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ABSTRACT 

The  high-temperature  deformation of unalloyed  nickel is  strongly  affected by the 
presence of surface  scale   layers   formed when creep  tests  are  conducted  in oxygen. 
Under  applied  stresses of 6.90 to 1 3 . 7 9  MN/m2 (1000 to 2000 psi),  the  deformation  rate 
of specimens  a t  1000° C i s  initially  enhanced  and  later  retarded upon their  contact  with 
oxygen gas .  A phenomenological  model of the  transient  creep  process is proposed  which 
accounts for these  observations  in  terms of the  self-pressurization  and  barrier  qualities 
of the  scale.  A generalization of this  model  to  other  materials  and  to  other  environ- 
ments is considered. 
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A PROPOSED  MODEL FOR THE EFFECT OF OXIDATION ON THE 

HIGH-TEMPERATURE  DEFORMATION OF NICKEL 

by James S. Wolf 

Lewis Research  Center 

SUMMARY 

The  deformation of unalloyed  nickel at 1000° C is strongly  affected by the  presence 
of surface oxide layers  formed when creep tests are conducted  in  oxygen.  Under  nomi- 
nal applied s t resses  of 6.90  to  13.79  meganewtons per  square  meter,  the  deformation 
rate of creep  specimens is initially  enhanced  and later retarded upon their  contact  with 
oxygen gas. 

A model  was  derived  describing  this  creep  deformation  behavior  in  terms of param- 
eters  associated  with  the  relatively  thin  surface oxide scale  layer.  The  qualities of this 
scale  layer which affected  deformation  were found to be (1) its natural  growth stress, o r  
grain  boundary  pressure,  and (2) its  ability  to  act as a barr ier  to  the  passage of defor- 
mation shears through  the  specimen  surface.  The  experimental  creep data were  inter- 
preted  in  terms of this  model  by a special  graphical  technique  based upon pairs of con- 
jugate  curves. By such  analyses, a closed-form  solution  for  the  deformation of nickel 
in creep w a s  obtained. 

Creep  deformation w a s  also found  to affect  the  rate of scale  thickening. An en- 
hancement of scale  growth  was  observed  to  be  especially  associated  with  relatively high 
rates of substrate  deformation. 

From  these  observations, it is concluded that  the  high-temperature  oxidation  and 
deformation  processes are truly coupled.  A  generalization of this concept to other 
materials  and  other  types of high-temperature test environments is discussed. 

INTRODUCTION 

Structural  metallic  materials, when put  into  service at elevated  temperatures,  are 
subject  to  plastic  deformation by applied stresses. In most  applications,  these  mate- 
rials a r e  simultaneously  exposed to conditions  which  promote  surface  scale  formation. 



It is therefore of primary  concern  to  determine  the  effects of this duplex  environment 
upon the  behavior of materials. In pursuing  the  study of this problem area, it is con- 
venient  to  artifically  partition  the  macroscopic  phenomena  into two groupings: (1) the 
effect of oxidation upon deformation  and (2) the  effect of deformation upon oxidation. 
This  report  deals  mainly  with  the first of these two interactions - the  effect of oxidation 
upon deformation. 

Of the  total  oxidation-deformation  interaction  research,  most of the  experimental 
effort has been  directed  toward  the  determination of the  effect of surface  layers on de- 
formation  processes. Much of this work,  in  turn,  has  been  performed on unalloyed 
metals  near  room  temperature  where  film thickening is strongly  limited by growth 
kinetics.  The  results of these  investigations, which have  been  summarized  elsewhere 
(refs. 1 to 3), generally  indicated (1) that  foreign  surface  films,  whether they be  me- 
tallic  (ref. l ) ,  natural  oxides  (refs. 4 to 9), o r  other  surface  chemical compounds (refs. 
2, 8, and l o ) ,  tended  to  inhibit  those  deformation  processes  which would  have otherwise 
been  obtained  and (2) that the  magnitude of the  inhibition  was so large that it could  not  be 
attributed  to  any  realistic  physical or  mechanical  properties of the  surface  films  alone. 
The  effect of film  thickness upon substrate  deformation is not clearly  delineated; how- 
ever,  there is some  indication that thicker  films  decrease  deformation  more  than  thin 
films  for  those  cases  wherein  natural  oxides (refs. 4, 7, and 11) or other  chemical 
compounds (ref. 10) were  formed at the  substrate  surface. In all cases,  surface  films 
may  qualitatively  be  considered as barriers  to  the  egress of dislocations  from  the  sub- 
strate (refs. 2, 9 to 13). 

At elevated  temperatures (i. e. , of the  order of one-half  the  absolute  melting  point 
or more),  some  investigators have  chosen  to  examine  the  effect of various  atmospheres 
on the  deformation of highly  alloyed  materials (refs. 14 to 19), primarily  because of the 
technological  importance of these  materials.  The  results of these  experiments  are 
commensurately  more  difficult  to  interpret  because of the  large  number of possible  in- 
teractions  available  for  operation at elevated  temperature.  There  appear to  be, at least 
at low stresses,  several  indications  that oxide surface  layers  act as barriers  to high- 
temperature  deformation  processes (refs. 1,  12, 15 to 21), a behavior  which is analo- 
gous  to  the  low-temperature  observations. For the  case of higher  stresses,  several 
investigators  have found that  the  deformation  processes  leading to failure  are  actually 
accelerated by the  presence of an oxidizing  environment (refs. 14,  17,  19, and 21).  
Under these  conditions,  however,  it is believed that one must  also  consider  processes 
other  than  those  associated  with  the  formation of reaction  product  layers at the  macro- 
scopic  external  surfaces of these  materials. 

During  elevated  temperature  exposure  especially,  and  perhaps at all temperatures 
of technical  interest,  one  must  consider  the  possibility of deformations  arising  from 
sources  other than  the  applied  loads. In oxidizing  environments,  for  example,  the 
scaling  process  generates lateral growth s t resses  which are of sufficient  magnitude  to 
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produce  deformation of the  substrate material (refs. 22 to 25). Literature on this sub- 
ject  suggests that the  growth stress phenomena are quite  general  in nature (refs. 26 
to 29), indicating  that  deformations  from  this  source  must  be  accounted  for  in high- 
temperature  oxidation-deformation  studies. 

In  order  to  establish a causal.relation  between  the  high-temperature oxidation and 
deformation  processes,  the  oxidation-transient  creep  characteristics of nickel  have  been 
investigated  under  conditions  chosen  such that the  oxidation  kinetics are not a negligible 
portion of the  overall  process.  The  system  nickel-nickel oxide has  many  attributes 
which  recommend it for  such a study; they are the following: 

scale  layer has been  determined (ref. 25). This  allows  proper  design of the  experimen- 
tal conditions  with  respect  to stress levels. 

(1) It is the  sole  system  for which the magnitude of the  natural  growth stress of the 

(2) It is the  sole  system  for which  the  linear  coefficient of thermal  expansion of 
metal  and oxide are  nearly  identical (ref. 30). This  allows  metallographic  interpreta- 
tion of structural  features  relatively  undisturbed by the  specimen cooling operation. 

(3)  It is one of a limited  number of systems which is considered "well behaved'' 
insofar as its oxidation kinetics are concerned.  The  scale  produced is a single  chemi- 
cal compound (NiO) which thickens  almost  exclusively  by  the  unilateral diffusion of metal 
ions  through  the oxide lattice (refs. 31  to 34). Perturbations  in oxidation behavior  may 
therefore  be  detected  with  relative  ease. 

(4) Nickel is the  base  metal  for  several  technologically  useful  alloys  and, as a con- 
sequence,  the  results of this research should  be  applicable  to  more  complex  alloy  sys- 
tems. 

Specimens of Nickel-201  (99.4 wt.  % Ni) and  Nickel-270  (99.98 wt.  % Ni), having 
nominal  thicknesses  ranging  from 1 .6  to 3.2  millimeters, were tested  in  creep at 
1000° C (-0.73 of the  absolute  melting point of Ni). The  transient  and  steady-state 
rates of deformation of these  materials at nominal  applied  stresses  ranging  from  6.90 
to  13.79  meganewtons per  square  meter (MN/m ) were  determined by a special  analyt- 
ical  procedure.  The  results of these  analyses  were  incorporated  into a phenomenologi- 
cal  model  which  characterizes  the  deformation of relatively  pure  nickel at high temper- 
ature in  inert  gases  and  in oxygen. 
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SYMBOLS 

A(gas) bivalued  function  associated  with  gas  type 

1sr parabolic  oxidation rate constant,  pm/sec 1/2 

N number of relaxation  cycles  in  timing  interval t. 

t time of deformation,  sec 
J 
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ti 

t' . time of deformation  referenced  to  zero at inception of oxidation, sec 

x, xt total  scale  thickness, p m  

x1 

x2 

time at end of ith deformation  increment,  sec 

t. 
J 

time  interval  for N load  relaxations,  sec 

thickness of outer  scale  layer, p m  

thickness of inner  scale  layer,  pm 

CY scale barrier coefficient, sec  - 5/6 

CY' unit  scale  barrier  strength,  (sec-ll3)( pm-') 

PO 
Andrade  creep  rate  constant  in  helium,  sec 1/3 

average  value of Po, sec 1/3 

effective  Andrade  creep rate constant with passive  scale  layer,  sec 1 /3 

effective  Andrade  creep rate constant  with  active  scale  layer,  sec  1/3 

effective  Andrade  creep rate constant  with  active  scale  layer  and  preoxidation, 

- 
A 

+O 

PI 

PI1 

4II 

B* Andrade  creep  rate  constant  in oxygen, sec  1/3 

P* average  value of B*, sec  1/3 

r stress-associated  creep  rate  constant,  m 2 /(MN)(sec 1/3) 

s e c  1 /3 

- 

6 time-independent (initial) strain 

€A 

EN 

Andrade or transient  strain 

nominal  total  strain  for N relaxation  cycles 

steady-state  strain 

total  strain ET 

(ET)i total  strain at end of ith deformation  increment 

E;, 

% 

total  strain  referenced  to  zero at inception of oxidation 

steady-state  creep rate, sec-' 

steady-state  creep rate determined by conjugate  curve  analysis,  sec-l 
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?T total  strain rate, sec- l  
0 applied  creep stress, MN/m 2 
a 

A(oa) bivalued  function associated  with  applied  stress  level 

a oxide grain  boundary  pressure, MN/m 
7 time of preoxidation  treatment, sec 
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A PROPOSED MODEL FOR THE HIGH-TEMPERATURE  DEFORMATION 

OF AN  OXIDIZING METALLIC  SPECIMEN 

The  phenomenological  model  which is to  be  developed  in  this  section of the report 
was  necessarily  derived  in  part  from  experiments which  will  be  discussed later. The 
chronological  order of the  presentation  has  been  reversed  from that which  actually  oc- 
curred  in  order  to  simplify  the  assimilation  and  interpretation of test  results. 

Deformation  of  an  Unoxidized  Metal 

The  development  which  follows is based upon an  extension of the earlier work of 
Andrade  concerning  the  transient  creep of metals (refs. 35 to 37). To  set  the stage for  
this  development,  consider first the  deformation of a metal  under  constant  load a t  ele- 
vated  temperature  and  with  no  appreciable  surface  oxide  present. 

A  schematic  drawing of a typical  strain-time  diagram is presented  in  figure 1. 
Curve 1 is usually  determined  in  the  laboratory by monitoring  strain-sensing  indicators 
and  timing  devices. An initial  time-independent loading strain 6 is normally  observed, 
immediately  followed  by a decreasing  rate of extension  and  then by the  approach  to a 
steady-state  deformation rate Zs. The  creep  behavior at still longer  times,  which  ulti- 
mately  leads  to  failure,  will not be  considered  here. 

If the  total  strain gT is sufficiently  small (i. e.,  a few percent) as is the  case as- 
sumed  for this analysis,  then  testing at a constant  applied  load  provides  an  essentially 
constant s t ress  on the  specimen. Under  this  condition,  Andrade's  analysis of the  tran- 
sient  creep  process is presumed  to  be  valid  and  the  transient  deformation  may  therefore 
be  described by 

where is the  Andrade  (transient)  creep  strain, Bo is the  Andrade  creep rate con- 
stant,  and t is time as measured  from  the  instant of load  application.  This  component 
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of the  strain is represented by curve 2 in  figure 1. The  steady-state  deformation cS is 
described by 

ES = zst 

where ts is the  steady-state  deformation  (creep) rate. This component of the  defor- 
mation is represented by curve 3 of figure 1. The  total  strain, which is that normally 
observed,  may  thus  be  synthesized as the  sum of the  time-independent 6 ,  steady-state 
c S ,  and  transient strain components,  that is 

ET = 6 + zst + Pot 1/3 

It is also  desirable  to  consider  the  strain rate behavior of the  material  being  tested. 
This requires  that  extension data be  determined  with  sufficient  rapidity  to  allow  an  ap- 
proximation of the  instantaneous  strain rate. The  analytical  form of the  total  (observed) 
strain  rate is given  by  differentiation of equation  (3)  with  respect  to  time;  thus, 

E T = E S + - t  -2/3 
3 

A schematic  graph of equation (4) is shown in  figure  2(a)  in which the  total  strain  rate 
zT is plotted as a function of t-2/3. The  slope of this  linear  graph is numerically 
equal  to  one-third of the  Andrade  creep rate constant (i. e. ,  p0/3), and  the  intercept at 
infinite  time (t- 2/3 = 0) is the  steady-state  creep  rate E s .  

After zs is thus  determined, it is now possible  to  rearrange  equation  (3)  into  the 
following form: 

and  to  plot  the  terms of the left side of this equation,  the  Andrade  creep  strain,  against 
t1l3 as shown schematically  in  figure  2(b).  The  slope of this linear  graph is the 
Andrade  creep rate constant Po. Comparison of the  slopes of the  conjugate  curves 
shown in  figure 2 provides  an  internal  check upon the  reliability of both  the  experimen- 
tal data  and  the  method of analysis. 

Deformation of an  Oxidized  Metal 

Case 1: The  passive  surface  layer. - A s  has  been  pointed out in  the INTRODUCTION, 
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one major  effect of surface compound formation upon specimens  subjected  to  an  applied 
load is the  diminution of their  deformation.  Microscopic  analyses of this phenomenon, 
which is commonly termed  the  "barrier  effect, '' have  been presented  in  detail else- 
where (refs. 9, 11, and 13). The  role of a passive  surface  oxide as a deformation  bar- 
rier will  now be  explored  in  order  to extend  the  phenomenological  model  described  in  the 
preceding  section of this  report. 

