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Effects of the addition of 0.35 pct Ag on tensi le  proper t ies  of commerc ia l ly - f ab r i ca t ed  2 in. 
thick plate were investigated with two 7075-type alloys and s i m i l a r  chromium-free  compo- 
sitions containing 0.35 pct Mn. Both ra t e s  of cooling during the quench from the solution 
heat t rea tment  and ra tes  of heating to precipi ta t ion hea t - t rea t ing  t empera tu res  s t rongly 
affected re la t ive  s trengths of the a l loys .  Alloys containing s i lve r  developed substant ia l ly  
higher s trengths than the control a l loys without s i lver  when 0.125 in. (3.2 mm) thick spec i -  
mens from the plate were rapidly quenched and rapidly heated to precipi ta t ion t empera tu re s  
above 200~ (92~ and i so thermal ly  prec ip i ta ted .  When the rapid  quench was followed by 
slower heating to the precipi tat ion t empera tu re ,  however, both s i l v e r - f r e e  and s i l ve r -  
containing al loys developed comparable  high s trengths.  When the full thiclmess plate was 
heat t reated employing cooling and heating ra tes  es tabl ished by section size and s tandard  
commerc ia l  p rocess ing ,  s i lver  had. r e l a t ive ly  little effect on the mechanical  p roper t i e s .  
With lower quenching ra tes ,  a l loys without s i lver  developed higher s trengths than thei r  
counterpar ts  with s i lve r .  

EFFECTS of silver additions to AI-Zn-Mg-Cu alloys 
were examined at Alcoa Research Laboratories as 
early as 1947 as part of extensive investigations of ef- 
fects of alloying elements on properties of aluminum. 
In early experiments, tensile properties of 7075 and 
related alloys in the form of sheet were compared with 
those of similar sheet containing additionally 0.5 to 1.6 
pct Ag. After conventional isothermal and step-precip- 
itation heat treatments, alloys containing silver gen- 
erally developed strer~gths comparable to those of the 
control alloys, but in some instances they developed 
strengths up to 10 pct lower. 

After Polmear ' reported in 1960 that 0.3 to 1 pct Ag 
additions substantially increased strengths of AI-Zn- 
Mg-Cu alloys isothermally precipitation-heat-treated 
above 250~ (121~ additional experiments were initi- 
ated at the Alcoa Research Laboratories. Effects of 
time at room temperature prior to elevated tempera- 
ture isothermal precipitation heat treatment on tensile 
properties of 7075 and 7079 sheet and of comparable 
sheet containing 0.4 to 0.6 pct Ag were evaluated. 
Silver-free alloys and alloys containing silver devel- 
oped equally high strengths after precipitation heat 
t rea tments  at 250~ (121~ or lower.  Alloys contain- 
ing s i lver  p rec ip i t a t ion-hea t - t r ea ted  above 250~ 
(121~ af ter  a short  t ime at  room tempera tu re ,  how- 
ever ,  developed substant ia l ly  higher strengths than 
ident ical ly  processed  s i l v e r - f r e e  control a l loys .  
Strength of the s i l v e r - f r e e  a l loys substant ial ly in- 
c r ea sed  when precipi ta t ion heat t rea tment  was p re -  
ceded by natural  aging in te rva ls  of severa l  days but 
strength of the al loys containing s i lver  was a lmost  un- 
affected. The effect of natura l  aging in terval  was also 
repor ted  by Rosenkranz.  2 Because s i lver  additions 
provided no strength advantage and because res i s t ance  
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to s t r e s s - c o r r o s i o n  cracking of sheet in the highest 
s trength temper  was adequate, no fur ther  work with 
sheet was indicated.  

Additional work with thick sect ions was indicated,  
however ,  because s i lve r  addit ions appeared to provide 
their  maximum strength advantage af ter  precipi tat ion 
heat t r ea tment  at  t empera tu res  which promote a high 
degree of r e s i s t ance  to s t r e s s - c o r r o s i o n  cracking in 
the c r i t i ca l  s h o r t - t r a n s v e r s e  di rect ion of A1-Zn-Mg-Cu 
alloy products .  To determine whether s i lver  additions 
were beneficial  in commerc ia l ly  p rocessed  mate r ia l ,  
s i l v e r - f r e e  and s i lver -conta in ing  al loys were fabr icated 
to plate and evaluated. This paper presen ts  heat t r ea t -  
ing cha rac t e r i s t i c s ;  a companion paper  presents  s t r e s s -  
cor ros ion  per formances .  

RESULTS 
Mate r i a l  Heat Treated as  2-in.  (51 mm) 

Thick Plate (Cold Water  Quench) 

Mater ia l  used in this investigation was 2-in. (51 mm) 
thick plate produced in the plant f rom 12 by 30 by 120 
in. (305 by 760 by 3050 mm) DC (direct-chi l led)  ingot,I 
using 7075 p rac t i ces .  Chemical  ana lyses  a re  p re -  
sented in Table I. 

