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An investigation was c a r r i e d  out to de termine  the meta l lu rg ica l  p rope r t i e s  of A1-Zn-Mg and 
Al -Zn-Mg-Cu  alloy products  p rocessed  according to newly developed Fina l  Thermomechanica l  
Trea tments  (FTMT) of T-AHA type. The resu l t s  show that these cycles  can be uti l ized to 
produce wrought products  of high puri ty Al-Zn-Mg(-Cu)  al loys cha rac te r i zed  by equivalent 
toughness and ducti l i ty and much higher s trength than conventionally p rocessed  commerc ia l  
puri ty ma te r i a l s .  Based on t r ansmiss ion  e lec t ron microscopy s tudies ,  it was found that such 
improved behavior  of FTMT ma te r i a l  is a t t r ibutable  to the superposi t ion of hardening effects,  
f rom aging precip i ta t ion  and from dis locat ions .  P r e l i m i n a r y  s t r e s s - c o r r o s i o n  and fatigue 
tes t s  indicate that these p rope r t i e s  a re  not substant ia l ly  influenced by T-AHA thermomechani -  
cal  p roces s .  Fu r the r  work is needed in this a rea ,  in o rder  to be t te r  understand the di rect ions  
to follow for developing be t t e r  a l loys.  

I~ECENTLY,  increas ing  recognition has been given to 
thermomechanica l  t rea tments  (TMT) as important  tech-  
niques of improving the p roper t i e s  of metal l ic  ma te -  
r i a l s .  The use of such t rea tments  has been l imited 
p r i m a r i l y  to iron base  al loys and therefore  it has been 
genera l ly  accepted that the t e rm TMT re f e r s  to those 
t rea tments  which involve deformation p r io r  to or during 
phase t ransformat ions .  1 In addition to this definition a l l  
of the meta l lurg ica l  p roces se s  based on the combination 
of plas t ic  deformation and heating, but not involving a l -  
lotropic changes,  have been repor ted  as mechanica l -  
thermal  t rea tments  (MTM). 2 However, other types of 
a l l oy / t r ea tmen t s  ex is t  which cannot be c lass i f ied  under 
the s t r i c t  definition of TMT but for which the te rm 
MTM is too genera l .  Such a situation is r epresen ted  by 
p r o c e s s e s  compris ing plast ic  deformation and p r e c i p i -  
tation phenomena in aluminum al loys .  The s t ruc tu ra l  
changes involved in these t rea tments  cannot be con- 
s idered  as s imple r ea r r angemen t s  of dis locat ions be -  
cause the interact ion between the lat t ice defects  and 
the decomposit ion of the solid solution is cha rac te r i zed  
by complex synerg is t ic  effects .  Fo r  this reason it 
s eems  reasonable  to use the t e rm TMT for those t r e a t -  
ments on aluminum alloys that involve combination of 
p las t ic  deformation and precipi ta t ion p roces se s  to give 
new s t r eng th - s t ruc tu re  re la t ions ,  even though aluminum 
al loys do not exhibit  polymorphic t ransformat ions  and 
as such do not s t r i c t ly  fall  within the definition of TMT 
as repor ted  in Ref. 1. 

In addition, in aluminum a l loys ,  different  types of 
precipi ta t ion phenomena occur.  The pr inc ipa l  ones a re :  
the high t empera tu re  precipi ta t ion of anc i l la ry  e lements ,  
which is usual ly produced during the thermal  p r o c e s -  
sing of the cas t  ma te r i a l ,  and the low tempera tu re  p r e -  
cipitat ion of solute r ich pa r t i c l e s ,  which occurs  during 
the age-hardening stage. In o rder  to give be t te r  c la r i ty  
to the work, for thermomechanica l  cycles  of a lumi-  
num al loys involving precip i ta t ion  of anc i l la ry  e le -  
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ments we have proposed the use of the t e rm ITMT 
(Intermediate  Thermomechanica l  Trea tments ) ,  whereas  
when low tempera tu re  age-hardening phenomena are  
involved, the t e rm FTMT (Final  Thermomechanica l  
Trea tments )  is  suggested.  

In the presen t  work,  the application of FTMT to high 
s t rength A1-Zn-Mg(-Cu) al loys has been investigated;  
our goal was to es tabl i sh  the conditions in which the 
dis locat ions  introduced by plast ic  deformation in terac t  
most  favorably with the age-hardening p r o c e s s e s  to 
produce ma te r i a l s  that have improved p roper t i e s  com-  
pared to conventionally aged ma te r i a l s .  

I) APPROACH 

An overall view of the tensile properties of the most 
widely used commercial Al-Zn-Mg(-Cu) alloys is shown 
in Fig. I. It can be seen from this figure that with the 
standard processed alloys, yield strength (YS) levels 
of 90,000 psi can be approached with elongation values 
of about I0 pct. Recently, considerable effort has been 
directed towards improving the strength of wrought 
Al-Zn-Mg(-Cu) alloys and some investigators produced 
these alloys with YS values that were higher than 
100,000 psi, Fig. I. Various combinations of strength 
and elongation have been achieved by Di Russo 3 by con- 
trolling the solidification conditions, chemical compo- 
sition and the homogenization, solution treatment and 
aging cycles. Flemings and coworkers 4 obtained simi- 
lar results on alloys that were solidified under control- 
led conditions, completely homogenized and then cold 
worked (H) after normal solution (T) and aging (A) 
treatments. The use of different combinations of aging 
and work hardening was tested by Mercier et al. 5 using 
a process based on plastic deformation after complete 
T6 heat treatment, followed by a partial recovery treat- 
ment. Studies were also made by Pavlov et al. 6 in 
which the solution treatment was followed by warm 
deformation (Hc) and then by artificial aging (A). 

From Fig. I it can be seen that the increase in 
strength is always accompanied by a decrease in elong- 
ation which, at the highest YS level, drops to a very 
low value. This is more apparent for the treatments 
involving combinations of deformation and aging. 
Neglecting the T-AH treatments, in which no signifi- 
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Fig. 1--Yield strength values as a function of elongation shown 
by commercial  and experimental alloys of A1-Zn-Mg(-Cu) 
system. The numbers in parentheses indicate the reference 
numbers. 

cant  r e l a t i o n  e x i s t s  be tween the two f ac to r s  A and H, 
i t  is  we l l  known that  the sequence  T-HA in A1-Zn-  
Mg(-Cu) a l l o y s ,  which involves  p l a s t i c  de fo rma t ion  
a f t e r  solut ion t r e a t m e n t ,  l eads  to a r educ t ion  in the 
r e s p o n s e  to subsequent  a r t i f i c i a l  aging.  7'8 

In fac t ,  the two p a r a m e t e r s  H and A a r e  compe t i t i ve  
so that  p r o p e r t i e s  of m a t e r i a l s  in the T-HA s ta te  a r e  
not subs t an t i a l l y  d i f f e r en t  f rom those  of the TA s ta te .  9-11 
However ,  d e v e l o p m e n t s  in the knowledge of the aging 
m e c h a n i s m s  and of the m i c r o s t r u c t u r a l  f e a t u r e s  of the 
A1-Zn-Mg( -Cu)  alloys,12-1a have sugges ted  that  i t  should 
be p o s s i b l e  by means  of m o r e  soph i s t i c a t ed  TMT to 
modify  p l a s t i c  d e f o r m a t i o n  and p r e c i p i t a t i o n  phenomena  
to get  i m p r o v e m e n t s  in s t r eng th  without  d r a s t i c  l o s s  of 
duc t i l i ty .  To this  end i t  was fe l t  that  the inhibi t ing ef fect  
that  d i s l o c a t i o n s  e x e r t  on the aging r e a c t i o n s  could be 
s ubs t an t i a l l y  r educed  by an in i t i a l  aging s tep  at  a low 
t e m p e r a t u r e  which would be given p r i o r  to the p l a s t i c  
de fo rma t ion  and the f inal  aging s tep  (T-AHA cyc l e s ) .  

This  type of TMT has  not been  ex t ens ive ly  s tudied  
but the re  a r e  some  da ta  on A1-Cu and A1-Mg-Si  
a l l oys .  8'19'2~ Our p r e l i m i n a r y  inves t iga t ions  in 1967 
on A1-Zn-Mg a l loys  21-23 showed that  TMT involving 
so lu t ion ,  quenching,  aging,  work ing ,  aging (T -AHA), 
m a r k e d l y  i n c r e a s e d  the u l t ima te  t ens i l e  s t r eng th  (UTS) 
and YS va lues  of these  a l loys  c o m p a r e d  to the conven-  
t iona l  t e m p e r s ,  whi le  s t i l l  ma in ta in ing  adequate  d u c t i l -  
i ty .  

