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SUMMARY 

The e f f e c t  of mic ros t ruc tu re  on t h e  monotonic and low cyc l e  

f a t i g u e  p r o p e r t i e s  of a high p u r i t y ,  l a r g e  g r a i n ,  t e r n a r y  aluminum- 

zinc-magnesium (Al-Zn-Mg) a l l o y  and a  h igh  s t r e n g t h  7050 aluminum a l l o y  

was i n v e s t i g a t e d .  

The number of s t e p s  i n  t h e  p r e c i p i t a t i o n  sequence: super-  

s a t u r a t e d ,  s o l i d  s o l u t i o n  + Guinier  P re s ton  (G.P.) zones + n '  + rl 

(MgZn2) were una l t e r ed  by t h e  presence of copper i n  t h e  7050 a l l o y .  

Copper and aluminum were thought t o  e n t e r  d i r e c t l y  i n t o  t h e  zone 

formation.  The presence of copper and aluminum i n  t h e  zones were 

j u s t i f i e d  on t h e  b a s i s  of  t h e  e1ectron:atom s t a b i l i t y  of t h e  Fr iauf -  

Laves MgZn2 s t r u c t u r e .  The presence of  copper i n  t h e  a l l o y s  i nc reased  

t h e  G.P. solvous temperature ,  presumably by a  r educ t ion  i n  t h e  b a r r i e r  

t o  nuc l ea t i on .  

The micros t ruc tu re  t h a t  produced t h e  h i g h e s t  s ta t ic  s t r e n g t h  

wh i l e  main ta in ing  good d u c t i l i t y  occurred when t h e  t e r n a r y  a l l o y  was 

aged a t  150°C t o  produce a maximum number of  semicoherent n' p r e c i -  

p i t a t e s  which had a  Guin ie r  r ad ius  of approximately 65A. Aging a t  

120°C increased  t h e  frequency of n u c l e a t i o n  and a  g r e a t e r  tendency 

toward b r i t t l e  f r a c t u r e  a s  shown by t h e  b r i t t l e  n a t u r e  when t h e  

t e r n a r y  a l l o y  was aged a t  120°C. The h i g h e s t  s t a t i c  y i e l d  s t r e n g t h  

was ob ta ined  when 7050 was double aged t o  produce a  h igh  d e n s i t y  of  

small, semicoherent (40 A) q' p r e c i p i t a t e s .  



The nlonotonic f r a c t u r e  behavior  of t h e  t e r n a r y  a l l o y  p rog re s s ive ly  

changed wi th  aging from d u c t i l e  microvoid coa lesence  t o  b r i t t l e ,  low 

energy i n t e r g r a n u l a r  s e p a r a t i o n .  This  con t r a s t ed  t o  t h e  d u c t i l e ,  t r ans -  

g r anu la r  f r a c t u r e  n a t u r e  of 7050 a l l o y  under similar ag ing  cond i t i ons .  

The b r i t t l e  n a t u r e  of t h e  t e rna ry  a l l o y  was r e l a t e d  t o  t h e  l a r g e  

g r a i n  s i z e .  The nonhomogeneous deformation a s s o c i a t e d  wi th  t h e  l a r g e  

g r a i n  t e rna ry  a l l o y  produced l a r g e  s l i p  s t e p s  a t  t h e  g r a i n  boundaries  

which induced l a r g e  s t r e s s  concen t r a t i ons  a c r o s s  t h e  g r a i n  boundaries .  

Fa t igue  behavior  was found t o  be s e n s i t i v e  t o  ag ing  i n  both 

a l l o y s  i n v e s t i g a t e d .  The b e s t  combination of f a t i g u e  l i f e ,  s t r e n g t h  

and d u c t i l i t y  f o r  t h e  t e r n a r y  a l l o y  r e s u l t e d  when aged t o  produce a  

mic ros t ruc tu re  con ta in ing  predominately n '  having a  Guin ie r  r a d i u s  of 

approximately 70 A and a  sma l l  amount of incoheren t  rl ( M ~ z ~ ~ ) .  

Supe r io r  f a t i g u e  l i f e ,  s t r e n g t h  and d u c t i l i t y  were found when t h e  

7050 a l l o y  was aged t o  produce t h e  maximum number of p a r t i a l l y  co- 

he ren t  n '  p r e c i p i t a t e s  having a  Guinier  r a d i u s  approximately 35 A.  

Aging t h e  7050 a l l o y  t o  produce p a r t i c l e s  of about 50 A gave a  micro- 

s t r u c t u r e  t h a t  had poor f a t i g u e  p r o p e r t i e s  a t  t h e  low p l a s t i c  s t r a i n  
A E 

ampl i tudes ,  <1.0 pe r  cen t .  

The empi r i ca l  Coffin-Manson r e l a t i o n  w a s  found t o  adaquate ly  

desc r ibe  t h e  f a t i g u e  behavior  when t h e  deformation process  d i d  no t  

depend upon t h e  p l a s t i c  s t r a i n  ampli tude.  



CHAPTER I 

INTRODUCTION 

The d iscovery  of age hardening i n  1905'l) has  been followed by 

numerous i n v e s t i g a t i o n s  of t he  k i n e t i c s ,  growth and d i s t r i b u t i o n  of t h e  

p r e c i p i t a t e s  wi th  t h e  u l t i m a t e  goal  being t h e  product ion of h igh  

s t r e n g t h  a l l o y s .  These s t u d i e s  have produced many aluminum a l l o y  

systems which have found g r e a t  usage i n  t h e  a i r c r a f t  i n d u s t r y  where a 

h igh  s t r e n g t h  t o  weight r a t i o  i s  of paramount importance. The app l i -  

c a t i o n  of t he se  a l l o y s  i n  a i r c r a f t  s t r u c t u r e s ,  however, ha s  shown t h a t  

t h e  aluminum a l l o y s  which show the  h i g h e s t  s t a t i c  s t r e n g t h  a r e  in- 

h e r e n t l y  s u s c e p t i b l e  t o  s t r e s s  co r ros ion  c rack ing  ( 2  y 3 s 4 )  , have poor 

f r a c t u r e  toughness p r o p e r t i e s ( 5 ) ,  and t y p i c a l l y  e x h i b i t  poor f a t i g u e  

performance, a l l  of which a r e  acu t e  problems i n  a i r c r a f t  s t r u c t u r e s  ( 6 )  

The prospec t  f o r  improving t h e  stress co r ros ion  r e s i s t a n c e ,  and 

f r a c t u r e  toughness without  s a c r i f i c i n g  t h e  i n i t i a l  high s t a t i c  

s t r e n g t h  appears  promising(7 ' 8s9) . There have been l i m i t e d  improve- 

ments i n  f a t i g u e  p r o p e r t i e s  ob ta ined  by thermo-mechanical process-  

ing('', '' , I 2 )  of t h e  p r e c i p i t a t i o n  hardening a l l o y s .  These small ga ins ,  

however, have been gene ra l l y  t h e  r e s u l t  of m e t a l l u r g i c a l  p rocess ing  

(13) changes f o r  o t h e r  reasons . The a c t u a l  mechanisms a s s o c i a t e d  w i t h  

f a t i g u e  a r e  no t  w e l l  understood. The s u b t l e  i n t e r a c t i o n s  of t h e  

p r e c i p i t a t e s ,  g r a i n  boundaries ,  i n c l u s i o n s ,  a l l o y  composition, and 

g r a i n  s i z e  and morphology under reversed  load tng  have n o t  been c l e a r l y  

e s t a b l i s h e d .  



It was t h e  purpose of t h i s  s tudy  t o  i n v e s t i g a t e  t h e  f a t i g u e  

behavior  o f  two 7MX aluminum a l l o y s  by vary ing  t h e  aging temperature ,  

t i m e  and composition, t o  sys t ema t i ca l l y  determine t h e  mic ros t ruc tu re  

t h a t  i s  b e s t  s u i t e d  for  reversed  loading ,  through t h e  understanding 

of t h e  phenomena of f a t i g u e  i n  terms of b a s i c  p r i n c i p l e s .  



CHAPTER I1 

REVIEW OF THE LITERATURE 

The Phase Relations 

The equilibrium phase relations in the aluminum rich Al-Zn-Mg 

system have been established by previous investigators (14-22). Figure 

1 shows the binary phase diagrams of the Al-Zn, A1-Mg, and Mg-Zn 

systems, along with the room temperature isotherm of the ternary 

system. The phase boundaries at 200°C are shorn in Figure 2. Super- 

imposed on this are the limits of solid solubility at 300, 350, and 

400°C. Also indicated on the diagram is one of the compositions to be 

investigated. It can easily be seen from Figure 2 that homogenization 

of the alloy can be accomplished at 400°C. 

The Decomposition Process 

Precipitation reactions in the Al-Zn-Mg system can be summarized 

by the following sequence of events after the quench (23-29). 

Super saturated, solid solution 

-+ G-P zones + G-P Compounds (q') 

Temp. <200°C 
11 

7.' 
Temp. > 200°C 

where, Q is the incoherent, intermetallic compound MgZn and T the 
2 

ternary (A1,Zn)4gMg32 compound. 

As the temperature of an alloy is raised, the solubility of 

the solutes increases until a temperature is reached when all are com- 



Figure 1. Equi1it~Q)rrn Phase Relationships in the Ternary Al-Zn-Mg 
System . 



Figure 2 .  Constitution Diagram of the Ternary Al-Zn-Mg System a t  
Various Temperatures (16) 



pletely in solution, as predicted by the phase diagram. However, there 

are statistical fluctuations of concentration in the matrix which aid 

in the formation of nuclei (30,311 upon quenching to low temperature. 

The statistical fluctuations are due to regions of short-range-order 

(SRO) which arise out of a preference for like neighbors. Additionally, 

there is an increase in vacancy concentration as the temperature is 

raised and upon rapid quenching a supersaturation of vacancies can be 

obtained. 

Quenching from above the solvus temperature and holding at 

room temperature (natural aging) or elevated temperature (artifical 

aging) produces a transition structure called Guinier-Preston (6-P) 

zones. The zones are initally spherical in Al-Zn-Mg alloys and in- 

crease in size with aging. There is an increase in hardness which 

accompanies the increase in size. Continued aging of the alloy below 

a critical temperature (24) transforms the zones into platelets called 

. The structure belongs to the space group P21/m (32) and has the 

lattice parameters: 

a = b = 4.97A, c = 5 .54A ,  and y = 120' 

The orientation of the monoclinic unit cell is related to the matrix 

by: 

The precipitates are partially coherent along the basal planes, but 

incoherent along the c direction of the precipitate, since there is a 

misfit of approximately 7 per cent. The structure of n '  is composed 



of a l t e r n a t e  l a y e r s  of z inc  and magnesium and an atomic r a t i o  of 

z inc  t o  magnesium of 2:l. I f  t h e  a l l o y  i s  such t h a t  N f 0.5NZn, 
Mg 

then t h e  spec i e s  i n  excess  w i l l  c l u s t e r  and c o n t r i b u t e  t o  t h e  o v e r a l l  

hardening of t h e  u phase(23).  This two zone hypothesis  has  been used 

by Gould and S ta rke  (33) t o  exp la in  d i f f r a c t i o n  e f f e c t s  a f t e r  r eve r s ion  

i n  12,9 pe r  cent  Zn 0.66 pe r  cen t  Mg a l l o y s .  They found t h a t  an un- 

r eve r t ed  po r t ion  p e r s i s t e d  i n  t h e  smal l  ang le  s c a t t e r i n g  (SAS) curves 

long a f t e r  revers ion .  

(34) P e r s i s t e n t  aging produces an incoherent  p r e c i p i t a t e  q . 
- ~ % e  r~ grows a t  t h e  expense of TI' and forms t h e  s t a b l e ,  MgZn2 compound. 

The reduct ion  of p a r t i a l  coherency between t h e  ma t r ix  and t h e  p rec i -  

p i t a t e  r e s u l t s  i n  a drop i n  hardness  w i th  t i m e .  Extended per iods  of 
1 1  

aging produces a Widemanstatten s t r u c t u r e  of TI on the  i l l11 planes 

of primary a .  

Friauf-Laves Phases of Magnesium 

Zinc, Copper and Aluminum 

The Friauf-Laves phases denote a l a r g e  c l a s s  of r e l a t e d  close-  

packed, i n t e r m e t a l l i c  compounds approximated by t h e  formula AB2 (35-38) 

The s t ack ing  sequence is  based upon t h e  s i x  p o s s i b l e  compound l a y e r s  of 

t h e  Friauf-Laves phases a s  shown i n  Figure 3.  The phases c r y s t a l l i z e  

i n t o  one of t he  t h r e e  s t r u c t u r a l  types.  The MgCu2 s t r u c t u r e  (C15) is  

cubic ,  space group Fd3m wi th  ABCABC . . .p acking sequence, MgZn2 (C14) 

and CuMg2Zn3 (C36) s t r u c t u r e s  a r e  hexagonal, space group P 6 3 / ~ ~  wi th  

packing sequences AB'AB'. . .  and AB'A'C ..., r e s p e c t i v e l y .  Figure 4 

shows the  arrangement of t h e  A and B atoms i n  the t h r e e  Friauf-Laves 



small atom 

Figure 3 .  Six Types of Compound Layers of the Friauf-Laves Phases (39) 



b 
of Atoms  i n  the Three Friauf-Laves 

(b) The Tetrahedra of the B Atoms i n  the 
Friauf-Laves Phases 



phase s t r u c t u r e s  (40) . 
Tabulated va lues  of t he  Laves phases (40 )  have shown t h a t  i n  

most cases  the  formation and s t a b i l i t y  of a p a r t i c u l a r  s t r u c t u r e  w i l l  

depend i n  p a r t  on the  d /d r a t i o  (atomic d iameters ) .  I f  t h e  dev ia t ion  
A B 

i s  e i t h e r  g r e a t e r  o r  l e s s  than 1.225 ( i d e a l  hard sphere  packing) t h e  

C15 (MgCu ) s t r u c t u r e  predominates. Research 
2 

(38941) on t h e  progress ive  

replacement of copper i n  MgCu2 and z i n c  i n  MgZn2 s t r u c t u r e s  by elements 

of lower and h igher  e1ectron:atom r a t i o  i nd ica t ed  t h e  s t r u c t u r e  pro- 

gress ion:  

occured a s  t he  e1ectron:atom r a t i o  increased  from: 

0.92 + (1.08 - 1.76) -t (1.81 - 1.92) + > 2.0. 

For example, when z inc  is  replaced by ~ 1 ( ~ ~ ) ,  t h e  s i z e  e f f e c t  f avo r s  

t h e  formation of MgCu2 type  s t r u c t u r e ,  bu t  is opposed by an inc rease  

i n  t h e  e1ectron:atom r a t i o ,  thus  MgZn2 i s  s t a b l e .  However, i t  has a l s o  

been observed t h a t  when r ep lac ing  z inc  wi th  copper,  both a s i z e  e f f e c t  

and e1ectron:atom r a t i o  f avo r s  a change i n  t h e  MgZn2 t o  MgCu2 

s t r u c t u r e .  

Addition of Copper t o  t h e  Ternary System 

Previous work(42-45) on t h e  system Al-Zn-Mg-Cu i n d i c a t e d  t h a t  

a d d i t i o n s  of copper reduced the  i n t e r c r y s t a l l i n e  weakness and i m -  

proved t h e  s t r e s s - co r ros ion  r e s i s t a n c e  of Al-Zn-Mg a l l o y s  and con- 

sequent ly  copper became an  important a l l oy ing  add i t i on .  The implied 

e f f e c t  of copper is  t h a t  i t  s t i m u l a t e s  t h e  p r e c i p i t a t i o n  throughout 

t he  g ra ins  r e s u l t i n g  i n  a s i g n i f i c a n t  reduct ion  of t h e  p r e c i p i t a t e  



f r e e  zone (PFZ) and t h e r e f o r e  a r educ t ion  i n  t h e  e l e c t r o d e  p o t e n t i a l  

( 4 6 )  d i f f e r e n c e  between t h e  g r a i n s  and t h e  f r e e  boundaries  . 
Comparatively l i t t l e  is  known concerning t h e  exac t  mechanisms 

involved i n  t h e  p r e c i p i t a t i o n  r e a c t i o n s  i n  t h e  qua r t e rna ry  a l l o y s  b u t  

t h e  fo l lowing  g e n e r a l i t i e s  based on experimental  observa t ions  concern- 

i n g  m i c r o s t r u c t u r a l  e f f e c t s  a r e  noteworthy ( 4 7 - 5 2 ) .  

1. The quenched hardness  i s  g r e a t e r  i n  copper con ta in ing  a l l o y s  
than i n  t h e  s impler  Al-Zn-Mg t e r n a r y  a l l o y s .  

2 .  The onse t  of hardening below 50°C ag ing  temperature  i s  
delayed when copper i s  p re sen t  a s  compared t o  t h e  s imp le r  
Al-Zn-Mg a l l o y s .  

3. The copper appears  t o  have i ts  g r e a t e s t  e f f e c t  du r ing  t h e  
f i r s t  s t a g e s  of ag ing .  

4 .  The presence of copper does no t  seem t o  a l t e r  t h e  number of  
s t a g e s  t h a t  exist dur ing  t h e  ag ing  of t h e  s impler  t e r n a r y  
Al-Zn-Mg a l l o y s .  

Undissolved copper-rich p a r t i c l e s  of t h e  type  CuMgAl have 2 

been shown by Hyatt  and ~ u i s t ( l O )  t o  e x i s t  i n  Al-Zn-Mg-Cu a l l o y s .  

Microprobe r e s u l t s  (53) have demonstrated t h a t  during t h e  e a r l y  s t a g e s  

of s o l u t i o n  t r ea tmen t ,  magnesium d i f f u s e s  r a p i d l y  from t h e  second 

phase l eav ing  n e a r l y  pure CuA12. The presence of t h e  copper r i c h  i n t e r -  

m e t a l l i c  i s  a s s o c i a t e d  wi th  the  zinc:magnesium r a t i o  and copper c o a t e n t .  

F igure  5 i s  a  4 6 0 ' ~  i so therm f o r  90 p e r  c e n t  aluminum showing t h e  

l o c a t i o n  of s o l u b i l i t y  l i m i t s .  A s  t h e  zinc:magnesium r a t i o  increases ,  

t h e  s o l u b i l i t y  i n c r e a s e s .  I t  has  been found t h a t  i n  o r d e r  t o  

d i s s o l v e  t h e  CuAl phase,  ex t ens ive  co ld  work is  necessary  p r i o r  t o  
2  

s o l u t i o n i z i n g ,  t o  break-up t h e  copper i n t e n n e t a l l i c s .  