Some of the plate was heat t rea ted  at  the plant using 
precipi ta t ion heat t rea tments  that have been used to 
produce 7075-T651 [24 hr at  250~ (121~ and 7075- 
T7351 [6 hr at 225~ (107~ followed by 24 hr at 325~ 
(162~ Other portions of the plate were solution heat 
t rea ted  and s t re tched at  the plant and precipi ta t ion heat 
t rea ted  at the labora tory  using 7075-T651 and 7075- 
T7351 p rac t i ces  in addition to i so the rma l  precipi tat ion 
t rea tments  of 8 hr at 315~ (157~ (recommended by 
Rosenkranz) and 16 hr at 270~ (132~ (recommended 
by Polmear) .  Additional portions of the plate were 
solution heat t rea ted  and quenched at  the labora tory ,  
then precipi ta t ion heat t rea ted  by the two-step and i so-  
thermal  p rac t ices  descr ibed previously .  Precipi ta t ion 
heat t rea tments  at  315~ (157~ and 270~ (132~ 
were s ta r ted  immediate ly  af ter  quenching. In addition, 
a piece of the plate that was heat t rea ted  to the T651 

METALLURGICAL TRANSACTIONS VOLUME 3, JANUARY 1972-t9t 



Table I. Analyses of AI-Zn-Mg-Cu Alloy Plate 

Alloy Type Zn Mg Cu Cr Zr Mn Ag Fe Si TI B Be 

7075 5.82 2.18 1.54 0.20 0.00 0.01 0.00 0.30 0,09 0.03 0.000 0 000 
7075 + Ag 5.89 2.34 1.49 0.21 0.01 0.02 0.37 0 24 0.09 0.04 0.000 0.001 

Hi Zn 6.56 2.31 1.39 0.21 0.00 0.02 0.00 0.24 0.07 0.03 0.000 0.001 
Hi Zn + Ag 6.59 2.44 1.44 0.20 0.03 0.04 0.39 0.25 0.09 0.04 0.000 0.001 

Zr 5.80 2.20 1.25 0.01 0.12 0.01 0.00 0.25 0.09 0.03 0,000 0 001 
Zr + Ag 5.76 2.29 1.47 0.00 0.14 0.01 0.35 0.28 0.07 0.04 0.000 0.001 

Mn 5.72 2.21 1,52 0.03 0.01 0 34 0.01 0 20 0 07 0.04 0.000 0.001 
Mn + Ag 5.71 2.29 1,49 0.03 0.01 0.34 0.38 0.20 0 07 0.05 0.000 0 000 

Table II. Heat Treating Conditions 

Precipitation Heat Treatment 

Solution Time at First Elevated Temperature Step Second Elevated Temperature Step 

Treatment Room Heating Heating 
Code Locat ion Temperature Time Soak Time Soak Temperature Time Soak Time Soak Temperature 

3 Lab 4 days 2 hr 24 hr 250~ (121~ - - - 
7 Plant 3 weeks 2 hr 24 hr 250~ (121~ - - - 

10 Plant 3 days 28 hr 24 hr 250~ (121~ - - - 

1 Lab None 2hr 16hr 270~ (132~ - - - 
5 Plant 3 weeks 2 hr 16 hr 270~ (132~ - 

2 Lab None 3 hr 8 hr 315~ (157~ - - - 
6 Plant 3 weeks 3 hr 8 hr 315~ (157~ - 

4 Lab 4 days 2 hr 6 hr 225~ (107~ 2 hr* 24 hr 325~ (162~ 
8 Plant 3 weeks 2 hr 6 hr 225~ (107~ 2 hr* 24 hr 325~ (162~ 
9 Plant 3 days 15 br 6 hr 225~ (107~ 14 hr* 24 hr 325~ (162~ 

11 Plant 3 days 28 hr 24 hr 250~ (121~ 3 hr 24 hr 325~ (162~ 

All sotunon treated at 880~ (472~ 

* = Time from 225~ (107~ to soak temperature minus IO~ (6~ All other rimes are times from room temperature to soak temperature minus I O~ (6~ Soak 
Ume is time at soak temperature minus IOOF (6~ to time of removal from furnace. 

Material spray quencyed by cold water at plant as 2 in. by 30 m, by L (51 mm by 760 mm by L) pieces, stretched 2.5 pct within 1 hr. Material immersion quenched in 
cold water at laboratory 2 m. by 7 in. by 7 m. (51 by 178 by 178ram) pieces, not stretched. Both quench rates estunated to be 67~ per see -+ 5~ per sec (33~ per sec -+ 
3~ per sec) between 750~ (395~ and 550~ (290~C). 

t e m p e r  in the p l an t  w a s  p r e c i p i t a t i o n  h e a t  t r e a t e d  an 
a d d i t i o n a l  24 h r  a t  325~ (162~ in the l a b o r a t o r y .  A 
s u m m a r y  of the h e a t  t r e a t i n g  c o n d i t i o n s  i s  p r e s e n t e d  
in  Tab le  II.  