More  r e c e n t l y ,  ex t ens ive  r e s e a r c h  at  our  l a b o r a t o r y  
on A l - Z n - M g ( - C u )  a l loys  con f i rmed  that  these  new TMT 
(T-AHA)* p roduce  a l loys  that  have s t r u c t u r e s  with i m -  

*It. Pat. No. 886,185. U.S. Filed 14.4.70 SeE No. 28,514. 

p roved  p r o p e r t i e s  c o m p a r e d  to convent iona l ly  hea t  
t r e a t e d  materials .24-31 In addi t ion  T - A H A  c y c l e s  we re  
shown to have a bene f i c i a l  effect  on o ther  heat  t r e a t -  

ab le  a luminum a l loys .  32'33 
This  p a p e r  p r e s e n t s  a s u m m a r y  of the da ta  obta ined 

on the ef fec t  of TMT on the s t r u c t u r e - p r o p e r t y  r e l a t i o n -  
sh ips  in A1-Zn-Mg(-Cu)  a l l oys .  In m o r e  de t a i l ,  s e -  
l ec ted  r e s u l t s  showing the t e n s i l e  p r o p e r t i e s ,  notch 
and f r a c t u r e  toughness ,  fat igue and s t r e s s - c o r r o s i o n  
behav io r  of d i f fe ren t  a l l o y / t r e a t m e n t s  a r e  p r e s e n t e d  
and d i s c u s s e d .  Other  p a p e r s  wi l l  be pub l i shed  in the 
nea r  fu ture  dea l ing  with the m o r e  fundamenta l  a s p e c t s  
of TMT.  

2) EXPERIMENTAL PROCEDURE 

a) M a t e r i a l  Se lec t ion  

The bas i c  gu ide l ines  used  for  s e l ec t ing  the m a t e r i a l s  
to s tudy were :  i) to have A1-Zn-Mg( -Cu)  a l l oys  with a 
wide range  of so lu te  con ten t s .  Thus ,  the a l loys  s tud ied  
we re  7005, 7039, and 7075. The compos i t i on  of the a l -  
loys  inves t iga t ed  and the types  of wrought  p r o d u c t s  
used  a r e  shown in Table  I; i i)  to have i n d u s t r i a l l y  p r o -  
duced and l a b o r a t o r y  p roduced  a l loys~ The i n d u s t r i a l l y  
p roduced  a l loys  we re  a l l  of c o m m e r c i a l  pu r i t y  and we re  
p r e p a r e d  as  e i the r  s l abs  or  ingots  (al loy NOSo 1, 2, 4, 
5). The l a b o r a t o r y  p roduced  a l loys  we re  p r e p a r e d  as  
both high pur i ty  (a l loys  Nos .  3, 7) and c o m m e r c i a l  
pur i ty  (al loy No. 6) in the fo rm of s emicon t inuous  dc 
c a s t  110 mm d iam ingots  us ing  con t ro l l ed  so l i d i f i ca t i on  
condi t ions .  34'35 The typ ica l  m i c r o s t r u c t u r e s  of the l a b -  
o r a t o r y  p roduced  ingots  in both the a s - c a s t  s t a t e  and 
a f t e r  homogeniz ing  at  450~ for  8 h + 480~ for  15 h 
a r e  shown in F ig .  2. The dend r i t e  a r m  spac ing  (DAS) 
of the a l loys  r ange  f r o m  20 to 30 ~ .  Due to the s m a l l  
DAS, the homogeniza t ion  t r e a t m e n t  used  was  suf f ic ien t  
to d i s s o l v e  a l l  of the eu tec t ic  n e t w o r k p r e s e n t  in the 
high pur i ty  a l loy  ingots .  In the a l loy  of c o m m e r c i a l  
pu r i ty  (al loy NOo 6 : c. p.  7075) some  of the s e c o n d a r y  
compounds  containing the i m p u r i t y  e l e m e n t s ,  Fe  and 
Si,  combined  with A1 and Cu, or  A1, Cu, and Mg r e m a i n  
und i s so lved .  In the i n d u s t r i a l l y  p roduced  c o m m e r c i a l  
pu r i ty  a l l oys ,  the so l id i f i ca t ion  r a t e s  a r e  lower  and 
hence many c o a r s e  und i s so lved  p h a s e s ,  conta in ing i r o n  
and s i l i con ,  r e m a i n  a f t e r  the homogen iza t ion  t r e a t m e n t .  
These  m i c r o s t r u c t u r a l  d i f f e r e n c e s  p lay  an i m p o r t a n t  
ro l e  in the behav io r  of m a t e r i a l s .  In fac t ,  i t  has  been 
shown that the p r e s e n c e  of und i s so lved  p h a s e s  in 7000 
s e r i e s  a l loys  has  a d e t r i m e n t a l  ef fec t  on some  i m -  
po r t an t  p r o p e r t i e s ;  3'36-39 iii) to have m a t e r i a l s  with 
d i f f e ren t  g ra in  s t r u c t u r e s .  F o r  th is  r e a s o n ,  shee t ,  
p l a t e s ,  and e x t ru s ions  were  c o n s i d e r e d .  T y p i c a l  m i c r o -  
s t r u c t u r e s  of the wrought  p roduc t s  in the ful ly  hea t  
t r e a t e d  condi t ion a r e  shown in Fig~ 3. I t  can be seen  
that  the shee t s  have a c o m p l e t e l y  r e c r y s t a l l i z e d  s t r u c -  
t u r e ,  the p l a t e s  have a p a r t i a l l y  r e c r y s t a l l i z e d  s t r u c -  
t u r e ,  i.e. subgra in  s t r u c t u r e ,  and the e x t r u s i o n s  have a 
fine subgra in  s t r u c t u r e .  I t  can a l so  be seen  that  the 
high pur i ty  a l loys  have a much lower  vo lume p e r c e n t  of 
und i s so lved  second phase  p a r t i c l e s  than do the c o m -  
m e r c i a l  pur i ty  a l l oys .  

b) Cyc le  Selec t ion  

The c y c l e s  we re  s e l e c t e d  so that  the ef fec t  of the 
de fo rma t ion  (H) in r e l a t i on  to the a r t i f i c i a l  aging s tage  
(A) could be inves t iga t ed .  

The cyc l e s  used  we re  T - A ,  T - A A ,  T - H A ,  T - H A A ,  
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Zn 

Alloy No. Pct 

7005 1 5.07 
commercial purity 
7039 

2 4.01 
commercial purity 
7039 
high purity 3 4.09 

7075 
commercial purity 4 5.49 

7075 5 5.78 
commercial purity 
7075 
commercial purity 6 5.74 

7075 
high purity 7 5.68 

Table I. Materials Investigated 

Composition 

Mg Cu Cr Mn Zr Ti Fe Si 
Pct Pct Pct Pct Pet Pet Pct Pet Wrought Products 

4 ram-thick sheets and 70 by 7 mm extruded bars 
1.04 0.14 0.22 0.12 0.12 0.09 produced from an industrial dc cast ingot 

4 ram-thick sheets produced from an industrial dc 
2.78 0.14 0.23 O.lO 0.14 0.09 

cas! ingot 
2 ram-thick sheets and 15 mm-diam extruded bars 

3.04 - 0.18 0.33 0.14 0.045 0.012 0.017 produced from laboratory dc cast t10 mm-diam 
ingot 
2 mm and 5 ram-thick sheets and t 5 mm-diam 

2.46 1.69 0.13 0.20 0.074 0.28 0.20 extruded bars produced from an industrial dc cast 
ingot 
35 ram-thick industrial plate 

2.10 1.68 0.19 0.05 0.057 0.12 0.056 

2 nrm-thick sheets, and 50 by 12 mnr extruded 
2.60 1.63 0.22 0.005 0.22 0.13 bars produced from laboratory dc cast 110 mm- 

diam ingot 
2 mm-thick sheets, 15 mm-diam and 50 by 12 

2.50 1.60 0.22 - 0.010 0.0016 0.005 mm extruded bars produced from laboratory dc 
cast 110 mm-diam ingot 

