as a function of r e -  
duction  by  drawing  or  swaging.  Ultimate  strength,  rather  than  yield 
strength, is plotted  since  several of the  previous  investigations  reported 
only this property.   The  room  temperature   s t rength of Ni-2Th02  drawn  by 
Procedure A increases  with  increasing  drawing  strain  in  the  same  general  
fashion as the  ear l ier   work of Tracey  and  Worn(7),  and  this is associated 
with  substructure  refinement.   However,   the  strength  at   871  oC(lz)  and 
1093 "C( l  l )  behaves  somewhat  differently  from  the  results  obtained  in  this  in- 
vestigation.  Figure 13 shows  that  after -70% reduction  by  drawing,  the 
strength  at   871 "C remains  constant  with  further  working,  Also,  after  swag- 
ing,  the  strength at 1093 "C remains  constant  for  strains  greater  than -8570. 
However,  the  strengths  at  1093 "C of Ni-2Th02  drawn  by  Procedures A and 
B in  this  study  continue  to  increase  with  increasing  drawing  strains  up  to 
-93%. A possible  explanation  for this difference  is  that F r a s e r  and  Evans(12) 
and  Doble,  et  al(  reached a constant  grain  aspect  ratio at high  working 
reductions,  but this did  not  occur  in the present  study. 

In a previous  investigation,  Wilcox  and  Jaffee(2)  found  that  Tho2 
particles in recrystall ized  TD  Nickel  produced  an  increase in yield 
strength,  compared  with  pure  polycrystalline  nickel,  over  the  entire  tem- 
perature   range 25 to  1200°C.  The  increase  in  strength  above  that of pure 
N i  was 22,  000 (152  MN/m2)  psi at 25 "C  and 9000 psi (62. 1 MN/m2)  a t  
1200°C.  The  recrystallized  TD  Nickel  had  coarse  elongated  grains,  with  an 
L /a  = 8.  7. Wilcox  and  Jaffee  rationalized  the  increase in yield  strength  over 
the   en t i re   t empera ture   range   in   t e rms  of the  Orowan  mechanism.  However, 
based on the  findings of the  present  study, it now appears  that  above -6OO0C, 
where  grain  boundary  sliding  becomes  important,  the  agreement  with  the 
Orowan  mechanism  may  have  been  fortuitous.   For  example,  i f  the   recrystal-  
lized  TD  Nickel  had a drastically  different  grain  aspect  ratio,   say L/a  = 2, 
then  the  yield  strength  would  have  been -6770 lower  at  1093  "C (Figure 1 l a ) ,  
and  agreement  with  the  Orowan  mechanism  at  this  temperature  would  not 
have  been  realized. 

The  above  discussion  should  not  be  construed  to  indicate  that  disper- 
sion  (or  even  substructure)  strengthening  is  not  important  at  high  tempera- 
tures.   However,   the  grain  aspect  ratio  must  be  large,   preferably > 10, 
before  these  strengthening  mechanisms  can  be  effectively  utilized  to  make 
matrix  yielding  more  difficult.  It  appears  that  the  major  role of Tho2 
particles  in  improving  high  temperature  strength  is   indirect   and  is   asso- 
ciated  with  the  particles  stabilizing  an  elongated  grain  structure.  The  bene- 
f i t  of thermomechanical  processing on high  temperature   s t rength  ar ises  
from  the  development of high  grain  aspect  ratios.  
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CONCLUSIONS 

( 1 )  Thermomechanical  processing  (TMP) of dispersion  strengthened 
nickel  al loys  produces  various  microstructures  which  influence  subsequent 
room  temperature  and  high  temperature  mechanical  properties.  One impor-  
tant  microstructural   feature  observed  was  the  elongated  grain  structure.  
Under  the  conditions  employed  here this was  always  present  in  Ni-2ThO2. 
However,  in  dispersion  alloys  containing  Cr  the  materials  often  recrystal- 
lized  to a fine  nearly  equiaxed  grain  structure.  

( 2 )  At  room  temperature  substructure  refinement of thoriated  and 
ThO2-free  alloys  results  in  strengthening  by  the  usual  Hall-Petch  relation. 
Refining  the  substructure of N i  or  Ni-20Cr  by  TMP-to a cell  spacing  equiva- 
lent  to  the  interparticle  spacing  in  Ni-2ThO2  and  Ni-20Cr-2Th02  increases 
the  room  temperature  yield  strength  f ive  to  six  t imes  more  than  dispersion 
strengthening  alone. 

(3) At  1093 "C it was  shown  that  the  yield  strength,  100  hour  creep 
rupture  l ife,   and  stress  to  produce a creep  rate of 10-4hr-1  all   increase 
linearly  with  increasing  grain  aspect  ratio, L/a ,  where L = grain  length 
and L? = grain  width.  This  correlation  holds  for  Ni-2Th02,  Ni-20Cr-ZTh02, 
Ni-Cr-W-Tho2  alloys,  and  dispersion  strengthened  Ni-base  superalloys, 
and  emphasizes  the  importance of having a large  grain  aspect   ra t io   for  
improved  high  temperature  strength.  

(4) The  grain  aspect  ratio  effect is attributed  to  the  fact  that  grain 
boundary  sl iding  is   the  major  mode of deformation  in  dispersion  strengthened 
N i  alloys  at   high  temperatures.  When testing is performed  such  that   the 
tension  axis  is  parallel  to  the  fiber  axis  then  increasing  the  L/a  lowers, on 
average,   the   shear   s t ress  on boundaries,  and  this  in  turn  reduces  the  amount 
of grain  boundary  sliding. 
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