Zn/Mg ratio = 3.8 
/ 

Phase 

Figu re  5. 460°C Ia~$errn S e c t i o n  of t h e  90 P e r  Cent Aluminum Phase  
Dlagram . 



Mechanical P r o p e r t i e s  

The inc rease  i n  c r i t i c a l  resolved shea r  s t r e s s ,   AT^, over t h e  

pure mat r ix ,  i s  due t o  t he  i n t e r a c t i o n  of t h e  d i s l o c a t i o n s  wi th  t h e  

p r e p r e c i p t t a t e s  and p r e c i p i t a t e s .  Coherent, and p a r t i a l l y  coherent 

p a r t i c l e s  may be penet ra ted  by d i s l o c a t i o n s ,  s i n c e ,  gene ra l ly ,  t he  

s l i p  systems of t h e  p r e c i p i t a t e  and t h e  mat r ix  a r e  co inc ident .  Pre- 

c i p i t a t e s  of t h i s  type deform p l a s t i c a l l y  and a r e  sheared by t h e  

d i s l o c a t i o n s .  I n  c o n t r a s t ,  t h e  i n t e r m e t a l l i c  phases and d ispersed  

oxides  have an  incoherent  i n t e r f a c e ,  and normally a r e  not  pene t ra ted  

by t h e  d i s l o c a t i o n s .  The p a r t i c l e s  a r e  looped by t h e  d i s l o c a t i o n s  

and t h e  process  has been descr ibed by Orowan (55,561 

Mathematical expressions can be w r i t t e n  (57) f o r  t h e  two pro- 

cesses .  For looping,  t h e  expression:  
1 
-T 

f o r  a  c u t t i n g  mechanism, 

and 

desc r ibe  the  motion of t h e  d i s l o c a t i o n s  i n  t h e  d ispersed  p a r t i c l e  

system, where 

A T  - i s  t h e  inc rease  i n  shea r  s t r e s s  due t o  t h e  p a r t i c l e s  
0 

- i s  t h e  average maximum f o r c e  which a  p a r t i c l e  can with- 
s t and  be fo re  shear ing  

F' - i s  a measure of t he  r e l a t i v e  s t r e n g t h  of t h e  p a r t i c l e ,  
wi th  F = FIR/b 

- is  t h e  d i s l o c a t i o n  l i n e  t e n s i o n  



f - is  the  volume f r a c t i o n ,  and 

R - is  the  p a r t i c l e  r ad ius .  

Equations (1) and (2) can be normalized by t h e  f a c t o r  Aro b 2 / 2 ~ f i  
(57) 

and p l o t t e d  a s  a  func t ion  of ~ / b  on a log-log s c a l e .  F igure  6 i s  a  

p l o t  of t h i s  type ,  showing d a t a  from d i f f e r e n t  types of p r e c i p i t a t e s  
(57-63) 

The Orowan mechanism shows a  l i n e a r  dependence (when p l o t t e d  i n  a  log- 

l o g  fash ion)  wi th  a  nega t ive  s lope ,  and t h e  c u t t i n g  mechanism shows a  

l i n e a r  behavior  wi th  a  p o s i t i v e  s lope .  The i n t e r s e c t i o n  of t h e s e  two 

curves is  a  measure of t h e  c r i t i c a l  r ad ius  f o r  looping.  The p o s i t i o n  

of t h e  i n t e r s e c t i o n  along t h e  Orowan curve i s  a measure of t h e  p a r t i c l e  

s t r e n g t h ,  o r  i t s  i n a b i l i t y  t o  deform. 

Fat igue P r o p e r t i e s  - 
The f a t i g u e  r a t i o  ( f a t i g u e  s t r e n g t h / u l t i m a t e  t e n s i l e  s t r e n g t h )  

(10) 
of high p u r i t y  2XXX and 7XXX s e r i e s  a l l o y s  is about 0.3 . There 

have been numerous a t tempts  t o  account f o r  t h e  poor f a t i g u e  p r o p e r t i e s  

of t hese  a l l o y s .  Four genera l  hypotheses have been proposed t o  account 

f o r  t h e  premature f a i l u r e  dur ing  reversed loading:  r eve r s ion ,  des t ruc-  

t i o n  of p r e c i p i t a t e  o r d e r ,  overaging and ag ing  inhomogenoities.  

The r eve r s ion  mechanism is considered t o  o p e r a t e  as a r e s u l t  of 

repeated c u t t i n g  of p r e c i p i t a t e s  by d i s l o c a t i o n s  (6970-77).  Each time 

t h e  p r e p r e c i p i t a t e  i s  sheared by d i s l o c a t i o n s  the  r ad ius  i s  decreased.  

Eventa l ly ,  t he  r a d i u s  is  reduced by t h e  d i f f u s i o n  of t h e  s o l u t e  atoms 

away from the  zone and once a c r i t i c a l  va lue  of t h e  zone r ad ius  is  

reached, i t  becomes uns tab le  and d i s so lves .  



Figure  6 .  Normalized CRSS Versus P a r t i c l e  R a  ~ S Y Y .  T h e o r e t i c a l  
Est imates  and Experimental Resu l t s  . 



Calabrese and Lai rd  (78) have s t u d i e d  t h e  f a t i g u e  p r o p e r t i e s  of 

A1-4 p e r  cen t  Cu, aged t o  produce a  f i n e l y  d i spe r sed  coherent  o r  

p a r t i a l l y  coherent  p r e p r e c i p i t a t e .  Cycl ic  s o f t e n i n g  ( r educ t ion  i n  

stress ampli tude wi th  cyc l e s )  was found t o  occur  a f t e r  i n i t i a l  c y c l i c  

hardening ( i n c r e a s e  i n  s t r e s s  ampli tude wi th  c y c l e s ) .  Cycl ic  harden- 

i n g  was thought t o  be t h e  r e s u l t  of t h e  i n t e r a c t i o n  of t h e  mobile 

d i s l o c a t i o n s  w i th  t he  zones. The so f t en ing  was r e l a t e d  t o  t h e  t o  and 

f r o  motion of  t h e  d i s l o c a t i o n s ,  reducing t h e  atomic o rde r  of t h e  zones. 

There have been numerous i n v e s t i g a t i o n s  (77 , 79-87) which have 

r epo r t ed  r e s u l t s  t h a t  appear t o  suppor t  overaging a s  a mechanism 

f o r  c y c l i c  i n s t a b i l i t y .  I n  overaging,  t he  mobile d i s l o c a t i o n s  i n t e r -  

a c t  wi th  t h e  d i s l o c a t i o n s  t h a t  form t h e  boundaries  of t h e  coherent  and 

semi-coherent p r e p r e c i p i t a t e s  i n  such a  way t h a t  t h e  boundary becomes 

incoheren t ,  reducing t h e  l o c a l  e l a s t i c  s t r a i n s ,  and pe rmi t t i ng  t h e  

equ i l i b r ium p r e c i p i t a t e  t o  form. Also, t h e  enhanced d i f f u s i o n  r a t e  

a s  a  r e s u l t  of vacancies  c r e a t e d  by moving d i s l o c a t i o n s ( 8 0 ) ,  and 

d i s l o c a t i o n s  a c t i n g  a s  d i f f u s i o n  p ipes ,  a r e  thought t o  a c c e l e r a t e  t h e  

ag ing  process .  Clark and McEviley ( 8 6 )  were more s p e c i f i c  about t h e  

phenomena and proposed t h a t  t h e  d e l e t e r i o u s  s o f t e n i n g  depends upon 

t h e  a l l o y  and t h e  r e l a t i v e  r a t e  of nuc l ea t i on  of  t h e  t r a n s i t i o n  

s t r u c t u r e .  The f a s t e r  t h e  nuc l ea t i on  of t h e  t r a n s i t i o n  s t r u c t u r e ,  

t h e  g r e a t e r  t h e  p r o b a b i l i t y  of overaging. This  p o s t u l a t e  was demon- 

s t r a t e d  us ing  A1-4 weight p e r  cen t  Cu and A 1  - 15 weight pe r  c e n t  Ag.  

The nuc l ea t ion  r a t e  of  y '  i s  g r e a t e r  t han  t h a t  of e ' ,  t hus  overaging 

occurs  i n  A1-Ag and r eve r s ion  i n  A1-Cu. 



1,aIrd and Tliomas (") have concluded t h a t  r eve r s ion  of pre- 

p r e c i p i t a t e s  i n  high-puri ty  7XXX and 2XXX a l l o y s  does not  occur ,  and 

they r e l a t e  t h e  s o f t e n i n g  t o  c rack  nuc lea t ion  i n  t h e  s o f t  reg ions  l i k e  

p r e c i p i t a t e  f r e e  zones o r  quench bands. Fa t igue  c racks  have o f t e n  

been p r e f e r e n t i a l l y  observed t o  nuc lea t e  i n  t h e  g r a i n  boundaries  of 

high p u r i t y  Al-Zn-Mg a l l o y s .  

Low Cycle Fat igue T e s t i n g  

Low c y c l e  f a t i g u e  is  gene ra l ly  def ined  t o  be f a i l u r e  of a  

mat:erial under c y c l i c  loading i n  l e s s  than  lo5 cycles .  P l a s t i c  s t r a i n  

has been determined t o  be t h e  c o n t r o l l i n g  parameter i n  t h e  i n s t a b i l i t y  

of mic ros t ruc tu re s .  The only s i g n i f i c a n t  d i f f e r e n c e  between va r ious  

(89) ranges is  t h e  degree of c y c l i c  p l a s t i c  damage . 
The c y c l i c  s t r e s s - s t r a i n  response can be expressed s i m i l a r l y  

t o  t h e  monotonic s t r e s s - s t r a i n  response with the  t o t a l  s t r a i n  equal  t o  

t h e  sum of t h e  e l a s t i c  and p l a s t i c  po r t ions  of s t r a i n :  

where, 

- i s  t h e  t o t a l  s t r a i n  range, 

A E ,  - i s  t h e  e l a s t i c  s t r a i n  range, 

A E  - is t h e  p l a s t i c  s t r a i n  range, 
P 

E ~ ' -  i s  the  f a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,  

a, - i s  t h e  s t r e s s  amplitude, 

o f '  -is t h e  f a t i g u e  s t r e n g t h  c o e f f i c i e n t ,  



E - is the  e l a s t i c  m d u l u s ,  

and 

n '  - is t h e  c y c l i c  s t r a i n  hardening exponent. 

F i g ~ r e  7 i s  a  schematic  r e p r e s e n t a t i o n  of t h e  q u a n t i t i e s  wi th  

r e s p e c t  t o  a  gene ra l i zed  h y s t e r e s i s  loop.  

Low cyc l e  f a t i g u e  experiments can be c a r r i e d  o u t  i n  t h e  s t r a i n  

c o n t r o l  mode. The independent v a r i a b l e ,  s t r e s s ,  i s  monitored and 

p l o t t e d  a s  a  func t ion  of t h e  number of cyc l e s .  F igure  8 shows t h e  

cyclic-dependent m a t e r i a l  responses  under cons t an t  s t r a i n  c o n t r o l .  An 

i n c r e a s e  i n  s t r e s s  amplitude i n d i c a t e s  c y c l i c  hardening;  cons tan t  

s t r e s s  amplitude - s a t u r a t i o n ;  and a  r educ t ion  i n  stress ampli tude,  c y c l i c  

s o f t e n i n g .  By cyc l ing  s e v e r a l  specimens t o  f r a c t u r e ,  a t  a  cons tan t  

s t r a i n  ampli tude,  t h e  empi r i ca l  Coffin-Manson r e l a t i o n s h i p  can be  

p l o t t e d .  Mathematical ly ,  t h i s  r e l a t i o n s h i p  is  of t h e  form 

and can be p l o t t e d  

A E 
l o g  (E;) - c L O ~ ( ~ N ~ ) ,  

which r e s u l t s  i n  a l i n e a r  p l o t .  Two r e l a t i o n s h i p s  are p l o t t e d  i n  

F igure  9.  The f i r s t  ha s  a  s l o p e  of -1, which imp l i e s  t h a t  t h e  t o t a l  

p l a s t i c  s t r a i n  t o  f r a c t u r e  is  a cons t an t ,  r e g a r d l e s s  of t h e  l i f e .  The 

second curve h a s  a  s l o p e  of  -0.5. From t h e s e  two p l o t s  a  p h y s i c a l  

meaning f o r  t he  f a t i g u e  d u c t i l i t y  exponent can be  app rec i a t ed .  The 

smaller ( c 1 , t h e  g r e a t e r  w i l l  be  t h e  material's t o l e r a n c e  t o  c y c l i c  



AC= stress 
range 

n c  = total strain range = Ace + n c p  

Figure 7. Schematic Representations o the Quantities Associated 
( 8 9 f  With theHysteresis Loop . 



controlled function, strain 

iidependent variable, stGss 

* 
, ' cy c le - dependent sof teningc I independent wiabls. stress 

(89)  Figure 8. Cycle-Dependent Material Responses Under Strain Control . 



A E  
2 Figure 9. The Relationship Between the Plastic Strain Amplitude , 

and the Number of Reversals to Failure, 2Nf, at Tqgg) 
Different Values of Fatigue Ductility Exponent, C 



p l a s t i c  s t r a i n i n g .  

A c y c l i c  s t r e s s - s t r a i n  curve can be  ob ta ined  by p l o t t i n g  t h e  va lues  

of stress amplitude versus  t h e  corresponding va lues  of  s t r a i n  amplitude. 

The stress ampli tude is  determined a t  s a t u r a t i o n ;  however, i f  s a t u r a t i o n  

does no t  occu r , t he  s t r e s s  ampli tude a t  h a l f - l i f e  is gene ra l l y  used (89) 
A E  

I f  t h e  l o g  (0,) versus  l o g  (+) is  p l o t t e d ,  t h e  s l o p e ,  n ' ,  may be  

determined. The s l o p e  is  t h e  c y c l i c  s t r a i n  hardening exponent and i s  

s i m i l a r  t o  t ha t  ob ta ined  by p l o t t i n g  t h e  monotonic s t r e s s - s t r a i n  va lues .  



CHAPTER I11 

EXPERIMENTAL PROCEDURES 

The a l l o y s  used i n  t h e  research  were prepared a t  t h e  ALCOA 

Technical Center ,  ALCOA Center ,  Pa.. The c a s t  i n g o t s  were h o t  r o l l e d  

a t  750°F (398°C) t o  a nominal th ickness  of 0.17 inches f o r  t h e  Al-Zn- 

Mg a l l o y  and 0.20 inches f o r  t h e  7050 a l l o y .  The 7050 p l a t e s  were 

then  annealed,  so lu t ion ized ,  double aged a t  250°F (121°C) f o r  12 hours  

and 325°F (163°C) f o r  24 hours .  The chemical a n a l y s i s  f o r  t h e  a l l o y s  

is given i n  Table 1. 

Table 1. 

Composition O f  The Two Aluminum Alloys 

Al-Zn-Mg 
(Ternary 0.00 0.00 0.00 0.00 2.20 0.00 6.17 0.00 0.00 0.00 
Alloy) 

Samples of t h e  a s  rece ived  p l a t e s ,  sec t ioned  p a r a l l e l  and t r a n s v e r s e  

t o  t h e  r o l l i n g  d i r e c t i o n ,  were mounted i n  epoxy r e s i n ,  mechanically 

pol i shed ,  and etched wi th  d i l u t e  K e l l e r s '  r eagen t ,  f o r  meta l lographic  

examination. 

Samples of t h e  t e rna ry  a l l o y  were s o l u t i o n i z e d  a t  480°C f o r  one 

hour and quenched i n  a g i t a t e d  i c e  b r i n e ;  t h i s  w i l l  h e r e a f t e r  be re- 



f e r r e d  t o  as t h e  s tandard  method of h e a t  t rea tment .  The hea t - t r ea t ed  

samples where then mounted, pol ished and examined meta l lographica l ly  

t o  determine t h e  morphology and g ra in  s i z e  d i s t r i b u t i o n  i n  t h e  longi -  

t u d i n a l  and two t r ansve r se  d i r e c t i o n s .  

Samples f o r  hardness measurements were c u t  from t h e  p l a t e s  

and t h e  r o l l e d  su r f aces  were c a r e f u l l y  ground p a r a l l e l .  The samples 

were then hea t - t r ea t ed  by t h e  s tandard  method and immediately t rans-  

f e r r e d  t o  a cons tan t  temperature ba th ,  t o  be aged. I so thermal  ag ing  

was done a t  1 2 0 " ~  and a t  150°C - + 0 . 1  C O .  Vickers diamond pyramid 

hardness  (10 kg load)  was determined from t h e  a r i t h e m e t i c  mean of t h e  

d iagonals  of f i v e  inden ta t ions  on each of t h e  two p a r a l l e l  ground 

su r f  aces .  

Transmission e l e c t r o n  microscopy was performed on samples which 

had been aged corresponding t o  s a l i e n t  p o i n t s  on t h e  3ardness  curves 

f o r  i so thermal  ag ing .  Thin f o i l s  were prepared by a  dimpling tech- 

nique. A s o l u t i o n  of 75 per  cent  methanol and 25 percent  n i t r i c  a c i d ,  

by volume, was used f o r  dimpling and e l e c t r o p o l i s h i n g .  The po l i sh ing  

s o l u t i o n  was cooled t o  -35'C - + 2°C. Microscopy w a s  done us ing  a  

Siemens Elmiskop I A  equipped wi th  a  m e t a l l u r g i c a l  s t a g e  and a  pre- 

c i s i o n  d a r k f i e l d  attachment.  The ope ra t ing  v o l t a g e  was 125Kv. 

Po le  f i g u r e  d a t a  was c o l l e c t e d  on a  General E l e c t r i c  XRD-5 

modified wi th  an o s c i l l a t i o n  s t age .  The i n t e n s i t y  was f ixed  time 

counted a t  equal  increments of @ ( t h e  r o t a t i o n  a x i s  of @ was perpen- 

d i c u l a r  t o  t h e  p l a t e  su r f ace )  a t  f i x e d  ang le s  of i n c l i n a t i o n  from 0" 

t o  70'. The a x i s  of r o t a t i o n  of t h e  i n c l i n a t i o n  ang le ,  x ,  was per- 

pendicular  t o  t he  axis of r o t a t i o n  of @. To completely desc r ibe  t h e  



t e x t u r e ,  ( l l l ) ,  (200),  and (220) pole  f i g u r e  d a t a  was c o l l e c t e d .  