Both the  fact  that  the  surface  layer is less deformable  than  the  substrate  metal 
(e. g. , NiO compared  to Ni  (ref. 25)) and  the  fact that the  surface  layer  increases  in 
thickness  with  time  imply that, as testing  progresses,  the  deformation  rate of a metal- 
metal  oxide  composite  under  constant stress continuously  diminishes.  From  experi- 
mental  evidence  to  be  presented  in  the RESULTS AND  DISCUSSION, it is inferred that 
this is, in  fact,  the  case.  This  observation  will now be  employed  to  form a first exten- 
sion of the  aforementioned  deformation  model. 

If the  deformation data of oxidized  specimens are plotted  using  the  format of figure 
2(a), two objectionable  results  arise: (1) the  data  describe a curve  rather than a 
straight  line  and (2) the  intercept Zs is negative  and  therefore not physically  interpret- 
able.  These  objections  may  be  circumvented,  and  the  time-dependent  diminution of the 
deformation may be  described i f  the  Andrade  rate  constant Po is reduced by a function 
dependent on the  scale  thickness  x;  that is, assume 

where PI is the  effective  Andrade rate constant  applicable  under  oxidizing  conditions. 
For the  sake of simplicity,  assume  further that the following first-order  approximation 
is valid: 

f(x) = a 'x  (7) 

where a' is a constant. Within the  limits of this approximation, it may  also  be  pre- 
sumed  that  the  scale  thickens  in a parabolic  fashion (ref. 33); thus, 

where kx is the  parabolic rate 
(7), and (8) may  be  combined  to 

x = k  t 1/2 x 

constant  based upon scale  thickening.  Equations (6), 
yield  the following expression  for PI: 

p - p  - 0 t  1/2 I -  0 

where a, which is defined as a'kx,  may  be stress dependent. 
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Under  the  combined  conditions of oxidation and  deformation,  the rate constant Po 
of equation (3) is replaced by the  effective rate constant PI of equation (9) to  give  the 
total  strain as 

Note that this equation  holds  only if  the oxidation  and  deformation  processes are initiated 
simultaneously. It follows  that  the  total  strain rate is given by 

Z "t Po -2/3 5a t-1/6 
T -  3 

" 

6 + 5 3  

Equations  (10)  and (11) contain three  undetermined  parameters: Po, Q, and ZS. In 
order  to  facilitate a graphical  solution of these  equations, it may  be  assumed that Zs 
is negligibly small. For this  case,  equations (10) and (11) become 

and 

By using  equation (13), the  constant Q may  be  approximated  from  the  total  strain-rate 
data by an  iteration  process which involves  plotting  the  left  side of equation  (13)  against 
t-2/3, and  simultaneously  demanding a linear  graph which passes through  the  origin. 
A s  in  figure 2(a), the  slope of this  graph is one-third of the  unmodified  Andrade rate 
constant; that is, p0/3. Similarly,  the  left  side of equation (12), when  plotted  against 
t1/3, must  again  yield a linear  graph with slope Po. Comparison of the  slopes  and  the 
approach of the data to  linearity  in  the  conjugate  plots of equations (12) and  (13)  provides 
an  internal  check of the  parameters Q and Po and of the  assumption  that Zs ap- 
proaches  zero as the  time of testing  becomes  infinite. 

Case  2:  The  active  surface  layer. - Equations  (12)  and  (13)  describe  the  deforma- 
tion of a metallic  specimen  covered  with a thickening, but otherwise  passive  surface 
scale  layer. It has  been found, however, that a growing  oxide,  and  more  particularly 
nickel  oxide  growing upon nickel, is not  passive  in  that a lateral  compressive  stress is 
generated  in  the scale during  the  oxidation  process  (ref.  25).  This  stress, which has 

'It will  be  demonstrated  later that tS tends  toward  zero as the  time of oxidation 
increases. 
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been  termed  grain  boundary  pressure,  will be hereafter  denoted by u For  the  case of 
nickel  oxide  growing upon nickel  in oxygen at 1000° C, the  mean  value of u has  been 
found  to  be  approximately 10  MN/m (ref. 25). 

g' 

2 g 

The  immediate effect of a compressively  stressed oxide surface  layer upon sub- 
strate deformation  may  be  seen  with  the  aid of the  schematic  diagram shown in figure 3 .  
It is assumed  for  the  sake of discussion that some stress-free initial scale  layer exists 
early  in  the  oxidation  process (fig.  3(a)). As the  scale is allowed  to  thicken  by a hypo- 
thetical  process  wherein  the  substrate  donates  material  to  the  scale  for  further  growth, 
but is not constrained  to it at the  metal-oxide  interface, a lateral  growth of the  scale 

. layer would be  noted (fig. 3(b)).  This lateral growth is believed  to  be  associated  with 
the  deposition of a small amount of  new oxide at preexisting  columnar  grain  boundary 
sites  in  the  scale  (ref. 25).  Finally,  upon  reapplication of the  constraint at the  metal- 
oxide interface  (fig.  3(c)), it is seen  that a compressive stress is developed  in  the  scale 
layer  and that a complimentary  tensile stress is obtained  in  the  substrate.  For suffi- 
ciently  thin  metal  substrates, this stress distribution  leads  to  overall material elonga- 
tion as shown in  figure  3(c)  (ref. 25). The  presence of a compressively  stressed  oxide 
surface  layer on a metal  in  tension at low applied  stresses will  tend  to  aid  those  pro- 
cesses which  promote  specimen  elongation.  This is in  direct  opposition  to  the  effect of 
the  barrier-like  properties (with respect  to  dislocation  egress) which  the same  scale 
exhibits  because of its presence on the  specimen  surface. 

Because u is believed  to arise from a chemical  reaction at the oxide grain bound- 
g 

a ry  network, it will  be  assumed  that  the oxide growth  process  tends to maintain  some 
(thermodynamically)  fixed  value of this  compressive  stress.  This  assumption  for  the 
growing scale is adopted  in  analogy  to the observation that crystals growing from 
aqueous  solution  appear  to  exhibit  an  equilibrium  crystal  pressure (ref. 29). In both 
cases, a new phase is produced  and is grown  from its surroundings  in a directed  manner 
to  produce  the  crystal  (or  grain  boundary)  pressure. 

A very  simplified  approach will  be  used  to  incorporate  the  concept of scale  self- 
pressurization  into  the  deformation  equations.  It will  be  assumed that, at tensile 
stresses of magnitude less  than that of u the oxide will  tend  to  expand  laterally  in  the 
direction of the  applied stress and  thus  aid  deformation.  Conversely, at tensile 
stresses greater  in  magnitude  than  that of u the  scale will  tend  to  contract,  in  order 
to  maintain its pressure,  and  thus  will  tend  to  inhibit  deformation. In addition,  the  de- 
gree of aid  or inhibition  provided  by  the scale to  the  deformation  process  will  be  pre- 
sumed  to  be  linearly  related  to  the  difference  between  the  applied stress and u These 
thoughts  may  be  expressed  in  analytical  form by an  alteration of the  creep rate constant 
such that 

g' 

g' 

g' 
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where prr is the  effective  Andrade  creep rate constant, I? is a stress-associated de- 
formation rate constant,  and aa is the  applied  tensile stress. 

three  terms: (1) po which  may be envisioned as an  intrinsic rate constant  and which is 
the  sole  term  in  the  case that no scale  layer  forms, (2) the  term r (o  - aa) which ac- 
celerates the  deformation  process at low stresses and retards it at high stresses and 
which arises from  self-pressurization of the  scale  layer,  and  (3)  the  term which 
retards deformation at all stresses  because  the  scale  acts as a barrier to  the  passage of 
deformation  shears. 

The  effective  Andrade rate constant  for  transient  creep On is thus  composed of 

g 

It follows from  equations  (3)  and 

ET = 6 + [Po + 

(14)  that the total  strain is given by 

and  that  the  total  strain  rate is therefore given by the  following  expression: 

It will  now prove  convenient  to  define a rate  constant p* such  that 

p* = po + r (o  - oa) g 

to  again  impose  the  condition  that Zs is negligibly small  and  to  rearrange  equations 
(15)  and (16) into  the  following  forms: 

- 6 + at516 = p * t 1/3 ET 

and 

? T + 6  
 CY -1/6 - " p* t-2/3 

3 

When the  applied  tensile  stress is equal  in  magnitude  to  the  grain  boundary  pressure 
(i. e. , oa = u ), equations .(18) and (19) reduce  to  equations  (12)  and  (13),  respectively, 
which describe  the  deformation  for  the  case of a passive  surface  layer. However, at 
any  other  applied stress, the  effect of self-pressurization of the scale  layer  enters  into 
the  deformation  behavior.  For all stress levels  equations  (18)  and  (19)  may be plotted 
using  the  general  format of the  conjugate  diagrams shown in  figure  2  with the exceptions 
(1) that  the  slopes of the linear  graphs will now be p*/3 and p* rather than p0/3 and 

g 
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Po and (2) that  the  ordinates  will now be  Andrade  strain rates and  strains  corrected  for 
the  barr ier  effect (i. e. , corrected by te rms  containing CY). 

The  values of the  parameters a and r may be  determined  from a prior know- 
ledge of Po and P* by a graphical  technique  based on equation (17). This equation 
may  be  rearranged  to  form 

g 

If deformation data are available at several  levels of applied stress, then, by an  itera- 
tive  choice of a a linear  graph of p* - Po against ag - ua may  be  developed  which 
passes  through  the  origin  and which has  slope r. g’ 

Case ~ ~ 33 ~ - The oxide layer ~ formed  prior  to  deformation. - In those  instances  where 
the  specimen  has  been  oxidized  for  some  time T prior  to  the  initiation of deformation, 
the  value of PI, must  be  adjusted  commensurately. Under this condition,  equation (14) 
becomes 

-~ 

where P, is the  effective  Andrade rate  constant  applicable  to  this  case,  the  time T 

is measured  from  the  instant of initiation of oxidation to  the  instant of initiation of load 
application,  and  the  time t is measured  from  the  instant of initiation of load application. 
Thus,  from  equations  (3)  and (21), the  total  deformation  may  be  expressed as 

and  the  total  strain  rate as the  first  time  derivative of this quantity 

Rearrangement of these  equations  gives 

and 
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Equations  (24)  and (25) reduce  to  equations (18) and (19), respectively,  for  the  case of 
the  active  surface  layer i f  the  value of T is zero.  As before,  they  may  be  plotted  using 
the  general  format of the conjugate curves shown in  figure  2,  provided  that  the  values of 
7 and LY are known and with  the  exceptions (1) that the  slopes of the  linear  graphs  will 
now be P*/3  and P* rather than P , / 3  and Po and (2) that the ordinates  will now be 
Andrade s t ra in  rates and  strains  corrected  for  the  effect of preoxidation  by  the t e rms  
containing CY and T. 

EXPERIMENTAL  PROCEDURE 

Mater ia ls  

Two grades of nickel  were  employed  during  the  course of this  investigation. One 
grade,  Nickel-201,  contained  approximately  99.4  weight  percent  nickel  and  was  suscep- 
tible to  internal oxidation  by virtue of its residual  impurities.  The  other  grade,  Nickel- 
270, was nominally  99.98  weight  percent  nickel.  The  nominal  compositions of these 
materials is given in  table I .  Both materials  were  received  in  the  form of hot-rolled 
sheet  approximately  3.2  millimeters  in  thickness. A portion of the  Nickel-201 sheet was 
further  reduced  in  thickness  for  use  in  special  experiments by  conventional  cold-rolling. 

Specimen  Preparat ion 

Test  specimens of the  configuration shown in  figure 4 were  machined  from  the  sheet 
material  such  that  the  longest  dimension  (tensile axis) was  oriented  parallel  to  the  roll- 
ing  direction.  Subsequent  to  surface  machining  and  inspection,  each  specimen  was 
metallographically  polished  by hand  through  3-micron  diamond  abrasive.  The  specimens 
were  then  electropolished  over  their  entire  gage  length  using  the  conditions listed in 
table II. Material  removal  resulting  from  this  operation  was  approximately  0.01  milli- 
meter  from  each of the  exposed  surfaces  and  thus  provided  surfaces free of residual  cold 
work.  The  wedge-shaped  specimen  ends  were  protected  during  electropolishing by use  
of a "stop-off" lacquer. 

Rectangular  companion  specimens,  used  for  control  purposes,  were  machined  from 
the same  small  lots of material as were  the test specimens.  These  specimens  were  cut 
into  pieces  approximately 19 millimeters long by 13 millimeters wide  with the longer 
dimension  parallel  to  the  rolling  direction of the  sheet.  Mechanical  and  electrolytic 
polishing  operations  were  performed on these  specimens  in a manner  identical  to that 
employed for  the  creep test specimens. 

After  electropolishing,  both  types of specimens  were  inspected  for  surface  defects, 
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thoroughly  cleaned  with  acetone  and  methyl  alcohol,  and stored  in glass vials  until  placed 
in  the test apparatus.  Specimens  were  held in the test chamber  with f l a t  Inconel grips 
which were  machined at one  end  to  accept  the  wedge-shaped  portion of the  specimens  and 
were bored at the  other  end to accept a round  pin which fastened  them  to the test cham- 
ber  ends. 