(a) 

(b) 

(c) 

A B C 

F i g .  2 - - T y p i c a l  m i c r o s t r u c t u r e s  of  t he  d e  c a s t  110  m m - d i a m  i n g o t s  o f  t h e  7 0 3 9  h . p .  (A), 7 0 7 5  h .p .  (B),  a n d  7 0 7 5  c . p .  (C) a l l o y s :  
( a )  a s  e a s t :  m a g n i f i c a t i o n  50 t i m e s ;  e l e c t r o l y t i c  e t c h i n g  in 2 p c t  H F ;  (b)  a s  c a s t :  m a g n i f i c a t i o n  4 7 5  t i m e s ;  e t c h i n g  in  0 . 5  p c t  H F ;  
( c )  h o m o g e n i z e d  a t  4 5 0 ~  f o r  8 h + 4 8 0 ~  f o r  15 h; m a g n i f i c a t i o n  4 7 5  t i m e s ;  e t c h i n g  in  0 . 5  p e t  H F .  
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~) (b) (c) 

(d) (e) (/) 
Fig. 3--Typical microstruetures of some wrought products of 7039 and 7075 alloys, after full heat treatment (T6) observed on the 
longitudinal section. Magnification 475 times; etching: 7039 ~ in 55 pct H3PO 4 at 50~ 7075~ in 25 pct HN% at ~ 70~ (a) 7039 
c.p., 4 ram-thick sheet; (b) 7075 c.p., 5 ram-thick sheet; (e) 7075 c.p., 35 ram-thick plate; (d) 7039 h.p., 2 mm-thick sheet; 
(e) 7075 h.p., 2 ram-thick sheet; (f) 7075 c.p., 16 mm-diam extrusion. 

T -AH,  T-AAH,  T-AHA,  and many combinat ions  of A and 
H were  se lec ted .  The va lues  of H ranged f rom 5 to 50 
pct reduct ion in th ickness  for sheets  and f rom 5 to 20 
pct reduct ion in th ickness  for p la tes  and ex t rus ions .  
The deformat ion  was applied by ro i l ing  or drawing 3~ 
both at room t empe ra tu r e  and in the range 130 ~ to 220~ 
with preheat ing  t imes  ranging  f rom 30 s up to 20 min.  
The f i r s t  aging step,  on the bas i s  of ha rdness  tests,4~ 
was c a r r i e d  out at  100~ for 10 h for the t e rna r y  al loys 
and at 105~ for 6 h for the qua t e rna ry  alloy. 

c) Tes t ing  

All  spec imens  were  tes ted in tens ion in the longi tudi -  
nal  d i rec t ion  and for the 35 mm thick plate (alloy No. 5) 
and the 50 by 12 mm ex t rus ions  (alloy Nos. 6 and 7) 
a lso in the long t r a n s v e r s e  d i rec t ion .  At leas t  two 
spec imens  were  tes ted for each t r ea tmen t .  

The f r ac tu re  toughness  tes ts  were  c a r r i e d  out on 50 
by 12 mm extruded l abora to ry  produced 7075 (alloy 
Nos. 6 and 7) in the long t r a n s v e r s e  d i rec t ion .  

The spec imen  used to de t e rmine  Kc had a s ingle  side 
notch and was s i m i l a r  to the spec imen  proposed by 
Sull ivan.  42,43 All  of the values  of Kc repor ted  here a re  
the average  of 3 m e a s u r e m e n t s .  

The s t r e s s  co r ro s ion  tes ts  were  pe r fo rmed  on 35 mm 
thick plate of c o m m e r c i a l  pur i ty  7075 (alloy No. 5) in 
the shor t  t r a n s v e r s e  d i rec t ion .  " C "  r ing  spec imens  
were  taken f rom the plate in the T - A ,  T-AA,  and T-AHA 
t e m p e r s .  The spec imens  were  loaded to 50 and 75 pct 
of the yield s t reng th  and tes ted in a l t e rna te  i m m e r s i o n  
in a 3.5 pct NaC1 solution~ Each cycle consis ted  of 1 h 
(10 min  i m m e r s i o n  and 50 min  exposure  to a ir)  and was 
c a r r i e d  out in a t h e r m o s t a t i c a l l y  control led chamber  at 

20 ~ • I~ The tes t  ended when c racks  became v i s ib le .  
In the cases  where  no c racks  were  v i s ib le  af ter  300 h, 
the samples  were  removed af ter  va r ious  t imes  up to a 
l imi t  of 1000 h, unloaded and examined for the p r e sence  
of p las t ic  deformation~ 

If p las t ic  deformat ion  had occur red ,  optical  m i c r o -  
scopy was used to de t e rmine  if s t r e s s  c o r r o s ion  c racks  
were  p re sen t .  Also,  in doubtful cases  and always af ter  
1000 h tes t ing ,  optical  mic roscopy  was used.  At l eas t  
5 samples  were  tested for each t emper  in o rder  to 
de t e rmine  the specif ic  t ime or the t ime in t e rva l  where  
s t r e s s  co r ros ion  cracking  had occur red .  

The fatigue tes ts  were  c a r r i e d  out at  room t e m p e r a ,  
ture  on can t i l ever  beam spec imens  using a ro ta t ing  
beam tes t ing machine  operat ing at 11,500 rpm.  Both 
smooth and notched spec imens  (Kt = 4~ of 15 mm 
diam extruded b a r s  of high pur i ty  7039 and 7075 (alloy 
NOSo 3 and 7) were  tes ted in the T-AA ( te rnary  alloy),  
T - A  (qua te rnary  alloy),  and T-AHA t e m p e r s .  Also 
c o m m e r c i a l  pur i ty  7075 (alloy No. 4) was tested in the 
T - A  t emper .  The meta l lographic  aspects  of the m a t e -  
r i a l s  were  observed by e lec t ron  mic roscopy ,  to e s t ab l i sh  
the re la t ionsh ips  between p rope r t i e s  and s t ruc tu re~  

3) RESULTS AND DISCUSSION 

a) Tens i l e  P r o p e r t i e s  

The tensi le  p rope r t i e s  of the mos t  i n t e re s t ing  t r e a t -  
ments  a re  given in Tab les  II to VI. It can be seen  that 
with FTMT (T-AHA cycles)  al l  the m a t e r i a l s  tes ted had 
s igni f icant  i n c r e a s e s  in UTS and YS, with an acceptable  
dec rea se  in e longat ion,  compared  to the va lues  obtained 
with t rad i t iona l  cyc les .  
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Table II. Longitudinal Tensile Properties Shown by 4 mm-Thick Sheets of 7005 and 7039 Alloys of Industrial Production in Several Tampers 

Aging Treatment 

Alloy 

Deformation Tensile Properties 

1st Step Type Temperature Deg Pct 2nd Step UTS, psi YS, psi E, Pct 

7005 
commercial purity 
No. 1 

7039 
commercial purity 
No. 2 

IO0~ for 200 h . . . .  57,000 49,500 16.5 
100~ for 10 h - - - 130~ for 22 h 55,000 48,000 17.0 
100~ for 10 h rolling r.t. 20 100~ for 100 h 63,000 59,500 12.4 
lO0~ for 10 h rolling r.t. 20 115~ for 15 h 63,000 59,000 11.5 
100~ for lO h rolling r.t. 20 130~ for 8 h 62,000 57,000 I 1.1 
100~ for 10 h rolling r.t. 40 IO0~ for 50 h 67,000 62,500 8.7 
100~ for 10 h rolling r.t. 40 115~ for 10 h 65,500 61,000 8.8 
100~ for l 0 h rolling r.t. 40 130~ for 4 h 64,000 60,000 8.6 
100~ for 200 h rolling r.t. 20 - 67,000 65,000 5.5 
l O0~ for 200 h rolling r.t. 40 - 71,000 69,000 4.9 

100~ for 200 h . . . .  65,000 55,500 16.0 
IO0~ for 10 h - - - 130~ for 22 h 63,500 55,000 15.4 
100~ for 10 h rolling r.t. 20 lO0~ for 60 h 74,000 69,500 10.2 
100~ for 10 h rolling r.t. 20 115~ for 15 h 72,500 67,000 I 1.2 
100~ for 10 h rolling r.t. 20 130~ for 6 h 71,500 66,000 9.8 
IO0~ for 10 h rolling r.t. 20 100~ for 30 h 77,000 71,000 8.1 
lO0~ for 10 h rolling r.t. 20 115~ for 10 h 76,000 70,000 7.8 
100~ for 10 h rolling r.t. 20 130~ for 4 h 74,000 69,000 8.0 
IO0~ for 200 h rolling r.t. 20 - 76,500 74,000 5.6 
100~ for 200 h roiling r.t. 40 - 82,000 80,000 5.0 
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Fig .  4 - - Y i e l d  s t r e n g t h  v a l u e s  v s  e l o n g a t i o n  of s h e e t s  of 7005,  
7039 ,  a n d  7075  a l l o y s  in  s e v e r a l  t h e r m a l  a n d  t h e r m o m e c h a n i -  
c a l  t e m p e r s .  