T e n s i l e  p r o p e r t i e s  w e r e  d e t e r m i n e d  u s i n g  d u p l i c a t e  
s t a n d a r d  l o n g - t r a n s v e r s e  and s h o r t - t r a n s v e r s e  o r i e n -  
t a t i o n  s p e c i m e n s  t a k e n  f r o m  the m i d p l a n e .  L o n g -  
t r a n s v e r s e  d i r e c t i o n  y i e l d  s t r e n g t h s  (0.2 p c t  o f f s e t )  
a r e  p r e s e n t e d  in T a b l e  HI.  T h e s e  da t a  r e v e a l  tha t  the 
a l l o y  c o n t a i n i n g  6.6 p c t  Zn and  0.39 pc t  Ag d e v e l o p e d  
s l i g h t l y  l o w e r  s t r e n g t h  than  i t s  s i l v e r - f r e e  c o u n t e r p a r t  
w h i l e  the a l loy  c o n t a i n i n g  1.25 pc t  Cu and 0, 12 p c t  Z r  
d e v e l o p e d  s l i g h t l y  l o w e r  s t r e n g t h  than  the  a l l o y  c o n t a i n -  
i ng  1.47 pc t  Cu ,  0.14 p c t  Z r  and  0.35 p c t  Ag .  S t r e n g t h s  
of the o t h e r  a l l oy  p a i r s  w e r e  s i m i l a r .  

C o n v e n t i o n a l  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 i c  
e x a m i n a t i o n s  a l s o  r e v e a l e d  tha t  a f t e r  i d e n t i c a l  h e a t  
t r e a t m e n t s  the m i c r o s t r u c t u r e s  of the s i l v e r - f r e e  a l -  
l oys  w e r e  c o m p a r a b l e  to  t h o s e  of the a l l o y s  c o n t a i n i n g  
s i l v e r .  The m i c r o s t r u c t u r e  of the s t a n d a r d  a l l o y  7075 
s o l u t i o n  hea t  t r e a t e d  in  the p l a n t  and a g e d  8 h r  a t  315~ 
(157~ in the l a b o r a t o r y  (Code 6) i s  p r e s e n t e d  in F i g .  
l ( a ) .  The l a r g e  p a r t i c l e s  a r e  A 1 - M g - C r  p r e c i p i t a t e s  
w h i c h  a r e  i n s o l u b l e  a t  the s o l u t i o n  t e m p e r a t u r e .  The 
f ine  s t r u c t u r e  i s  c o m p o s e d  of G . P .  z o n e s  w h i c h  a p p e a r  
to  be t r a n s f o r m i n g  to  the  c r y s t a l l i n e  M g ( Z n ,  Cu)2 p r e -  
c i p i t a t e .  The m i c r o s t r u c t u r e  of a c o m p a r a b l e  a l l o y  
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c o n t a i n i n g  s i l v e r  is  p r e s e n t e d  in F i g .  l (b ) .  The s t r u c -  
t u r e  i s  s i m i l a r  to tha t  of the s i l v e r - f r e e  a l l oy ,  i n c l u d -  
ing  the  n a r r o w  p r e c i p i t a t e - f r e e  zone  ( P F Z )  at  the 
g r a i n  b o u n d a r i e s .  

The  s i m i l a r i t y  b e t w e e n  s t r e n g t h s  of the s i l v e r - f r e e  
a l l o y s  and  the s t r e n g t h s  of the  a l l o y s  c o n t a i n i n g  s i l v e r ,  
p a r t i c u l a r l y  t h o s e  of the m a t e r i a l s  i s o t h e r m a l l y  p r e -  
c i p i t a t i o n  h e a t  t r e a t e d  above  250~ (121~ i m m e d i a t e l y  
a f t e r  q u e n c h i n g ,  w a s  u n e x p e c t e d  so  a d d i t i o n a l  w o r k  w a s  
p e r f o r m e d  to a c c o u n t  fo r  t h i s  b e h a v i o r .  

M a t e r i a l  Hea t  T r e a t e d  a s  Th in  S l i c e s  

Q u e n c h i n g  r a t e  f r o m  the  s o l u t i o n  t e m p e r a t u r e  and 
h e a t i n g  r a t e  to  the p r e c i p i t a t i o n  t e m p e r a t u r e  a p p e a r e d  
to be the m a i n  d i f f e r e n c e s  b e t w e e n  e x p e r i m e n t a l  p r o -  
c e d u r e s  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  and t h o s e  e m -  
p l o y ed  d u r i n g  h e a t  t r e a t m e n t  of the 2 - i n .  (51 m m )  t h i c k  
p l a t e .  C o n s e q u e n t l y ,  the e f f e c t s  of t h e s e  v a r i a b l e s  w e r e  
e v a l u a t e d .  In the i n i t i a l  e x p e r i m e n t ,  0 . 125 - in .  (3.2 m m )  
t h i c k  l o n g - t r a n s v e r s e  o r i e n t a t i o n  s l i c e s  w e r e  p r e p a r e d  
f r o m  7075 p l a t e  and f r o m  c o m p a r a b l e  p la te  w h i c h  c o n -  
t a i n e d  s i l v e r .  S l i c e s  w e r e  s o l u t i o n  t r e a t e d  a t  890~ 
(475~ q u e n c h e d  in to  w a t e r  a t  r o o m  t e m p e r a t u r e ,  and  

1 
a f t e r  ~- h r  w e r e  h e a t e d  to 315~ (157~ at  v a r i o u s  r a t e s  
and he ld  f o r  8 h r .  