Constan t  Load Creep  Tests 

The first series of tests, involving  only  those  specimens  fabricated of Nickel-201, 
' were performed  in a gas-tight  furnace  mounted on a 10-to-1  ratio  constant  load  creep 

machine.  This  apparatus  with its auxiliary  equipment is shown  schematically  in  fig- 
ure  5.  The  primary  purpose of this series of tests was  to  determine  the  effect of oxida- 
tion at 1000° C upon the  deformation  characteristics of nickel for  the stress range  from 
approximately  6.90  to  13.79 MN/m . 2 

Prior  to  testing,  the  apparatus  was  carefully  leveled  and  balanced  in a manner 
which  took into  account  the mass of the  upper  bellows  and  the  associated  specimen  sup- 
port  system.  The test and  control  specimens as well as a platinum - 13  percent 
rhodium-platinum  sensing  thermocouple  were  centrally  mounted  in  the hot zone of the 
test  chamber.  The  thermocouple  and  the  control  specimen  were  mounted on opposite 
sides of the  tensile  creep  specimen  and  were  separated  from it by approximately 
5 millimeters  distance.  The test chamber  was  then  purged  for  approximately 10 sec- 
onds  with  helium  which  had  been passed  through a molecular  sieve  and  an  acetone-dry 
ice cold trap  to  ensure its freedom  from oxygen and  water  vapor. Only after these con- 
ditions  were  fulfilled  was  the  furnace  heated  to  the  test  temperature.  The  specimen  was 
subjected  to a minor  tensile  load (less than 2 MN/m ) during  the  heating  operation. A 
constant pressure head of helium  was  maintained within the  furnace  chamber  throughout 
these tests by forcing  the gas through a bubbler  bottle,  filled  to a depth of 10 milli- 
meters with  dibutylphthylate, at the  rate of 1 to 2 cubic centimeters  per  second. 

tension  in  helium at 1000° C was  monitored by means of a sensitive dial indicator. 
These test conditions were  maintained  until  the - rate of deformation Z T  approached a 
nearly  constant  value at which  time oxygen was  admitted  to  the test chamber  through  the 
cold trap by  means of a manifold  valve.  The  helium flow was  simultaneously  stopped, 
and the oxygen flow rate  was set at 1 to 2 cubic centimeters  per  second.  Deformation 
was  monitored as a function of time  for  the  ensuing  period (-1.5X10 sec)  after which 
the test was  terminated. 

5 

2 

Subsequent to  thermal  stabilization,  the test load  was  applied  and  the  specimen ex- 

4 

The  strain-time  diagrams,  similar  to  that shown schematically  in figure 1, were 
established  using  tabulated  values of extensions  and  corresponding  times.  Strain rates 
were  determined by a difference  method in which  the strain  increment  was divided by 
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the  time  interval for an  adjacent  pair of strain-time  points. This method of analysis is 
outlined  schematically  in  table 111. Just  as the  strain  was  associated  with  the 

time ti, So was  the  strain rate [pT). - ( ~ ~ ) d / ( t i , ~  - ti) = 8 associated  with  the 
1+1 T 

- - 
average  time ti + (ti+l - ti)/2]. 1 

Stress-Relaxation  Creep  Tests 

The  purpose of this second  series of tests  was  to  complete  the  survey of the  effect 
of oxidation upon deformation  and  to  investigate  the  effect of deformation upon oxidation, 
especially  with  regard  to  the  purer  grade of nickel.  Specimens  were  fabricated of both 
Xickel-201  and  Nickel-270  and  were  tested  using a stress-relaxation method for  the de- 
termination of deformation rates. All  tests  were  performed at 1000° C  and all but  one 
at a nominal stress  level of 6.90 MN/m . 2 

A  screw-driven  testing  machine,  fitted  with a load-sensing  device  and  supporting 
the  same  furnace  chamber  described  previously,  was  used  in  these  experiments.  The 
test chamber  was  modified  in  that a thin  Nickel-201  sleeve  was  fitted  to  the  internal di- 
ameter of the  furnace  core.  This modification  minimized  the  transfer of chromium or  
other  deleterious  elements  which  could  adversely  affect  interpretation of the  oxidation 
process  from  the  relatively hot stainless-steel  chamber  wall  to  the  specimens.  The 
deformation of specimens is relatively  insensitive  to  the  presence (or absence) of this 
modification. 

Specimen  configuration  and  preparation, as well as furnace  startup  procedure, 
were  identical  to  that  described  previously.  After  attaining  thermal  equilibrium  with 
the  minor  tensile  load  applied,  the  major  tensile  load  was  attained by driving  the  ma- 
chine  crosshead  until a predetermined  load  (stress)  indication  was  obtained.  The  load 
was  then  allowed  to  relax by the  natural  creep  processes  until a lower  load  limit (-3 per- 
cent  decrement)  was  reached;  the  load  was  then  increased (3 percent) by crosshead 
drive  to  the  maximum  load  value,  and s o  forth.  Cam-operated  microswitches of a load 
controller  allowed this sequence  to  repeat  itself  in a fully  automatic  fashion. 

A determination of the  number of relaxations  per  unit  time  provided a proportional 
measure of the  instantaneous  creep  rate.  The  constant of proportionality  was  estimated 
by determining  the  average  crosshead  displacement  per  relaxation  cycle  with a dial 
micrometer. 

A schematic  relaxation  test output is shown in  figure 6, and  associated  calculations 
are outlined in  table IV. Just  as the  total  strain ( j ) (EN)  is associated with  the  elapsed 

time tj, s o  is the  total  strain rate EN/tj+l associated with  the  average  time 
1 

1 
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1 
t. + (t. /2).  The  cycle  increment N was  arbitrarily  chosen to  have  the  value  10, 

J J + 1  

and  the  nominal  strain  increments eN were  therefore  essentially  constant. 
The  procedure  for  the series of stress-relaxation tests was  varied  from  that  for  the 

constant  load tests so the  effect of various  preoxidation  times upon deformation  behavior 
could be  studied. 

Metallographic  Examination 

The  structural  character of both the  deformed  (creep)  and  undeformed  (control) 
specimens was examined  metallographically after testing.  Each  specimen was sec- 
tioned  normal  to  the  original  rolling  direction  using a fine-toothed jeweler's saw, 
mounted in a thermosetting  plastic,  and  polished  to  provide a metallographic  section 
normal  to  the  rolling  direction.  Subsequent  to  the  chemical  and  electrolytic  etching  de- 
scribed  in  table V, photomicrographs of the cross  sections were made  and  the  scale 
thicknesses of oxidized specimens  were  determined. 

The thickness of each  scale  layer as well as the  total  scale  thickness was deter- 
mined for  five  selected  specimen  pairs of Nickel-270. From  such  measurements, at 
10 equally  spaced  intervals  along  both of the two longer  section  dimensions,  values  for 
the average  thickness of the  outer  scale  layer  xl,  the  inner  scale  layer  x2,  and the 
total  scale  layer  xt  were  determined. A comparison of these  average  values  for  each 
specimen  pair was then  made  in  order  to  determine  the  effect of creep  deformation upon 
oxide scale thickening. 

The system employed for  measuring  scale  thicknesses  utilized a filar eyepiece 
mounted on the  monocular body of a research  metallograph.  This  optical  system was  
calibrated  with a metric  stage  micrometer. Most of the  oxide  scales  were  measured 
with a precision  such  that one unit of the filar eyepiece  screw  (the  least count of the 
optical  system) was  equal  to  0.0913(2)  micrometer. For two instances  wherein  the 
scale  layer was  relatively  thin,  the  magnification  was  increased  such  that one filar eye- 
piece  unit  equalled 0.0701(3) micrometer.  The  reproducibility of a given  measurement 
was found to  be  within 2 filar units,  or  approximately *O. 2  micrometer. 

RESULTS AND  DISCUSSION 

In the  discussion  which  follows, all results are interpreted  in  terms of one of three 
cases  presented  in  the  proposed model. Test  results  obtained  in  helium or argon  atmo- 
spheres are analyzed on the  basis of the  section  Deformation of an Unoxidized Metal. 
Test  results  obtained  in  an oxygen atmosphere are analyzed on the  basis of the  section 
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Deformation of an  Oxidized  Metal.  Data  obtained  without  preoxidation are analyzed 
under  case 2, and  that  with  preoxidation are analyzed  under  case 3. 

Constant Load Creep Tests 

Strain-time  behavior. - Strain-time  curves  derived  from  constant  load tests at 
1000° C a r e  shown in  figure 7. The  total  strain, less the initial time-independent de- 
formation 6, is plotted  against  time at load for  nominal  applied stress levels of 6.90, 
10.34,  and  13.79 MN/m acting on specimens of Nickel-201.  Each set of data exhibits 
a deformation  increment  (and a deformation rate increment)  just  subsequent  to  the  time 
of oxygen admission  into  the test chamber.  Inspection of figure 8 reveals  that this ef- 
fect is less pronounced as the  magnitude of the stress is increased.  This  observation 
qualitatively  substantiates  equation  (14).  The  strong  similarity  between  the  curves 
shown in  figures  7(a)  and (b) indicates  that  the  magnitude of the rate increment is not 
dependent  upon specimen  thickness  (therefore, it is also independent of specimen 
surface-to-volume  ratio)  and  infers  that a surface  rather  than  bulk phenomenon is in- 
volved as had been  assumed  previously. 2 

2 

The  magnitude of the  strain  increment  observed at an applied stress of 6.90 MN/m 
2 
2 

relative  to the deformation  behavior of virgin  material tested at 6.90  and  10.34 MN/m 
is illustrated  in  figure 9. The  solid  curve  represents  the  data of figure  7(a). At  the 
time that the  strain  increment was  initiated, a new coordinate  system ( E +  against t') 
was  superimposed as shown.  The  deformation  curves  established  in  helium at 6.90  and 
10.34 MN/m (figs.  7(a)  and ( c ) )  were  then  plotted  in  the new coordinate  system.  From 
this  construction, it may be seen  that  the  deformation  behavior  in oxygen at 6.90 MN/m 2 

is initially  intermediate  to  that of previously  unstrained  material tested at the stress 
levels of 6.90  and  10.34 MN/m . At longer  times,  the  deformation  produced  in  the oxi- 
dizing  specimen is less  than that produced  in  the  helium-tested  specimen  subjected  to 
the  same  applied stress, 6.90 MN/m . This  overall  behavior  suggests that two counter- 
acting  effects  exist  in  the oxidizing specimen,  one  aiding  deformation  and  the  second 
hindering  deformation. It is for  this  reason  that  the (T and (Y terms,  respectively, 
were  introduced  in  the  preceding  section. 

2 

2 

2 

g 

2The  possibility  that a transient  temperature  increment  was  generated  because of 
the  admission of oxygen and that this was,  in  turn,  responsible  for  the  observed  defor- 
mation  increments was  negated by a separate  experiment  in  which no temperature change 
could be detected when a thin coupon of nickel was  monitored  continuously. A thermo- 
couple  spot-welded  to  the coupon was  used  to  determine that a temperature change of 
less than 1/2O C was  induced  during  the  cycle  in  which  the  surrounding  gas  was  changed 
from  helium  to oxygen. 
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Conjugate  curve  analysis. - The  deformation data for  tests  in helium,  represented 
by the initial portions of the  curves  in  figure 7, were  analyzed  using  the  conjugate  curve 
technique  outlined  previously  and are shown in  figures 10 and 11. These  curves are 
based on equations (4) and (5), respectively,  and are plotted  using  the  format  shown 
schematically  in  figure 2. 

It is seen  that  both  the  strain rate data (fig. 10) and  the  strain data (fig. 11) are 
well  represented by their  respective  linear  graphs.  Further,  the  Andrade  creep rate 
constants Po agree  to within less than 2 percent  for  each conjugate set of data repre- 
senting  the  four  specimens  tested.  The  slightly  larger  scatter  noted  in  the  strain rate 
data is to  be  expected on the  basis of the mode of data collection  employed.  This scatter 
is essentially  integrated  out (on a time  basis)  to give  the good fit to  the  linear  graphs 
shown in figure 11. 3 

The  deformation  data  for  the  same  specimens  tested  in  an oxidizing  atmosphere, 
represented by the f i n a l  portions of the  curves shown in  figure 7, were  similarly ana- 
lyzed by the  conjugate  curve  technique. In this analysis,  however,  the  primed  strain- 
time  coordinate  system of reference  suggested by figure 9 was  employed.  The  results 
of this analysis a r e  presented  in  figures 12 and 13, which are,  in  turn,  based upon equa- 
tions (18) and (19), and are plotted  using a commensurate  modification of the  format 
shown schematically  in  figure 2 .  

As in  the  case of the  helium  atmosphere  tests, both the  strain  rate data and  the 
strain data a r e  well  represented by their  respective  linear  graphs. In each  case,  the 
value of the  barrier  coefficient a! was  chosen by an  iteration  process  (to within k20 per- 
cent)  such that (1) the  curves  representing  the data were  linear, (2) the  curves  passed 
through  the  origin,  and  (3)  the  value of the  creep  rate  constants p* were  nearly  equal 
for  each conjugate se t  of curves.  The  creep  rate  constants  were found to agree with one 
another  to  within  less  than 6 percent  for  each  set of conjugate data. 

. Interpretation "_ of deformation data. - - The  purpose of this section of the  report is to 
summarize  and  interpret  the  results of the  conjugate  curve  analyses  in  terms of the de- 
formation  model  presented  earlier.  Values of the  parameters Is, Po, p*, and a! have 
been  collected  and a r e  presented  in  table VI. From  these data it is seen that, as the 
stress is increased,  in a given  gaseous  environment,  the  values of both  the  steady-state 
and  the  transient  creep rate constants  increase, as expected.  The  relative  average 
values of the  Andrade  creep  rate  constants Fo and p* change  with the absolute  value 
of the  applied stress in  qualitative  agreement  with  equation (17). Thus, at low stresses, 
the  Andrade  creep rate constant is larger in   an oxygen environment;  whereas, at high 
stresses, it is larger  in a helium  environment.  The  values of the barrier coefficient a! 

3Deviations from  linearity are most  pronounced  during  initial  test  stages  because 
of initial  transients.  Similar  effects are described later in  the  section on stress- 
relaxation tests. 
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at the  lower stresses were found to  be  approximately  five  times  larger  than that which 
applies at the  highest stress. This change in a! suggests that the  deformation  process 
changes  in  character as the  applied stress is increased beyond some  critical  limiting 
value. 

It is inferred  that this critical stress is the  same as that  which  was  postulated  to 
affect  the rate of transient  deformation; that is, the  critical stress is that  associated 
with  the  grain  boundary  pressure of the  growing  surface  oxide  scale.  The  numerical 
value of the  grain  boundary  pressure 0 may  be  evaluated on the  basis of equation (20). 
The  average  values of the  Andrade  creep  rate  constants Po and P* as given in ta- 
ble VI were used  to  construct  the  graph of figure 14. By an  iterative method,  the  value 
of 0 was determined  to be 10.59 MN/m which agrees  well  with  the  approximate 2 

value of 10 .3  MN/m as determined  earlier by a totally  different  technique (ref. 25). 
The  slope of the  graph shown in  figure 14 provides  the  value of the  stress-associated 
rate constant  which is 3 . 4 0 ~ 1 0 - ~  m2/(MN)(sec1/3), while  the fit of the data to this 
linear  graph  substantiates  the  validity of equation  (20) of the  model. 

g - - 

g 2 

Finally,  the  effective  Andrade rate  constant PII may now be  calculated as a func- 
tion of the  time of deformation t since  the  parameters r, (T and CY are known. 
Equation (14) was recast  to  the following form: 

g' 

r CY 1/2 
- - = l + - ( 0  - g  - u a ) - - t  
PO PO PO 

- 

and  the  ratio PII/j0 was  calculated as a function of time  using  the  parameters  listed  in 
table VI. The  results,  presented  in  figure 15, express  the  instantaneous  values of the 
effective  Andrade rate  constants  under  oxidizing  conditions  with  respect  to  those  (time- 
independent)  values  determined  from  tests  in  helium. 