Sheet  exh ib i t s  the b e s t  combina t ion  of s t r e n g t h  and 
duc t i l i t y ,  with i n c r e a s e s  in UTS and YS f rom 15 to 30 
pc t  and d e c r e a s e s  in e longat ion of 2 to 8 po in t s ,  e qu iva -  
len t  to 10 to 50 pc t  c o m p a r e d  to the t r a d i t i o n a l  t e m p e r s  
T - A  and to p r o c e s s e s  of b a s i c  T - A H  type.  In F ig .  4 
the shaded  a r e a s  r e p r e s e n t  the r ange  of va lues  ob-  
ta ined  with T -AHA c y c l e s  and the lower  cu rve  is  d e -  
f ined by the va lues  r e l a t i v e  to the T - A ,  T - A A ,  T - A H ,  
and T-AAH t e m p e r s  for  each  a l l o y :  

L e s s  of an i n c r e a s e  in s t r eng th  was found in p la te  
and e s p e c i a l l y  in e x t r u s i o n s ,  which,  because  of the i r  

m i c r o g r a i n s  and o r i en ted  s t r u c t u r e ,  have high t ens i l e  
p r o p e r t i e s  even in the t r a d i t i o n a l  t e m p e r s .  I t  should 
be pointed out that  o ther  t r e a t m e n t s  c o m p r i s i n g  s t r a i n  
and aging do not  give f avo rab l e  s t r e n g t h - d u c t i l i t y  
combina t i ons .  

F o r  e x a m p l e ,  the T -AH or  T -AAH c y c l e s ,  at  a l eve l  
of s t r e n g t h  equiva len t  to that  obta ined by the T -AHA 
c y c l e ,  show a lo s s  of e longat ion f r o m  the T6 t e m p e r  of 
10 to 12 poin ts  which is  equiva len t  to a r educ t ion  of 70 
to 80 pct .  

If the d e f o r m a t i o n  i s  appl ied  be fo re  a r t i f i c i a l  aging 
(T-HA cyc le s )  the peak  s t r e n g t h  va lue s  a r e  lower ,  o ther  
condi t ions  being equal ,  than those  obtained with the 
T - A H A  cyc l e ,  Tab le  V. A l s o ,  if H is  not  v e r y  high,  the 
f ina l  peak  va lue s  a r e  lower  than those  obta ined with 
convent iona l  t h e r m a l  t r e a t m e n t s .  The i n t e r m e d i a t e  
d e f o r m a t i o n  i n c r e a s e s  the aging r a t e  dur ing  the f inal  
a r t i f i c i a l  aging s tep;  for  e x a m p l e ,  in 4 mm thick s h e e t  
of 7005, a f t e r  an in i t i a l  aging at  100~ to 10 h fol lowed 
by 20 pc t  d e f o r m a t i o n ,  the peak  s t r eng th  dur ing  s u b s e -  
quent  aging at  100~ is  r e a c h e d  in about 100 h, w h e r e a s  
in the n o r m a l  i s o t h e r m a l  aging t r e a t m e n t  the peak  
s t r eng th  does  not  occur  be fo re  200 h, Tab le  II .  I t  has  
been  found that  the d e f o r m a t i o n  should not  exceed  30 pc t  
for  she e t s ,  20 pct  for  p l a t e s ,  and 10 pc t  for  e x t r u s i o n s  
s ince  h igher  d e g r e e s  of d e f o r m a t i o n  cause  only a s l igh t  
i n c r e a s e  in s t r e n g t h  accompan ied ,  however ,  by a l a r g e  
d e c r e a s e  in e longat ion .  

Rega rd ing  w a r m  d e f o r m a t i o n ,  i t  can be appl ied  with 
no d e l e t e r i o u s  e f fec t  in the range  130 ~ to 170~ for  the 
t e r n a r y  a l loys  (p rehea t ing  t i m e s  10 to 20 min) and in 
the r ange  170 ~ to 220~ fo r  the q u a t e r n a r y  a l loys  ( p r e -  
hea t ing  t i m e s  2.5 to 15 min up to 190~ and 30 s to 2.5 
min for  h igher  t e m p e r a t u r e s ) .  As  can be seen  for  7039 
a l l oy ,  Tab le  III,  for  equal  f inal  p r o p e r t i e s ,  the s t r e n g t h -  
ening ach ieved  by the l a s t  aging s tep  is  h igher  in the 
c a s e  of w a r m  d e f o r m a t i o n  than for  the cyc le  with H 
app l ied  at  r o o m  t e m p e r a t u r e .  F o r  7075, the use  of 
w a r m  d e f o r m a t i o n ,  in addi t ion  to producing  i n c r e a s e d  
p l a s t i c i t y  of the a l loy ,  r e s u l t s  in a b e t t e r  combina t ion  
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Table III. Longitudinal Tensile Properties of 4 ram-Thick Sheets of 7039 C.P. Alloy (No. 2) in Several Thermomechanical Tempers, with Deformation Given at 
Various Temperatures 

Aging Treatment 

Deformation Tensile Properties 

I st Step Type Temperature Deg Pet 2nd Step UTS, psi YS, psi E, Pct 

100~ for 10h - - - 130~ for 22 h 63,500 55,000 15.4 
100~ for 10 h . . . .  54,000 30,000 22.9 
100~ for 10 h rolling r.t. 20 - 66,000 58,000 9.0 
100~ for 10 h rolling r.t. 20 115~ for 15 h 72,000 66,500 10.2 
100~ for 10 h rolling 130~ 20 - 64,500 55,000 10.0 
100~ for 10 h rolling 130~ 20 115~ for 15 h 72,000 66,500 10.0 
100~ for 10 h rolling 150~ 20 - 62,500 55,000 10.5 
100~ for 10 h roiling 150~ 20 115~ for 15 h 71,500 65,500 9.7 
100*C for 10 h rolling 160~ 20 - 59,500 52,000 9.5 
100~ for 10h roiling 160~ 20 115~ for 15 h 70,000 65,000 10.1 
100~ for 10 h rolling 170~ 20 - 61,000 52,000 9.7 
100~ for 10 h rolling 170~ 20 115~ for 15 h 69,500 62,500 9.4 

Table IV. Tensile Properties of Sheets (Longitudinal Direction) and Plates (Long Transverse Direction) of 7075 C.P. 
Alloys of Industrial Production in Several Tempers 

Aging Treatment 

Material Deformation Tensile Properties 

Alloy Wrought Product 1st Step T y p e  Temperature Deg Pct 2nd Step UTS, psi YS, psi E, Pet 

5 mm-thick sheet 

7075, No. 4 

2 mm-thick sheet 

7075, No. 5 35 mm-thick plate 

120~ for 24 h . . . .  83,000 73,500 13.1 
105~ for 6 h rolling r.t. 20 I05~ for 50 h 95,500 91,500 7.8 
105~ for 6 h rolling r.t. 20 120~ for 8 h 92,000 88,000 8.0 
105~ for 6 h rolling r.t. 50 120~ for 4 h 98,000 94,000 4.8 
120~ for 24 h roiling r.t. 20 - 95,500 92,000 4.0 
1050C for 6 h rolling 160~ 20 120~ for 8 h 92,000 86,000 7.7 
105~ for 6 h rolling 190~ 20 120~ for 8 h 91,000 86,500 8.2 

120~ for 24 h . . . .  81,000 71,000 16.7 
105~ for 6 h rolling r.t. 10 120~ for 13 h 89,000 83,000 13.0 
1050C for 6 h rolling r.t. 20 120~ for 7 h 92,500 88,000 10.1 

t 05~ for 6 h rolling 170~ 10 120~ for 13 h 88,500 86,000 12.3 
05~ for 6 h rolling 170~ 20 120~ for 6 h 93,000 88,000 10.5 

105~ for 6 h rolling 190~ 10 120~ for 13 h 90,000 85,000 11.7 
105~ for 6 h roiling 190~ 20 120~ for 5 h 92,000 89,500 10.7 

120~ for 24 h - - - 78,500 71,000 8.0 
105~ for 6 h rolling 175~ 10 120~ for 13 h 83,000 78,500 5.0 
105~ for 6 h rolling 180~ 20 120~ for 7 h 83,000 79,500 5.0 

of t e n s i l e  p r o p e r t i e s  t h a n  i s  o b t a i n e d  by  the  u s e  of 
r o o m  t e m p e r a t u r e  d e f o r m a t i o n ,  F i g .  5 and  T a b l e  IV .  