A v e r a g e  y i e l d  s t r e n g t h s  of d u p l i c a t e  s p e c i m e n s  m a -  
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Table III. Long-Transverse Yield Strengths 2 in. Thick Plate 

Code 7075 7075 + Ag Hi Zn Hi Zn + Ag Zr Zr + Ag Mn Mn + Ag 

3 ksi 67.6 67.7 73.3 68.7 71.0 72.0 71.2 69.6 
kg/mn 2 47.5 47.6 51.5 48.3 49.9 50.6 50.0 48.9 

7 ksl 69.3 69.8 74.5 72.2 71.5 73.7 72.6 71.9 
kg/mm 2 48.6 49.0 52.3 50.7 50.2 51.8 51.0 50.5 

10 ksi 71.8 72.3 77.7 74.4 73.7 76.6 74.1 75.2 
kg/mm 2 50.4 50.8 54.6 52.2 51.8 53.8 52.0 52.8 

1 ksi 69.8 69.3 73.9 70.7 72.5 73.1 72.6 71.3 
kg/mm 2 49.0 48.6 51,8 49.6 50.9 51.4 51.0 50.0 

5 ksl 69.5 69.2 74.7 72.3 72.7 74.3 72.6 73.2 
kg/rnm 2 48.8 48.6 52.5 50.7 51.0 52.1 51.0 51.4 

2 ksi 69.4 69.0 72.4 69.2 73.6 76.0 76.0 75.9 
kg/mm 2 48.7 48.5 50.8 48.6 51.7 53.4 53.4 53.3 

6 ksi 68.5 68.2 74.0 70.3 72.7 76.2 75.1 76.1 
kg/mm z 48.1 47.9 52.0 49.3 51.1 53.5 52.8 53.5 

4 ksi 63.0 61.6 62.7 57.4 67.7 69.9 71.4 69,9 
kg/mm 2 44.2 43.3 44.0 40.3 47.6 49.1 50.1 49:1 

8 ksi 64.3 60.8 67. I 63.6 65.8 68.7 70.9 68.8 
kg/mm 2 45.1 42.7 47,1 44.7 46.2 48.2 49.8 48.3 

9 ks1 56.2 56.7 57.7 56.5 60.7 65.0 64.2 65.7 
kg/mm 2 39.4 39.8 40.5 39 7 42.6 45.7 45.1 46.2 

11 ks1 65.0 66.0 68.7 67.1 68.6 72.3 72.4 71.6 
kg/mm 2 45.6 46.4 48.3 47.2 48.2 50.8 50.8 50.3 

chined f rom these s l i c e s  a r e  plotted vs ave r ag e  heat ing 
ra te  in F ig .  2. High s t r eng th  of the a l loy containing s i l -  
v e r  was not affected by heat ing r a t e ,  but s t reng th  of 
a l loy 7075 apprec iab ly  d e c r e a s e d  with i n c r e a s i n g  hea t -  
ing ra te  above 250~ per  hr  (140~ per  hr) .  S i m i l a r  
e f fec t  of heat ing ra te  to 325~ (162~ on p rec ip i t a t ion  
behav ior  of 7075 was ~ecent ly  r epor t ed .  3 

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 i c  examina t ions  of 
the spec imens  heated at the lowest  and the h ighes t  r a t e s  
r e v e a l e d  s t r u c t u r a l  d i f f e r ences  which could be r e l a t ed  
to the s t reng ths .  The s t r u c t u r e s  a re  i l l u s t r a t e d  in F ig .  
3. Ma t r ix  s t r u c t u r e s  of a l loy  containing s i l v e r  which 
was heated at e i the r  ra te  were  s i m i l a r .  They cons i s t ed  
of s m a l l ,  c lose ly  spaced G.P.  zones .  The s l igh t ly  angu- 
l a r  appearance  of some of the zones sugges t s  that  they 
w e r e  beginning to t r a n s f o r m  into c ry s t a l l i ne  
Mg(Zn, Cu)2 p rec ip i t a t e .  On the o ther  hand, s t r u c -  
t u r e s  of the 7075 s p e c i m e n s  which were  heated  at the 
two ra t e s  were  m a r k e d l y  d i f fe ren t  f rom each  o the r .  
While the m a t r i x  s t r u c t u r e  of the s p e c i m e n  which  
was heated at 42~ p e r  hr  (23~ p e r  hr) was s i m i l a r  
to that of the spec imens  containing s i l v e r ,  the s t r u c -  
t u re  of the spec imen  which was heated at 80,000~ 
pe r  hr  (44,000~ pe r  hr) contained a Widmanst~t ten  
p r ec ip i t a t e  of the Mg(Zn,  Cu)2 phase.  