The  value of this ratio  decreases monotonically  with time at all stresses, but  with 
varying  degree as dictated by the  particular  scale  barrier  coefficient CY. At the  lowest 
stress  and  for  times  corresponding  to  those  investigated,  the  ratio always exceeds 
unity.  This  behavior  emphasizes  the  observation  that at low stresses  the  transient 
creep is of larger magnitude  in oxygen than it is in  helium  which,  in  turn, is inferred  to 
be  primarily due to  the  dominant  effect of grain  boundary  pressurization at low stresses .  
At the  intermediate  stress,  the  ratio is first greater  than  unity  and  subsequently less 
than  unity.  This is interpreted  in  terms of an initial predominance of the  grain  boundary 
pressurization  effect  and a later predominance of the  scale  layer  barrier  effect  to  pro- 
vide a long-term rate constant smaller than that  associated  with  deformation  in  helium. 
At the  highest stress investigated, both the  scale  pressurization  and  scale  barrier ef- 
fects  act  in  concert  to  provide  ratios of creep rate constants pII/po that are less than 
unity  throughout  the  period of testing. 
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Stress-Relaxation  Creep  Tests of Nickel-201 

Strain-time  behavior. - Three tests were  performed  with  specimens of Nickel-201, 
nominally 3.2  millimeters  thick,  using  the  stress-relaxation  testing  technique  described 
in  the EXPERIMENTAL PROCEDURE section.  The  purpose of these  tests  was  to  deter- 
mine  the  effect of oxidation prior  to  deformation (or preoxidation) upon the  subsequent 
deformation of this material and  to  thereby test the  validity of the f ina l  portion  (Case 3) 
of the  proposed  deformation  model.  These tests, which  were  conducted at 1000° C and 
an applied stress of 6.90 MN/m2, involved (1) zero preoxidation  time  and  deformation 
in  helium, (2) 1.44X10 seconds  preoxidation in oxygen with  subsequent  deformation in 
oxygen, and  (3)  5.76~10  seconds  preoxidation  in oxygen with  subsequent  deformation  in 
oxygen. 

4 
4 

The  resulting  strain-time  curves,  determined as outlined  in  table IV, are presented 
in  figure  16. It is seen  that, as the  preoxidation  time T is increased,  the  total  strain 
at  any  later  time of deformation t is decreased.  This  observation is in qualitative 
agreement  with  equation  (22) of the  model  and  reflects  the  effect of the  scale  barrier co- 
efficient a!. 

Conjugate curve  analysis. - The  deformation data illustrated  in  figure 16 were  also 
analyzed by the  conjugate  curve  technique.  The  results of this  analysis are shown in  the 
strain  rate-time  and  strain-time  curves of figures  17  and 18. For the  single  test  run  in 
helium,  equations (4) and (5) were employed  in  the  analysis;  whereas,  because  preoxida- 
tion is involved,  the  tests  run  in oxygen were  analyzed  using  equations  (24)  and  (25). 
The  application of these latter equations  requires a prior knowledge of the  scale  barrier 
coefficient (Y in  addition  to  those  quantities  determined by direct  observation  or  ele- 
mentary  calculation.  From  an  examination of table VI, the  value 0. 60X10-5 second 
for a! was  selected as being suitably  representative  for  the  purpose of this  analysis. 

- 5/6 

It is seen  that  both  the  strain  rate data (fig.  17)  and  the strain  data (fig. 18) are 
well  represented by their  respective  linear  graphs.  Further,  the  creep  rate  constants 
Po and P* agree  to within less than 1 percent  for  each conjugate se t  of data represent- 
ing  the  three  specimens  tested.  Because  the  strain rate data is determined by a more 
direct  means  in  the  stress-relaxation-type test, the  strain  rate data of figure  17  exhibit 
less  scatter than  those  obtained by the  analysis of constant  load  creep data (fig.  10). 

~ Interpretation of deformation data. - The  purpose of this  section of the  report is to 
summarize  and  interpret  the data of figures 16 to 18 in   terms of the  deformation  model. 
Values of the  parameters Zs, Po, and P* have  been  collected  and are presented  in 
table VII. 

The  average  value of the  Andrade  creep  rate  constant Po for  the  specimen  tested 
in  helium  was found to  be  5. 16x10-4  second-1/3. This  value is lower  than  that  deter- 
mined  under  similar  conditions by the  constant  load  creep  technique (Po = 8 . 0 5 ~ 1 0 - ~  
~ e c - l / ~ ) .  Although the  testing  methods  differ, it is believed that the  discrepancy  in  the 

- 
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value of the  creep rate constant  most  probably arises by  virtue of the fact  that the abso- 
lute  value of the strain  per  relaxation  cycle is not known with  certainty.  This,  however, 
in no way detracts from the worth of the relative  values of strain  and  strain  rate as 
determined by the  relaxation  technique; that is, specimen-to-specimen  comparisons are 
believed  to be valid  within that group of specimens tested by the stress-relaxation  tech- 
nique. For  example, the observation that P* is larger  than Po at the applied stress 
of 6.90 MN/m (see table VII) is in  qualitative  agreement  with  both the model  and the 
constant  load  creep test results. 

creep rate constants PIII/zo was  determined  for the stress-relaxation  tests. Equa- 
tions (17) and (21) were combined  and  rearranged  to  give 

2 

In analogy  with the analysis of the constant  load  creep test data, the ratio of the 

from which this ratio  was  calculated as a function of the  time of deformation t using the 
values of the parameters  listed  in  table VII. The  results of this calculation,  presented 
in  figure 19, express the instantaneous  values of the effective  Andrade rate constant 
under  oxidizing  conditions  and as a function of the preoxidation  time T relative  to that 
value of the rate constant  determined  from the stress-relaxation test performed  in he- 
lium.  The  upper  curve of figure 15  which was  derived  from the constant  load  tests is 
transposed  to  figure 19 for the purpose of ready  comparison. 4 

Figure 19 shows that, as the preoxidation  time T is increased, the rate constant 
ratios  are  reduced by a factor of 5 or  more  with  respect  to the ratio  for  the  specimen 
with no preoxidation.  This  tendency  for  preoxidation  to  strongly  attenuate  transient 
creep is interpreted on the basis that the scale barrier is dominant  in  regulating  the 
transient  deformation  process - especially  for the case of the  relatively long preoxida- 
tion  times involved. Further,  thicker oxide scale  layers  appear  to be better barriers 
to  deformation  than do thin  layers, which is in  qualitative  agreement with the proposed 
model. A quantitative  check of this statement  may be made  through the use of equa- 
tion  (27) by plotting  the  values of Pm/io (for  the  testing  time t = 0) against the square 

4This  comparison is believed  to be valid  because: (1) the  effective  rate  constant 
reduces  to the constant PII when the preoxidation  time is zero  (see  eqs. (14)  and 

(21)); (2) the specimens were tested at the  same  level of applied stress and  temperature; 
(3) the specimens are of the same  nominal  thickness;  and (4)  any  factorial  error  in  abso- 
lute  strain  measurement would be eliminated  through  the  calculation of the creep rate 
constant  ratios. 
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root of the  preoxidation  time T. This was done in figure 20, and a line  through  the data 
was  established by fixing  the  intercept  to  be  the  average  value of j3*/jo and by fixing 
the  slope  to  be  the  average  value of -a/po for  the  three  specimens  in  question. It is 
seen that the  extreme data points f i t  the  straight  line  rather  well;  however,  the  central 
data point,  representing  the  specimen  preoxidized  for 1 . 4 4 ~ 1 0  seconds,  exhibits a 
strong  negative deiriation from  the  line. 

constant  in oxygen j3* for  this  specimen is smaller  than that predicted  on  the  basis of 
the  deformation  model.  Equation (17), coupled  with  the  previously  determined  values 
of PI and a was used  to  calculate  the  model  value of j3* as 17. 7 ~ 1 0 - ~  second- 1/3 . 
This is approximately 50 percent  larger than  that  value  determined  for  the  specimen 
preoxidized  for 1.44X10 seconds,  while it is approached  (within 15 percent) by the 
value  determined  for  the  specimen  preoxidized  for 5 . 7 6 ~ 1 0  seconds. 

4 

The  deviation from  the  projected  value of pnI/po arises because  the.Andrade rate 

g’ 

4 
4 

Finally,  some  inferences  concerning  the  effect of preoxidation upon deformation 
may be  drawn  from  an  examination of the  steady-state  creep  rates.  For this purpose, 
the  steady-state  creep rate constants I , ,  evaluated both by the  conjugate  curve  analysis 
and  from  the  terminal  tangents of the  curves of figure 16, are collected  and  presented  in 
table VII. It is seen  that  the  tangent  values of tS a r e  always  larger than or  equal  to 
those  values  determined  by  the  conjugate  curve  technique,  indicating  that  some  signifi- 
cant  degree of transient  creep  remains. However,  both sets of rate  values  indicate 
that  the  apparent  steady-state  deformation is decreased by a factor of 3 to 5 as the  pre- 
oxidation time is increased  from 1 . 4 4 ~ 1 0  to 5 . 7 6 ~ 1 0  seconds.  Further.  the  tabulated 4 4 

ratios of the  conjugate  curve  values  divided by the  tangent  values ( s)cc/(%)tan indi- 

cate that increasing  amounts of preoxidation  reduce  the  proportion of transient  creep 
contributing  to  the  total  deformation. This conclusion is in  qualitative  agreement  with 
the  results  presented  in  figure 19. Both of these  observations,  pertaining  to  the  reduc- 
tion in  the  steady-state  and  transient  deformation rates with  increasing  amounts of pre- 
oxidation, are  interpreted  in  terms of the  scale  layer  acting as a barrier  to  deformation. 

Stress-Relaxation  Creep  Tests of Nicke l270  

Strain-time  behavior. - Seven tests were  performed with  3.2-millimeter-thick 
specimens of Nickel-270 at 1000° C using  the  stress-relaxation  testing  technique.  The 
purposes of these tests were (1) to  determine  the  deformation  behavior of this  material 

51f the transient  creep  were to  be of negligible  magnitude,  then  the  tangent  value of 
the  steady-state  creep rate would exactly  equal  that  determined by the  conjugate  curve 
technique  and  the rate ratio would equal  unity. 
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both  with  and without preoxidation  and (2) to determine  the  effect of deformation upon the - 
scale  thickening  process. 

The  initial  portions of the  strain-time  curves  obtained  from  these tests, determined 
as outlined in table Tv, are presented  in  figure 21. The  curves of figure 21(a) were all 
obtained at a nominal  applied stress of 6.90 MN/m . Results  for  the three inert  atmo- 
sphere tests, two run  in  argon  and one run  in  helium, are represented by the  band  in  the 
upper  portion of this figure.  The  width of this  band  indicates  the  degree of reproduci- 
bility of data from test to test. 

2 

Of the  remaining  curves, two represent  the  effect of preoxidation on the  subsequent 
deformation  behavior.  Curves 1 and  3 a r e  drawn  for  specimens which were  oxidized 
1.44X10 and  5.76~10  seconds,  respectively,  prior  to  deformation  in oxygen. It is 
seen that increasing  the  time of preoxidation  tends  to  diminish  both  the  strain  and  the 
strain  rate  for all testing  times.  This  behavior  parallels that found for  Nickel-201 (see 
fig. IS), and is in  qualitative  agreement  with  the  proposed  deformation  model. 

4 4 

Curve 2 of figure 21(a) represents  the data for a specimen which was instantaneously 
stressed  to a level of approximately 7.75 MN/m just  prior  to  deformation  in  helium at 
a stress of 6.90 MN/m . Although the  degree of overstressing was  small (-12 percent), 
its effect is both large  and  persistent,  with  subsequent  deformations  reduced by approxi- 
mately 30 percent.  This  observation  suggests  that  any  source of overstressing,  and 
especially that associated  with  the  deformation of metallic  surface  layers  resulting  from 
the  self-pressurization of the  adjacent oxide scale, wil l  increase  the  material's  resis- 
tance  to  further  deformation. 

2 
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Finally,  the initial portion of the  strain-time  curve  for  the  single  specimen  tested 
at the  applied stress of 10.34 MN/m is shown in figure 21(b).  The data represent  de- 
formations  observed  initially  in  helium  and  later after admission of oxygen to  the  test 
chamber. As in the case  for Nickel-201 (see  fig. 7), strain and  strain  rate  increments 
were  observed  indicating  that  the  presence of oxygen initially  accelerated  the  deforma- 
tion  process.  Other  Nickel-270  stress-relaxation  specimens  subjected  to  this  duplex 
gas  environment  exhibited a similar  behavior. 

2 
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Conjugate  curve  analysis. - The  deformation  data  represented  in  figure 2 1  were  also 
analyzed by the  conjugate  curve  technique.  The  results of these  analyses  are shown  in 
the  strain  rate-time  and  strain-time  curves of figures 22 and 23, respectively.  The 
three  base-line  tests  in  inert  atmospheres  represented by the  band  in figure 21(b) are 
analyzed  in  detail  in  figures 22(a) to  (c)  and  23(a)  to  (c). For the  five tests initiated  in 
an  inert  atmosphere,  equations (4)  and (5) were employed  in  the  analysis;  whereas, 

6The  increments found in  these  cases  were not treated  quantitatively  because  the 
tangent  modulus of nickel, upon  which the  stress-relaxation  technique is based,  de- 
creases  rapidly after some initial testing  period. 
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because  preoxidation is involved,  the two tests initiated in oxygen were analyzed  using 
equations  (24)  and  (25). 

The  application of these latter equations  requires a prior knowledge of the  numeri- 
cal  value of the  scale  barrier coefficient a! for this material  in  addition  to  those quan- 
tities  determined by direct  observation o r  elementary  calculation. Two considerations 
were employed  to set bounding values on a!: (1) from  the  curves of figure  2l(a), it is 
clear that this value  must  be  greater  than  zero  and  (2)  because  Nickel-270  forms only an 
external scale, as opposed to both  the  external  and  internal  oxidation of Nickel-201, it 
is believed that the  value  must  be  less  than or equal  to  that  determined  from  the  analysis 
of the  Nickel-201 data (i. e.,  0 5 a! 5 0. 60X10-5 ~ e c - ~ / ~ ) .  When the data for  the  speci- 
men  preoxidized  the  longer  time (7 = 5.76~10  sec)  was  used, it was  found by iteration 
that the  upper bound of a! best  described  the  deformation data. 