In  a l l  of t he  T - A H A  c y c l e s  s t u d i e d  the  h i g h  p u r i t y  
7039 a n d  7075 s h e e t s  h a v e  good  t o u g h n e s s  e v e n  t h o u g h  
t h e  n o t c h  t o u g h n e s s  s l i g h t l y  d e c r e a s e s  w i t h  i n c r e a s i n g  
d e g r e e s  of d e f o r m a t i o n .  On t he  o t h e r  h a n d ,  in  c o m -  
m e r i c a l  p u r i t y  7075 ,  g r e a t e r  t h a n  10 p c t  d e f o r m a t i o n  
c a u s e d  a s i g n i f i c a n t  d e c r e a s e  in n o t c h  t o u g h n e s s ,  T a b l e  
V.  T h e  e f f e c t  of F T M T  on the  s t r e n g t h  of b o t h  c o m -  

r 
m e r c i a l  p u r i t y  an d  h i g h  p u r i t y  a l l o y s  i s  the  s a m e .  I t  
h a s  b e e n  found  t h a t  h i g h  p u r i t y  7075 s h e e t  h a s  h i g h e r  
d u c t i l i t y ,  a n d  e s p e c i a l l y ,  n o t c h  t o u g h n e s s ,  t h a n  i t s  
c o m m e r c i a l  p u r i t y  c o u n t e r p a r t ,  i n d e p e n d e n t  of t he  type  
of t r e a t m e n t  u s e d ,  T a b l e  V.  In p r a c t i c a l  t e r m s ,  t h i s  
m e a n s  t h a t  by  u s i n g  h i g h  p u r i t y  a l l o y s ,  m a t e r i a l s  p r o -  
d u c e d  in  T - A H A  t e m p e r  a t  15 p c t  h i g h e r  y i e l d  s t r e n g t h  
h a v e  e q u a l  o r  h i g h e r  e l o n g a t i o n  and  r e d u c t i o n  in a r e a  
v a l u e s ,  h i g h e r  n o t c h  s t r e n g t h  a n d  n o t c h  t o u g h n e s s  a s  
c o m p a r e d  to t he  c o r r e s p o n d i n g  c o m m e r c i a l  p u r i t y  a l -  
l o y s  in  t h e  T - A  t e m p e r .  I t  s h o u l d  a l s o  b e  p o i n t e d  ou t ,  
T a b l e s  V and  VI ,  t h a t  t h e r e  a r e  s o m e  d i f f e r e n c e s  in  the  

t e n s i l e  p r o p e r t i e s  of the  i n d u s t r i a l l y  p r o d u c e d  and  
l a b o r a t o r y  p r o d u c e d  c o m m e r c i a l  p u r i t y  a l l o y s .  

G e n e r a l l y ,  t he  a l l o y s  p r e p a r e d  in the  l a b o r a t o r y  h a v e  
b e t t e r  c o m b i n a t i o n s  of s t r e n g t h  and  d u c t i l i t y  f o r  a g i v e n  
t e m p e r ;  t h i s  i s  p r o b a b l y  due  to  t h e i r  s m a l l e r  d e n d r i t e  
a r m  s p a c i n g s .  

b) F r a c t u r e  T o u g h n e s s  

T h e  r e s u l t s  of f r a c t u r e  t o u g h n e s s  t e s t s  a l o n g  w i t h  
t he  c o r r e s p o n d i n g  t e n s i l e  p r o p e r t i e s  of s a m p l e s  of 
l a b o r a t o r y  p r o d u c e d  7075 in the  T - A  and  T - A H A  
t e m p e r s  a r e  s h o w n  in T a b l e  VII .  I t  c a n  b e  s e e n  t h a t  
a l t h o u g h  F T M T  g e n e r a l l y  c a u s e s  a d e c r e a s e  in t o u g h -  
n e s s ,  h . p .  7075 in the  T - A H A  s t a t e  (H = 10 pc t )  d o e s  
h a v e  c o m p a r a b l e  e l o n g a t i o n  v a l u e s ,  17 p c t  h i g h e r  K 
v a l u e s  and  12 p c t  h i g h e r  y i e l d  s t r e n g t h  v a l u e s  t h a n  
c o m m e r c i a l  p u r i t y  7075 in the  T - A  t e m p e r .  

c) S t r e s s  C o r r o s i o n  R e s i s t a n c e  

T h e  s h o r t - t r a n s v e r s e  s t r e s s  c o r r o s i o n  r e s i s t a n c e  
a n d  the  c o r r e s p o n d i n g  long  t r a n s v e r s e  t e n s i l e  p r o p -  
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(b) 
Fig.  5 - - -Tens i le  p r o p e r t i e s  of 2 m m - t h i c k  s h e e t  of 7075 c.p. 
a l l o y  (No. 4) s u b j e c t e d  to t h e r m o m e c h a n i c a l  t r e a t m e n t s  of 
T-AHA type, with H = 10 pct (a) and 20 pct (b), g iven  at dif-  
f e r e n t  t e m p e r a t u r e s .  The t i m e s  of final ag ing  at  120~ 
c o r r e s p o n d  to peak s trength .  

e r t i e s  of the 35 m m  thick p lates  of c o m m e r c i a l  purity 
7075 in var ious  T-AHA cyc les ,  as we l l  as  the T6 (T-A) ,  
T73 (T-AA) ,  and a s t r e s s  c o r r o s i o n  re s i s ta n t  T - A A  
temper,44 are presented  in Table  VIII. 

It can be s een  from this  table that T-AHA c y c l e s  
with the second aging step at low temperatures  ( spec i -  
mens  d and e in Table  VIII) have higher  strength than 
the T6 mater ia l  but do not show any i m p r o v e m e n t  in 
s t r e s s  corros ion  r e s i s t a n c e .  

In the T-AHA cyc l e  where  the second aging step is  
carr ied  out at a higher temperature  ( spec imen  f in 
Table  VIII), at strength l e v e l s  equal  to or s l ight ly  
higher than those of the T6 t emper ,  there i s  a marked 
i m p r o v e m e n t  in the s t r e s s  corros ion  r e s i s t a n c e  over 
the T6 t emper .  However ,  it  does appear that the c o m -  
p lex  d i s loca t ion-prec ip i ta t ion  s tructure  obtained with 
FTMT has only a s m a l l  effect  on the s t r e s s  c o r r o s i o n  
r e s i s t a n c e  s ince  in the T - A A  and T-AHA states  which 
have the s a m e  aging t rea tments  ( s p e c i m e n s  c and f 
in Table  VIII), the s t r e s s  co rro s i o n  r e s i s t a n c e  i s  the 
s a m e .  

METALLURGICAL TRANSACTIONS 

d) Fatigue 

The tens i l e  propert ies  of the 7039 and 7075 tested 
are shown in Table  VI. The S-N curves  for the fatigue 
tes ts  on the 15 m m  diam extruded bars  of high purity 
7039 and c o m m e r d i a l  and high purity 7075 are shown in 
F ig s .  6 and 7, r e s p e c t i v e l y .  The S-N curve of smooth 
s p e c i m e n s  of 7039 T - A A  does  not show a we l l  defined 
l imi t  whi le  that of the T-AHA mater ia l  has a higher 
s lope up to about 107 c y c l e s  and has a w e l l  defined 
asymptote .  The fatigue strength at 5 • 10 e c y c l e s  for 
the mater ia l s  in the T - A A  and T-AHA tempers  are 
30,000 ps i  and 28,500 ps i ,  r e s p e c t i v e l y .  