Examina t ion  a lso  r e v e a l e d  d i f fe rences  in the width 
of the P F Z .  This  r eg ion  was subs tant ia l ly  n a r r o w e r  in 
the m a t e r i a l  containing s i l v e r  than it was in 7075. 

Addit ional  work  exp lo red  e f fec ts  of quench ra te  f r o m  
solut ion t e m p e r a t u r e ,  hea t ing  ra te  to p rec ip i t a t ion  t e m -  
p e r a t u r e ,  and prec ip i ta t ion  t r e a t m e n t  t ime and t e m p e r -  
a tu re  on tens i le  p r o p e r t i e s  of 7075, a s i m i l a r  a l loy 
which contained 0.3 pct Mn and l e s s  than 0.05 pct C r ,  
and comparab le  a l loys  which contained 0.3 to 0.4 pct 
Ag. L o n g - t r a n s v e r s e  o r i en ta t ion  s l i c e s  0 .125-in.  (3.2 
mm)  thick were  solut ion t r e a t ed  at 890~ (475~ and 
were  quenched into wa te r  at e i t he r  room t e m p e r a t u r e  
or  the boiling point. A v e r a g e  quenching r a t e s  between 
750~ (395~ and 550~ (290~ a re  e s t i m a t e d  to be 
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2000~ per  sec  ( l l00~ per  sec)  and 20~ per  sec  ( l l~  
per  sec ) ,  r e s p e c t i v e l y .  The l ower  quench ra te  approx i -  
mates  the ra te  at the midplane of 3- in .  (76 mm)  thick 
plate quenched in cold wate r .  These  s l i c e s  were  heated 
to p rec ip i t a t ion  t r e a t m e n t  t e m p e r a t u r e s  of 200~ (94~ 
through 350~ (177~ within 1 hr  a f t e r  quenching at 
ave rage  heat ing r a t e s  of e i t h e r  75~ pe r  hr  (42~ per  
hr)  or  80,000~ per  hr (44,000~ pe r  hr) .  They were  
r e m o v e d  a f t e r  e x p o s u r e s  of ~- to 192 hr ,  and duplicate 
1-in.  gage length tension s p e c i m e n s  w e r e  machined  and 
tes ted  a f t e r  s e v e r a l  weeks .  

Maximum yie ld  s t reng ths  developed at each  p r e c i p i -  
tation t r e a t m e n t  t e m p e r a t u r e  were  used as the c r i t e r i o n  
of r e sponse  to heat  t r e a t m e n t .  S t rengths  of the a l loys  
containing ch romium which w e r e  rapid ly  quenched and 
rapid ly  heated  a r e  p re sen ted  in F ig .  4. These data 
e s s e n t i a l l y  duplicate the e f fec t  o r ig ina l ly  r e p o r t e d  by 
P o l m e a r .  1 The s i l v e r - f r e e  a l loy developed s t reng ths  
up to 30 ksi  (21 kg per  sq mm) lower  a f te r  i t  was p r e -  
c ipi ta t ion hea t  t r ea ted  above 270~ (132~ than i t  did 
a f te r  i t  was p rec ip i t a t ion  heat  t r e a t e d  at  lower  t e m p e r -  
a tu re s .  In con t r a s t ,  the a l loy conta ining s i l v e r  devel -  
oped s t r eng ths  a f te r  p rec ip i t a t ion  t r e a t m e n t  above 270~ 
(132~ which were  a t  mos t  10 ksi  (7 kg per  sq mm) be-  
low s t reng ths  developed at lower  t e m p e r a t u r e s .  Maxi-  
mum s t reng th  developed by the a l loy containing s i l v e r  
was th ree  ksi  (2 kg per  sq mm) h igher  than that deve l -  
oped by the s i l v e r - f r e e  a l loy.  

Strengths  of the a l loys  containing manganese  which 
were  comparab ly  heat  t r ea t ed  a r e  p r e s e n t e d  in Fig .  5. 
The al loy containing s i l v e r  developed subs tant ia l ly  
higher  s t r eng ths  than i ts  s i l v e r - f r e e  coun te rpa r t  a f t e r  
p rec ip i t a t ion  heat  t r e a t m e n t s  above 270~ (132~ and 
it developed a maximum s t r eng th  that was two ksi (1.5 
kg per  sq mm)  h igher  than that developed by the s i l v e r -  
f ree  a l loy.  