4 

It is seen  that both the  strain  rate data (fig.  22)  and  the strain  data  (fig. 23) are 
well represented by their  respective  linear  graphs.  Further,  the  creep  rate  constants 
Po o r  P* agree  to within less than  3 percent  for  each  conjugate  set of data represent- 
ing  the  seven  specimens  tested.  For  the  three tests initiated  in  inert  gas,  and  wherein 
specimens  were  simply  stressed  to  6.90 MN/m , the  test-to-test  variations  in  the  mean 
values of Po with respect to their  average are less than  72  percent  indicating that the 
degree of reproducibility is satisfactory  in  the  relaxation-type  test. 

2 
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Interpretation of deformation data. - The  purpose of this  section of the  report is to 
"~ 

summarize  and  interpret  the data represented by figures 2 1  to 23 in  terms of the  pro- 
posed  deformation  model  and  to  compare  these data with  those  obtained  from  the  tests 
of Nickel-201.  Values of the  parameters Zs, Po, and P* for Nickel-270  have  been 
collected  and are  presented  in  table VIII. 

Comparison of these  values  for  Nickel-270  with  those of Nickel-201  obtained by 
constant  load  and  stress-relaxation  creep  testing  (tables VI and VII, respectively)  indi- 
cate  the following: 

(1) The  Andrade  creep rate constant  in  helium Po is larger  for Nickel-270  than for 
Nickel-201 at the  applied stress  levels of both 6.90  and  10.34 MN/m . From this ob- 
servation it is inferred  that  solid-solution  hardening,  associated  with  the  less  pure 
Nickel-201, is effective  in  reducing  the  transient  creep  rate. 

2 

(2)  The  Andrade  creep  rate  constant  in oxygen P* as determined after the  longer 
preoxidation  time  (5.76~10  sec) is equal,  within  experimental error ,   for  both grades 
of nickel.  This  behavior, which is further  reflected by the  equal  values of the scale 
barr ier  coefficient a! implies that, at long times,  the rate of deformation is regulated 
by the  relatively  thin  surface oxide layer.  Further, it is inferred that the  zone of inter- 
nal oxidation, present  in  the less pure Nickel-201,  plays little if any  role in determining 
the  deformation  behavior  under  oxidizing  conditions. 

4 

(3)  The  steady-state  creep  rates  in  helium gs are, within  experimental  error,  the 
same  for both grades of nickel at the  applied stress levels of both 6.90  and  10.34 MN/m . 2 
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Although there is a relatively  large  degree of uncertainty  associated  with  these data, 
they are interpreted as implying  that  the  steady-state  deformation rate is relatively in- 
sensitive  to  solid-solution  strengthening. 

(4) For both grades of nickel,  the  steady-state  creep rate Zs after the  shorter 
time of preoxidation (1.44X10 sec) is larger  than  the  steady-state  creep rate deter- 
mined  from tests in  helium;  while after the  longer  time of preoxidation  (5.76~10  sec), 
?s is much smaller than that determined  from tests in  helium.  The latter effect,  which 
was  qualitatively  incorporated  into  the  deformation  model, is interpreted  in  terms of the 
scale  layer  acting as a barrier to  deformation. 

The  stress-associated rate constant r for Nickel-270 at 1000° C  may  be  evaluated 
from  the data of table VIII through  the  use of equation  (17).  In this case,  average  values 
of p* and zo may be used  in conjunction with  the  value  10.59 MN/m for u to  give 

I' = 5 . 6 0 ~ 1 0 - ~  m2/(MN)(sec1/3). This  value is approximately six times  smaller  than 
that  determined  for Nickel-201,  indicating a smaller  effect of oxygen-accelerated  defor- 
mation  in  Nickel-270. 

4 
4 

2 
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Parallel to  the  analysis of the  Nickel-201 data, the  ratio of the  creep rate constants 
has been  determined  for Nickel-270  through  the use of equation  (27).  The re- 

sults of this calculation, shown in  figure 24, are based upon average  values of the  rate 
constants io and p* as well as the  value 0. 60x10-5 second -5/6 for  the  scale barrier 
coefficient a. The  curves shown represent  the  instantaneous  values of the  effective 
Andrade rate constant  under oxidizing conditions as a function of the  preoxidation  time T 
relative  to the average  value of the rate constant as determined  from  helium  atmosphere 
tests. As  the  preoxidation  time is increased,  the rate constant  ratios are reduced  by 
factors  ranging  from  1.5  to 23 with  respect  to  the  ratio  for  the  specimen  with no pre- 
oxidation.  Comparison of figure 24 with figure 19 again  indicates  that  the  effect of 
oxygen-accelerated  deformation is smaller  for Nicke.1-270 than it is for  Nickel-201  and 
that  the  enhancement of deformation  may  be  altogether  negated at times  greater  than the 
order of 10 seconds. As  in  the  case of Nickel-201, thicker oxide scale  layers on 
Nickel-270 appear  to  be  better barriers to  deformation  than do thin  layers. 

3 

Figure 25, which represents a quantitative  check of this  latter  statement, was con- 
structed on the basis of equation (27), for  testing  time t = 0, by fixing  the  slope as 
-a/;, and  the  intercept as p*/zo. The data points shown deviate from  the  linear  graph 
only inasmuch as individual  values of p* vary  from  their  average.  There is, however, 
a slight  negative  deviation of the data point representing  the  specimen  preoxidized  for 
1.44X10 seconds.  This  behavior is in  qualitative  agreement  with that noted for  Nickel- 
201 (see  fig. 20). Comparison of these  figures  also  indicates  that,  while  approximately 
2x10 seconds of preoxidation are required  to  reduce  the  value of PIII to  that of Po for 
Nickel-270, a preoxidation  period  more  than  10  times  longer is necessary  to  similarly 

4 
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reduce  the  value of PnI for Nickel-201. This once  again  emphasizes  the  smaller  effect 
of oxygen-accelerated  deformation  in  Nickel-270. 

Compilation of Deformation  Parameters 

The  deformation  behavior of both grades of nickel  tested  may  be  stated  in  terms of 
the  deformation  model  and  the  parameters  thereof as determined  by  experiment  and data 
analyses.  Equations  (17)  and (22) may  be  combined  to  give  the total creep  strain as a 
function of the  testing  time 

wherein  the  values of Po, E,, and a! are  implicitly  stress-dependent  and  the  remaining 
parameters are fixed. 

rate constant  in  helium Po and  the  steady-state  creep rate constant 8, may  be ex- 
pressed as analytical  functions of applied stress using  the  general  form 

For the purpose of estimating  numerical  values of eT - 6 ,  both the  Andrade  creep 

Po = A exp(Boa)  (29) 

and 

B = 0.10 
efficient 
stresses 
than (T g' 
becomes 

C T - 6 =  

- 

From the data of table VI, for Nickel-201,  the  approximate  values of the  constants 
in  equations  (29)  and  (30)  were  graphically  determined  to  be: A = 1 . 7 ~ 1 0 ~ ~  second , - 1/3 

m /MN, C = 1 . 7 ~ 1 0 - ~  second-',  and D = 0.10  m /MN. The  scale  barrier co- 
a! is assumed  to  be  bivalued  and  equal  to 0. 60X10-5 second- 5/6 at applied 
less than a, and  equal  to 0. 10X10-5 a t  applied stresses greater 

2 2 

5 
Thus,  for  Nickel-201,  equation  (28)  which  describes  the  strain-time  behavior 

[l. 7 ~ 1 0 - ~  exp(0.10 ua) + 3 . 4 0 ~ 1 0 - ~  (10.59 - aa) A(gas)l t 1/3 

- Lo. 60 - 0.50 .((Tad X10e5 A(gas)( T + t) 'I2 t113 + 1 . 7 ~ 1 0 - ~  t exp(O.10 oa) 

where  the  functions A(gas) and A(ua) are defined as follows: 
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for tests in  inert  gases 
Ngad = 

1 for tests in oxygen 

and 

g 
A b a )  = 

1 for oa > Q 
g 

(33) 

For the  case of Nickel-270,  the  analytical  description of the  deformation is less 
certain;  however, it may  be  crudely  approximated.  From  the data of table VIII, the 
approximate  values of the  constants  given  in  equations  (29)  and  (30)  were  graphically 
determined  to  be A = 3 ~ 1 0 - ~   ~ e c o n d - l / ~ ,  B = 0.10  m 2 /MN, C = 2X10-7 second-',  and 
D = 0.10  m /MN. Thus,  for  Nickel-270,  equation  (28)  which  describes  the  strain-time 
behavior  becomes 

2 

- 6 = [ 3 ~ 1 0 - ~  exp(0.10 ua) + 5. 6 X w 5  (10.59 - era) A(gas) l t  1/3 

Metallographic Studies 

Structural  characterization of materials. - Specimens of both Nickel-201  and 
Nickel-270 react  with oxygen at high temperature to form  an  external  scale of nickel 
oxide (NiO) which is, in  many  instances  and  especially after longer  exposure  times, 
composed of two layers (refs. 25, 38, and  39). In addition, oxygen diffuses  into  the 
bulk of the  metal  and  there reacts with  less-noble  impurities to form  oxides  other  than 
nickel  oxide.  This latter class of reaction is generally known as internal oxidation (cf. 
ref. 40). 

The  major  features of the  reaction  products  formed upon oxidation of Nickel-201 
are  illustrated  in  the  photomicrograph of the  cross  section shown in figure 26(a).  This 
unstressed  specimen which  had  been  exposed  to oxygen for  6.51~10  seconds at 1000° C 
exhibited  both  external  and  internal  oxidation  products.  The  external  scale shown is 
approximately 40 micrometers  in  thickness  and is divided  into two layers which are 
roughly  equal  in  thickness.  The  outermost  scale  layer  exhibits a definite  columnar 
oxide growth  pattern,  while  the  inner  layer of oxide  shows no well-defined  structure at 
this  magnification.  Beneath  the  external  scale lies a zone,  approximately  80  micro- 
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meters  in  thickness,  composed of precipitated oxide particles  (internal  oxides). No at- 
tempt was  made  to  identify  these  particles  chemically;  however,  they are most  probably 
either  manganese  oxides or manganese-rich  oxides. A similar morphology of internal 
oxides  has  previously  been  noted  in  oxidized  nickel-manganese  alloys (ref. 41). 

The  major  features of the  structure of oxidized  Nickel-270 are illustrated  in  the 
photomicrograph of the  cross  section shown in figure 26(b). This  unstressed  specimen 
which has been  exposed  to oxygen for  6.46xlO  seconds at 1000° C exhibited  both exter- 
nal  scale  development  and a specialized type of subsurface oxidation.  The external 
scale shown is approximately 20 micrometers  in  thickness  and is divided  into two layers 
of unequal  thickness.  The  outermost  layer,  which  accounts  for  approximately 80 percent 
of the  total  scale  thickness,  exhibits a definite  columnar  growth  pattern,  while  the  grains 
of the  inner oxide layer are more  nearly  equiaxial. 
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Subsurface  oxidation of Nickel-270,  evident  in  the  photomicrograph of figure 26(b), 
is seen  to  be  associated  with  the  grain  boundary  network of the  nickel  matrix.  Electron 
microprobe  traces of this  material have  indicated: (1) that carbon  concentrations of 
3 atomic  percent or  more are associated with  the  unoxidized  portions of these  boundaries 
and (2) that the  carbon  concentration is below detectability  limits  in both  the oxidized  por- 
tions of the  boundaries  and  the  metallic  matrix.  These  observations  lead  the  author  to 
postulate  that  the  carbon is concentrated at the  matrix  grain  boundaries,  perhaps  during 
grain  growth,  and is later  oxidized  to  carbon monoxide gas causing  the  observed void 
formation on the  grain  boundary  network.  Several of these  voids  evidently  terminate at 
the  surface of the  specimen  and  thereby allow oxygen to be admitted  and  to  oxidize  the 
newly exposed  grain  surfaces.  The  depth of such  subsurface oxidation is one to two 
grain  diameters or  approximately 200 micrometers for the  Nickel-270  specimen shown. 

Two observations of major  importance  are  emphasized at this  time. First, for both 
Nickel-201  and  Nickel-270,  approximately 90 percent of the  bulk material  thickness  re- 
mains  unreacted  with oxygen even  after  the  longest  times of oxidation. This  implies that 
the  prior  interpretation of the  effect of oxygen upon substrate  deformation  in  terms of 
perturbations  arising  from  surface  reactions  alone is probably  valid.  Second,  from in- 
spection of figure 26, it is evident that the  less  pure  Nickel-201  oxidizes  to  form  an ex- 
ternal scale at nearly  twice  the rate % of the purer Nickel-270. This  implies (1) that 
the  enhancement of deformation by oxidation (as expressed by PI) should  be  larger  for 
Nickel-201  than  for  Nickel-270 as was  observed  and (2) that,  per  unit  thickness of oxide, 
the  external  scale is a stronger  barrier  to  deformation of the  purer Nickel-270  than of 
Nickel-201 (as expressed by the  value of CY'). 

Effect of deformation upon specimen  structure. - One of the  most  pronounced  effects 
of high-temperature  mechanical  deformation upon the  structure of test  specimens is the 
production of void space on the  grain  boundary  network of the  substrate.  This  effect is 
observed  both  for  Nickel-201  and  Nickel-270  and is more  evident at higher  levels of ap- 
plied stress. Further,  the  generation of this void space is most  pronounced on those 
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portions of the substrate  grain  boundary  network  which are oriented  nearly  normal  to  the 
direction of applied stress and  associated  displacements of the  substrate  occur  parallel 
to these  boundaries.  These  observations  strongly  suggest that the  high-temperature de- 
formation of nickel  occurs, at least in  part,  by  the  mechanism of grain  boundary  shear- 
ing. This  mode of deformation has been  discussed at length  elsewhere (refs. 42 to 44). 