In the notched s p e c i m e n s  of 7039, the T - A A  and 
T-AHA tempers  show fatigue s trengths  which at 5 • 10 e 
c y c l e s  are 14,000 ps i  and 9,000 ps i ,  r e spec t ive ly �9  As  
in the case  of the smooth s a m p l e s ,  mater ia l  in the 
T-AHA temper  has a higher s lope at short  t i m e s  and 
a more  pronounced l imi t  which b e c o m e s  stable at a 
lower number of cyc l e s � 9  The e f fect ive  notch coef f i c ients  
(K eff) which is  the rat io  between the l imi t  (or the 
fatigue strength at 10 a cyc l e s )  for the smooth s p e c i m e n s  
and that for the notched ones are:  T - A A  temper  K eff 
= 2.10 and T-AHA K eff = 3.33.  Thus ,  it appears that 
T-AHA makes  the a l loy  more  notch s en s i t i ve  than the 
T -AA temper .  

In smooth s p e c i m e n s  of c o m m e r c i a l  purity 7075 there 
i s  no definite  l imi t  observed up to 109 c y c l e s .  The high 
purity  7075 in the T - A  temper has a w e l l  defined l imi t  
after about 107 c y c l e s  and has a fatigue strength at 
5 • 10 a Cycles of 35,000 ps i .  This  value  is  higher than 
the fatigue strength of the c o m m e r c i a l  purity mater ia l  
at 5 • 108 c y c l e s .  In the T-AHA mater ia l  the S~N curve 
i s  regular up to about 5 • 107 c y c l e s  and with increased  
c y c l e s ,  there is  a sharp d e c r e a s e  in the fatigue strength 
with a discont inui ty  phenomenon,  or "knee"  effect  4s,46 
which is  probably as soc ia ted  with d i f f erences  in the 
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Table V. Longitudinal Tensile Properties (Smooth and Notched (k r = 10.2) Specimens) of 2 ram-Thick Sheets of 7039 and 7075 
Laboratory Produced Alloys, in Several Tempers 

Aging Treatment 

Deformation Tensile Properties 

Alloy 1st Step Type Temperature Deg Pct 2nd Step UTS, psi YS, psi E, Pct RA, Pct NTS, psi NTS, YS 

7O75 
high purity 
No. 7 

7075 
commercial purity 
No. 6 

7039 
high purity 
No. 3 

120~ for 24 h . . . . .  84,500 72,000 17.8 26.9 86,500 1.20 
105~ for 6 h rolling 175~ 10 120~ for 13 h 90,000 84,000 16.2 27.2 94,500 1.12 
105~ for 6 h rolling 175~ 20 1200C for 6 h 94,000 89,000 13.0 19.4 92,400 1.04 

- rolling r.t. 10 120~ for 24 h 82,000 69,000 16.0 - - - 

120~ for 24 h - - - 87,000 75,000 15.3 28.0 81,000 1.08 
105~ for 6 h rolling 175~ 10 120~ for 13 h 93,000 86,500 10.4 22.9 79,000 0.91 
105~ for 6 h rolling 175~ 20 120~ for 6 h 95,500 91,000 10.0 16.8 75,000 0.82 

100~ for 10 h . . . .  130~ for 22 h 66,000 58,000 14.8 38.5 70,500 1.21 
100~ for 10 h rolling 155~ 10 115~ for 28 h 72,000 67,000 12.4 32.4 76,000 1.14 
100~ for 10h rolling 155~ 20 115~ for 15 h 72,500 68,500 10.6 30.9 78,000 1.14 
100~ for 10 h rolling 155~ 40 115~ for 9 h 75,500 72,000 10.5 18.6 79,000 1.10 

Table VI. Tensile Properties of 15 mm-Diam Extruded Rods of 7039 and 7075 Alloys of High and Commercial PuriW in Several Tempers 

Aging Treatment 

Deformation 
Tensile Properties 

Alloy 1 st Step Type Temperature Deg Pct 2rid Step UTS, psi YS, psi E, Pct 

7039 commercial 100~ for 10 h - - - 130~ for 22 h 82,000 77,000 8.2 
purity, No. 2 100~ for 10 h drawing r.t. 20 115~ for 15 h 87,000 85,500 4.8 

7039 high 100~ for 10 h - - - 130~ for 22 h 83,500 77,000 7.5 
purity, No. 3 100~ for 10 h drawing 155~ 12 115~ for 30 h 85,000 82,000 6.7 

7075 commerical 120~ for 24 h . . . .  101,000 94,000 5.7 
purity, No. 4 105~ for 6 h drawing 180~ 10 120~ for 10 h 106,000 105,000 3.4 

7075 120~ for 24 h - - - 120~ for 24 h 100,500 96,500 6.2 
high purity 105~ for 6 h drawing 175~ 5.5 120~ for 24 h 104,000 101,500 5.6 
No. 7 105~ for 6 h drawing 175~ 12 120~ for 13 h 105,000 103,000 4.3 

Table VII, Long-Transverse Tensile and Fracture Toughness Properties of 50 by 12 mm Extruded Bar of 7075 Laboratory Produced Alloys, in Several Tempers 

Aging Treatment 

Alloy 

Deformation Tensile Properties Fracture Toughness 

1st Step Type Temperature Deg Pct 2rid Step UTS, psi YS, pis E, Pct Index, p s i ~ n .  

7075 120~ for 24 h . . . .  87,000 78,500 8.8 40,500 
commercial purity 105~ for 6 h rolling 175~ 10 120~ for 13 h 93,000 86,000 5.6 28,000 
No. 6 105~ for 6 h rolling 175~ 20 120~ for 6 h 92,500 89,000 5.0 27,000 

7075 120~ for 24 h . . . .  89,000 81,500 10.6 57,000 
high purity 105~ for 6 h rolling 175~ 10 120~ for 13 h 93,500 87,500 8.1 47,000 
No. 7 105~ for 6 h rolling 175~ 20 120~ for 6 h 95,000 89,500 7.8 37,500 

m e c h a n i s m  of e i ther  c rack  in i t ia t ion  or c rack  p ropa -  
gation at d i f fe ren t  s t r e s s  leve ls .  For  this r eason  it  is 
diff icult  to define a fatigue l imi t  and thus ,  one can only 
de sc r ibe  a length of t ime  at a ce r t a in  load level .  In 
this s ense ,  the al loy does not fail  up to about 5 • 108 
cycles  under  a s t r e s s  of about 25,000 psi .  

The notched spec imens  of 7075 in the T-A t emper  
show a typical  curve  with the " k n e e "  effect and a well  
defined fatigue l imi t  at 107 cycles  of about 11,000 psi .  
This  l imi t  appears  to be independent  of the degree  of 
pur i ty  of the al loy.  The e x p e r i m e n t a l  values  for the 
S-N curve  of notched spec imens  of 7075 in the T-AHA 
temper  follow two cu rves  which appear  to be suff ic ient ly  
di f ferent  to sugges t  that this  behavior  is  not due to 

Usual sca t t e r  in the data.  Up to 10 a cyc les ,  the upper  
curve  is  quite diffeirent f rom the T - A  m a t e r i a l ,  while 
the lower curve  is  typical  for notched spec imens  with 
a wel l  defined l imi t  at 10 e cyc les .  The effective notch 
coeff icients  for 7075 in the T-A t emper  and the T-AHA 
temper  a re  3.22 and 1.77, r e spec t ive ly .  These va lues  
show that there  is a marked  reduct ion  of the notch ef-  
fect in the samples  produced with FTMT cyc les ,  show- 
ing quite a d i f ferent  b e h a v i o r  of 7075 f rom 7039. 

The r e s u l t s  on the whole suggest  that T-AHA cycles  
produce a dec rease  in the fatigue r e s i s t a n c e  of the 
t e r n a r y  a l loys ,  in pa r t i cu l a r  in notched spec imens .  In 
the case of the qua t e rna ry  al loy,  T-AHA cycles  lead to 
more  reduced fatigue p rope r t i e s  on smooth s p e c i m e n s ,  

1140 VOLUME 4, APRIL  1973 M E T A L L U R G I C A L  TRANSACTIONS 



70 ],. , i 

s o  ! . . . . . . .  ~ ~ - 

30, 

20 

10 -- 

Of ................ ! ........ ! ........ , ................. 