Strengths  of the spec imens  quenched at the high ra te  
and heated at the low rate  a re  p r e s e n t e d  in F igs .  6 and 
7. D e c r e a s i n g  heat ing ra te  i n c r e a s e d  s t r eng ths  of the 
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F ig .  1 - S t r u c t u r e s  of 2 - i n .  (51 m m )  th ick  p la te  of 7075 (a), and  
of a s i m i l a r  a l loy  c o n t a i n i n g  0.37 pc t  Ag  (b) q u e n c h e d  in cold  
w a t e r  f r o m  the so lu t i on  t e m p e r a t u r e ,  s t r e t c h e d  2.5  pct ,  p r e -  
c ip i t a t i on  h e a t  t r e a t e d  8 h r  a t  315~ (157~ a f t e r  2 w e e k s  a t  
r o o m  t e m p e r a t u r e .  

s i l v e r - f r e e  ma te r i a l s  precipi ta t ion heat t rea ted  above 
270~ (132~ but had l i t t le  effect on strength of the 
al loy containing s i lve r .  Consequently, maximum 
strength advantage of the a l loys containing s i lve r  in 
this  higher t empera ture  range significantly decreased .  
Maximum strengths of the al loys containing manganese 
were almost  totally unaffected by precipi ta t ion t r ea t -  
ment tempera ture .  

Strength of the m a t e r i a l s  both quenched and heated 
at  the low ra tes  a re  presented  in F igs .  8 and 9. In con- 
t r a s t  to the behavior of the al loys containing chromium 
when quenched and heated at high r a t e s ,  the s i l v e r - f r e e  
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Fig. 2 - E f f e c t s  of h e a t i n g  r a t e  to the  p r e c i p i t a t i o n  h e a t  t r e a t -  
m e n t  t e m p e r a t u r e  on s t r e n g t h  of 7075 and  a s i m i l a r  a l loy  c o n -  
t a i n ing  0.37 pc t  Ag. 

al loy of this pa i r  developed s t rengths  approximately  
five ksi (3.5 kg per sq mm) higher than those developed 
by the al loy containing s i lve r .  Under these same condi- 
tions s t rengths  of the two manganese al loys were a l -  
most ident ical .  

To i l lus t ra te  the effect of inc reas ing  time between 
quenching and elevated t empera tu re  precipi ta t ion heat 
t rea tment ,  specimen blanks were p repared  from mate-  
r i a l  that had been solution t r ea ted ,  quenched, and 

1 s t re tched  in the plant 1~- yea r s  previously .  Effects of 
the high heating rate only were determined.  Strengths 
of the ma te r i a l s  precipi tat ion heat t rea ted  af ter  the l~- 
year  in te rva l  are  presented in F igs .  10 and 11. Under 
these conditions the s i l v e r - f r e e  a l loys developed 
s t rengths  only sl ightly lower than those of the al loys 
containing s i lve r  although they were  heated to p rec ip i -  
tation t r ea tment  tempera ture  at a high ra te .  

To completely el iminate the effect  of heating rate  to 
prec ip i ta t ion  heat t rea tment  t empera tu re ,  specimen 
blanks taken from 7075 and 7075 + Ag s imi l a r  to those 
previously  descr ibed were solution t rea ted  at 890~ 
(475~ and quenched in a Wood's  metal  bath d i rec t ly  
to prec ip i ta t ion  t rea tment  t e m pe r a t u r e s .  They were 
removed af ter  periods of 21-- to 96 hr and were quenched 
in water  at  room tempera tu re .  Duplicate tension spec-  
imens were subsequently machined and tested.  Data 
were analyzed by plotting precip i ta t ion  heat t rea tment  
t empera tu re  vs time at t empera tu re  with yield strength 
as the p a r a m e t e r .  T i m e - T e m p e r a t u r e - Y i e l d  Strength 
plots a re  presented  in F igs .  12 and 13. Alloy 7075 
developed i ts  maximum strength of 72 ksi (51 kg per 
sq mm) at 250~ (121~ and did not develop strength 
higher than 60 ksi (42 kg per sq mm) at precipi ta t ion 
t empera tu re s  above 325~ (162~ In contras t ,  the 
s i l v e r - b e a r i n g  alloy developed i ts  maximum strength 
of 76 ksi (54 kg per sq mm) near  275~ (135~ and 
developed a lmost  70 ksi (49 kg per  sq mm) during p re -  
cipitat ion heat  t rea tment  at 350~ (175~ The alloy 
containing s i lve r  also developed a given strength level  
in a shor t e r  t ime,  but this t rend diminished with de- 
c reas ing  precipi ta t ion heat  t r ea tmen t  t empera tu re .  

To determine  if the alloy containing s i lve r  developed 
strength at a higher rate  than the s i l v e r - f r e e  al loy dur-  
iqg precipi ta t ion at  room t e m pe r a t u r e ,  s imi l a r  spec i -  
mens of 7075 and 7075 plus s i lve r  were solution t rea ted ,  
quenched in water  at room t empera tu re  and tested af ter  
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Fig. 3-Effects of heating rate on structures of rapidly quenched specimeas of 7075 and of a similar alloy containing 0.37 pct Ag 
precipitation heat treated 8 hr at 315~ (157~ (a) 7075, slow heating; (b) 7075 + Ag, slow heating; (c) 7075, rapid heating; (d) 
7075 + Ag, rapid heating. 

t i m e s  of ~- hr to s e v e r a l  months .  Strengths of both a l loys  
were  v irtual ly  ident ical  after comparable in terva l s .  