Samples of the  as-received p l a t e s  were reduced by cold r o l l i n g  

with in te rmedia te  annea ls ,  t o  a  th ickness  of 0.35mm, which is approxi- 

mately 1 / p  where p ,  is  t h e  x-ray absorp t ion  c o e f f i c i e n t  f o r  copper 

r a d i a t i o n .  The s t r i p s  were degreased f i r s t  wi th  acetone and then  wi th  

methanol, clamped between two l.6mm aluminum p l a t e s ,  hea t - t r ea t ed ,  and 

immediately t r a n s f e r r e d  t o  t he  cons tan t  temperature ba ths .  

Af te r  aging, t h e  f o i l s  were degreased and mounted on a Kratky 

camera. A high i n t e n s i t y ,  f i n e l y  focused copper source  was used. The 

tube was operated a t  50 KV and 20 ma. A mechanical pump was used t o  

evacuate  t h e  beam pa th ,  t o  reduce a i r  s c a t t e r i n g .  A 1 : 2  r a t i o  of 

en t rance  t o  e x i t  s l i t  he igh t s  was employed (80 and 160p r e s p e c t i v e l y ) .  

The inc iden t  beam was n i c k e l  f i l t e r e d  and a  s c i n t i l l a t i o n  counter  wi th  

a pulse  he ight  d i sc r imina to r  received the  s c a t t e r e d  r a d i a t i o n .  

The da t a  was co r r ec t ed  f o r  a i r  s c a t t e r i n g  by comparison wi th  

d a t a  from a  s tandard  aluminum f o i l  of 99.99 pe r  cen t  p u r i t y ,  t h e  same 

th ickness  as the  samples, and placed on a  r e l a t i v e  s c a l e  us ing  a  

lupolen s tandard  s c a t t e r e r .  The co r rec t ed  d a t a  was then smoothed and 

desmeared us ing  a computer program descr ibed  by Hendricks (89).   he 

p a r t i c l e  r ad ius  of gy ra t ion  was determined us ing  t h e  Guin ier  approxi- 

mation (90) 

Fatigue and t e n s i l e  samples were machined from t h e  as-received 

p l a t e s  i n  t h e  l o n g i t u d i n a l  and long t r ansve r se  d i r e c t i o n s .  The 

specimens were of t he  smooth, c y l i n d r i c a l  gage s e c t i o n  type.  The 

gage s e c t i o n  of t h e  t e n s i l e  samples w a s  approximately 18mm long by 

3mm diameter ,  and t h e  gage s e c t i o n  of t h e  f a t i g u e  samples was 



approximately 6mm long by 3mm diameter .  The machined specimens were 

hand pol i shed  f i r s t  with 600 g r i t  emory paper,  then  wi th  a b i l l a r d  

c l o t h  impregnated wi th  6 p  diamond pas t e .  The samples were then  heat-  

t r e a t e d  and aged t o  correspond t o  s a l i e n t  p o i n t s  a long  the hardness  

curves,  and e l ec t ropo l i shed .  

Tens i l e  t e s t s  were conducted on a n  I n s t r o n  t e s t i n g  machine, 

wi th  a lorn I n s t r o n  extensometer pos i t i oned  d i r e c t l y  on t h e  gage 

s e c t i o n  of t he  specimen. The specimens were deformed t o  f r a c t u r e  

under u n i a x i a l  t ens ion  a t  a s t r a i n  r a t e  of l ~ - ~ / s e c o n d .  

Push-pull  low cyc le  f a t i g u e  t e s t s  were performed on t h e  two 

aluminum a l l o y s .  The f a t i g u e  t e s t s  were conducted on a n  I n s t r o n  

t e s t i n g  machine, us ing  s t r a i n  c o n t r o l  and cyc l ing  about  zero mean 

s t r e s s .  The s t r a i n  was measured wi th  a 10- I n s t r o n  extensometer 

clamped t o  s t r u t s  r i g i d l y  f ixed  t o  t h e  g r i p s .  A s e l f  a l i g n i n g  

Woods' metal xese rv io r  was used t o  i n s u r e  t h e  coincidence o f  t h e  

machine a x i s  wi th  t h e  specimen a x i s .  A l l  t e s t s  were c a r r i e d  out  i n  

a dry gaseous argon atmosphere and a t  a t o t a l  s t r a i n  rate of 0.5 x 

l ~ - ~ / s e c o n d .  

Fractography was performed on a Cambridge S tereoscan  equipped 

wi th  a non-dispersive x-ray d e t e c t o r .  



EXPERIMENTAL RESULTS 

A deformed d e n d r i t i c  s t r u c t u r e  w a s  observed i n  t h e  Al-Zn-Mg 

a l l o y  by metal lographic examination o f  specimens o f  the as-received 

p l a t e .  There was a no tab le  l a c k  of i n t e r m e t a l l i c  i nc lus ions  and 

c a s t i n g  de fec t s ,  and hea t  t r e a t i n g  f o r  dirk hour at 4 8 0 ' ~  produced l a r g e ,  

equiaxed g r a i n s  wi th  a mean g ra in  diameter  of 0.5 mm. The a l l o y  7050 

had been so lu t ion ized  and aged 1 2  hours a t  1 2 1 . 0 ~ ~  (250'~) and 24 hours  

a t  152.8'~ ( 3 ~ 5 ~ ~ )  p r i o r  t o  de l ive ry .  Op t i ca l  meta l lographic  examin- 

a t i o n  revea led  a f i n e  grained mic ros t ruc tu re  wi th  mean g r a i n  dimensions: 

0.05 mm x 0.04 nm x  0.02 mm, Figure  10. This  "plate- l ike" morphology 

g ives  rise t o  t h e  poor f r a c t u r e  p r o p e r t i e s  i n  t h e  s h o r t  t r ansve r se  

d i r e c t i o n .  So lu t ion iz ing  7050 f o r  one hour a t  4 8 0 ' ~  had no measurable 

effect on t h e  grain size. 

Upon c a r e f u l  examination of F igure  10 ,  uniformly d i s t r i b u t e d  

p a r t i c l e s  can be seen. These p a r t i c l e s  have been i d e n t i f i e d  by 

(92) e l e c t r o n  microprobe as conta in ing  copper,  aluminum and magnesium , 

Figure 11. Other i n v e s t i g a t o r s  (93) have observed t h e s e  types  of 

p a r t i c l e s  i n  a  similar a l l o y ,  and i d e n t i f i e d  them as CuMgA12. 

The t e x t u r e  of t h e  Al-Zn-Mg and 7050 a l l o y s  was determined 

from po le  d e n s i t y  d a t a  taken from the ( I l l ) ,  (200) and (220) re- 

f l e c t i o n s ,  F igures  1 2  and 13. The t e x t u r e  w a s  predominantly cube, 

(001) [ 1001, w i th  t h e  r 1001 d i r e c t i o n  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n .  



Figure 10. Microstructure of As Received 7050, Showing Size and 
Morphology of Grains and Copper Rich Intermetallics; 
(a) Short Transverse, (b) Long Transverse and (c) 
Longitudinal Sections. Magnification: lOOX 



Figure  11. (a)  Large I n t e r m e t a l l i c  P a r t i c l e  i n  a Sec t ion  of 7050 
So lu t ion ized  a t  480°C f o r  1 Hour and QuenchecLMicroprobe 
Resul t s  showing: (b) High Density of Copper a t  t h e  
P a r t i c l e ,  (c)  S l i g h t l y  Higher Density of Magnesium a t  
t h e  P a r t i c l  and (d) Low Density of Zinc a t  the 
P a r t i c l e  (915: 



Figure 12. Po le  Figure Data f o r  t h e  Ternary Al-Zn-Mg Alloy Showing: 
(a) ( 2 0 0  (b) ( 1 1 1  c  (220) Re f l ec t ions  and (d) t he  
(001) S tereographic  P r o j e c t i o n  I n d i c a t i n g  t h e  Predominant 
(001) [ l oo ]  Texture.  



Figure 13. Pole Figure Data for the 7050 Alloy: (a) (200), (b) (111) , 
(c)  (220) Reflections and (d) the (001) Stereographic 
Projection Indicating the Predominant (001) [ loo]  Terture. 



The k i n e t i c s  o f  t h e  p r e c i p i t a t i o n  process  was i n i t i a l l y  

cha rac t e r i zed  by hardness  measurements, Figure 14. The r e l a t i v e  behavior  

of the  two a l l o y s  was s i m i l a r .  Di f fe rences  between t h e  two a l l o y s  were 

a  ma t t e r  of abso lu t e  va lues ,  r a t h e r  than  r e l a t i v e  r a t e s  of change. The 

growth of t h e p r e c i p i t a t e s  w a s  measured by x-ray small ang le  s c a t t e r i n g  

(XSAS). F igure  15  shows t h a t  t h e  rate of growth a t  .150°C w a s  consider-  

a b l y  more r ap id  than a t  120°C. Also, aging a t  120°C produced t h e  

c h a r a c t e r i s t i c  i n t e r p a r t i c l e  i n t e r f e r e n c e  hump gene ra l ly  a s s o c i a t e d  

wi th  c l o s e l y  spaced p a r t i c l e s .  A discont inuous change i n  t h e  Guinier  

r a d i u s  was observed when both a l l o y s  were aged a t  120°C. This  type  

of change has  been observed by o t h e r  i n v e s t i g a t o r s  ( 9 4 )  and has been 

a t t r i b u t e d  t o  t h e  formation of n '  from G.P. zones. I t  was observed 

t h a t  t h i s  t r a n s i t i o n  occurs  e a r l i e r  i n  t h e  7050 a l l o y s .  The x-ray 

small  ang le  s c a t t e r i n g  (XSAS) r e s u l t s  f o r  double aging of t he  two a l l o y s  

for f o u r  hours a t  120°C followed by continued aging a t  150°C and 24 hours  

a t  120°C f o l l o w e d  by continued aging a t  150°C a r e  given i n  Figure 16.  

TEM s t u d i e s  revealed t h a t  p r e f e r e n t i a l  p r e c i p i t a t i o n  occurred 

on d i s l o s a t i o n s  and a t  g ra in  boundaries.  The p r e c i p i t a t e s  a t  t h e  g r a i n  

boundaries  were n, whi le  t hose  on the  d i s l o c a t i o n s  were n' ( 3 ) .  A l s o ,  

i n  t h e  7050 a l l o y ,  A13Zr  p a r t i c l e s  were observed t o  be uniformly d i s t r i -  

buted throughout t h e  g ra ins ,  F igure  17.  P r e c i p i t a t e  f r e e  zones (PFZ ' s )  

were observed i n  both a l l o y s .  I n  genera l ,  t h e  zones were narrower i n  

7050 than  i n  t h e  t e rna ry  Al-Zn-Mg a l l o y ,  w i th  comparable h e a t  t rea tment ,  

and t h e  PFZ width was smal le r  a t  120°C than  a t  150°C. F igure  1 8  shows 

t y p i c a l  e l e c t r o n  micrographs of t h e  two a l l o y s  aged a t  both temperatures .  



Figure 14. The Effect of Aging on the Hardness (D.P .H. ,  10 Kg Load) 
of (a) Al-Zn-Mg at 120°c, (b) Al-Zn-Mg at 150°c, 
(c) 7050 at 120°C, and (d) 7050 at 150'~. 



Figure 1 5 .  Variation of Guinier Radius with Aging T i m e ;  (a) Al-Zn-Mg, 
(b)  7050. 



4 H O U R S  1 2 0 ' ~  

1. 1 0 4  1 00. 

A C I N G  T I M E  A T  1 5 0 ' ~  (HOURS) 

( a )  

1. 10. 100. 

A G I N G  T l M E  AT 1 5 0 ' ~  (HOURS) 

( b )  

Figu re  1 6 .  The E f f e c t  of Double Aging on t h e  Guinier  Radius of 
(a) Al-Zn-Mg, (b) 7050. 



Figure 1 7 .  Fine ZrAlg P a r t i c l e s  ~ i s t r i b u t e d  throughout 7050, wi th  t h e  
Line of No Contrast  i n  Each P a r t i c l e  Perpendicular  t o  t h e  
Operating Ref l ec t ion .  



F%g~et 18. The Effect ab btgbg fempecxature and Copper Content an the 
W*&th of zhe PFZ. (a) Wgde pFZ of U-Znag kged 8 Horn 
at 130Q@. (b) Earraw BE3 of 7059 Aged 8 Haws at lEO°C. 
(4 Harrow PFZ of AJ-Zn-Hg Aged 8 Earns at 120°C. 
(d) Narrow PPZ of 7Q5G Aged 8 Roars at 120°C. 



Tensi le  samples of the  two a l loys  aged a t  120°C and 150°C ex- 

h i b i t e d  a  uniform increase  i n  proof stress (0.2 per  cent  o f f s e t )  and a  

decrease i n  t h e  s t r a i n  t o  Fracture and s t r a i n  hardening exponent. The 

va r ia t ions  of these  parameters a r e  summarized i n  Table 2. The change 

of  f r a c t u r e  behavior of the  Al-Zn-Mg a l l o y  with aging was a  gradual 

change from d u c t i l e ,  dimple rupture,  i n  the  as-quenched and under aged 

samples, t o  a  b r i t t l e  in tergranular  f r a c t u r e  i n  overaged samples. The 

t r a n s i t i o n  of the  f r a c t u r e  mode was s i g n i f i c a n t l y  more rapid  when t h e  

samples were aged a t  120°C than at 150°C. Tensi le  samples of t h i s  

a l loy  aged beyond 24 hours a t  120°C f rac tured before any measurable 

y ie ld ing  had occured. Figure 19, shows t y p i c a l  scanning e l e c t r o n  f rac t -  

ographs, which c l e a r l y  i l l u s t r a t e  t h e  t r a n s i t i o n  from transgranular  dimple 

rupture  t o  in tergranular  separat ion.  

The dis loca t ion  s t r u c t u r e  produced a f t e r  small amounts of de- 

formation, E < 2.0 pe r  cent ,  was s i m i l a r  t o  t h a t  reported by o the r  
P  

workers (3 ) .  Briefly, as- quenched and under aged samples deformed 

homogeneously and had a  uniform d i s loca t ion  d i s t r i b u t i o n  which con- 

tained a  l a r g e  number of long d i s loca t ion  segments, with numerous dis-  

loca t ion  dipoles  and debris .  Samples i n  t h e  v i c i n i t y  of maximum 

hardness exhibi ted  inhomogeneous deformation. S l i p  was confined t o  

narrow bands p a r a l l e l  t o  I111) planes containing s h o r t  d i s loca t ion  

segments with much loop debr is .  

Tensi le  samples pulled t o  f r a c t u r e  of as-quenched and quenched 

and aged f o r  0.25 hours a t  120°C a r e  shown i n  Figure 20a and b. The 

deformation s t r u c t u r e  was characterized by uniformly d i s t r i b u t e d  s h o r t  



Figure 19. Effect of Aging on the Fracture Behavior of Al-Zn-Mg; 
(a) A s  Quenched, Ductile Transgranular Fracture; 
(b) 1 Houx at 120°C, Mixed Mode; (c) 12 Hours a t  120°C, 
Low Energy, Intergranular Separation. 



Figure 2b. Deformation Structure of Al-Zn-Mg Tensile Samples Sectioned 
Below the Fracture Surface. (a) As-quenched, (b) 0.25 
Houxs, ( c )  and (d) 12  Hours at 120°C. 



dis loca t ion  segments. Samples aged 4 hours a t  120°C showed the  

onset of d i s loca t ion  bands, Figure 20c. I n  samples aged 1 2  hours 

a t  120°C, f r a c t u r e  sccured before s i g n i f i c a n t  y ie ld ing,  E < 2 per  cent ,  
P 

and the deformation s t r u c t u r e  was characterized by narrow, widely spaced 

d i s loca t ion  bands, Figure 20. The region between t h e  bands w a s  

observed t o  be f r e e  of d i s loca t ion  debr is .  

C ~ m p a r ~ s o n  of deformation s t r u c t u r e  i n  t e n s i l e  samples aged at  

150°C and pulled t o  f r a c t u r e  showed t h e  uniform d i s loca t ion  s t r u c t u r e  

a t  the  ea r ly  s t ages  of aging, 0.25 hours, Figure 21a, and a tendency 

toward wide, overlapping d i s loca t ion  bands a t  the  l a t e r  s t ages  of 

aging, Figure 21b and c .  Wide d i s loca t ion  bands were s t i l l  observed 

a f t e r  96 hours, Figure 2 2 .  The wide overlapping bands were associa ted  

with the  l a rge  p l a s t i c  s t r a i n  accommodated before f r a c t u r e ,  E > 5.0 
P 

per cent .  Cross sec t ions  of f r a c t u r e  surfaces  a t  various s t ages  of 

aging were mounted, mechanically polished and etched, Figure 23. The 

t r aces  of the  s l i p  l i n e s ,  p a r a l l e l  t o  I1111, were found i n  samples i n  

which nonhomogeneous deformation had been shown t o  e x i s t  by TEM. In 

the  as-quenched and under-aged samples, s l i p  t r a c e s  were not  found. 

Aging t h e  t e n s i l e  samples of the  7050 a l l o y  produeed a uniform 

increase  i n  the  proof stress, a decrease i n  the  s t r a i n  hardening 

exponent, and a reduction i n  the  elongation a t  f r a c t u r e .  These t rends  

i n  the  da ta  are summarized i n  Table 2 .  Examination of the  f r a c t u r e  

s u r f a c e  of 7050 t e n s i l e  samples revealed transgranular  f r a c t u r e  f o r  

a l l  aging t i m e s  tes ted .  Typical f r a c t u r e  behavior of 7050 can be seen 

i n  the  scanning e lec t ron  fractographs of samples as-quenched and aged 



Figure 21. Def or 
Secti 
(b) 4 

mation Structu .re of Al-Zn-Mg Tensil 
& 
-e Samples 

.oned Below Fracture Surfaces. (a) 0.25 Hours, 
Hours, and (c) 12 Hours Aged a t  150°C. 



Figure 22. Variation of Dislocation Contrast with Foil Tilt, in a 
Tensile Specimen Aged 96 Hours at 150°C, Sectioned 
Directly Below Fracture Surface. 



b 

Figu re  2 3 .  Effec t  of Aging on S l i p  Band Formation i n  Al-Zn-Mg: 
(a) Under-aged Sample,  Showing no S l i p  Traces, (b) 
Aged Sample Showing S l i p  Bands. 