The  photomicrographs of figures 27 and  28  illustrate  the  effect of deformation upon 
the  structure of Nickel-201 test specimens  oxidized.at 1000° C as referenced  to  their 
companion  control  specimens.  The  unstressed  control  specimen shown in  figure 27(a) 
was  exposed  to oxygen for 1.98X10 seconds  and  exhibits  uniform,  planar  zones of in- 
ternal and  external  oxidation.  The  companion  specimen,  similarly  exposed but stressed 
to 6.90 MN/m (shown in  fig.  27(b))also  exhibits  these  planar  layers;  however, the effect 
of grain  boundary  shearing is evident  here. It is seen that both the  metal  and  the oxide 
have  experienced a shear  displacement  in  the  neighborhood of a grain  boundary  which is 
oriented  nearly  normal to  the  tensile axis. The  continuity of the oxide in  the  region of 
this  shear  implies that the  scale is plastic at the test temperature.  The void at the  end 
of this  boundary  furthest  from  the  scale,  and  in  the  neighborhood of a three-grain  junc- 
tion, is believed  to  represent  an  early  stage of void formation by grain  boundary  shear- 
ing. 
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The  specimens of Nickel-201 shown in  figure 28 were  exposed  to oxygen for 
1.46X10 seconds. It is seen  that  the  degree of void  formation  in  the  specimen  subjected 
to  an  applied  load of 13.79 MN/m (fig.  28(b)) is much greater  than  that  observed  for  the 
specimen  stressed  to  6.90 MN/m (fig.  27(b)).  Further  comparison of these  figures re- 
veals (1) that  the  shear  step  in the neighborhood of the  boundary is larger  for  the  speci- 
men  subjected  to  the  larger  applied stress and (2) that, in  the  case of the  more highly 
stressed  specimen, oxygen has  penetrated  the  boundary void space  in  sufficient  quantity 
to  allow  some  internal oxidation of its immediate  neighborhood.  The  structure of the 
undeformed  companion  specimen  (fig.  28(a)) is quite  similar to  that of the  undeformed 
specimen  illustrated  in  figure 27(a). 

4 
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The  structures  developed  in  specimens of Nickel-270  exposed  to  oxygen a t  1000° C 
are qualitatively  the  same as those  exhibited by Nickel-201  with  the  exception that the 
zone of internal  oxidation is absent  and,  in its place,  there exists the  special type of 
subsurface oxidation noted  in  the  previous  section.  The  photomicrographs of figure 29 
show specimens  exposed  to oxygen for  0.44X10 seconds.  The  unstressed  control  speci- 
men  (fig.  29(a))  shows  what  appear  to be disconnected void and/or oxide sites on the 
grain  boundary  network of the  metal.  The  specimen  stressed  to  10.34 MN/m (fig. 
29(b))  exhibits void coalescence  and  shear  displacements  which are both probably  asso- 
ciated  with  the  grain  boundary  shearing  process. 

graphs of figure 30. This  specimen  pair  was  exposed  to oxygen at 1000° C for   1 .08~10 
seconds.  The  unstressed  control  specimen  (fig.  30(a))  again exhibits what appear  to be 

4 
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The  results of longer-term  oxidation of Nickel-270 are shown in  the  photomicro- 
4 
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disconnected void and/or oxide sites on the  grain  boundary  network of the  metal.  The 
specimen stressed to  6.90 MN/m (fig.  30(b))  exhibits  some void coalescence  and a 
smaller  shear  displacement  along  the  boundary  than that noted  for  the  specimen  tested 
at 10.34 MN/m . As in  the  case of Nickel-201,  the  continuity of the  scale  in  the  region 
of the  grain  boundary  shear  again  implies that the  scale is plastic  at'the test temperature 
(see fig.  30(b)). An enlarged view of the  surface  zones of this specimen  pair are shown 
in  figure 31. Comparison of these  photomicrographs  indicates (1) that the metal  oxide 
interface is approximately  equally  roughened  for  both  the  deformed  and  undeformed 
specimens, (2) that  the  dispersed  deformation-produced  shears  which  must  have  passed 
through  the  scale of the  stressed  specimen (fig..  31(b)) apparently  did not grossly  disrupt 
the  scale continuity, and  (3) that the  deformed  specimen  appears  to  possess a thicker 
scale  than  does  the  undeformed  specimen.  This f ina l  point is the subject of the following 
section. 

2 

2 

Effect of deformation upon oxide  scale thickening. - A detailed  examination has been 
made of tested  and  sectioned  specimens of Nickel-270, such as those shown in figure 31, 
in  order  to  determine  the effect of deformation upon the scale  thickening  process. All  
specimens  were  exposed  to oxygen at 1000° C  in the test chamber  used  for stress- 
relaxation  tests  and all specimens  subjected  to  deformation  were  nominally stressed to 
6.90 MN/m2. 

Several  metallographic  measurements of the  scale  formed on both the stressed and 
the companion  control  specimens  (unstressed)  were  made.  The  results of these mea- 
surements,  presented  in table IX, indicate that scale  thickening is enhanced  by  deforma- 
tion. For  those  specimens  deformed without preoxidation,  the  total  scale  thickness 5 
is increased  by as much as 50 percent  and this increase  monotonically  diminishes as the 
period of oxidation is increased  from 0.72X10 to 3.19X10 seconds.  This  behavior  indi- 
cates that the natural  oxide  growth  process  reestablishes  itself after the rate of deforma- 
tion is sufficiently  attenuated by  the barrier-like  properties of the external  scale. 

4 4 

Inspection of the  thickness  determinations  for  the two  component layers which con- 
stitute  the  external  scale  reveal that the  inner  scale  layer  thickness,  designated  x2, is 
at short oxidation times  thickened  because of deformation.  This  observation is in  quali- 
tative  agreement with the  concept that the  inner  scale  layer  forms as a result of defor- 
mation  processes  acting  within  the  original  columnar oxide crystals (see ref. 25). Con- 
versely, it is seen that the outer  layer of the external scale,  designated  xl, is thickened 
because of deformation as the  time of oxidation  under stress is increased.  This  behavior 
may  be  interpreted  in  terms of a deformation-enhanced  transport of material  across  the 
interface  separating  the two scale  layers. 

For  those  specimens  deformed after the  preoxidation  treatments, the effect of de- 
formation upon the  degree of scale  thickening is relatively  small  and,  in  fact,  the  thick- 
ness  ratios  listed  for these specimens  may  differ  from  unity  solely  because of statistical 
variations which arise in  their  determination.  Thus,  from all the data of table IX, it is 
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concluded that relatively  large rates of substrate  .deformation, when  imposed  early  in  the 
deformation  process,  promote a thickening of the external scale.  Conversely,  relatively 
small  rates of deformation,  such as those  associated  here  with  preoxidized  specimens, 
do not thicken  the  scale  significantly. It is therefore  postulated that the  scale  thickening 
which was  observed arises as a result of the  passage of a large f lux  of deformation- 
produced  shears  through  the  scale  layer. 

GENERALIZATION OF RESULTS 

The  purpose of this section of the  report is to  qualitatively  extend  the  results of this 
investigation  to areas of consideration  for which experimental  evidence is lacking.  The 
material which  follows is therefore highly speculative  in  nature  and is based  mainly on 
the  author's  general  experience. 

It has been  shown that, when relatively  pure  nickel is simultaneously  oxidized  and 
deformed at high temperature,  the  resulting  creep  deformation  may  be  expressed  in 
terms of certain  parameters  associated  with  the  formation of an  external oxide scale. 
Conversely, it has been  shown, at least in  some  instances, that the  deformation  pro- 
cesses  associated  with  the  creep of the  metal-scale  composite  affect  the  growth of sur- 
face oxide layers. It is therefore  concluded  that,  for  testing  regimes  similar  to that 
under  consideration,  the oxidation and  deformation  processes are   t ruly coupled in that 
an  alteration of one aspect alters the  other.  Further,  it is postulated that these coupled 
processes are general  in  nature  and  may be applied,  with  change of degree, both to  other 
types of materials  and  to  other  types of deformation  environments. 

A s  expressed by the equations of the  deformation  model,  there are two major  pa- 
rameters  of the  scale which  influence  the  composite  scale-substrate  deformation: (1) the 
barrier coefficient CY which  contains both the  unit  strength of the barrier CY' and  the 
rate of barrier  formation  and (2) the natural  grain  boundary  pressure of the growing 
oxide (T The  surface  barrier  concept  has  been shown  by others  to  be  applicable  over 
wide  ranges of material  types  (refs. 1 to 13) and  the  growth  pressurization of oxide 
scales  has  been  suggested as a general phenomenon (refs. 25 and 45); thus,  the  creep 
deformation of many  oxidizing  metallic  substrates  should,  in  principle,  be  expressible 
in  terms of equations  (24)  and  (25) of the proposed  model. 

g' 

The  ability of scales on metals  and  alloys  other  than  nickel  to  act as effective  defor- 
mation bar r ie rs  is difficult to  predict  and  some  general  considerations  are  in  order. 
Most oxides are  less  ducti le than nickel oxide under  conditions of creep  and,  although 
they  may'act as deformation  barriers with a larger  unit  strength CY', this same  lack of 
ductility  makes  these  scales  more  liable  to  mechanically  induced  faults  with  an  associ- 
ated  total  local  loss of barrier  property.  Further,  the rate of barrier  formation 
for  these  scales is quite  possibly  more  sensitive  to  imposed  deformation  than  was  the 
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nickel  oxide of this  investigation  and,  in  fact,  variations  in  the type of scaling rate law 
may  well  be  expected. If either of these.cases  prevail,  then one must  recast  the  defor- 
mation  equations  to  contain  an  explicit  functional  dependence of upon, for  example, 
the  total  strain rate ZT and  must,  therefore,  deal  with a set of transcendental  deforma- 
tion  equations.  Unfortunately,  almost  no  information is presently  available  concerning 
this  type of functional  relation  between  the  deformation  and  the  scaling rate of metals or 
alloys. 

creep of oxidizing substrates will  also depend  strongly upon the  relative  value of the 
difference  between  the oxide grain  boundary  pressure u and  the  magnitude of the  ap- 
plied  creep stress ua. The  value of u in  turn, is believed  to  depend upon the oxide 
grain  size  in that, qualitatively,  smaller  grain  sizes  should  produce  larger  values of 
grain  boundary  pressure. Materials of engineering  importance  for  high-temperature 
application  in many cases exhibit external  scales of chromia or  alumina  which are com- 
posed of oxide grains  very much smaller  in  dimension than those of nickel oxide. The 
values of u for  these  scales are postulated  to  be  commensurately  larger  than  that of 
nickel oxide and,  in  fact, are  possibly s o  large that in  most  instances u exceeds ua. 
Thus, it is proposed that many  high-temperature  engineering  materials are presently 
being  used  in  environments  in  which  oxidation at least  initially  accelerates  deformation. 
A case  in  point  which  tends  to  substantiate  this  argument is presented  in a recently  re- 
ported  study of the oxidation of the  cobalt-base  superalloy L-605 (ref. 46). In this in- 
stance,  the  growth  pressure  developed  in  chromia  scales was cited as the  cause  for the 
mechanical  disruption of the  relatively  strong  alloy  substrate. 

If it is assumed  that  the  proposed  deformation  model is generally  applicable,  the 

g 
g’ 

g 
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A s  the  complexity of the  environment is increased,  the  projection of possible  mate- 
rial response  to  service  loads  becomes  commensurately  more  difficult.  Thus, as one 
progresses  through  the  gamut of high-temperature  testing  from  creep  (constant  load)  to 
tensile loading (monotonically  increasing  load)  to  fatigue  (alternating  load)  and,  finally, 
to  applications  such as turbine  engine  tests  (complex  load-temperature  histories), it is 
apparent  that  the  parameters  associated  with  scale  formation  must be known as functions 
of more  and  more  variables  in  order that a closed-form  solution of the  deformation  be- 
havior,  analogous  to  that of equation (24), be  obtained.  The  author  hopes  that  the  ideas 
contained  in  this  report  may  serve as the  kernel  for the  solution of such  more  complex 
interaction  problems. 

CONCLUSION 

It is concluded  that  the  high-temperature oxidation and  deformation  processes in 
nickel  are  truly coupled. It is probable  that this concept of coupled processes  can  use- 
fully  be  extended  to  other  metals  and  alloys. 
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SUMMARY OF RESULTS 

An investigation  was  conducted  in  order  to  determine  the  effect of oxide scale  for- 
mation on the  deformation  behavior of unalloyed  nickel at high temperature. Two grades 
of material,  Nickel-201  and  Nickel-270,  were  tested by constant  load  and stress- 
relaxation  techniques at 1000° C in both inert  gases  and oxygen. Applied stress levels 
ranging  from  6.90  to  13.79 MN/m were imposed  for  total test times of up t o   6 . 5 ~ 1 0  
seconds.  The following results  were obtained: 

2 4 

1. A model  was  derived  describing  the  high-temperature  deformation of unalloyed 
nickel  in  terms of parameters  associated  with  the  surface  oxidation  product.  The  quali- 
ties of the  surface  scale which  affect  deformation  were found to be its natural  growth 
stress (grain  boundary  pressure)  and its barrier-like  properties. 

2. A graphical  technique was  devised,  based on pairs  of conjugate  curves,  with 
which  experimental  deformation data were interpreted  in  terms of the  equations of the 
model. By such  analyses,  deformation  parameters  were  evaluated  to  give a closed-form 
solution  for  the  strain  (and  strain rate) of nickel as a function of gaseous  environment, 
applied  stress,  preoxidation  time,  and  time of deformation. 

gen  reaction at the  specimen  surface, were attributed  to  the  grain  boundary  pressure of 
the surface  oxide.  It  was  shown that the  transient  deformation of nickel is initially  en- 
hanced  by a surface oxide layer so long as the  applied stress is less than  the  grain 
boundary pressure of nickel oxide and  that  the  transient  deformation of nickel is retarded 
by a surface oxide layer so long as the  applied stress is greater than  the  grain  boundary 
pressure of nickel oxide. 

4. By use of an  iterative  graphical  method  based upon the  deformation  model,  the 
value of the  grain  boundary  pressure  for  nickel  oxide  was found to  be  10.59 MN/m at 
1000° C. This  value  agrees  well  with  that  determined  previously by a totally  different 
technique  and  the  scheme of determination  used  herein  appears  to be applicable  for  other 
metal-metal  oxide  systems. 

3 .  Observed  discontinuities  in  the  deformation of nickel,  associated  with initial oxy- 

2 

5. The  transient  deformation of nickel is, at long oxidation  times,  retarded by the 
presence of a surface  oxide  layer  and  the  total  deformation of nickel is grossly  reduced 
by long-term  preoxidation  treatments.  Similarly,  both  the  transient  and  steady-state 
deformation rates tend  toward  zero as the  time of preoxidation is extended.  These long- 
term  effects are here  associated  with  the  barrier-like  qualities of the scale. 