7O 

Ornax 
1000 
~ Sill 

50 

40 

30 

20 

10 

0 
103 10 ~ 105 106 107 c y c l e s  109 

T - A I 2 0 ~  24 h r  

i I " ~ i 

j 

........ : ........ i ....... I ........ : ........ J, , , , , , ,I  

h.p. 7075 
Kt =4.8 

" [ -- 
L i 

I I :,,, , = ~ illLlli i , i i . i  : , : i i  i i  
103 104 105 106 I07 c y c l e s  

T - A I 0 5 ~  x 6  h r .  Hc 1 2 % *  

109 

Fig. 7--S-N curves for 15 mm-diam extruded rods of 7075 h.p. 
alloy (No. 7) with various treatments, obtained on smooth 
(k t : 1) and notched (k t - 4.8) specimens. For comparison 
S/N curves for similar samples of 7075 c.p. alloy (No. 4- 
dotted line) in T-A120~ for 24 h are reported. 

while causing an i m p r o v e m e n t  in notched s a m p l e s .  
However ,  the d i s c r e p a n c i e s  in the data do not p e r m i t  
unambiguous  in t e rp re t a t i on  e spec i a l l y  s ince ,  in r e s p e c t  
to o ther  m e t a l l u r g i c a l  p r o p e r t i e s ,  the r e l a t ionsh ip  be -  
tween the fatigue p r o c e s s e s  and m i c r o s t r u c t u r e  is not 
we l l  known. Thus it  appea r s  a diff icul t  task to explain 
the S-N c u r v e s  in t e r m s  of d i s loca t ions  and p r e c i p i t a -  
t ion d i s t r ibu t ions .  

e) T r a n s m i s s i o n  E l e c t r o n  Mic roscopy  

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  examina t ions  show 
that,  s i m i l a r l y  to what has been r e p o r t e d  e l s e w h e r e  for 
the t e r n a r y  a l loys ,  23 the i m p r o v e m e n t  in s t r eng th  p r o -  
duced by F T M T  with r e s p e c t  both to convent ional  t h e r -  
mal  t r e a t m e n t s  and to other  p r o c e s s e s  based on d i f f e r -  
ent  combina t ions  of H and A, can be a t t r ibu ted  to a 
be t t e r  hardening  type s t r u c t u r e  in the FTMT s a m p l e s .  

Spec i f i ca l ly ,  F igs .  8 to 10 show at low magni f ica t ion  
that high pur i ty  7075 shee t s  have un i fo rm d i s loca t ion  
s t r u c t u r e  in the T-H10 pct  A120~ for 24 h and T-A 
105~ for 6 h H10 pct  A120~ for 13 h s ta tes  in con-  
t r a s t  to the de fec t  f ree  m a t r i x  in the T -A sample .  At 
h igher  magni f ica t ion ,  the T-HA samp le ,  aged to peak 
h a r d n e s s ,  has a c o a r s e  p rec ip i t a t ion  of ~'  (or ~) p a r -  
t i c l e s  with r e s p e c t  to a fine d i s t r ibu t ion  in both the 
T -A and T-AHA c y c l e s ,  F igs .  11 to 13. In o ther  words ,  
it appea r s  that T-AHA samp le s  have the opt imum 
combina t ion  of d i s loca t ions  and p rec ip i t a t e  s t r u c t u r e  
for e f fec t ive  s t rengthening .  

A typica l  fea ture  of the T-AHA s a m p l e s  is the p r e s -  
ence  of wide s l ip  bands over lapping  the un i fo rm d i s -  

Fig. 8--Transmission electron micrograph of 2 ram-thick 
sheet of 7075 h.p. alloy (No. 7) in T-H10 pct A120~ for 24 h 
temper. Magnification 19,200 times. 

Fig. 9--Transmission electron micrograph of 2 ram-thick 
sheet of 7075 h.p. alloy (No. 7) in T-A105~ for 6 h H10 pct 
A120~ for 13 h temper. Magnification 48,000 times. 

]~'lg. 10--Transmission electron micrograph of 2 ram-thick 
sheet of 7075 h.p. alloy (No. 7) in T-A120~ for 24 h temper. 
Magnification 47,500 times. 
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Fig. l l - - T r a n s m i s s i o n  e l ec t ron  mic rograph  of 2 mm- th i ck  
sheet  of 7075 h.p. alloy (No. 7) in T-H10 pct A120~ for  24 h 
temper .  Magnificat ion 190,000 t imes.  

l o c a t i o n  s t r u c t u r e  an d  c h a r a c t e r i z e d  b y  d e n s e  t a n g l e s  
of d i s l o c a t i o n s  h a r d l y  r e s o l v a b l e  a l s o  a t  h i g h  m a g n i f i -  
c a t i o n s ,  F i g .  14(a ) , (b ) .  T h e  t e n d e n c y  to  f o r m  s u c h  s l i p  
b a n d s  h a s  b e e n  found to b e  g r e a t e r  in  s a m p l e s  w h i c h  
h a v e  a h i g h  d e g r e e  of i n t e r m e d i a t e  d e f o r m a t i o n  a n d  in  
w r o u g h t  p r o d u c t s ,  s u c h  a s  e x t r u s i o n s ,  w h i c h  a r e  c o n -  
s t i t u t e d  by  a s u b g r a i n  s t r u c t u r e .  T h e  p r e s e n c e  of t h e s e  
c o a r s e  s l i p  b a n d s  m a y  p l a y  a r o l e  in  the  l o s s  of d u c t i l -  
i ty  in  F T M T  m a t e r i a l .  

4) CONCLUSIONS 

The increase in strength without drastic loss in 
ductility achieved in medium and high strength 
AI-Zn-Mg(-Cu) alloys by the application of T-AHA 
type FTMT is quite significant. This increase in 
strength is probably due to a superposition of the 
strengthening effects from dislocations and from pre- 
cipitation. The most beneficial effect of FTMT occurs 
in high purity recrystallized wrought products, i.e. 

sheet; in these materials, the YS and UTS can be in- 
creased by 20 pct with the same or better ductility and 
notch and fracture toughness compared to commercial 

Fig. 1 2 - - T r a n s m i s s i o n  e lec t ron  mic rograph  of 2 mm- th i ck  
sheet  of 7075 h.p. alloy (No. 7) in T-A105~ for  6 h H10 pct 
A120~ for 13 h temper .  Magnification 192,000 t imes.  (a) 

Fig. 1 3 - - T r a n s m i s s i o n  e l ec t ron  mic rograph  of 2 ram- th ick  
sheet  of 7075 h.p. al loy (No. 7) in T-A120~ for  24 h temper .  
Magnification 192,000 t imes .  

(b) 
Fig. 14--Typical  aspect  of coa r se  slip bands  observed  on 4 
ram- th ick  sheets  of 7005 c.p. alloy (No. 1), t r ea ted  accord ing  
to a T-AHA cycle. Magnification (a) 16,800 t imes;  (b) 48,000 
t imes.  
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Aging Treatment 
Applied 

Deformation Tensile Properties Load Time of 

Type 1st Step Type Temp. Deg Pct 2nd Step UTS, psi YS, psi E, Pet Pct YS Test, h 

Table VII I .  Tensile (Long Transverse) and Stress-Corrosion (Short Transverse) Properties Determined on 35 mm-Thick Plate of 7075 C.P. 
Alloy (No. 5) of Industrial Production, in Several Tempers 

Stress ('o=rusion Propcrlies 

a) 120~ for 24 h -- 78500 71,000 8.0 

b) 105~ for 6 h . . . . . .  170~ for 8 h 75,000 67,500 7.7 

c) 105~ for 6 h - - 150~ lot 8 h 79,000 72,000 8.0 

d) 105~ for 6 h rolling 175~ 10 120~ for 13 h 83,000 78,500 5.0 

e) 105~ for 6 h rolling I80~ 20 120~ for 7 h 83,000 79,500 5.0 

75 48 to 72 

50 160 to 300 

75 ~1000 

50 

75 350 to 500 

50 S00 to 1000 

75 40 to 80 

50 100 to 250 

75 " 2 4  

50 40 to 90 

75 400 to 500 

50 800 to 1000 

f) 105~ for 6 h rolling 180~ 10 150~ for 8 h 79,000 73,500 7,9 

Optical Microscopy 
Observation 

Intergranular cracks (some- 
times passing through the 
thickness) which start from 
the exposed tensioned surface 

Dispersed shallow pits (-0.15 
ram); intergranular cracks 
(not passing through) stalling 
from the bottom of some pits 
or directly from the exposed 
tensioned surface 