Table 2. Su~nmary of Ter i s i l e  and Fatigue Data 

Treatment 
oPf-spt) r f% 
Kg Imm 

A l -  Zn-Tlg 

0.25 Iir. @ 1 2 0 ' ~  15 33 

0.25 h r .  @ 1 5 0 ' ~  

4 h r .  Q 1 5 0 ' ~  30 

9 h r .  @ 1 5 0 ' ~  

24 h r .  @ 1 5 0 ' ~  

96 h r .  @ 1 5 0 ' ~  

4  h r .  @ 1 2 0 ' ~  
+ 

24 h r .  @ 1 5 0 ' ~  

4 h r .  @ 1 2 0 ' ~  

24 Iir. @ 1 2 0 ' ~  

0.25 hr .  @ 1 5 0 ' ~  

4 h r .  @ 1 5 0 ' ~  

24 hr. @ 1 5 0 ' ~  

9G hr .  @ 1 5 0 ' ~  

24 h r .  @ 1 2 0 ' ~  
+ 

24 h r .  @ 1 5 0 ' ~  



Figure 24 .  Frac ture  Behavior of 7050: (a) As Quenched, (b) Aged 
96 Hours at 120°C. 



f o r  96 h o u r s  a t  120°c, F i g u r e  24. 

D e t a i l e d  TEM of 7050 samples p u l l e d  t o  f r a c t u r e  r e v e a l e d ,  gen- 

e r a l l y ,  t h e  same t y p e  o f  d i s l o c a t i o n  behavior  as i n d i c a t e d  e a r l i e r  f o r  

t h e  t e r n a r y  Al-Zn-Mg a l l o y .  H o ~ ~ e v e r ,  i t  was n o t e d  upon o p t i c a l  examina- 

t i o n  t h a t  t h e  t e n s i l e  sample s u r f a c e s  d i d  n o t  e x h i b i t  t h e  c o a r s e  s l i p  

l i n e s  t h a t  had been s e e n  i n  t h e  l a r g e  g r a i n e d  t e r n a r y  A1-Zn-Mg a l l o y .  

I n  some c a s e s  r e g i o n s  of s m a l l ,  non-uniform g r a i n s  o r  s u b g r a i n s  were 

observed p r i o r  t o  t h e  de format ion ,  F i g u r e  25(a)  and ( b ) .  Subgra ins  

o r  c e l l s  were a l s o  observed,  i n  a few i n s t a n c e s ,  a f t e r  de format ion ,  

F i g u r e  25(c )  and ( d ) .  Tliis type  of s t r u c t u r e  w a s  n e v e r  observed  i n  

t h e  t e r n a r y  a l l o y .  

Low c y c l e  f a t i g u e  b e h a v i o r  f o r  most m a t e r i a l s  h a s  been shown 

t o  f i t  t h e  Coffin-l4anson (89) r e l a t i o n s h i p  i n  t h e  form: 

where, 

A 8  - is t h e  p l a s t i c  s t r a i n  range,  
P  

E '  - is  tlle f a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,  
f 

2Nf - i s  t h e  number of r e v e r s a l s  t o  f a i l u r e ,  and 

c  - i s  t h e  f a t i g u e  d u c t i l i t y  exponent .  

Th i s  g e n e r a l  r e l a t i o n s h i p  w a s  found t o  d e s c r i b e  t h e  1.ow c y c l e  f a t i g u e  

0 
~ e h a v i o r  o f  t h e  Al-Zn-Mg a l l o y  aged a t  1 2 0 ~ ~  and 150 C f o r  v a r i o u s  

t imes .  Two complete  d a t a  s e t s  t h a t  demons t ra te  t h e  t y p i c a l  r e s p o n s e  t o  

v a r i o u s  l e v e l s  of c y c l i c  s t r a i n i n g  are g iven  i n  F i g u r e s  24 and 25. The 

complete  s e t  o f  d a t a  f o r  a l l  a g i n g  t empera tu res  and t i m e s  i s  g iven  i n  

Appendix A. 



-suyer3-qns   puts %u-pty~2uo3 ' d ~ a n j 3 3 a d s a ~  ' 3 , 0 5 ~  
2 8  smoH fiz PUB 3,,0s~ JB srnoH 5 2 - 0  38 s a ~ d u ~ s  pauuojaa 

(PI pU" (3) '3,02~ 3 e  s x n o ~  8 pa8v a ~ d u ~ s  pamoslapun 
(q) pue (8) :adoqs pu~? azrs u y o q  mro3yun-uo~ 30 a~durmq 'SZ a z n s ~ d  



There a r e  e s s e n t i a l l y  t h r e e  methods of p l o t t i n g  t h e  c y c l i c  da t a .  

F i r s t ,  t he  v a r i a t i o n  of mean stress wi th  cyc l e s ;  second, t h e  p l a s t i c  

s t r a i n  amplitude versus  cyc l e s  t o  f a i l u r e ,  which i s  c a l l e d  t h e  Coffin- 

Manson p l o t ;  and t h i r d ,  a c y c l i c  s t r e s s - s t r a i n  curve g iv ing  t h e  c y c l i c  

hardening exponent, n l ,  which can be expressed mathematically as 

where 

ua - is  t h e  stress amplitude and 

o f 1 -  i s  the  f a t i g u e  s t r e n g t h  c o e f f i c i e n t  

The Coffin-Manson r e l a t i o n s h i p  was found t o  desc r ibe  t h e  low cyc le  

f a t i g u e  behavior of t h e  Al-Zn-Mg a l l o y  aged a t  120°C and 150°C f o r  t h e  

t imes t e s t e d .  However, ex t r apo la t ing  2Nf = 1 f o r  samples aged a t  1 5 0 " ~  

f o r  f o u r  hours o r  longer  gave a va lue  > e f ,  where cf i s  t h e  f r a c t u r e  

e longat ion  determined from monotonic t ens ion  t e s t s .  I t  was a l s o  found 

that as aging t i m e  increased ,  t h e r e  w a e  a corresponding decrease i n  c, 

t h e  s lope  of t h e  Coffin-Manson p l o t ,  thus  i n d i c a t i n g  a Pow cyc le  

f a t i g u e  dependence on t h e  micros t ruc ture .  Representa t ive  f a t i g u e  curves 

a r e  given i n  Figures  26 and 27.  A l l  t h e  f a t i g u e  d a t a  are summarized i n  

Table 2 a long  wi th  t h e  rnonotonic p r o p e r t i e s .  The complete set of f a t i g u e  

d a t e  i s  given i n  Appendix A. 

O p t i c a l  examination of t he  f r a c t u r e d  f a t i g u e  specimens showed t h e  

same genera l  v a r i a t i o n  of f a a c t u r e  f e a t u r e s  exh ib i t ed  by t h e  u n i a x i a l  

t e n s i l e  samples. Coarse s l i p  l i n e s  were only  observed i n  aged 

f a t i g u e  samples; metal lograpbic examination of po l i shed  and e tched  



Figure 26. Low Cycle Fatigue Behavior of Al-Zn-Mg Aged a t  150°C for  
0.25 Hours: (a) Stress Amplitude versus cycles ,  (b)  Coffin- 
Manson P l o t ,  anil (c) Cyclic and Monotonic Stress-Strain. 



Figure 27. Low Cycle Fatigue Behavior of Al-Zn-Mg Aged at 150°c for 
96 Hours: (a) Stress Amplitude versus cycles, (b) Coffin- 
Manson P l o t ,  and (c) Cyclig apd Mo.~?t?q,i.c S tregs-Strgin, 



f r a c t u r e  c r o s s  s e c t i o n s  showed non-uniformly d i s t r i b u t e d  coa r se  s l i p  

i n  t h e  aged samples. Figure 28 shows s l i p  l i n e s  on a  specimen aged 

a t  120°C f o r  f o u r  hours  and f a t i g u e d  a t  A E  / 2  = 0 . 3  per  c e n t  t o  f a i l u r e ,  
P 

Nf = 666 cyc l e s .  A high  dens i ty  of s l i p  l i n e s  was observed around a  

secundary crack t h a t  appeared below t h e  main crack .  Scanning e l e c t r o n  

f rac tography  i l l u s t r a t e d  t h e  tendency toward t r ansg ranu la r  f r a c t u r e .  

I n  F igures  29 a  and b ,  and 30 a  and b ,  a  r i n g  of t r ansg ranu la r  f r a c t u r e  

can be  seen .  The f a t i g u e  c r ack  i n i t i a t e d  a t  t h e  s u r f a c e  and a circum- 

r r e n t i a l  c rack  f r o n t  propagated r a d i a l l y  toward t h e  c e n t e r .  The 

f a t i g u e  damage was c h a r a c t e r i z e d  by beach marks and can be  seen  i n  

F igures  29b and 30b. The overload f a i l u r e ,  c h a r a c t e r i z e d  by i n t e r -  

g r anu la r  f r a c t u r e  f o r  t h i s  h e a t  t rea tment ,  i s  loca t ed  i n  t h e  c e n t r a l  

p o r t i o n  of F igures  29a and 30 a .  High magni f ica t jon  micrographs f o r  

t he  overload f a i l u r e  a r e  shown i n  F igures  29 cand  d,  and 30 c  and d .  

TEM on t h i n  f o i l s  from under aged f a t i g u e  specimens s ec t ioned  

d i r e c t l y  below t h e  f r a c t u r e  s u r f a c e s ,  gene ra l l y  showed dense,  uniform 

d i s l o c a t i o n  t a n g l e s ,  i n d i c a t i v e  of homogeneous s l i p .  S l i p  bands were 

observed i n  f o i l s  prepared from d i r e c t l y  below t h e  f r a c t u r e  s u r f a c e s  on 

samples aged t o  maximum s t r e n g t h  o r  overaged samples. Aging had s i m i l a  

e f f e c t s  on t h e  r e s u l t a n t  deformation m i c r o s t r u c t u r e , a s  was observed 

dur ing  u n i a x i a l  t ens ion  tests, F igures  31 and 32 show t h e  deformation 

s t r u c t u r e  f o r  Al-Zn-Mg aged a t  150°C and double aged fo r  4 hours  a t  

120°C followed by 24 hours a t  150°C. 

Low cyc l e  f a t i g u e  behavior  of t h e  7050 a l l o y  aged 4 hours  a t  

120°C and 0.25 hours a t  150°C was found t o  comply wi th  t h e  Coffin- 



b 160 X 
Figure 28. Al-Zn-Mg Aged 4 Hours at 120°c, Fatigued to Failure, 

A E  12 = 0.3% and N = 666. The Specimen was Sectioned 
~eg~endicular to tfie Fracture Surface. (a) Slip Traces in 
a Grain at the Fracture Surface, (b) Secondary Crack 
Elsewhere in the Gage Section. 



Figure 29. Fractographs of Al-Zn-Mg. Aged 24 Hours a t  150 O C  and 
Fatigue t o  Fracture:  bcp/2 = 1.10 p e r  cent ,  and Nf = 49 
Cycles: (a) Overall  view of t h e  Fracture  Surface, (b) 
Expanded Viev Showing t h e  Presence of t h e  Charac te r i s t i c  
"Beach Marks" Associated with Fatigue Damage, (c) Over- 
load Fai lure ,  Characterized by t h e  In te rg ranu la r  Fracture  
f o r  t h i s  Aging Condition, and (d) High Magnification 
Micrograph Showing D i m p l e  Features on t h e o v e r l o a d  Fracture  
Surface. 



Figure  30. Fractographs of Al-Zn-Mg, Aged 24 Hours a t  150°c, 
Fat igued t o  Fracture:A&/2=0.12 Pe rcen t ,  
Cycles:  (a)  Overa l l  ~ i g w  of  t h e  F r a c t u r e  N6 u r f a c e ,  = 3000 
(b) Expanded V i e w  Showing t h e  Presence of  t h e  
C h a r a c t e r i s t i c  "Beach ~arks" Associated wi th  Fa t igue  
Damage, (c) Over-load F a i l u r e ,  Charac te r ized  by t h e  
I n t e r g r a n u l a r  F rac tu re  f o r  t h i s  Aging Condit ion,  and 
(d) High Magni f ica t ion  Micrograph Showing D i m p l e  
Fea tu re s  on t h e  Overload F r a c t u r e  Surface.  



Figure  31. Deformation S t r u c t u r e  of Al-Zn-Mg Aged a t  150°C f o r  
Different Times and Fat igued t o  F a i l u r e :  (a )  0.25 Hours 
A E  / 2  = 0.35 pe r  cen t ,  Nf = 4000 Cycles,  (b) 4 Hours 
brP/2 = 0.31 p e r  c e n t ,  N f  = 520 Cycles,  ( e )  9 Hours 
AsF/2 = 0.26 p e r  cen t ,  Nf = 380 Cycles,  and (d) 24 Hours, 
AE /2 = 0.35 p e r  c e n t ,  Nf = 1000 Cycles. 

P 



F i g u r e  3 2 .  Al-Zn-Mg Double Aged 4 Hours; a t  120°C and 24 Hours a t  
150°C, and F a t i g u e d  to F a i l u r e :  ( a )  and (b) A E  / 2  = 2 . 1  
p e r  c e n t ,  Nf = 42 Cyc les ,  and (c )  and (d)  nop 72 = 0.6 
p e r  cent, N = 476 Cycles .  

f 



Manson r e l a t i o n .  The ex t r apo la t ed  va lues  f o r  t h e  monotonic e longat ion  

a t  f r a c t u r e  were i n  good agreement w i th  t h e  t e n s i l e  da t a .  The low c y c l e  

f a t i g u e  da t a  of t h e  7050, aged f o r  24 hours  a t  120°C o r  double aged f o r  

24 hours a t  120°C followed by 24 hours a t  150°C, were found t o  f a l l  on 

a s t r a i g h t  l i n e ,  bu t  t h e  ex t r apo la t ed  f r a c t u r e  va lues  were h ighe r  than  

those  obta ined  i n  t h e  monotonic t e s t s .  However, t h e  low cyc le  f a t i g u e  

d a t a  f o r  7050 aged f o r 4  hours o r  longer  ( a t  l e a s t  up t o  96 hours)  a t  

150°C r e s u l t e d  i n  a da t a  s e t  which had a d i s t i n c t  break a t  Ae 1 2  - 1.0  
P 

per  cen t .  Representa t ive  da t a  a r e  given i n  F igures  33-37, and t h e  

c y c l i c  and monotonic p r o p e r t i e s  a r e  summarized i n  Table 2 . .  

Opt i ca l  and scanning microscopic examination of t h e  f r a c t u r e d  

f a t i g u e  specimens showed a t r ansve r se  f r a c t u r e  propagat ing from t h e  

s u r f a c e  of t h e  f a t i g u e  specimen toward t h e  c e n t e r ,  F igure  38a and c .  

The f a t i g u e  damage can be seen I n  F igure  38b, and t h e  overload reg ion  

i n  Figure 38d. Metal lographic examination d i d  not  r evea l  coarse  sur -  

face  s l i p  l i n e s  l i k e  those  observed f o r  t h e  l a r g e  grained t e r n a r y  

Al-Zn-Mg a l l o y .  TEM on t h i n  f o i l s  from below the  f r a c t u r e  s u r f a c e  

revea led  d i s l o c a t i o n  s t r u c t u r e  s i m i l a r  t o  the t e n s i l e  deformation. 

Microscopy on samples cycled on e i t h e r  s i d e  of t h e  break i n  t h e  f a t i g u e  

l i f e  curve showed a tendency f o r  c e l l  l i k e  s t r u c t u r e  t o  form on t h e  

high p l a s t i c  s t r a i n  amplitude s i d e  of t h e  break, and d i s l o c a t i o n  bands 

a t  t h e  low p l a s t i c  s t r a i n  amplitude s i d e ,  F igures  39 and 40. 



Figure Low Cycle Fatigue Behavior of 7050 Aged 4 Hours at 120°C 
(a) Stress Amplitude versus N, (b) Coffin-Manson Plot, 
and (c) Cyclic and Monotonic Stress-Strain. 
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Tigure 34. Low Cycle Fatigue Behavior of 7050 Aged 24 Hours at 120°C: 
(a) Stress Amplitude versus N, (b) Coffin-Manson Plot, 
and (c) Cyclic and Monotonic Stress-Strain. 
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Figure 35. Low Cycle Fatigue Behavior of 7050 Aged 0.25 Hours at 
150°C: (a) Stress Amplitude versus N, (b) Coffin-Manson 
Plot, and (c) Cyclic and Monotonic Stress-Strain, 



Figure 36. Low Cycle Fatigue Behavior of 7050 Aged 96 Hours at 
1508C: (a) Stress Amplitude versus N, (b) Coffin-Manson 
Plot, and ( c )  Cyclic and M Q ~ Q ~ Q ~ ~ c  Stress-Strain. 



Figure  37. Low Cycle Fat igue  Behavior of 7050 Double Aged 24 Hours at 
120°C Followed By 24 Hours at 150°C: (a) Stress Amplitude 
Versus N, (b) Coffin-Manson Plot, and ( k )  Cyclic and 
Monotonic Stress-Strain. 



Figure  38. Fractographs of 7050, Aged 24 Hours a t  1 5 0 ' ~  and Fat igued 
t o  F a i l u r e :  (a)  and (b) ,  A s  / 2  = 3.8 p e r  c e n t ,  Nf = 9 
Cycles ,  and ( c )  and ( d ) ,  A E ~ / : !  = 0.17 p e r  c e n t ,  Nf = 1680 
Cycles;  (a) Region 1 ~howg  t h e  Transverse  Fa t igue  F r a c t u r e  
I n i t i a t e d  a t  t h e  Sur face ,  Region 2 is t h e  Overload F rac tu re  
Sur face ;  (b) Expanded V i e w  of ( a ) ;  (c) Region 1 Shows t h e  
Ring of Fa t igue  Damage t h a t  I n i t i a t e d  a t  t h e  Sur face  and 
Propagated Radially Toward t h e  Center ,  Region 2 Shows t h e  
Transverse  Overload F r a c t u r e  Sur face ,  and (d) Expanded 
View of Kegion 2 Showing t h e  Overload F r a c t u r e  Sur face .  



Figure  39.  Deforamtion Structure i n  7050, Aged 4 Hours a t  150°C and 
Fat igue  to F a i l u r e  (a) and (c) Cell Formation at High 
P l a s t i c  S t r a i n  Amplitudes and (b) and (d) Dis loca t ion  
Bands a t  Low P l a s t i c  Strain Amplitudes. 



Figure 40. Deformation Structure in 7050, Aged 24 Hours at 150°C 
and Fatigued to Failure. (a) and (c) Cell Formation at 
High Plastic Strain Amplitude, and (b) and (d) Dislocation 
Bands at Low Plastic Strain Amplitude. 