6.  The  thickness of the scale layer  developed on Nickel-270 is enhanced by substrate 
deformation  imposed  early  in  the  oxidation  process,  but is relatively  unaffected by 
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deformation after long-term oxidation. Thus, a change in  the  mode of scale  growth is 
to be associated  with  relatively high rates of substrate  deformation. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland, Ohio, February 18,  1969, 
129-03-07-01-22. 
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TABLE I. - NOMINAL  COMPOSITIONS OF 

NICKEL-PO1 AND NICKEL-2?Oa 

Element 

Nickel-201 

Weight percentage 
. ." 

Nickel (+ cobalt) 

.005 Sulfur 

.05  each Silicon,  copper 

.06 Carbon 

.15 Iron 

.25 Manganese 
99.40 

Nickel-270 

Nickel 

<. 003 each  including  cobalt Others 
<. 005 Iron 

.005 Carbon 
99.98 

acornpositions  reported by supplier. 

TABLE II. - ELECTROPOLLSHING  CONDITIONS USED 

IN SPECIMEN  PREPARATION (REF. 25) 

Polishing  solution 817 cc  H3P04 

134 cc  H2S04 

40 cc H20 - distilled 

I 156  g CrOQ - taken  into  solution I 
Cathode 

35 to 45 I Bath temperature, OC 

Nickel-201  cylinder 
~~ 

. -  

I Current  density, A/cm2 I 0.2 to 0.4  

Polishing  time,  sec 500 to 1000 
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TABLE III. - METHOD OF DATA  ANALYSIS FOR CONSTANT 

LOAD CREEP TESTS 

Average 
time, 
sec  

Strain 
increment 

Strain  rate, 
sec- l  

Total 
strain 

- 

(ET)i 

""" 

Time 

"_""""" 
~. .. - -. . -. 

""""""- 

ti + ~ 

- ti 
2 

"_""""" """"""I """"" 

TABLE IV. - METHOD OF DATA  ANALYSIS FOR STRESS-RELAXATION 

CREEP  TESTS 

.. .. 

Strai 
rate 

sec- 

~~ 

Total 
elapsed 

time, 
sec  

Average 
time of 

measurement, 
sec  

Nominal 
strain 

incremen 

Total 
strain 

Time 
interval, 

sec  

~ __ 

t. 
J 

c tj 
1 

EN 

i 

1 

"""""" 



TABLE V. - CHEMICAL AND ELECTROLYTIC ETCHING PROCESSES USED  IN 

THE METALLOGRAPHIC PREPARATION O F  SECTIONED SPECIMENS 

Etching  solution  Remarks 
- .  .. 

Chemical  etching  process  for  Nickel-201 

4 
~~ 

~~~~ 

12 cc HN03 Age approximately  10  seconds a t  
36 cc HC1 

Swab etch at  room  temperature. 32 cc of aqueous  solution  saturated 
room  temperature. 

with CuC12 
16 cc CH3CH20COOH 
" . . .  ~ ~ 

Chemical  etching  process for Nickel-270 (ref. 25) 
~~~~ -. . 

25 cc HN03 
25 cc CH3COOH - glacial  for 30 to 120 seconds. 
50 cc H 2 0  - distilled 

~~~~~ .. . ~~ 

Electrolytic  etching  process  for  nickel oxide (ref.  25) 
. -  

10 cc CH3COOH - glacial 
10 cc  HF 
40 cc H 2 0  - distilled 

. .  ~. ~ 

Stainless-steel  cathode. 
.~ 

5  volts  (open  circuit) a t  room  temperature 
for 10 to 120 seconds. 

This  process  follows  chemical  etch  for 
I Nickel-201 or Nickel-270. 
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ipplied 
stress, 

MN/m 
'a, 

6.90 

6.90 

10.34 

13.79 

TABLE VI. - SUMMARY OF CONSTANT.  LOAD CREEP TEST PARAMETERS FOR NICKEL-201 

AS DETERMINED BY CONJUGATE  CURVE  ANALYSIS 

Nominal 
specimen 
thickness, 

mm 

3.2 

1.6 

3.2 

3.2 

Andrade creep  rate  constant 
in helium, Bo, sec - 1/3 

Strain rate data Strain data 

8. Olx104 8. O9x1O4 

a. 91 a. 85 

21.5 

42.0  42.7 

21.9 

Average 
Andrade 
creep 
rate 

constant 
in 

helium, - 
BO, 

sec-1/3 

a. O5x1O4 

a.  aa 

11.7 

42.4 

hdrade  creep rate constant 
in oxygen, 6%) sec - 1/3 

itrain rate data 

20. 9x104 

20.7 

22.7 

33.6 

itrain data 

20. 7X104 

21.2 

22. a 
31. a 

Average 
Andrade 

creep 
rate 

constant 
in 

oxygen, - 
B* 
- i/3 sec 

2 0 . 8 ~ 1 0 ~  

21.0 

22. a 
32.7 

Steady- 
state 
creep 
rate 
in 

helium, 

'ST 
sec- l  

l.OOx106 

.20 

!. 25 

I .  75 

Scale 
barrier 

coefficient 
in 

oxygen, 
a, 
-5/6 sec 

0. 48x105 

.60 

.60 

.10 



TABLE VII. - SUMMARY OF STRESS-RELAXATION CREEP  TEST PARAMETERS FOR 

NICKEL-201  STRESSED  TO 6.90 W / m 2  AT 1000° C 
~~~ ~- 

Andrade creep rate constant, 
Po or P*, sec  - 1/3 

Steady- 
state 
creep 
rate 
by 

conjugate 
curve 

analysis, 

OS),,. 

sec- l  

Steady- 
state 

creep 
rate 
by 

curve 
tangent 
analysis, 

sec- l  

Steady- 
state 

creep 
rate 
ratio, 
( 0  

'4,, - 
' 0  

Average 
Andrade 

creep 
rate 

constant, 
0, or P*, 
sec  

- 

- 1/3 

5. 16x1O4 

9.43 

15.5 

Scale 
barrier 

:oefficient 
:assumed 

value) 
a, 
-5/6 sec  

"""" 

0. 6OX1O5 

.60 

Pre- 
oxidatior 

time, 
7, 

sec 

"""" 

1.44X10- 

5.76 

Strain rate data Strain dab 

0.1X106 

1 .4  

. 4  

1. 6x1O6 

2.0 

. 4 1  

5 . 1 9 ~ 1 0 ~  5. 13x104 

9.45 9.40 

15.5  15.4 

0.06 

.70 

.98 

TABLE VJII. - SUMMARY OF STRESS-RELAXATION CREEP PARAMETERS FOR 

NICKEL-270  TESTED AT 1000°  C 

Pre-  
oxidation 

time, 
7, 

sec  

Applied 
s t ress ,  

Oa 9 

MN/m2 

Andrade  creep  rate  constant, 
Po or  P*, sec - 1/3 

Scale 
barr ier  

coefficient 
(assumed 

value), 
ff, 
-5/6 sec  

Test 
atmo- 

sphere 

-~ 

Helium 
Argon 
Argon 
Helium 
Oxygen 
Oxygen 
Helium 

~~ ~ 

Average 
Andrade 

creep 
rate 

constant, 
po or P*,  

sec  

- 

- 1/3 

1 4 . 2 ~ 1 0 ~  
12.6 
12.9 
10.1 
14.8 
15.8 
23.7 

Steady- 
state 
creep 
rate 
by 

conjugate 
curve 

analysis, 
1,, 

sec- l  

0. 2X1O6 
1.0 
1.0 
0 
3.0 
0 
2.0 

Strain  rate data Strain data 

OX 

0 
0 
0 
1.44 
5.76 
0 

6.90 
6.90 
6.90 

a6. 90 
6.90 
6.90 

10.34 

14.1 x104 
12.7 
13.0 
10.2 
14.7 
15.8 
23.6 

14. 2x104 
12.4 
12.7 
10.0 
14.8 
15.7 
23.8 

~ ~~ .. ~. 

"""" 

"""" 

"""" 

"""" 

0. 6OX1O5 
.60 
"""" 

I 

aInstantaneously prestressed  to  7.75 MN/m2 a t  1000° C just  prior  to  testing  at  6.90 MN/m2. 
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TABLE IX. - SUMMARY OF SCALE  THICKNESS DETERMINATIONS FOR STRESSED AND 

Appliec 
stress 

OaY 

MN/m: 

6.90 

0 

6.90 

0 

6.90 

0 

6 .90  

0 

6.90 

0 

Total 
time 

in oxygen, 
sec 

0 . 7 2 ~ 1 0 - ~  

.72 

1 .08  

1.08 

3.19 

3.19 

7.25 

3.25 

6.46 

6.46 

UNSTRESSED SPECIMENS OF NICKEL-270 OXIDIZED  AT 1000° C 
_" 

Pre- 
oxidation 

time, 

7, 
sec  

O X ~ O - ~  

0 

0 

0 

0 

0 

1.44 

1.44 

5.76 

5.76 

"" 

Total 
scale 

thickness 

xt, 
I-lm 

6.42 

13.90 

11.22 

13.04 

21.41 

21.00 

Ratio of 
total  scale 
thicknesses 
(stressed/ 
unstressed) 

1.48 

1.27 

1.14 

.85 

1.02 

. .. 

i 
~. - - 

Thickness 
of outer 

scale 

layer, 

xl' 
I-lm 

2.32 

3 .33  

6.49 

6.58 

17.35 

17.44 

. 

Ratio of 
outer  scale 

layer 
thicknesses 
(stressed/ 
unstressed: 

~~ 

1.28 

1.42 

1.54 

. 9 1  

.99 

rhickness 
of inner 

scale 
layer, 

x2 

. . -. . . . 

Pm 
~~ 

1.65 

3.09 

4.74 

6.46 

3.56 
.. .. 

Ratio of 
inner  scale 

layer 
thicknesses 
(stressed/ 
mstressed) 

1.76 

1.12 

.84  

.79 

1.14 
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Figure 1. -Typical   strain-t ime  diagram  showing  total   strain eT as  sum of t ime-  
independent  strain 6, steady-state  creep  strain CS, and  Andrade  (transient)  creep 
s t ra in  eA. 

(a) Strain  rate-t ime  relat ion.  

Time, t1I3 

(b) Strain-t ime  relat ion.  

F igure 2. - Conjugate  strain  rate-t ime  and  strain-t ime  diagrams  f rom  which  Andrade  creep 
rate  constant Po and  steady-state  creep  rate 8 ,  may be determined  for   unoxidized 
metal  specimen. 
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Oxide 

Metal  

(a)  Unstressed  init ial  scale  layer. 

(b)   Hypothet ical   scale  growth  wi thout  constraint  

w of  metal-oxide  interface. 

Oxide 

Metal 

(c)   Hypothet ical   scale  growth  wi th  constraint  
of  metal-oxide  reapplied. 

Figure 3. - I l lus t ra t ion of development of lateral 
compressive  stress in scale  layer  leading to 
extension of metall ic  substrate. 

t / - -Curve  must  be tangent ~- A 
Radius, 
1 2 7 m m  , ,/ to  inc luded  sur faces +e' ,.,? 

mm"-+-15.8 mm* - 0.76 m m  
3.2or  1.6 m m  

58.5 mm - 

A -surfaces: flat, square,  and 
para l le l   to   wi th in  0.05 mm 

CD-10331-17 
Figure 4. -Tensi le  creep  specimen used in this  invest igat ion.  
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,-- Dial gage 

Helium  oxygen 

Monitoring 
thermocouple 

/ 

Test  specimen -' 

Furnace --/ 

Gas bubbler ----- 

i I Wei h t  

CD-10332-17 

Figure 5. - Constant  load  creep  apparatus. 
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/’ /Maximum  load 

Time 

Figure 6. - Stress-relaxation curve showing  relat ion of t im ing   in te rva ls  
and  relaxation cycles. 
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0 
0 

Tested in helium 
Tested i n  oxygen 

3t  

.o 

+ (a1  Stressed at 6.90 M N d ;  nominal thickness, 3.2 millimeters. 

- 

- o o o o o  

- B d @ o o o o  

- .0d0 
0 0  

n o o  
n300 

I I I I I I I I I I 

(bl Stressed at 6.90 M N d ;  nominal thlckness, 1.6 milllmeters. 

Time, 1, sec 

(Cl Stressed at 10.34 MNh? nominal  thickness, 3.2 millimeters. (dl Stressed at U.79 MN/m< nominal  thlckness, 3.2 millimeters. 

Figure 7. - Deformation  behavior of Nickel-201 at 1W" C initially in  helium and,  subsequently, after admission  of  oxygen to test chamber. (Note deformation  increments  associated with oxygen  admission. 1 



l a l o - 2  

Applied  creep 
stress, 

10 , I- Kj/--”/ 
Applied  creep 

10 
a 8- 
I- 

O 2 4 6 22 
”I 

2 4 ~ 1 0 ~  
Time, t, sec 

Figure 8. -Curves   represent ing  data  of  f igures 7(a), (c) ,   and  (d)  which  i l lustrate  that   re lat ive  magnitude of 
deformat ion  increment  due to presence  of  oxygen  diminishes  with  increasing  appl ied  stress  for 3.2- 
mill imeter-thick  specimens  of  Nickel-201  tested  at  looOo C. 

Applied  creep 
stress, 

M N h 2  

OA/ 

2x10-2L.f 
”- 

6.90 -/”f 
” ”””” ”- 

1 t -  

Time, t’, sec 

V 1 
0 2 4 6 8 Ib l!2 l!l !6 l!! 2b Z!! 2 4 ? l d  

Time, t, sec 

Figure 9. - Comparison of s t ra in   inc rement  developed  by  oxygen in Nickel-201  at  looOo  C  with  deformation 
curves   fo r   v i rg in   mater ia l  in helium.  (Primed  coordinate  system  shown  here  is  employed in analysis  of 
deformation  behavior  under  oxidizing  condit ions.) 
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- 
'P I I 
c 

o w  0 ~~~~~ I I I I 
c E 
w- (a) Stressed  at 6.90 MNlm'; nominal  thickness, 3.2 millimeters. 

0 

(b) Stressed  at 6.90 MN/m2; nominal  thickness, 1.6 millimeters. 