Material  Heat Treated  as  2- in .  Thick Plate 
(Quenched in Boi l ing Water) 

To determine the combined effect  of quenching under 
condit ions designed to reduce res idual  s t r e s s  and of 
precipi tat io  n heat treat ing under c o m m e r c i a l  condit ions ,  
additional  exper iments  were conducted. Port ions  of 2- 
in.  (51 mm) thick plate in the a l loys  which contained 
e i ther  0.2 pct Cr or 0.3 pct Mn were  solut ion heat 
treated at 890~F (475~ and quenched in water at the 
boi l ing  point. After four days they were precipi tat ion 

heat treated 24 hr at 250~ (121~ (2 hr to t empera-  
ture),  cooled to room temperature ,  then precipitat ion 
heat treated 24 hr at 325~ (162~ (24 hr to tempera-  
ture).  Average  yie ld s trengths  of duplicate long- trans -  
v e r s e  or ientat ion tension s p e c i m e n s  are presented in 
Fig.  14. A l l o y s  containing s i l v e r  developed strengths 
9 to 18 pct lower than those of the comparable  s i l v e r -  
free  a l l oys .  

DISCUSSION 

Some of the d i f ferences  in s tructure  and strength of 
these a l loys  can be explained us ing  N icho l son ' s  4-7 and 
Pash l ey ' s  8,9 theor ie s  of prec ipi tat ion.  Although these 
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Fig. 5-Effect of a silver addition and heat treatment condi- 
tions on strength of an A1-Zn-Mg-Cu-Mn alloy (rapid quench 
from the solution treatment temperature and rapid heating to 
the precipitation treatment temperature). 
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Fig. 7-Effects of a silver addition and heat treatment condi- 
tions on strength of an A1-Zn-Mg-Cu-Mn alloy (rapid quench 
from the solution treatment temperature and slow heating to 
the precipitation treatment temperature). 
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authors  used d i f ferent  t e rmino logy ,  both cons ide red  
ex i s t ence  of a t e m p e r a t u r e  above which homogeneous  
nucleat ion is  imposs ib l e  because  of d e c r e a s e d  solute 
supe r sa tu ra t ion .  The d e c r e a s e  of G.P.  zone s ize  with 
d e c r e a s i n g  p rec ip i t a t ion  t e m p e r a t u r e  below this  c r i t i -  
cal  t e m p e r a t u r e  is  a t t r ibu ted  to h igher  s u p e r s a t u r a t i o n  
of solute al lowing s m a l l e r  nucle i  to be s table .  Both 
t heo r i e s  a lso  cons ide r  that G.P.  zones f o r m e d  at a low 
t e m p e r a t u r e  wil l  d i s so lve  on heat ing to a h igher  t e m -  
pe ra tu r e  if they a re  s m a l l e r  than a c r i t i c a l  s i ze  but 
wi l l  t r a n s f o r m  to the i n t e r m e d i a t e  p rec ip i t a t e  with in-  
c r e a s i n g  t ime at h igher  t e m p e r a t u r e  if  they a re  l a r g e r  
than a c r i t i c a l  s i ze .  

Vacanc ies  play the same  ro le  in both t h e o r i e s  and 
the i r  concent ra t ion  mus t  be cons ide red .  P r e s e n c e  of 
e x c e s s  vacanc ies  at  p rec ip i t a t ion  t e m p e r a t u r e  i n c r e a s e s  
the t e m p e r a t u r e  at which homogeneous  nuclea t ion  can 
occu r ,  and i n c r e a s e s  the ra te  of nucleat ion by i n c r e a s -  
ing diffusion r a t e .  Because  of the i n c r e a s e d  nucleat ion 
r a t e ,  i nc rea s ing  e x c e s s  vacancy  concent ra t ion  i n c r e a s e s  

densi ty  of the G.P.  zones f o r m e d  at a given prec ip i t a t ion  
t r e a t m e n t  t e m p e r a t u r e .  

Using these concepts ,  the c o a r s e  s t ruc tu re  and low 
s t reng ths  of the s i l v e r - f r e e  m a t e r i a l s  e i the r  quenched 
to room t e m p e r a t u r e  and rap id ly  heated above 250~ 
(121~ or  quenched d i rec t ly  to aging t e m p e r a t u r e s  
above 250~ (121~ are  r ead i ly  explained by the de-  
c r e a s e  in supe r sa tu ra t i on  with i n c r e a s i n g  t e m p e r a t u r e .  
E i t h e r  d e c r e a s i n g  heat ing ra te  o r  i n c r e a s i n g  t ime at 
room t e m p e r a t u r e  before  p rec ip i t a t ion  heat  t r ea t ing  
above 250~ (121~ i n c r e a s e s  s t r eng th  by p romot ing  
copious nuclea t ion  of G.P .  zones  and al lowing them to 
grow until  mos t  of them develop into the i n t e rmed ia t e  
p rec ip i t a t e  a f te r  heat ing above 250~ (121~  
than d i s so lve .  