CHAPTER V 

DISCUSSION OF RESULTS 

The i n t e r m e t a l l i c  compounds A12CuMg and A12Cu were d i s t r i b u t e d  

throughout t h e  7050 a l l o y .  Extensive co ld  work followed by so lu t ion -  

i z i n g  a t  480°C f o r  a s  l o n g a s  24 hours d i d  n o t  cause t h e s e  p a r t i c l e s  

t o  d i s so lve .  This f a c t  i n d i c a t e s  t h a t  t he  s o l i d  s o l u t i o n  temperature 

f o r  t h i s  a l l o y  is  g r e a t e r  than  480°C. The e x t e n t  of s o l u b i l i t y  of 

copper i n  t h i s  system depends upon t h e  zinc:magnesium r a t i o ;  i nc reas ing  

t h i s  r a t i o  i nc reases  t he  amouyt of copper t h a t  can be taken i n t o  

s o l u t i o n  a t  a given temperature.  

The chemical composition of t h e  two quar te rnary  a l l o y  t h a t  are 

be ing  concurren t ly  i n v e s t i g a t e d  is shown i n  Table 111. 

Table 111. Chemical Analysis  of t h e  Two Alloys 
Concurrently Being Inves t iga t ed  

Alloy 
Number 

7 7 

7 8 

The a l l o y  conta in ing  l e s s  copper had a g r a i n  s i z e  and morphology 

s i m i l a r  t o  t h e  t e r n a r y  Al-Zn-Mg a l l o y  (95) ; however, t h e  a l l o y  wi th  

t h e  h ighe r  copper content  w a s  found t o  be s i m i l a r  t o  t h e  7050 a l l o y  

i n  g r a i n  s i z e  and morphology and i n  d i s t r i b u t i o n  of t h e  copper r i c h  



i n t e r m e t a l l i c s ,  a s  we l l .  From these  r e s u l t s  i t  may be deduced t h a t  

a t  l e a s t  1.5 pe r  cent  copper can be d i s so lved  a t  480°C. Copper i n  excess  

of t h i s  quan t i t y  forms t h e  copper r i c h  i n t e r m e t a l l i c s ,  which can a c t  a s  

a g ra in  r e f i n e r .  

The presence of  a t  l e a s t  1.5 per  cen t  copper t h a t  does not  par- 

t i c i p a t e  i n  t he  formation of t he  A12Cu i n t e r m e t a l l i c s ,  f o r  t h e  h e a t  

t rea tments  used i n  t h i s  i n v e s t i g a t i o n ,  must be considered.  There a r e  

e s s e n t i a l l y  t h r e e  p o s s i b i l i t i e s  concerning t h e  func t ion  of copper.  

I t  m y :  

1. p r e c i p i t a t e  as 0 (A12Cu), 

2. p r e c i p i t a t e  a s  S (A12CuMg), 

o r  

3. e n t e r  i n t o  r~ (MgZn2) p r e c i p i t a t i o n  sequence. 

Polmear (51) proposed thac  the  repid  hardness  i n c r e a s e  i n  the  

i n i t i a l  s t a g e  of aging was a s soc i a t ed  wi th  t h e  S(A12MgCu) sequence. 

However, a n a l y s i s  of hardness  da t a  by S i l cock  ( 9 6 )  on t h e  Al-Cu-Mg 

system could not  account f o r  t h e  i n i t i a l l y  high hardness  va lues .  

Given t h e  o r i e n t a t i o n  r e l a t i o n s h i p  f o r  t h e  S phase: 

[lool,  I I [lOOl,, [OlOIs I I [021ld and 

l O O l 1 ,  1 I 1012lA1 

a long  wi th  t h e  orthorhombic c e l l :  

a = 4.0,  b = 9.23 and c = 7.14 A, 

generated d i f f r a c t i o n  p a t t e r n s  d i d  no t  produce a d i s t r i b u t i o n  of 

d i f f r a c t i o n  s p o t s  s i m i l a r  t o  t h a t  observed i n  t h e  SAD p a t t e r n s ,  

Appendix B.  Di f fuse  s t r e a k i n g  i n  t h e  Al-Cu-Mg and A1-Cu systems ( i n  



both x-ray and e l e c t r o n  d i f f r a c t i o n  pa t t e rne )  has  been repor ted  

i n  t h e  <loo> (96) d i r e c t i o n .  No d i f f u s e  s t r eaks  i n  t h e  SAD p a t t e r n s  
A 1  

i n  <lOO>A1were eve r  observed i n  t h e  p re sen t  s tudy ,  t he re fo re ,  t h e  

0 p r e c i p i t a t i o n  sequence was ru l ed  o u t .  

Thomas and Nut t ing  i n v e s t i g a t e d  two Al-Zn-Mg a l l o y s ,  one of 

which contained copper a d d i t i o n s .  They concluded t h a t  t h e  t h r e e  s t a g e  

aging sequence remained e s s e n t i a l l y  t h e  same, i . e . ,  

G.P. -t 0' -+ 0 ,  

and t h a t  copper en t e red  d i r e c t l y  i n t o  t h e  G.P. zones. However, t h i s  

explana t ion  was no t  complete because t h e  e1ectron:atom r a t i o  range f o r  

which t h e  MgZn2 type s t r u c t u r e  i s  s t a b l e  was n o t  taken  i n t o  cons ide ra t ion .  

The type of Friauf-Laves s t r u c t u r e  t h a t  w i l l  form has  been found 

t o  be  sens i tTve  t o  t h e  e1ectron:atom r a t i o .  (See t h e  L i t e r a t u r e  

Review f o r  a d i scuss ion  on t h i s  po in t . )  The a d d i t i o n  of copper t o  

MgZn2 would cause t h e  s t r u c t u r e  t o  become t h e  MgCu type ,  which wou1.d 2 

r e q u i r e  a change i n  space group from P ~ ~ / U I I E  t o  Fd3m. To compensate 

f o r  t h e  presence of  copper,  aluminum may go i n t o  the  zones, a l lowing t h e  

MgZn2 s t r u c t u r e  t o  be maintained. In  support  of t h i s  argument, it has 

been shown (98) t h a t  t h e  s t r u c t u r e  s e r i e s  from MgZn2 t o  MgAlCu i s  

isomorphous. It would t h e r e f o r e  seem l o g i c a l  t o  assume t h a t  copper does 

e n t e r  i n t o  t h e  p r e c i p i t a t i o n  process  along wi th  aluminum. 

The most profound e f f e c t  t h a t  copper had on t h e  p r e c i p i t a t i o n  

process  w a s  observed when Al-Zn-Mg and 7050 samples, aged a t  150°C, 

were examined by TEM. I n  7050 t h e  p r e c i p i t a t e s  were uniformly d i s -  



t r i b u t e d  up t o  t he  g ra in  boundaries ,  which is  i n  marked con. t rast  t o  

t he  PFZ format.ion seen i n  t h e  t e rna ry  Al-Zn-Mg a l l o y .  Figure 38 i s  a 

r ep resen ta t ion  of t he  s u r f a c e  f o r  homogeneous nuc lea t ion  a s  a  func t ion  

of z inc  and magnesium add i t i ons .  Figure 41 p r c d i c t s  t h a t  t h e  t e rna ry  

a l l o y  used i n  t h i s  research ,  A1-6.2%Zn-2.2%MgY should have a  homogeneous 

nuc lea t ion  temperature i n  t h e  v i c i n i t y  of 1 5 0 ~ ~ ( ~ ~ ) .  The presence of 

t he  l a r g e  PFZ i n  t h e  t e rna ry  a l l o y  aged a t  150°C, F igure  18a, de- 

monstrated t h a t  the  homogeneous nuc lea t ion  temperature was below 

1 5 0 0 ~  (100) . However, t h e  narrow PFZ observed f o r  7050 a l l o y  ind ica t ed  

t h a t  150°C is below t h e  G.P. so lvus  f o r  t h i s  copper con ta in ing  a l l o y  (100). 

This a l s o  g ives  credence t o  t h e  idea  t h a t  copper i s  p a r t i c i p a t i n g  i n  

t h e  G.P. zone Formation. 

The apparent  i nc rease  i n  t h e  c r i t i c a l  temperature and the  l a r g e ,  

i n i t i a l  i nc rease  i n  hardness  and proof s t r e s s  observed i n  t h i s  research  

may be considered t o  be a  r e s u l t  of a  reduct ion  of t h e  b a r r i e r  t o  

nuc lea t ion  by t h e  presence of copper. This  may be due t o  a  reduct ion  

i n  t he  i n t e r f a c i a l  energy, o r  changes i n  t h e  volume f r e e  energy o r  

s t r a i n  energy,  o r  a l l  t h r e e  ( l o o ) .  From t h e  type  da t a  gathered i n  t h i s  

r e sea rch ,  i t  was not  p o s s i b l e  t o  determine which change ( i f  no t  a l l )  

i s  occurr ing .  However, r ega rd l e s s  of  t he  reason,  a  decrease  i n  t h e  

nuc lea t ion  b a r r i e r  w i l l  cause a  h igher  frequency of nuc lea t ion .  

Since i t  has  been shown t h a t  copper has  d i r e c t l y '  en t e red  i n t o  t h e  

p r e c i p i t a t i o n  process ,  t h e r e  is a l s o  an  inc rease  i n  t h e  amount of 

s o l u t e  a v a i l a b l e  t o  form n u c l e i ,  r e s u l t i n g  i n  a  h igher  volume f r a c t i o n  

of G.P. zones f o r  t h e  copper conta in ing  a l l o y .  The d i f f e r e n c e s  i n  



ALUMINIUM 

F i g u r e  41. A R e p r e s e n t a t i o n  of t h e  Upper Tempera tu re  Limit of  
S t a b i l i t y  o f  G.P. Zones i n  Aluminum - r i ch ,  Aluminum - 
Zinc - Magnesium ~ l l o ~ s ( ~ ~ )  . 



mechanical p r o p e r t i e s  of t he  two a l l o y s  may be  p a r t l y  a t t r i b u t e d  

t o  t h i s  d i f f e r e n c e  i n  volume f r a c t i o n .  The i n c r e a s e  i n  proof s t r e s s  with 

ag ing  time f o r  both a l l o y s  i s  p ropor t i ona l  t o  ?he i n c r e a s e  i n  t h e  s i z e  

of t h e  p r e c i p i t a t e s ,  a s  p r ed i c t ed  by t h e  shea r ing  mechanism, Equation 2.  

The growth r a t e  a t  120°C was low due t o  slow d i f f u s i o n ,  and a  

maximum of R/b = 1 4  was reached i n  t h e  t i m e  i n t e r v a l  i n v e s t i g a t e d .  The 

h igh  s t r e n g t h  ob ta ined  was a  r e s u l t  of t h e  l a r g e  volume f r a c t i o n  of 

p r e - p r e c i p i t a t e s  a s s o c i a t e d  wi th  ag ing  a t  120°C. I n  bo th  t h e  Al-Zn-Mg 

and 7050 a l l o y s ,  an  i n t e r p a r t i c l e  in t . e r fe rence  hump a s s o c i a t e d  w i th  

c l o s e l y  spaced p a r t i c l e s ,  was observed. The b r i t t l e  n a t u r e  of t h e  

t e r n a r y  Al-Zn-Mg a l l o y  d i d  n o t  permit a  complete assessment of t h e  

v a r i a t i o n  of proof s t r e s s  wi th  aging;  however, i n  t h e  7050 a l l o y ,  i t  

was found t h a t  t h e  proof stress increased  and l e v e l e d  o f f  a f t e r  9 

hours a t  120°C. This  behavior  was a s s o c i a t e d  w i t h  t h e  slow p a r t i c l e  

growth shown i n  t h e  XSAS measurements, F igure  15, and wi th  a  shea r ing  

mechanism ope ra t i ng  f o r  a l l  ag ing  t i m e s  i n v e s t i g a t e d .  

Aging a t  150°C produced s i m i l a r  e f f e c t s ;  t h e  i n c r e a s e  i n  proof 

s t r e s s  was shown t o  be  t h e  r e s u l t  of t h e  growth of t h e  p a r t i c l e s .  

The i n i t i a l  i n c r e a s e  was r e l a t e d  t o  t h e  shea r ing  of t h e  p a r t i c l e s ;  

however, a t  approximately R/b = 27  f o r  Al-Zn-Mg and R/b = 23 f o r  7050 

a  p rog re s s ive  drop i n  proof s t r e s s  began. This  r educ t ion  i n  proof stress 

is p red i c t ed  when t h e  d i s l o c a t i o n s  begin t o  loop  t h e  second phase 

p a r t i c l e s ,  and is i n  good agreement wi th  t h e  p r e d i c t i o n s  of F igure  6 .  

The h i g h e s t  proof s t r e s s  was a t t a i n e d  when t h e  7050 a l l o y  was 

double aged. Table  4 i s  a  summary of t h e  e f f e c t  of double ag ing  on t h e  



,Table 4 .  Sumnary of t h e  E f f e c t  of 3ouble Aging 
on t h e  ?lonotonic P r o p e r t i e s  of 7050 

Treatment 
a (0.2 per cen t  

o of$-se t )  f  
(per  cen t )  n  

K /rcm 
6 

4  hr.  Cd 1 2 0 ' ~  
+ 

12 h r .  @ 1 5 0 ' ~  

4  h r .  @ 1 2 0 ' ~  
+ 

24 h r .  @ 1 5 0 ' ~  

4  h r .  Ca 1 2 0 ~ ~  
+ 

48 llr. @ 1 5 0 ' ~  

24 ilr. @ 1 2 0 ~ ~  
+ 

1 2  h r .  @ 1 5 0 ~ ~  

24 h r .  @ 1 2 0 ~ ~  
+ 

24 h r .  @ 1 5 0 ' ~  

24 h r .  @ 1 2 0 ' ~  
+ 

48 hr .  @ 1 5 0 ' ~  

24 h r .  @ 1 2 0 ' ~  
+ 

96 h r .  @ 1 5 0 ' ~  



t e n s i l e  p r o p e r t i e s .  Within the  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  da t a ,  

4 hours a t  120°C followed by 24 hours a t  150°C produced the  g r e a t e s t  

proof s t r e s s  whi le  maintaining adequate  d u c t i l i t y ,  i . e . ,  12  p e r  cent  

e longat ion  a t  f r a c t u r e .  The s t a t i c  s t r e n g t h  i s  d i r e c t l y  r e l a t e d  t o  t h e  

dens i ty  of small  p a r t i c l e s  t h a t  r e s u l t e d  from t h e  i n i t i a l  aging a t  120°C 

and t h e  s i z e  i nc rease  obtained from s t e p  aging t o  150°C, Figure 16b, a s  

p red ic t ed  by t h e  shear ing  mechanism. The Guinier r ad ius  a f t e r  ag ing  a t  

150°C f o r  24 hours  w a s  s t i l l  l e s s  than  t h e  c r i t i c a l  s i z e  f o r  a  t r ans -  

i t i o n  from shear ing  t o  looping. 

The v a r i a t i o n  of t he  deformation process  a s  a  func t ion  of ag ing  

was followed by observa t ion  of sec t ioned  t e n s i l e  samples i n  t he  e l e c t r o n  

microscope. I n  both a l l o y s ,  a t  both aging temperatures ,  homogeneous 

deformation was observed i n  t he  e a r l y  s t a g e s  of aging ( l e s s  than f o u r  

hour s ) .  This f a c t  has  gene ra l ly  been a t t r i b u t e d  t o  the small r e s i s t ance  

t o  d i s l o c a t i o n  motion o f f e red  by the  p r e - p r e c i p i t a t e s  i n  t h e  e a r l y  
(101,102) 

s t a g e s  . However, samples aged f o r  f o u r  hours o r  more ex- 

h i b i t e d  l o c a l i z e d  deformation on narrow bands p a r a l l e l  t o  I111).  (The 

Guinier  r a d i i  ob ta ined  a f t e r  4 hours a t  120°C was approximately 24A 

and a f t e r  4 hours a t  150°C i t  w a s  50A, f o r  both a l l o y s . )  This  l o c a l i z e d  

deformation has been observed by o t h e r  i n v e s t i g a t o r s  and has  gene ra l ly  

been considered t o  be e i t h e r  an inhe ren t  weakness due t o  inhomogeneities 

i n  quenching(101,102) o r  l o c a l i z e d  weakening due t o  d i s l o c a t i o n s  

shear ing  t h e  zones ('O1). I n  t he  f i r s t  case  d i s l o c a t i o n s  a r e  i n i t i a l l y  

generated i n  ' s o f t '  reg ions  which r e s u l t e d  from t h e  quenching inhomo- 

g e n e i t i e s .  Wide quench bands have been observed by some authors  (103) 



t o  be completely f r e e  of p r e c i p i t a t e s .  Lynch (Io4) , however, has  pointed 

ou t  t h a t  t hese  weaker a r e a s  need only  have a s l i g h t l y  lower p r e c i p i t a t e  

d e n s i t y  than ad jacent  a r eas ,  and  heyw would thus  be  d i f f i c u l t  t o  

d e t e c t .  I n  t h e  a l t e r n a t i v e  explana t ion ,  bands form because t h e  i n i t i a l  

d i s l o c a t i o n s  shea r  t h e  coherent  and semi-coherent p re -p rec ip i t a t e s  

thereby reducing t h e  e f f e c t i v e n e s s  of t hese  p a r t i c l e s  i n  r e t a r d i n g  

s l i p .  Examination of numerous TEM f o i l s  d i d  no t  r evea l  t h e  type  of 

quench bands found by Embury and Nicholson (Io3) . However, t h e  l a r g e  

volume f r a c t i o n  of  p r e c i p i t a t e s  and t h e  h igh  degree of p a r t i c l e  over lap  

would prevent  t h e  observa t ion  of lower p r e c i p i t a t e  dens i ty  suggested 

by Lynch. It i s  p o s s i b l e  t h a t  a combination of both mechanisms was  

ope ra t ive .  Dense d i s l o c a t i o n  t a n g l e s  and much loop d e b r i s  were observed 

w i t h i n  the  deformation bands, bu t  t h e  h igh  p a r t i c l e  dens i ty  and over- 

lapping  s t r a i n  f i e l d s  of t h e  d i s l o c a t i o n s  prevented d i r e c t  observa t ion  

of t h e  i n t e r a c t i o n s  between d i s l o c a t i o n s  and p r e c i p i t a t e s .  A change 

i n  mechanism from shea r ing  t o  looping w a s  i n f e r r e d  from t h e  r educ t ion  

of f low stress wi th  increased  p a r t i c l e  r ad ius ,  f o r  samples of t h e  two 

a l l o y s  aged a t  150°C. 