Dispersed pits rather deep 
( 0.30 mm); intergranular 
cracks (not passing through) 
starting from the bottom of 
some pits. Some transgranular 
cracks in the corroded zones 

Dispersed pits mine or less deep 
(-0.25 mm); intergranular 
cracks (not passing through) 
starting from the bottom of 
some pits or directly from the 
exposed tensioned surface 

Dispersed pits rather deep 
(-0.35 ram); intergranular 
cracks (not passing through) 
starting from the bottom of 
some pits 

lntergranular cracks (some- 
times passing through) starting 
from the exposed tensioned 
surface 

Some shallow dispersed pits 
(-0.1 mm); intergranular 
cracks (sometime passing 
through) starting in general 
directly from the exposed 
tensioned surface 

Intergranular cracks (some- 
times passing through) starting 
from the exposed tensioned 
surface 

Dispersed pits more or less deep 
( 0.25 mm); intergranular 
cracks (not passing through) 
starting from the bottom of 
some pits or directly from the 
exposed tetrsioned surface 

Dispersed pits rather deep 
( 0.35 mm);intergranular 
cracks (not passing through) 
starting from tlre bottom of 
some pits 

conventionally aged material .  FTMT does not produce 
significant variation in the typical s t r e s s  corros ion 
res i s tance  but may cause a slight decrease  in the 
fatigue res is tance;  however,  this work does show that 
FTMT in combination with the use of high purity al loys 
does give a method of producing mater ia ls  with much 
higher strength and the same or better secondary prop- 
er t i es  than conventionally available mater ia l s .  

It should be pointed out that there are no problems 
in the application of FTMT cyc les  to s imple  shaped 
wrought products,  especia l ly  sheet and plate. The work- 

ing operations can be carried out at relatively high 
temperatures ,  so that the application of the deformation 
i tse l f  is  facilitated. Also,  there are no c lose  tolerance 
l imitations on the deformation temperatures  or on the 
aging treatments ,  so that FTMT cyc les  s eem to be quite 
compatible with good production control standards. 

ACKNOWLEDGMENTS 

The authors acknowledge the valuable assistance 
provided by Mr. M. Buratti in performing this work. 

M E T A L L U R G I C A L  TRANSACTIONS VOLUME 4, APRIL 1 9 7 3 - 1 1 4 3  



They a lso  indebted to the following ISML technicians: 
ing. Belvedere (plastic transformation); dr. Braeale  
(preparation of ingots); dr. Farina ( s t re s s - corros ion  
tests); Mr. Do Morri (tensile and fracture toughness 
tests);  ing. Screm (fatigue tests) .  

This work was sponsored by the Italian Ministry of 
Defense and the U.S. Department of the Army,  under a 
cooperative research  and development project.  

REFERENCES 

I. W. E. Duckworth: J. Metals, 1966, vol. l, pp. 915-22. 
2. V. S. Ivanova: Met. Sci. Heat Treatment, 1967, no. 5,pp. 339-45. 
3. E. Di Russo: Alluminio, NuovaMet., 1967, vol. 36, pp. 9-15. 
4. T. F. Bower, S. N. Singh, and M. C. Flemings: Met. Trans., 1970, vol. 1, pp. 

191-97. 
5. J. Mercier and R. Chevigny: Mere. Sci. Rev. Met., 1963, vol. 60, pp. 61-71. 
6. V. A. Pavlov, Yu. 1. Filippov, and S. A. Frizen: Fiz. Met. Metalloved., 1965, 

vol. 20, pp. 770-74. 
7. B. Chalmers: Prog. in Mater ScL, vol. 10, ed., p. 151, Pergamon Press, Oxford, 

1963. 
8. J. Nutting: Met. Trans., 1971, vol. 2, pp. 45-51. 
9. T. lkeno: Nippon Kinzoku GakkaiSci., 1951, vol. 15, pp. 464-66. 

10. J. I. Polmear and P. Scott-Young: J. Inst. Metals, 1958, vol. 87, pp. 65-70. 
11. G. M. K. Sarma and T. R. Anantharaman: Trans. Indian Inst. Metals, 1965, 

vol. 18, pp. 151-54. 
12. E. Di Russo: Final Rep. on contract number DA-91-591-EUC 3782, ISML, 

Novara, July 1966. 
13. E. Di Russo: Alluminio, Nuova Met., 1967, vol. 36, pp. 348-63. 
14. E. Di Russo: Final Report No. AD-676107 on contract number DAJA37-67-0- 

0387, ISML, Novara, April 1968. 
15. W. Gruhl: Alurninium, 1962, vol. 38, pp. 775-79. 
16. W. Gruhl: Z. Metallk., 1964, vol. 60, pp. 577-82. 
17. D. O. Sprowls: U. S. Patent No. 3,198,676, August 1965. 
18. P. L. Mehr, E. H. Spuhler, and L. W. Mayer: Alcoa Alloy 7075T73, Alcoa 

Green Letter No. 206, Revised August 1965. 
19. J. A. Nock: U. S. Patent No. 2,083,576 June 1937. 
20. J. C. Bendedyk: Light Metal Age, 1968, vol. 26, pp. 10, 12. 

21. M. Conserva and E. Di Russo: Report No. 68/18 338, 1SML, Novara, August 
1968. 

22. M. Conserva, E. Di Russo, and A. Giarda: Report No. 68/18 344, ISML, Novara, 
August 1968. 

23. M. Conserva, E. Di Russo, and F. Gatto: Alluminio, Nuova Met., 1968, vol. 37, 
pp. 441-45. 

24. M. Conserva, M. Buratti, and E. Di Russo: Report No. 69/19 247, ISML, 
Novara, May 1969. 

25. E. Di Russo, M. Conserva, and M. Buratti: Report No. 69/19 349, ISML, 
Novara, May 1969. 

26. E. Di Russo and M. Conserva: Report No. 69/19 475, ISML, Novara, July 
1969. 

27. M. Conserva, M. Burani, and E. Di Russo: Report No. 69/19 493, ISML, 
Novara, July 1969. 

28. E. Di Russo, M. Conserva, and M. Buratti: Report No. 69/19 496, ISML, 
Novara, July 1969. 

29. E. Di Russo, M. Conserva, and M. Buratti: Report No. 69/19 561, ISML, 
Novara, July 1969. 

30. M. Buratti: Report No. 70/20 616, ISML, Novara, September 1970. 
31. I.S.M.L.: Final Report on CTSD-32 Contract, April 1971. 
32. E. Di Russo and M. Conserva: Italian Patent No. 886 185, 1971, U. S. Patent 

Case No. 28514, 1970. 
33. M. Buratti, M. Conserva, and E. Di Russo: Report No. 71/21 904 ISML, Novara, 

November 1971. 
34. G. Bracale and A. Alti: Report No. 69/19 563, ISML, Novara, July 1969. 
35. G. Bracale: Report No. 71/21 170, ISML, Novara, March 1971. 
36. S. N. Singh and M. C. Fleming: Trans. TMS-AIME, 1969, vol. 245, pp. 1811-19. 

37. H. W. Antes, S. Lipson, and H. Rosenthal: Trans. TMS-AIME, 1967, vol. 239, 
pp. 1634-42. 

38. H. W. Antes and H. Markus: Met. Eng. Quart., 1970, vol. 10, pp. 9-11. 
39. J. H. Mulherin and H. Rosenthal: Met. Trans., 1971, vol. 2, pp. 427-32. 
40. M. Conserva, E. Di Russo, M. Buratti, and F. Gatto: Mater. Sci. Eng., 1973, 

vol. 11, pp. 103-12. 
41. M. Buratti and E. Di Russo: Alluminio, Nuova Met., 1970, vol. 39, pp. 69-75. 
42. A. H. Sullivan: Mater. Res. Stand., 1964, vol. 4, pp. 20-24. 
43. D. Morri: Report No. 70/20 565, ISML, Novara, 1970. 
44. C. Arcolin, M. Buratti, and E. Di Russo: Report No. 71/21 547, ISML, Novara, 

July 1971. 
45. F. Gatto: Rev. Met., 1958, vol. 60, pp. 1085-90. 
46. D. Morri: Alluminio, 1958, vol. 27, pp. 387-90. 

1144-VOLUME 4, APRIL 1973 METALLURGICAL TRANSACTIONS 