5 . 0 ~ g - 5  

4.5 - 

3.5 - 

3.0 - 

25- 

LI I 
0 . 4  .8 1.l2  1.l6 2 0  2 4  2 8  3.Z!10-2 0' .I, .b 112  l!6 2.'0 2 4  2 8  3.2!10-' 

Time, t-213, sec-2/3 

(c) Stressed  at 10.34 MNh; nominal thickness, 3.2 millimeters. (dl  Stressed at 13.79 MN/m2; nominal thickness, 3.2 millimeters. 

Figure 10. - Strain rate-time relations  for deformation  behavior of Nickel-ZUl i n  helium at lwOo C. 
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1 . 4 x E 2  

l'O .8 L 

- .- 
e 
5 0  l I I I I I I I _I 
CL 

z (a) Stressed  at  6.90 M N d ;  nominal thickness, 3.2 millimeters. 
0)  
.cI 

a r  5 ~ 1 0 ' ~  

.jTidP po = 2 1 . 9 ~ 1 0 - ~  sec-l13 

0 2 4  6 8 10 12 14 16 18 20 

(c) Stressed at  10.34  MN/m2; nominal thickness, 3.2 millimeters. 

2.ax10-2 

2 . 4 1  

2.0 ::I .8 . 4  
0 I I I I I I I 1 I I I 

(b) Stressed  at 6.90MN/m2; nominal  thickness, 1.6 millimeters. 

~xIO-~ r 
4 .  

3 .  

2 

0- 2  4  6 8 10 12  14 16 18 20 22  24 
Time,  Secy3 

(d)  Stressed  at  13.79  MN/m2;  nominal  thickness,  3.2  millimeters. 

Figure 11. - Strain-time relations  for  deformation  behavior of Nickel-2Ul in  helium at looOD C. 



llXlO4 r 
lo[ 9 

u+ (a)  Stressed  at  6.90  MN/m2; nominal thickness, 3.2 
E 
d 
L millimeters; scale barrier coefficient, 0.48~10-5 

secnnd-5/6. - 2.0x10-5 : r  

0 

llX@ 

10 - 

9 -  

8 -  

(bl Stressed  at  6.90  MN/m2; nominal thickness, 1.6 millimeters; scale 
barrier coefficient. 0.60~10-5 second-5/6. 

2 0x10-5 

1.8 
0 

(bl Stressed  at  6.90  MN/m2; nominal thickness, 1.6 millimeters; scale 
barrier coefficient. 0.60~10-5 second-5/6. 

2 0x10-5 

1.8 

1.6 

1.4 0 0  

1.2 

1.0 

.8 

.6 

. 4  

.2  

0 .4  .i L'2 1.'6 2'0 2'4 2.18  3.2!10-2 
Time, (t')-2/3, 

(cl Stressed at 10.34  MN/rn2; nominal thickness, 3.2 (dl Stressed at 13.79 M N d ;  nominal thickness, 3.2 millimeters: scale 
millimeters; scale barrier coefficient, 0.60x10-5 barrier coefficient, 0 . 1 0 ~ 1 0 ~  second-5/6. 
second-516. 

formation in helium at 1oOO" C. 
Figure 12. -Strain rate-time relations  for deformation behavior of Nickel-XI1 tested in oxygen at 1oOO' C immediately  subsequent to a de- 
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UI 
tQ 3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

# 
I I I I I I I I I I 1 

'E (a)  Stressed  at 6.90  MN/m2; nominal thickness, 3.2 millimeters; scale barrier coefficient, O.@X~O-~ i 

7, s e u ~ n d - ~ ' ~ .  
0 

0 

0 2 4  6 8 10 12 14  16  18 20 22 

(b) Stressed  at 6.90  MN/m2; nominal thickness, 1.6 millimeters; scale barrier coefficient, O . @ I X ~ O - ~  
seu~nd-*/~. 

0 _.^ 2 4 6 8 10  12  14  16  18 20 22 24 
Time, ( t 9 3 ,  secu' 

(c) Stressed at 10.34  MN/mZ; nominal thickness, 3.2 millimeters; scale barrier coefficient, 0.60~10-~ (d)  Stressed  at 13.79  MN/m2; nominal thickness, 3.2 millimeters; scale barrier coefficient, o.loxl0-5 
s e u ~ n d - ~ / ~ .  

Figure 13. - Strain-time  relations for deformation behavior  of  Nickel-201 in owen at looOo C immediately  subsequent to deformation In helium at  looOD C. 



1 6 x W 4  r 

li 4 0 

- ~ / 1 '  
-a 

-12 
-4 -3 -2 -1 0 1 -  2 3 4 

Stress  difference, og - aa,  MNlm' 

Figure 14. - Graphical  interpretation of equation ( 2 0 )  illustrating  pro- 
portionality of stress  differences  and  creep  rate  differences  for  Nickel- 
201 specimens  tested  at 1ooO" C and  for  assumed  grain  boundary  pres- 
sure   o9  of 10.59  MN/m2. 
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Applied  creep 

28- 
stress, 

h a 2  

2.0 - 

c c 
m 

1.2- 
8 
aJ 
m c 

.8- 

.4- 

1~ I .  . I 
0 25 50 75 100 

Time,  (t1)1/2,  secll2 

Figure 15. - T i m e  dependence  of  ratio  of  effective  Andrade  creep  rate 
constant in oxygen to that in hel ium  at   three  levels  of   appl ied  stress 
for  Nickel-201  specimens  tested  at 1000" C. Rat ios  greater  than  uni ty 
imply  that   deformat ion  rates in oxygen  are  greater  than  those in 
hel ium. 

Test  Preoxidation 
atmosphere  t ime, 

Time, t, sec 

Figure 16. - Deformation  behavior  of  Nickel-201  at 1oOO" C in he l i um  and  oxygen  atmospheres  and 
under  appl ied  stress of 6.90 MNlm2.  Nominal  specimen  thickness,  3.2  mil l imeters. 
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(a) Tested in helium. 

8. a m - 5  
0 

8.0 - 

7.2 - 

6.4 - 

5.6 - 

4.8 - 
;/3 = 3.15~10.~  sec-l l3 

4.0 - 

3. 2 - 

0 . 2   . 4   . 6  .8 1.0 1.2 1 . 4 ~ 1 0 ' ~  0 .2   .4   .6  . 8  1.0 1.2 1.4 1.6  1.8~10-1 
Time, t-a3, ~ e c - ' ~  

(b) Tested in oxygen after 1 . 4 4 ~ 1 0 ~  seconds preoxidation.  (c) Tested in oxygen after 5. 76x104  seconds preoxidation. 

Figure 17. - Strain rate-time  relations  for  deformation of 3.2-millimeter-thick specimens of Nlckel-201 tested at lwOo C under applied stress of 6.90 MN/m2. 
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O W  
vr 

+ 
I- 
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le 
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F 
i 
c 
YI 

(a) Tested in  helium. 

10 

4 :t 2 

1 
(b) Tested in oxygen after 1.44xldl seconds prwxidation. 

c 
17. 5 x W 3  

O W  

+ m "- 15.0 - N 

-2 c 

- 12.5 
U 

le 

t- 10.0 

2 

5; 1.5 
e .- 
a 
E 
U // - - 1 I I I 1 I I I .  ' I I I 

2 3 4  5 6 7 8  9 10 11 12 
Time, t113, sec113 

(c) Tested in oxygen after 5 .76~104 seconds preoxidation. 

Figure 18. - Strain-time  relations for deformation of 3.2-millimeter-thick specimens of Nickel-P1 tested at 
looo" C under applied stress of 6.90 MN/m2. 

56 



Preoxidation 
time, 
T. 'r 

Sec 

2.4- 

Stress-relaxation  tests 
. 4  

. o  10 XI 30 40 50 
Time, t112,  sec112 

F igure  19. - Time  dependence  of  ratio of effective  Andrade  creep 
rate  constant in oxygen  to  that in hel ium  for   Nickel-XI1  speci-  
mens  stressed to 6.90 MNIm2  at 1ooO" C. 

o Stress-relaxation  tests 
0 Constant  load  test 

c 

v) c c 1.21 
s _"""""""~ \ """""""""- PI11 =Bo 

L A -  I 
0 . 4  . E  1.'2 1.'6 2.'0 Z !  2.'8 3. dlo2 

Preoxidation  time, ,'I2, sec112 

F igure  20. - Dependence of rat io of effective  Andrade  creep  rate  constant 
in oxygen to t h a t  in hel ium  upon  reoxidat ion  t ime  for   Nickel-201 
specimens stressed to 6.90 MNlm B at  1ooO" C. 



C u r v e  Test atmos-  Remark 
phere 

D 1 Oxygen P r e o x i d i z e d   f o r   1 . 4 4 ~ 1 0 ~  sec 
0 2 Hel ium Prestressed  at 7.75 MN/m2 
0 3 Oxygen Preoxidized  for  5.76~104  sec 

--- Helium,  argon  Data  for  three  specimens L4 

1.2 

1.0 

.8 

. 6  

. 4  

- . 2  
+ 

W 

.- c- 
c 
VI 
LI a 

e o  
Time, t, sec 

(a)  Stressed  at 6.90 MN/m2 in he l i um  and  oxygen. 5 7 ~ 1 0 ' ~  
r 

.A 
24x10' 

6 

5 '  

0 Tested in h e l i u m  
- 0 Tested in oxygen 

0 Tested in h e l i u m  0 
6 -  0 Tested in oxygen 

0 

0 
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5 -  
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4 -  
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0 

0 
0 

3 0 

0 
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0 
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0 
0 

0 

0 
0 

0 1 2 3  4  5  6  7 8 9  
Time, t .  sec 

(b)  Stressed  at  10.34  MN/m2 in he l i um,   t hen  in oxygen. 

Figure 21. - Deformation  behavior of Nickel-270  at looOo C. Nominal  thickness,  3.2  mil l imeters. 
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3. ZXIO-~ r 

- 
" 
a3 m 

G o w  (a) Helium atmosphere; 6.90 MN/m2. 

2 . 4 1  

. 8  

. 4  

.16 . /  1.0 1.2 1.4!10-' 

(b) Argon  atmosphere; 6.90 MN/m2 (test 1). 

V ,/$S = 0 
LU I I I 

0 
Time, t-2'3, sec-" 

2 . 4   . 6  .!9 1.0 1.2 1.4 1.6;10-' 

(c) Argon  atmosphere; 6.90 M N d  (test 2). (d) Helium  atmosphere;  6.90  MN/m2 (7.75 MN/m2  prestress). 

F igure  22 - Strain  rate-time  relations  for  deformation  of  3.2-millimeter-thick  specimens of Nickel-270 tested at 1OOO' C. 
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I- 

Time, t-2/3, ~ e c ' ~ ~  

(e)  Oxygen  atmosphere;  6.90 M N d ;   1 . 4 4 ~ 1 0 ~  seconds reoxi- (f) Oxygen  atmosphere; 6.90 MN1m2; 5. 76x104 seconds reoxi- 
dation:  scale barr ier  coeff icient,  0.60~10-~ second-5/ t . dation;  scale barrier  coefficient,  0.60~10-5 second-51 f! . 

1 . 6 ~ 1 0 - ~  

0 

L I t I 
0 .4 .8  1.2  1.6 2.0 2.4 2 . 8 ~ 1 0 - ~  

Time,  t-2/3, ~ e c ' ~ ~  
(g)  Helium  atmosphere; 10.34 MNlm? 

Figure 22 - Concluded. 
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la) Helium atmosphere;  6.90 M N d .  3 

1 . 6 ~ 1 0 - ~  

1.4 1 r 

1.2 

1.0 
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.6  

. 4  
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. 2  

0 
1 0  I I 

lbl Argon  atmosphere;  6.  90 MN/m2 (test 1). 

I I I I I I I I I I I I 
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

Time, tlf3, s d 3  
(c) Argon  atmosphere;  6.90 MNh2 (test 2). (d) Helium  atmosphere;  6.90 MN/m2 (7.75 MN/m2 prestress). 

Figure 23. - Strain-time  relations  for  deformation  of  3.2-millimeter-thick  specimens of Nickel-270  tested  at 1oOO" C. 
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(f) Oxygen  atmosphere;  6.90  MN/m2; 5.76~104 seconds  preoxidation;  scale barrier coefficient, 0 . 6 0 ~ 1 0 ~  
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Figure 23. -Concluded. 
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Figure 24. - T i m e  dependence  of  ratio  of  effective  Andrade  creep  rate 
constant in oxygen  to  that in helium  for  Nickel-270  specimens 
stressed to 6.90 M N / m 2  at 1OW" C. 
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Figure 25. - Dependence of rat io of effective  Andrade  creep  rate  constant 
in oxygen to t h a t  in hel ium  upon  reoxidat ion  t ime  for   Nickel  -270 
specimens  stressed  to 6.90 MNlm 2p at 1MX)" C. 
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(a) Nickel-201 oxidized for 6. 51x104 seconds. 

(b) Nickel-270 oxidized for 6. 46x104 seconds. 

Figure 26. - Photomicrographs showing reaction products in cross section for undeformed 

specimens of nickel oxidized at 10000 C. X250 . 
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(al Unstressed control specimen. 

C-69-678 

(bl Specimen stressed to 6.90 MN/m2. 

Figure 27. - Photomicrographs illustrating structure in cross section of stressed and 

unstressed specimens of Nickel-20l oxidized at 1000° C for 1. 98x104 seconds. X500. 
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(a) Unstressed control specimen . 

(b) Specimen stressed to 13.79 MN/m2. 

Figure 28. - Photomicrographs illustrat ing structu re in cross section of stressed and 

unstressed specimens of Nickel-201 oxidized at 1000° C for 1. 46x104 seconds. X500 . 
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(b) Specimen stressed to 6.90 MN/m2. 
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Figure 30. - Photomicrographs illustrating structure in cross section of stressed and 

unstressed specimens of Nickel-270 oxidized at 10000 C for I.08xl04 seconds. X250. 
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(a) Unstressed control specimen. 
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(b) Specimen stressed to 10.34 MN/m2. 

C-69-680 

Figure 29. - Photomicrographs ill ustrating structure in cross section of stressed and 

unst ressed specimens of Nickel -270 oxidized at 1000° C for O. 44x104 seconds . X250. 
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(a) Unstressed control specimen. 

C-69-682 

(b) Specimen stressed to 6.90 MN/m2. 

Figure 31. - Photomicrographs illustrating external scale structure in cross section for 

stressed and unstressed specimens of Nickel-270 ox idized at 10000 C for 1.08xlO4 seconds. 
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