Dif fe rences  i n  e longa t ion  a t  f r a c t u r e  and t h e  appearance of t h e  

f r a c t u r e  s u r f a c e s  were the  primary evidence of  s i g n i f i c a n t  v a r i a t i o n s  

i n  t h e  mechanical behavior  of  t h e  t e r n a r y  Al-Zn-Mg a l l o y  and 7050 a l l o y ,  

w i th  aging. I n  t h e  t e r n a r y  a l l o y  t h e  f r a c t u r e  process  g radua l ly  changed 

from d u c t i l e ,  micro-void coalesence,  i n  t h e  as-quenched condi t ion ,  t o  

b r i t t l e ,  low energy, i n t e r g r a n u l a r  s e p a r a t i o n  upon aging.  I n  c o n t r a s t ,  

7050 exh ib i t ed  d u c t i l e  t r ansg ranu la r  f r a c t u r e  f o r  a l l  ag ing  cond i t i ons  

i n v e s t i g a t e d .  



There have been numerous at tempts t o  c o r r e l a t e  f r a c t u r e  behavior 

with ma te r i a l  parameters. The most general  parameters t h a t  have been 

considered f o r  s imi la r  a l l o y s  a re :  

1. gra in  s i z e ,  

2. the  a r e a  f r a c t i o n  and s i z e  of t h e  g ra in  boundary p r e c i p i t a t e s ,  

and 

3. width of the  PFZ. 

Lynch (Io4) inves t iga ted  the  f r a c t u r e  behavior of two high s t r eng th  

Al-Zn-Mg a l loys .  One a l l o y  was a large-grained, high p r u i t y  te rnary  

and the  o ther  a fine-grained c o m e r c i a 1  a l l o y  containing 1 . 3  pe r  cent  

copper. He observed a lower d u c t i l i t y  and a tendency toward low energy 

inter-granular  ueparat ion i n  t h e  te rnary  a l loy ,  and s ince  i t  had a l a r g e r  

g ra in  s i z e  than the  a l l o y  containing copper, he concluded t h a t  gra in  

s i z e  w a s  a con t ro l l ing  f a c t o r .  Variat ion of t h e  width of t h e  PFZ has 

been c i t e d  a s  the  con t ro l l ing  f a c t o r  i n  t h e  d u c t i l i t y  of t h e  a l l o y  by 

o the r  i n v e s t i g a t o r s  (Io5).  Their  general  conclusion was: t h e  l a r g e r  t h e  

PFZ, the  g r e a t e r  t h e  d u c t i l i t y .  Cornish and Day (Io6) va r i ed  the  s i z e  

and number of gra in  boundary p r e c i p i t a t e s  by s t e p  quenching from 465 t o  

200°C using d i f f e r e n t  holding t i m e s  at 200°C. They concluded t h a t  t h e  

s i z e  and spacing of t h e  g ra in  boundary p r e c i p i t a t e s ,  r a t h e r  than t h e  

widthof  t h e  PFZ, cont ro l led  t h e  d u c t i l i t y .  They found t h a t  l a r g e r  p a r t i c l e s  

lowered the  d u c t i l i t y  and t h a t  wi th in  the  range of 600-2000A, t h e  PFZ 

width was found t o  have l i t t l e  e f f e c t .  S imi lar  r e s u l t s  were a l s o  reported 

by Unwin and Smith (107) 

I n  t h e  a l l o y  7050, narrow PFZ'S were observed, Figure 18b.and d 



however, f r a c t u r e s  were t ransgranular  and the re  was a t  l e a s t  12 per  

cen t  elongation;  t h i s  supports the  idca of Cornish and Day (106) 

Unwin and Smith 
(107) 

t h a t  the  PFZ has l i t t l e  e f f e c t  on d u c t i l i t y .  

It was shown e a r l i e r  t h a t  copper d i r e c t l y  p a r t i c i p a t e d  i n  t h e  

p r e c i p i t a t i o n  process by reducing t h e  nuclea t ion  b a r r i e r .  Therefore, 

more s o l u t e  would be p a r t i c i p a t i n g  i n  the  

G.P. -t n 1  -+ ri 

sequence, r a t h e r  than d i f fus ing  t o  the  gra in  boundaries and forming 

l a r g e  q p a r t i c l e s .  However, measurements of the  a rea  f r a c t i o n  of gra in  

bundary p r e c i p i t a t e s  were not  made, and s o  t h e  inf luence  of g ra in  

boundary p r e c i p i t a t e s  on the  f r a c t u r e  process can not  be q u a n t i t a t i v e l y  

es tabl i shed.  

Opt ica l  examination of t e n s i l e  samples showed t h e  presence of 

coarse s l i p  bands on t h e  surfaces  of monotonically deformed Al-Zn-Mg 

a l l o y s  aged f o r  g rea te r  than 4 hours. A s  pointed out  e a r l i e r ,  s l i p  

bands were not  o p t i c a l l y v i s i b l e i n  7050. Depending on the  s i z e  and 

spacing of t h e  s l i p  bands, high s t r e s s  concentrat ions can e x i s t  across  

g ra in  boundaries,leading t o  premature gra in  boundary f r a c t u r e .  I f  the  

amount of p l a s t i c   train in  each g ra in  of a deformed po lyc rys ta l  can b e  

considered t o  be  the  same (lo8) and t h e  gra in  s i z e  propor t ional  t o  1, then 

the  amount of p l a s t i c  s t r a i n  can be w r i t t e n  as: 

where, A L i s  t h e  of f -se t .  For a given amount of p l a s t i c  s t r a i n ,  in-  

c reas ing & w i l l  r e q u i r e  a propor t ionate  increase  i n  &. A l a r g e  he 



Figure 42. Variation of n' With Fatigue Life: (a) Comparison of 
Data by Feltner and Beardmore, (h) Al-Zn-Mg aged 150°C 
and 120°C and (c) 7050 Aged at 150'~ and 120°C. 



w i l l  r e s u l t  i n  a l a rge  s t r e s s  concentrat ion across  the  boundary. Con- 

sequently, the  presence of absence of in te rg ranu la r  f r a c t u r e  is  associa t -  

ed with both the  stress concentration across the  boundary and t h e  s t r eng th  

of the  boundary; the  former being influenced by the  gra in  s i z e  and matrix 

p r e c i p i t a t e s ,  and the  l a t t e r  by the  s i z e  and spacing of t h e  gra in  bound- 

ary  p r e c i p i t a t e s .  

The f a t i g u e  crack propagation model ( log) r e l a t e s  the  r a t e  of 

crack growth with n ' ,  t he  cyc l i c  s t r a i n  hardening exponent, i n  the  

following manner: 

where 

da - is the  crack growth cycle,  m 
a - is the  crack length,  

af €f - a r e  monotonic stress and elongation a t  f r a c t u r e ,  

respect ively  

a ' - is the  f a t i g u e  f r a c t u r e  stress, and 
Y 

n '  - is the  c y c l i c  s t r a i n  hardening exponent 

The above equation p red ic t s  t h a t  as n '  i s  increased Nf increases .  

Using t h i s  as a b a s i s ,  Fe l tne r  and Beardmore p lo t t ed  the  n' values 

f o r  13 mater ia ls ,  the  r e s u l t s  of which a r e  given i n  Figure 42a. The 

values of Nf obtained i n  t h i s  study has been p lo t t ed  as a funct ion of 

n ' ,  Figure 42b and c. As n '  decreases, N genera l ly  increases ,  opposite  
f 

t o  the t rend presented by Fe l tne r  and Beardmore (lo8). I t  must, however, 

be pointed ou t  t h a t  t h e  v a l i d i t y  of p l o t t i n g  n '  f o r  d i f f e r e n t  ma te r i a l s  



is quest ionable and t h e i r  a n a l y s i s  might be f o r t u i t o u s .  

The discrepancy with Equation (9)  is not  su rp r i s ing .  Fatigue 

is the  sum of both i n i t i a t i o n  and propagation, hence, the  devia t ion  

from the  equation does not  v i o l a t e  e i t h e r  the  crack propagation model 

o r  does t h e  model d i spu te  the  da ta .  

Examination of the  f r a c t u r e  surfaces  of fat igued-to-fai lure 

ternary Al-Zn-Mg and 7050 showed t h a t  a c i rcumferent ia l  crack f r o n t  

i n i t i a t e d  on the  su r face  and propagated r a d i a l l y  toward the  center .  The 

f a t i g u e  cracks appeared t o  propagate t ransgranular ly ,  Figures 29 and 30, 

with f a t i g u e  surface  damage charac ter ized  by beach marks. A s  t h e  f a t i g u e  

crack propagated toward center ,  a point  was reached where t h e  f r a c t u r e  

s t r e n g t h  was exceeded during t h e  tens ion cycle,  and the  remaining f r a c t u r e  

was monotonic. This  was more evident  i n  t h e  aged Al-Zn-Mg a l l o y  where 

the re  was a change i n  f r a c t u r e  mode from t ransgranular  f a t i g u e  t o  

in te rg ranu la r  monotonic. 

The response of the  s t r e s s  amplitude during a s t r a i n  cont ro l led  

low cycle  f a t i g u e  t e s t  reveals  much useful  information concerning 

the  mechanical na ture  of  the  mater ia l .  The s t r e s s  amplitude curves 

f o r  Al-Zn-Mg and 7050 are given i n  Appendix A. Br ie f ly ,  i n  t h e  e a r l y  

s t ages  of aging, when t h e  p a r t i c l e s  a r e  small and represent  l i t t l e  

res i s t ance  t o  the  motion of mobile d i s loca t ions ,  the  mechanical behavior 

is s imi la r  t o  the  i n i t i a l  response of an annealed s o l i d  s o l u t i o n  a l l o y .  

There is an increase  i n  t h e  stress amplitude wi th  the  number of cycles .  

This inc rease  i s  a r e s u l t  of d i s loca t ion  mul t ip l i ca t ion  during c y c l i c  

s t r a i n i n g .  The stress amplitude increases  i n  both a l l o y s  u n t i l  a macro- 



scopic crack begins t o  propagate and the  specime~l becomes uns table  i n  

tension. 

Aging t h e  two a l l o y s  produces a high dens i ty  of G.P. zones and 

TI' p a r t i c l e s ,  which causes t h e  deformation t o  become less homogeneous. 

This r e l a t ionsh ip  is  i l l u s t r a t e d  by the  onset  of d i s loca t ion  banding 

observed i n  TEM f o i l s ,  Figures 31, 32. S t a b i l i z a t i o n  of t h e  stress 

amplitude has been a t t r i b u t e d  t o  t h e  development of a s t a b l e  d i s loca t ion  

s t r u c t u r e  ('lo). I n  the  case of t h e  te rnary  Al-Zn-Mg, t h e  deformation 

s t r u c t u r e  a t  a  s t a b i l i z e d  stress amplitude i s  composed of d i s loca t ion  

s l i p  bands. For 7050, aged t o  produce coherent o r  p a r t i a l l y  coherent 

p a r t i c l e s ,  the  s t a b l e  d i s loca t ion  s t r u c t u r e  was a l s o  d i s loca t ion  

s l i p  bands. However, when 7050 was aged t o  produce l a r g e  p a r t i c l e s ,  a 

c e l l  s t r u c t u r e  was observed, Figures 39, 40, a t  p l a s t i c  s t r a i n  amplitudes 

g r e a t e r  than 1.0 per cen t ,  where cross  s l i p  was ene rge t i ca l ly  poss ib le .  

P l a s t i c  s t r a i n  amplitudes l e s s  than 1.0 per  cent  produced only d i s -  

l o c a t i o n  s l i p  bands. 

The not ion  of c y c l i c  sof tening has genera l ly  been associa ted  

with t h e  poor f a t i g u e  r a t i o  ( f a t igue  s t rength:u l t imate  t e n s i l e  s t r eng th  

< 0.3). I n  a recent  paper by Kral ik and Schneiderhan - (112), it was 

reported t h a t  t h e  c y c l i c  sof tening was found t o  occur i n  s i n g l e  

c r y s t a l s  of an Al-Zn-Mg a l loy .  These authors suggested t h a t  t h e  drop 

i n  stress amplitude was a r e s u l t  of t h e  t o  and f r o  motion of dis- 

loca t ions ,  whereby sof tening i n  narrow s l i p  bands was caused by t h e  

repeated c u t t i n g  of t h e  p a r t i c l e s  by t h e  d is locat ions .  However, t h e  

reduction i n  s t r e s s  amplitude was not  observed in e i t h e r  a l l o y  in- 



ves t iga ted .  

The f a c t  t h a t  t h i s  process was not observed i n  t h e  po lyc rys ta l l ine  

samples might be explained by t h e  presence of g ra in  boundaries. A s  t he  

number of boundaries increases ,  t h e  back s t r e s s e s  on the  d i s l o c t i o ~  

increase .  This increased back s t r e s s  would reduce t h e  number of  dis-  

loca t ions  t h a t  follow e a r l i e r  d i s loca t ions  on the  same g l i d e  plane. This 

process would a l s o  tend t o  explain the  increased homogeneityof de- 

formation when the  ,grain s i z e  is reduced. Furthermore, observation of 
.. 

numerouselectron nicrographs f a i l e d  t o  r evea l  regions of lower than 

average p r e c i p i t a t e  dens i ty  o r  regions of l a r g e  incoherent  0 i n  

specimens sect ioned a f t e r  f r ac tu re .  The poor f a t i g u e  p roper t i e s  have 

(79-87) 
general ly been a t t r i b u t e d  t o  e i t h e r  a revers ion  (70-77) o r  overaging 

which would a l t e r  t h e  p r e c i p i t a t e  d i s t r i b u t i o n  i n  the  s l i p  bands. 

(94) 
The Coffin-Manson Relat ionship p r e d i c t s  t h a t :  

This emperical r e l a t ionsh ip  was developed f o r  the  low cycle  f a t i g u e  

regime, Nf < lo4 cycles.  When p l o t t e d  i n  the  form 

A€ 
log(?) = log (E;) - c l o g  (2Nf), 

t he  ext rapola ted  value of p l a s t i c  s t r a i n  amplitude when 2Nf = 1 should 

be approximately equal t o  the  monotonic f r a c t u r e  elongation.  However, 

numerous inves t iga to r s  (112-116) have observed a break i n  the  s lope ,  

such t h a t  ext rapola ted  values of E 
' from t h e  low p l a s t i c  s t r a i n  

f 

amplitude regime, gives values an order  of magnitude g rea te r  than 



measured i n  a monotonic t e n s i l e  t e s t .  

Attempts have been made t o  r e l a t e  t h i s  non-ideal behavior 

with a change i n  f a t i g u e  crack propagation mode a s  a funct ion  of p l a s t i c  

s t r a i n  amplitude ('12). Inves t iga t ions  by Fine, e t  a l .  (113) indica ted  

t h a t  the  break i n  the  curve was r e l a t e d  t o  the  crack i n i t i a t i o n  pro- 

cess ,  r a t h e r  than the  propagation process. These authors p l o t t e d  t h e  

numberof cycles t o  crack i n i t i a t i o n ,  r a t h e r  than the  cycles t o  f a i l u r e ,  

versus p l a s t i c  s t r a i n  amplitude. They a l s o  found a break i n  the  curve 

when t h i s  da ta  was p lo t t ed ,  and they concluded t h a t  the  change i n  

s lope  i s  r e l a t e d  t o  the  crack i n i t i a t i o n  process. 

The e f f e c t  of s tacking f a u l t  energy, SFE, on the  f a t i g u e  de- 

formationprocess i n  the  Cu-A1 system was recen t ly  s tudied  by Saxena and 

Antolovich (114) . They found t h a t  a t  high SFE t he  f a t i g u e  l i f e  p l o t  was 

l i n e a r ,  with l i t t l e  s c a t t e r  i n  t h e  da ta .  However, with low SFE a d i s t i n c t  

break i n  t h e  f a t i g u e  l i f e  curve was observed. The authors a l s o  p l o t t e d  

the  p l a s t i c  work per  cycle ,  and these  r e s u l t s  are shown i n  Figure 43. 

They i n t e r p r e t e d  t h e  break i n  the  curve t o  be the  r e s u l t  of i n a b i l i t y  

of the  d i s loca t ions  t o  cross-s l ip ,  i n  the  case of low SFE. The non- 

l i n e a r  behavior i n  t h e  p l a s t i c  work pe r  cycle  demonstrated t h a t  crack 

i n i t i a t i o n  must be the  c r i t i c a l  process and ind ica ted  t h a t  the  

p l a s t i c  work process changes with t h e  p l a s t i c  s t r a i n  amplitude. As 

t he  p l a s t i c  s t r a i n  amplitude increases  (lower Nf) l e s s  work is required 

than t h a t  which would be predic ted  by ex t rapo la t ion  from the  low 

p l a s t i c  s t r a i n  amplitude regime (high.-Nf). The same type of argument 

can be used t o  i n t e r p r e t  the  da ta  i n  t h i s  research.  



PLASTIC WORK / CYCLE (AW) 

( ln.lbdin3) 

Figure 43. Plastic Work Per Cycle Plot Showing t Break in the 
Curve for Low Stacking Fault Energy (it6 . 



I n  t h e  7050 a l l o y  aged four  hours  o r  l onge r  a t  150°c, t h e r e  

a r e  numerous p r e c i p i t a t e  p a r t i c l e s  l a r g e  enough t o  r ep re sen t  o b s t a c l e s  

t o  d i s l o c a t i o n  flow. A t  high p l a s t i c  s t r a i n  amplitudes t h e r e  is  

s u f f i c i e n t  energy f o r  t h e  d i s l o c a t i o n s  t o  by-pass t h e  o b s t a c l e s  by a 

c r o s s - s l i p  mechanism. D i s loca t ion  c e l l  s t r u c t u r e s  were observed in  

TEM samples from t e n s i l e  specimens aged g r e a t e r  than fou r  kours a t  

1 5 0 ~ ~  and deformed i n  excess  of 3 p e r  c e n t  p l a s t i c  s t r a i n .  Examples 

of t h i s  type  of mic ros t ruc tu re  are shown i n  Figures  44 and 45. In  

t h e  lower p l a s t i c  s t r a i n  regime t h i s  process  w a s  n o t  e n e r g e t i c a l l y  

f e a s i b l e .  When t h e  7050 a l l o y  w a s  aged f o r  0.25 hours  a t  1 5 0 ' ~  (or  f o r  

0 
any time - < 24 hours a t  120 C ) ,  t h e  p a r t i c l e s  were smal l  and p a r t i a l l y  

coherent  and could be sneared by t h e  d i s loca t ions .  

The non- l inear i ty  i n  t h e  f a t i g u e  l i f e  p l o t  f o r  t h e  t e r n a r y  

Al-Zn-Mg a l l o y  was sma l l  and could only be observed by comparing t h e  

ex t r apo la t ed  va lue ,  c ', t o  t h e  measured E from t h e  u n i a x i a l  t e n s i l e  f f 

t e s t s ;  c f V  was found t o  be l a r g e r .  The smaller e f f e c t  of  p a r t i c l e s  

i n  t h e  t e r n a r y  N-Zn-Mg a l l o y  may have been t h e  result of a lower 

p a r t i c l e  dens i ty  than t h a t  of  7050. Such a d i f f e r e n c e  i n  p a r t i c l e  

dens i ty  could be  expla ined  by the  g r e a t e r  e f f e c t i v e  s o l u t e  and t h e  

proposed lower b a r r i e r  t o  nuc lea t ion  i n  7050. 

A model f o r  f a t i g u e  crack i n i t i a t i o n  i n  Al-Zn-Mg a l l o y s  has  

been proposed by Duquette and Swann ('I7) . These authors  proposed t h a t  

when d i s l o c a t i o n s  a r e  i n h i b i t e d  from remaining i n  t h e  s l i p  p lane  by 

p a r t i c l e  i n t e r a c t i o n ,  po r t ions  of these d i s l o c a t i o n s  a r e  observed t o  

c r o s s  s l i p  out  of t h e  primary s l i p  plane. This a c t i o n  results i n  t h e  



Figure 44. Cell e p e  Formations in 7050 Alloy P 
Plastic Strain. 
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Figure 45. Bright Field, Dark Field Comparison Showing Slight 
Misorientation; 7050 Aged at 150°C, Pulled to Fracture. 



generat ion of  s e s s i l e  d i p o l a r  edge d i s l o c a t i o ~ ~  jogs. Upon f u r t h e r  

cyc l ing ,  t h e  i n t e r a c t i o n  of  p o i n t  d e f e c t s  generated by f a t i g u e ,  pinch 

o f f  t h e  jogs t o  form d i p o l a r  d i s l o c a t i o n  loops  ac ros s  t h e  primary s l i p  

plane. Crack i n i t i a t i o n  presumably occurs  when a c r i t i c a l  number of 

t h e s e  loops  a r e  p r e s e n t  ac ros s  t h e  primary s l i p  plane,  w i th  t h e  loops 

c r e a t i n g  i n t e r n a l  stress across  t h e  p lane ,  which add t o  t h e  e x t e r n a l l y  

app l i ed  s t r e s s e s .  Tile l a r g e r  p a r t i c l e  d e n s i t y  i n  t h e  7050 would produce 

a g r e a t e r  number of d i s l o c a t i o n  loops  and t h u s  i n i t i a t e  f r a c t u r e  sooner 

than  i n  t n e  lower p a r t i c l e  d e n s i t y  t e rna ry  Al-Zn-Mg a l l o y ,  f o r  t h e  

cond i t i on  when loopirlg is observed. 

S ing le  aging of 7050 at 1 5 0 ' ~  produces l a r g e ,  incoherent  prec ip i -  

t a t e s  which cannot L e  sheared by d i s l o c a t i o n s ,  b u t  must be bypassed. 

A t  high p l a s t i c  s t r a i n  ampli tudes,  t h e  p r e c i p i t a t e s  can be  bypassed 

by a c r o s s  s l i p  mechanism, as demonstrated by t h e  formation of c e l l s ,  

shown i n  F igures  39(a) and (c) and 40(a)  and (c). However, a t  low 

p l a s t i c  s t r a i n  ampli tudes,  t h e  p r e c i p i t a t e s  a r e  looped, r e s u l t i n g  in  a 

high dens i ty  o f  loops ,  which l eads  t o  premature f a i l u r e .  Aging a t  

12u0c produced a h igh  d e n s i t y  of  smal l  p r e c i p i t a t e s  which can be  sheared  

at a l l  p l a s t i c  s t r a i n  ampli tudes,  r e s u l t i n g  i n  a s i n g l e  s l o p e  r e l a t i o n -  

s h i p  f o r  t h e  Coffin-Manson p lo t .  m u b l e  aging a t  1 2 0 ~ ~  and 1 5 0 ' ~  

produces a mic ros t ruc tu re  which has  a high d e n s i t y  of p r e c i p i t a t e s ,  and, 

depending upon t h e  l e n g t h  of time at 150°c, t h e  p r e c i p i t a t e s  can be 

sheared  a t  all p l a s t i c  s t r a i n  amplitudes.  

Based upon t h e  observa t ions  made i n  t h i s  research  and t h e  genera l  

conclus ions  of  otherworkers ('14) i t  way be gene ra l ly  pos tu l a t ed  t h a t  

t h e  dev ia t ion  from l i n e a r  behavior  in t h e  f a t i g u e  l i f e  p l o t  can  be  

a s soc i a t ed  wi th  a change i n  deformation process  as a func t ion  of t h e  

p l a s t i c  s t r a i n  ampli tude and mic ros t ruc tu ra l  changes. 



CHAPTER VI 

CONCLUSIONS 

1. The l a r g e ,  dispersed,  second phase p a r t i c l e s  observed i n  

the  7050 a l loy  a r e  insoluble  copper-rich p a r t i c l e s  which can a c t  as 

g ra in  r e f i n e r s .  

2. The s o l u b i l i t y  l i m i t  i n  the  A1-6Zn-2Mg system is a t  l e a s t  

1.5 per  cent  Cu a t  480°C. 

3.  The copper t h a t  is  i n  s o l i d  s o l u t i o n  a t  480°C d i r e c t l y  e n t e r s  

i n t o  the  p r e c i p i t a t i o n  process along with an equal  atomic amount of 

aluminum. 

4. The c r i t i c a l  temperature f o r  homogeneous p r e c i p i t a t e s  f o r  

Al-6Zn-2Mg i s  l e s s  than 150°C and the  presence of copper increases  it  

t o  above 150°C. 

5. The r o l l i n g  t e x t u r e  f o r  both t h e  te rnary  Al-Zn-Mg a l l o y  and 

7050 a l l o y  is predominantely cube, (001) [ loo].  

6.  The increase  i n  proof stress wi th  aging f o r  both a l l o y s  is 

associa ted  with a p a r t i c l e  shearing mechanism and t h e  progressive 

reductian i n  proof stress wi th  aging a t  150°C is considered t o  be t h e  

r e s u l t  of the  change from shearing t o  looping. 

7. The b e s t  combinat.ion of s t a t i c  s t r e n g t h  and d u c t i l i t y  f o r  

the  te rnary  a l l o y  obtained i n  t h i s  study occured when the  a l l o y  was 

aged a t  150°C t o  produce the  p a r t i a l l y  coherent n' p r e c i p i t a t e s  wi th  

a Guinier radius  of approximately 65A. The b e s t  monotonic p r o p e r t i e s  



f o r  t h e  7050 was obta ined  when aged t o  produce t h e  maximum dens i ty  

of n '  p a r t i c l e s  having a  Guinier  r ad ius  of approximately 45A. This  

type of mic ros t ruc tu re  r e s u l t e d  when 7050 w a s  double aged f o r  4  hours 

a t  120°C followed by 24 hours  a t  150°C. 

8. The f r a c t u r e  mode of t h e  t e r n a r y  Al-2h-Mg a l l o y  changes pro- 

g r e s s i v e l y  wi th  aging from d u c t i l e ,  microvoid coalesence t o  low energy, 

i n t e r g r a n u l a r  s epe ra t ion .  

This con t r a s t ed  t o  t he  d u c t i l e  t r ansg ranu la r  f r a c t u r e  behavior  

of t h e  7050 a l l o y  a t  a l l  aging c o ~ i d i t i o n s  inves t iga t ed .  The v a r i a t i o n  

i n  f r a c t u r e  behavior  between t h e  two a l l o y s  was r e l a t e d  t o  t h e  develop- 

ment of coa r se  s l i p  bands i n  t h e  l a r g e  grained t e r n a r y  a l l o y .  The 

coa r se  s l i p  bands produced l a r g e  s t r e s s  concent ra t ions  a c r o s s  t h e  

g r a i n  boundaries  r e s u l t i n g  i n  i n t e r g r a n u l a r  f r a c t u r e .  

9. Fat igue  l i f e  i nc reases  wi th  ag ing  time a t  both 120°C and 

1 5 0 ' ~  f o r  both a l l o y s .  The b e s t  f a t i g u e  performance i n  t h e  t e r n a r y  

a l l o y  w a s  found when t h e  g r e a t e s t  dens i ty  of q' occurs .  Aging 7050 f o r  

24 hours  a t  120°C, produces a h igh  dens i ty  of small p a r t i c l e s ,  g iv ing  

t h e  b e s t  f a t i g u e  l i f e ,  s t r e n g t h  and d u c t i l i t y  over t h e  range of low 

cyc le  f a t i g u e  i n v e s t i g a t e d .  

10. Aging 7050 a t  150°C produces l a r g e ,  c l o s e l y  spaced pre- 

. a p i t a t e s  t h a t  a r e  looped i n  t h e  low p l a s t i c  s t r a i n  regime, AE /2  < 1.0  
P 

per  cent  lead ing  t o  premature f r a c t u r e .  The premature f r a c t u r e  behavior  

may b e a s s o c i a t e d  wi th  t h e  h igh  dens i ty  of loops  formed dur ing  low 

p l a s t i c  s t r a i n  cyc l ing ,  a s  suggested by Swann and Duquette. A t  p l a s t i c  

s t r a i n  ampli tudes ~1.0 pe r  c e n t ,  t h e  p a r t i c l e s  may be  avoided by c r o s s  

s l i p  r e s u l t i n g  i n  a  lower concen t r a t ion  of loops and lower f a t i g u e  



ductility exponent. 

11. The emperical Coffin-Manson relationship may be applied 

only when the deformation process is not dependent on the cyclic 

strain amplitude. 





LOW CYCLE FATIGUE DATA FOR THE 

TERNARY Al-Zn-Mg ALLOY AND 7050 



Figure 46. Low Cycle Fatigue Behavior of Al-Zn-Mg Aged at 120°C for 
0.25 Hours:  (a) Stress Amplitude Versus Cycles, (b) Cof f in -  
Mansoc. Plot, and (c) Cyclic and Monotonic Stress-Strain. 



F i g u r e  47. Low Cycle F a t i g u e  Behavior of Al-Zn-Mg Aged a t  120°C f o r  
4.0 Hours: ( a )  S t r e s s  Amplitude Versus  Cyc les ,  (b) Coff in-  
Manson P l o t ,  and ( c )  C y c l i c  and Monotonic S t r e s s - S t r a i n .  



Figure 48. Low Cycle Fa t igue  Behavior of Al-Zn-Mg Aged a t  150°C f o r  
0.25 Hours: (a)  S t r e s s  Amplitude Versus Cycles,  (b) Coffin- 
Manson P l o t ,  and ( c )  Cyc1:i.c and Monotonic S t r e s s -S t r a in .  
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Figure  49.  Low Cycle Fa t igue  Behavior of Al-Zn-Mg Aged a t  150°C f o r  
4.0 Hours: (a)  S t r e s s  Amplitude Versus Cycles,  (b)  Coffin- 
Manson Plot, and (c) Cycl ic  and Monotonic S t r e s s -S t r a in .  



Figure  50. Low Cycle Fa t igue  Behavior of  Al-Zn-Mg Aged a t  150°C f o r  
9.0 Hours: (a) Stress Amplitude Versus Cycles,  (b) COffin- 
Manson P l o t ,  and (c)  Cycl ic  and Monotonic Stress  Stra in .  
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Figure 51. Low Cycle  F a t i g u e  B e h a v i o r  o f  Al-Zn-Mg Aged a t  150°C f o r  
24 Hours:  ( a )  S t r e s s  Arnpl-itude V e r s u s  C y c l e s ,  (b) Coffin- 
Manson P l o t ,  and  ( c )  C y c l i c  and  Monotonic  S t r e s s  S t r a i n .  



F i g u r e  52. Low Cycle F a t i g u e  Behav io r  o f  Al-Zn-Mg Aged a t  150°C f o r  
96 Hours: (a) S t r e s s  Ampl i tude  Versus Cycles, (b) Coff in-  
Manson P l o t ,  and (c )  Cycl ic  and Monotonic S t r e s s  S t r a i n .  



Figure 53. Low Cycle Fatigue Behavior of Al-Zn-Mg Double Aged at 
120°C for 4.0 Hours. Followed by 24 Hours at 150°C. 



Figure  54. Low Cycle Fat igue  Behavior of 7050 Aged a t  120°C f o r  4 Hours: 
(a) S t r e s s  Amplitude Versus Cycles,  (b) Cof f in-Manson P l o t ,  
and (c) Cycl ic  and Monotorlic S t r e s s  S t r a i n .  
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Figure  55 .  Low Cycle Fat igue  Behavior of 7050 Aged a t  120°C f o r  24 
Hours : (a) S t r e s s  Amplitude Versus ' cyc les ,  (b) Coffin- 
Manson P l o t ,  and (c) Cyclic and Monotonic S t r e s s  S t r a i n .  
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Figure 56. Low Cycle Fatigue Behavior of 7050 Aged at 150°C for 0.25 
Hours: (a) Stress Amplitude Versus Cycles, (b) Coffin- 
Manson Plot, and (c) Cyclic and Monotonic Stress Strain. 



Figure 57.  Low Cycle Fa t igue  Behavior of 7050 Aged a t  150°C f o r  4 Hours: 
(a)  S t r e s s  Amplitude Versus Cycles,  (b) Coffin-Manson P l o t ,  
and (c)  Cycl ic  and Monotonic S t r e s s  S t r a i n .  
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Figure 58. Low Cycle Fat igue Behavior of 7050 Aged a t  150°C f o r  
24 hours: (a) ' s t r e s s  Amplitude Versus Cycles,  (b) Coffin- 
Manson P l o t ,  and (c) Cycl ic  and Monotonic S t r e s s  S t r a i n .  
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Figure 59. Low Cycle Fatigue Behavior of 7050 Aged at 150°C for 
96 Hours: (a) Stress Amplitude Versus Cycles, (b) Coffin- 
Manson. Plot, and (c) Cyclic and Monotonic Stress Strain. 
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Figure 60. Low Cycle Fatigue Behavior of 7050 Douhle Aged 24 Hours 
at 120°C, Followed By 24 Hours at 150°c: (a) Stress 
Amplitude Versus N, (b) Coffin-Manson Plot, and (c) 
Cyclic and Monotonic Stress-Strain. 



APPENDIX B 

SELECTED AREA DIFFRACTIOW PATTERNS 

Selec ted  a r e a  d i f f r a c t i o r l  (SAD) p a t t e r n s  t h a t  were observed 

under s i m i l a r  ag ing  t rea tments  i n  t h e  t e r n a r y  and 7050 a l l o y s  were 

found t o  be s i m i l a r  i n  t h e  arrangement of ~ e c i p i t a t e  s p o t s  wi th  r e spec t  

t o  t h e  mat r ix  r e f l e c t i o n s ,  Figures  61  and 62. S t r eak ing  was no t  found 

t o  occur  i n  <100> d i r e c t i o n s ,  a  condi t ion  wliicli i s  gene ra l ly  a s soc i a t ed  

wi th  the  presence of A12Cu Mg (S) o r  A12 Cu (C)) . Tile presence of 

copper was t h e r e f o r e ,  no t  found t o  a l t e r  t h e  p r e c i p i t a t i o n  sequence 

by t h e  a d d i t i o n  of another  t ype  of p r e c i p i t a t e  a t  t h e  aging tempera- 

t u r e s  i n v e s t i g a t e d  i n  t h i s  research .  



Figure 61.  Selected Area Diffraction Patterns for Al-Zn-Mg Alloy 
Aged 24 Hours 150'~: (a) (ZOO), (b) (220) and (c) (111) 
Reflections. 



Figure 62. Se lec ted  Area Diff ract ion Patterns f o r  7050 Aged 24 
Hours: (a) (200), (b)  (220), and ( c )  (111) Re f l ec t ions .  



BIBLIOGRAPHY 

1. W. Kos te r  and W. Dul lenkorpf ,  Z. Metal lkunde,  - 28  (1936) ,  309. 

2. D. 0. Sprowls ,  and R. H .  Bro*m, " S t r e s s  Cor ros ion  Mechanisms f o r  
Aluminum A l l o y s , "  I n t e r n a t i o n a l  Conference on Fundamental Aspec t s  
o f  S t ress -Cor ros ion  Cracking,  Col-un~bus, Ohio, (1967).  

3. M. 0 .  S p e i d e l ,  " S t r e s s  Cor ros ion  of Aluminum A l l o y s , "  I n v i t e a  
l e c t u r e  f o r  "Advances i n  t h e  P h y s i c a l  Meta l lu rgy  o f  Aluminum 
Al loys  11," Spr ing  IliID Meeting,  May 29,  1973. To be p u b l i s h e d  
i n  Met. Trans.  

4. M. V. H y a t t ,  and M.O. S p e i d e l  i n  "Stress-Corrosion Crack ing  i n  
High S t r e n g t h  S t e e l s  and i n  T i tan ium and Aluminum Al loys , "  E d i t e d  
by B. F. Brown, Naval Research Labora to ry ,  Washington, D.C. 
(1972). 

5. S. P. Lynch, M e t .  S c i .  J . ,  - 7 (1973) 93. 

' 6 .  Morris  E .  F i n e ,  " P r e c i p i t a t i o n  harden ing  o f  Aluminum A l l o y s  , I 1  

Keynote L e c t u r e  f o r  "Advances i n  t h e  P h y s i c a l  Meta l lu rgy  o f  
Aluminum Al loys  I," S p r i n g  IMD Meeting,  May 29, 1973. To b e  
pub l i shed  i n  Met. Trans.  

7. W. E. Anderson, "Fa t igue  o f  A i r c r a f t  S t r u c t u r e s , "  I n t e r n a t i o n a l  
Met. Rev. 17  (1972) 240. - 

8. J. T. S t a l e y ,  Alcoa Research Labora to ry  Report  on "Explora to ry  
Development of High S t r e n g t h  S t r e s s  Cor ros ion  R e s i s t a n t  Al loys  
Usable i n  Thick Al loy  S e c t i o n s , "  AFML C o n t r a c t  F-33615-69-C-1644, 
and I n v e s t i g a t i o n  t o  Develop a High S t r e n g t h ,  S t ress -Cor ros ion  
R e s i s t a n t  Aluminum A i r c r a f t  Al loy , "  Naval A i r  Systems Command 
C o n t r a c t  N00019-70-C-0118 and N00019-69-C-0292 (1969-1974). 

9. D. S. Thompson, S .  A .  Levy and G. E. Spang le r ,  P i e t a l l u r g i c a l  
Research D i v i s i o n ,  Reynolds Metals Company Repor t s  on "A Program 
t o  Improve t h e  F r a c t u r e  Toughness and F a t i g u e  R e s i s t a n c e  o f  
Aluminum Shee t  and P l a t e  f o r  A i r c r a f t  A p p l i c a t i o n s , "  AFML 
C o n t r a c t  TR-73-24211. (1973).  

10.  M. V.#yatt ,  "Program t o  Improve t h e  F r a c t u r e  Toughness and F a t i g u e  
R e s i s t a n c e  of Aluminum Sheet  and P l a t e  f o r  Airf rame A p p l i c a t i o n s , "  
T e c h n i c a l  Report  AFML-TR-73-224, September,  1973. 

11. F. Ostermann, M e t .  Trans.  2 ,  (1971) 2897. - 



1 2 .  W. H. Reimann, and D . J .  Deyne, "Fat igue Crack I n i t i a t i o n  i n  
Aluminum Al loys , "  Paper  p r e s e n t e d  a t  Advancesin t h e  P h y s i c a l  
Meta l lu rgy  o f  Aluminum A l l o y s  I T ,  S p r i n g  I M D  Meeting,  P h i l d d e l p h i a ,  
Pa. ,  May, 1973. p 

13 .  W. Schu tz ,  Aluminum - 50 (1974) 271, 350. 

14.  W. Kos te r  and W. Dul lenkorpf ,  2. Metal lkunde,  - 28 (1936),  309. 

15. W. Kos te r  and W.Wolf, i b i d ,  28 (19361, 155. - 

16.  W. L. F ink and L.  A. S i l l e y ,  Trans .  A m e r .  I n s t .  Min. Met. Eng., - 
124 (1937) ,  78. - 

17 .  E. Bu tchers ,  G. V. Raynor, and W. Hume-Rothery, J. I n s t .  Metals, 
69 (1943) ,  209. - 

18 .  A.T. L i t t l e ,  G. V. Raynor, and W. Hume-Rothery, i b i d . ,  69 (1943) ,  - 
423, 467. 

19 .  E. Bu tchers  and W. Hume-Rothery, i b i d . ,  71 (1945) 291. - 

20. D. J. S t rawbr idge ,  W. Hume-Rothery, and A. T. L i t t l e ,  i b i d . ,  
74 (1948) ,  191.  - 

21. G. S i e b e l ,  Z.  Elect rochem 43, (1943),  218. . '- 
22. P. C. Var ley ,  M. K. B. Day, and A. Sendorek,  J.  I n s t .  ~ e t a l s ,  86 - 

(1958),  337. 

23. M. Van Lancker ,  Meta l lu rgy  of Aluminum A l l o y s ,  W i l l i a m  Clowes 
and Sons,  L t d . ,  London and Becc les ,  1967. 

I. J. Polmear,  J . I n s t .  Meta l s ,  86 (19571, 113. - 
25. I. J. Polmear,  i b i d . ,  3 (1958),  24. 

26. I. I?.;. Mondolfo, N .  A. G j o s t e i n ,  and D. W. Levinson,  Trans .  AIME, 
206 (1956),  1378. 

27. W. Sander ,  and K. L . l l e i s sner ,  Z. Metal lkunde,  15 (1923),  181.  

28. W. Sander and K. L.  Meissner ,  i b i d . ,  1 6  (1924) ,  12.  - 

29. R. C. Evans, h I n t r o d u c t i o n  t o  C r y s t a l  Chemist ry ,  Cambridge 
U n i v e r s i t y  P r e s s ,  London, 1966, 87. 

30. N. F. Mott ,  J. I n s t .  Meta l s ,  60 (19371, 267. - 

31. J.  B. Cohen, H. Herman, Na ture ,  9 1  (1961) ,  63. - 



32. J .  Gjonnes, and G. Simenson, Acta .  M e t . ,  18 (1960) .  

33. R. W. Gould, and E.  A. S t a r k e ,  J r . ,  Advances i n  X-ray A n a l y s i s ,  
Plenum P r e s s ,  Vol. 9 (19661, 57. 

34. P. A. Thackery,  - J. I n e t .  Metals., 96 (19681, 228. 

35. J. B. F r i a u f ,  J. Amer. Chem. Soc., 5, (1927a),  3107. - 

36. J. B. F r i a u f ,  Phys. Rev., 9, (1927) ,  35. 

37. F. Laves and H.Witte,  M e t a l l w i r t s c h a f t ,  1 4 ,  (1935) ,  645. - 

38. F. Laves and H.  W i t t e ,  M e t a l l w i r t s c h a f t ,  1 5  (1936),  15.  - 

39. Y. Komura, M. Mitarai, I. N a k a t a r i ,  H. I b a  and T. Shimizu, 
Ac ta  C r y s t . ,  m, (1970) ,  668. 

40. J .  H. Wernick, " S t r u c t u r e  and P r o p e r t i e s  of Some I n t e r m e d i a t e  
Phases ,"  i n  P h y s i c a l  Meta l lu rgy ,  R. W. Cahn, ed . ,  American, 
E l s e v i e r ,  New York, (1970) ,  pp. 229-280 

41. G. B. Brook, G . I .  Williams, E.M. Smith,  J. I n s t .  Metals ,  - 8 3  
(1954-55) , 271. 

42. J. Herenguel and G. Chaudron, i l e t aux  e t  Cor ros ion ,  - 1 6  (1941),  33. 

43. J. Herenguel and G. Chaudron, i b i d . ,  18 (1943) ,  30. 

44. J. Herenguel ,  Rev. Metaux, - 44 (1947) ,  77. 

45. W. A.  Anderson: P r e c i p i t a t i o n  f romSolid S o l u t i o n ,  ASM, (1959) , 150. 

46. J. P. A .  J a c q u e t ,  Compt. Rend., 228 (1949) 1027- 

47. G. Bergman, J. T. Waugh, and L.  P a u l i n g ,  Na ture ,  169 (1952) ,  1057. - 

48. A.  S a u l n i e r  and G. Cabane, Rev. Met., 46 (1949),  13.  - 

49. 11. Nishimura,  Y.  Murakani and H.  O t s u j i ,  Suiyokwai-Shi, 12 (1950) ,  - 
47. 

50. I. J. Polmear and P. Scott-Young, J .  I n s t .  Metals, 87 (1958-59), - 
47. 

51. I. J. Polmear,  J. I n s t .  Meta l s ,  89 (1960-61), 51. - 

52. Id. F. Smith and N. J. Gran t ,  E4et. Trans .  AIME, 2 (1970) ,  1333. - - 

53. S. N.  Singh and M. C .  Flemings,  Met. Trans .  AIME, (1969),  1803. 



54. L. A. \ J i l l e y ,  lVphase l)iagrams," Aluminum, Vol. I . ,  I:. K. Van Horn 
(ed)  , ASM (1367),  359-396. 

55. E. Orowan, i n  Synp. on I n t e r n a l  S t r e s s  i n  Meta l s  and A l l o y s ,  I n s t .  
Metals, London (1948) , 451. 

56. E. Orowan, i n  14. Coheri (ed) l ) i s l .ocat ion i n  Ele ta ls ,  AIME, New York 
(1954). 

57. V.  Gerold ,  " P r e c i p i t a t i o n  lIardeningtt  t o  appear  i n  D i s l o c a t i o n  Theory - 
A C o l l e c t i v e  T r e a t i s e  (ed. K.F.N. Nabarro) I b r c e l  Dekker I n c . ,  New 
York, ( t o  be  p u b l i s h e d ) .  

58. H. Haberkorn and V. Gerolcl, Pllys. S t a t .  So l .  1 5  (19661, 167. 

59. M. W i t t  and V. Gerolcl, Z. Pletallliunde, - -  60 (1969),  482. 

60. M. W i t t  and V. Gerold ,  S c r i p t a  tlet., - - 3,  (1969) ,  371. 

61. V .  A. P h i l l i p s ,  Acta Met., 1 4  (19661, 1533. 

62. L. M. Brown and R. K. EIam, S t r e n g t h e n i n g  Methods i n  C r y s t a l s ,  
Ed. by A. K e l l y  and R. B. Nicholson,  E l s e v i e r  9 (1971). 

63. D. Raynor and J. 14. S i l c o c k ,  Metal  Sc ience  J. ,  4 (1970), 121-130. - 

64. H.  A. H o l l ,  Cor ros ion ,  23, (19671, 173. 

65. N. Ryum, Acta  Met., 17 (1969),  821. 

66. S. P. Lynch, P4etal S c i e n c e  J . ,  7 (19731, 93.  -- 

67. P .  T. W .  Unwin and G. C. Smith, J .  I n s t .  Meta l s ,  97 (1969) ,  299. - 

68. N. Ryum, Acta  Met., 16 (1968),  327. 

69. P.T.N. Unwin, i b i d . ,  1 7  (19691, 1379. - 

70. I. J. Plmear and I. F. Ba inbr idge ,  P h i l .  Mag., 5 (19591, 1293. 

71. A. J. McEvily and J. B. ClarL,  E. C .  U t ley  and W. H. H e r r s t e i n ,  
Trans.  M e t .  Soc., AIME, 227 (1963),  1093. 

72. P. J. E. Forsy th ,  J. Aus. I n s t .  Met., <, (19631, 52. 

73. C. A. Stub ing ton ,  k c t a .  M e t . ,  1 2  (19641, 931. - 

74. C. A. S t u b i n g t o n ,  and P. J. E. Forsy th ,  i b i d . ,  (1966),  5. 

75. A. Abel and R. K. Ham, i b i d . ,  14 (19661, 1495-  



76. H. G l e i t e r ,  i b i d . ,  3 (1968), 455. 

77. S. P. Lynch, and D .  A. Kyder, Aluminum, 49,  (1973), 748. 

1 3  (1974), 141.  78. C.  Ca labrese  and C .  L a i r d ,  Matl. Sc i .  Eng.,- 

79. R. F. Hanstock,  J. I n s t .  Meta l s ,  - 83,  (1954-55). 

80. T. Broom, J .  H. Zlolineux, and V. N. Whi t t aker ,  i b i d . ,  84 ,  (1955-561, 
35 7. 

81. T. Broom, J. A .  Mazza, and V. N.  Whi t t aker ,  i b i d . ,  86 (1957-58) , 1 7 =  

82. T. Broom, and V.  N. W h i t t a k e r ,  Na ture ,  177, (1956) ,  486. 

83. F. S e i t z ,  Advances i n  P h y s i c s ,  1 (1952) , 43. 

84. T.  Broom, i b i d . ,  3 (19541, 26-  - 

85. D. T u r n b u l l ,  i n  Reb. Conf. on D e f e c t s  i n  C r y s t a l l i n e  S o l i d s ,  P l ~ y s i c a l  
S o c i e t y  (1955),  203. 

86. J. B. C l a r k ,  and A. J. McEvily, Acta.  Met., 12 (1964),  1359. 

87. B. L .  Averback, Trans .  Amer. Soc. Metals, 41 (1949),  262. 

88. C .  L a i r d  and G. Thomas, I n t e r n .  J. F r a c t u r e  Mec., 3 (1967),  81. 

89. Rela  I. Sandor,  Fundamentals o f  C y c l i c  S t r e s s  and S t r a i n ,  Univer- 
s i t y  of Wisconsin P r e s s ,  Madison, Wisconsin,  (1972). 

90.  R. W. Hendr i cks  

91. V. Gerold ,  t t A p p l i c a t i o n s  of Small-Angle X-ray S c a t t e r i n g  t o  Problems 
I n  P h y s i c a l  H e t a l l u r g y  and Metal  phys ics , "  i n  X-Ray Small  Angle 
S c a t t e r i n g ,  ed . ,  by H. Hrumberger, Gordon and Breuch, P u b l i s h e r s ,  
New York, (1967) ,  277-317. 

92. S. B. Chakrabor t ty ,  p r i v a t e  commtmications. 

93. S. N. S ingh and M. C .  Flemings,  Trans .  of t h e  Met. Soc. o f  AIME, 
245 (1969),  1803. 

94. P. Bardhan, E. A.  S t a r k e ,  J r . ,  J. Mat. S c i . ,  2, (1968),  577. 

95. L. Green, unpubl ished r e s u l t s .  

96. J. M. S i l c o c k ,  J. I n s t .  of  Meta l s ,  8 9 ,  (1960-1961), 203; - - 



97. G .  Thomas and J .  N u t t i n g ,  i b i d . ,  88 (1959-19601, 81. 

98. E. H. Hol l ingswort l l  and G. C .  E n g l i s h ,  ALCOA Research Labora to ry  
Report  on " I n v e s t i g a t i o n  o f  the  Mechanism of  S t r e s s  Cor ros ion  o f  
Aluminum Al loys , "  Naval A i r  Systems Command C o n t r a c t  1400019-67-C-0481, 
(1969), 29. 

100.  E. A. S t a r k e ,  Jr. ,  J. O f  f l e t a l s ,  January ,  1970. 

101. P.T.N. Unwin, G. W. Lorimer and K. B. Nicholson,  A c t a  Met., 1 3 ,  - 
(1965) , 4 0 3 .  

102. P.T.N. Unwin and R. B. Nicllolson,  i b i d . ,  1379. 

103. J .  D. Ernbury and R. B. Nicholson,  i b i d . ,  1 3  (1965), 403. - 

104. S. P. Lynch, Metal  Sc ience  J o u r n a l ,  7 (1973),  93. - 

105. N.  Ryun and K. Uaardsetki, J. I n s t .  Meta l s ,  96 (19681, 92. 

106. A. J. Cornish and M.K.B. Day, i b i d . ,  99 (1971),  377. - 

107. P.T.IJ. Unwin and G.  C. Smitli, i b i d . ,  97 (1969)~  299. 

108. C. E. F e l t n e r  and P. Beardmore, "Achievenlent o f  l i igh F a t i g u e  
R e s i s t a n c e  i n  Metals and Al loys , "  ASTM STP 467, (1970), 77. 

A 

109. B. Tompkins, P h i l .  Mag 9- 1 8  (1968),  1041. 

110. J. R. Hancock and J. P. G r o s s k r e u t z ,  Acta M e t . ,  17 (19691, 77. - 

111. G. K r a l i k  and H. ScIleniderhan,  S c r i p t a  M e t . ,  5 (1972),  843. 

112. B. Tomkins, P h i l .  Mag., 23 (1971),  687. 

113. Morr i s  E. F ine ,  p r i v a t e  communication. 

114. A. Saxena and S. D. Anto lov ich ,  t o  be  pub l i shed .  

115. T. Endo and JoDean Ilarrow, J. o f  Materials, JMLSA, - 4 (1969),  
159-175. 

116. JoDean Marrow i n  "Cycl ic  P l a s t i c  S t r a i n  Energy and F a t i g u e  o f  ~ e t a l s " ,  
ASTM STP, - 378 (1965) , 4.  

117.  1). J. Duquet te ,  and P. R. Swann, "An E l e c t r o n  Microscopic  Examina- 
t i o n  of  Pre-Crack F a t i g u e  Damage i n  Age Hardened A.1-5.Zn-2.5Mg,I1 
O f f i c e  o f  Naval Research Tec. Rept.  3 ,  C o n t r a c t  N00014-67-A-0117- 
0012, NR036-093, Feb. 19 74. 



VITA 

Thomas Henry B. Sanders ,  Jr. t h e  son of M r .  and M r s .  T. Henry 

B. Sanders  was born in Fishtown, P h i l a d e l p h i a ,  Pennsy lvan ia  on J u l y  

23,  1944. H e  was g radua ted  from A t l a n t i c  C i t y  High School i n  A t l a n t i c  

C i t y ,  New J e r s e y  and e n t e r e d  t h e  Georgia I n s t i t u t e  o f  Technology 

i n  January ,  1963. I n  June,  1966 he  r e c e i v e d  a Bache lor ' s  d e g r e e  i n  

Ceramic Engineer ing.  A f t e r  g r a d u a t i o n  M r .  Sanders  was employed 'by 

t h e  Advanced C a s t i n g  Technology S e c t i o n  o f  t h e  Materials Development 

Labora to ry  o f  P r a t t  and Whitney A i r c r a f t  i n  E a s t  H a r t f o r d ,  Connec t icu t .  

I n  September, 1967 h e  r e t u r n e d  t o  Georgia  Tech t o  p e r s u e  

g r a d u a t e  s t u d y  i n  t h e  depar tment  o f  Ceramic Engineer ing .  While 

complet ing t h e  r e s e a r c h  r e q u i r e m e n t s  M r .  Sanders  e n r o l l e d  i n  t h e  

Advanced RDTC program. I n  September 1970 h e  w a s  awarded t h e  Master's 

Degree and was s u b s e q u e n t l y  commissioned a Reserve Second L i e u t e n a n t  

i n  t h e  Chemical Corps of t h e  U. S. Army. During t h e  e n s u i n g  y e a r s  h e  

e n t e r e d  t h e  Department o f  Chemical Engineer ing  and Meta l lu rgy  t o  s t u d y  

and conduct r e s e a r c h  i n  t h e  a r e a  o f  P h y s i c a l  Meta l lu rgy .  H e  a t t e n d e d  

t h e  Chemical O f f i c e r s  B a s i c  Course a t  F o r t  McClellan,  Alabama and 

was p l a t o o n  l e a d e r  f o r  t h e  401s t  Chemical Company, USAR, Chamblee, 

Georgia.  C u r r e n t l y ,  h e  i s  an  e n g i n e e r  w i t h  t h e  P h y s i c a l  M e t a l l u r g y  

D i v i s i o n  o f  Alcoa L a b o r a t o r i e s .  

M r .  Sanders  h a s  a c t i v e l y  p a r t i c i p a t e d  i n  t h e  s t u d e n t  c h a p t e r s  

o f  t h e  American Ceramic S o c i e t y ,  Kera:mos (Ceramic Engineer ing  Honorary) 



and A.S.M.-A.I.M.E. IIe i s  also a member of Sigma X i  and the 

American Crystallographic Society. As an undergraduate he was a 

member of the Fraternity of  Phi  Gamma Delta. 