D i f f e r e n c e s  in widths of the p r e c i p i t a t e - f r e e  zones 
of 7075 a l loy a re  a l so  expla ined using these t heo r i e s .  
Because  of a vacancy concen t ra t ion  grad ien t  near  g ra in  
boundar ies ,  G .P .  zones near  g ra in  boundar ies  wil l  grow 
at a lower  ra te  than those away f r o m  the boundar ies .  
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Fig. 10-Ef fec t s  of s i lver  and heat t r ea tment  conditions on 
s t rength  of an A1-Zn-Mg-Cu-Cr  alloy (1~ year  interval  be-  
tween quench f rom solution t rea tment  tempera ture  and e le-  
vated tempera ture  precipi tat ion heat  t reatment) .  
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Fig. 9 -Ef fec t s  of a s i lver  addition and heat t rea t ing condi-  
tions on strength of an A1-Zn-Mg-Cu-Mn alloy (slow quench 
f rom the solution t rea tment  tempera ture  and slow heating to 
the precipi tat ion t rea tment  temperature) .  
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Consequent ly ,  average G.P.  zone size will  i n c r e a s e  
with i nc r ea s ing  dis tance f rom the gra in  boundary unti l  
vacancy concent ra t ion  becomes  constant .  Af ter  a shor t  
t ime at room t e m p e r a t u r e ,  G.P.  zone size n e a r  the 
g ra in  boundar ies  would be sma l l .  Consequent ly ,  G.P.  
zones  would dissolve on subsequent  heating to 315~ 
(157~ leaving a re la t ive ly  wide P F Z .  With i n c r e a s e d  
na tu ra l  aging in te rva l ,  however ,  zone size nea r  the 
boundar ies  would i n c r e a s e  unt i l  it was above the c r i t i -  
cal  s ize which would not dissolve at  315~ (157~ 

The c r i t i ca l  G.P.  zone s ize is  unknown, but it  cannot 
be reso lved  with the e l ec t ron  mic roscope .  No zones 
were  detected in 7075-W plate which was examined  1.5 
yea r s  af ter  solut ion t r e a t m e n t ,  but spec imens  of this  
m a t e r i a l  developed high s t reng ths  even though they were 
rapid ly  heated to p rec ip i ta t ion  t r e a tmen t  t e m p e r a t u r e s .  

Reasons  for the effects of s i l ve r  on s t ruc tu re  and 
s t rength  of these al loys a re  more  specula t ive .  One pos- 
s ible  explanat ion would be that s i lve r  t raps  vacanc ies  
dur ing the quench,  thus i n c r e a s i n g  the t empe ra t u r e  at 
which homogeneous nuclea t ion  occurs  and i n c r e a s i n g  
nuclea t ion  ra te .  This  explanat ion is  unl ikely,  however ,  
because  the s i lve r  addit ion to 7075 had no effect on 
na tu ra l  aging c h a r a c t e r i s t i c s .  

A more  probable explanat ion is  offered based on the 
work descr ibed  and on three other obse rva t ions .  These 
obse rva t ions  a r e :  1) s i lve r  c lu s t e r s  read i ly  in a lumi -  
num a l loys ,  1~ 2) s i lve r  i n c r e a s e s  prec ip i ta t ion  rate  in 
A1-Mg a l loys ,  11 3) s i lve r  d i sso lves  in ~ (Zn-Mg prec ip-  
i ta te .  12 The proffered explanat ion is that s i lver  a tom-  
vacancy complexes  decrease  c r i t i c a l  G.P.  zone size 
poss ib ly  by lowering volume free energy .  Reducing 
c r i t i ca l  zone size dec reases  the P F Z  width and in-  
c r e a s e s  s t reng th  by pe rmi t t ing  s m a l l e r  zones to t r a n s -  
form to i n t e rmed ia t e  prec ip i ta te  r a t h e r  than to d issolve .  

The concept of s i lve r  a t o m - v a c a n c y  complexes also 
can be used to explain the s igni f icant ly  lower s t rength  
of a l loys conta in ing s i lve r  when slowly quenched. One 
explanat ion for  the wel l -known quench sens i t iv i ty  of 
A I - Z n - M g - C u  al loys containing e i the r  ch romium or 
manganese  is that An, Mg, and Cu a toms  precipi ta te  
p r e f e r en t i a l l y  by deposit ion on undisso lved  Al12Mg2Cr 
or Al~2Mn2oCu pa r t i c l e s ,  thus d e c r e a s i n g  the amount  of 
solute that i s  avai lable  for subsequent  coherent  p rec ip-  
i ta t ion.  13'~4 P rec ip i t a t ion  nucleated by such pa r t i c l e s  
has been observed  by t r a n s m i s s i o n  e lec t ron  m i c r o -  
scopy. 1%15 If this explanat ion is c o r r e c t ,  the effect  of 
s i l ve r  on fu r the r  i nc r ea s ing  quench sens i t iv i ty  may be 

METALLURGICAL TRANSACTIONS VOLUME 3, JANUARY 1972-197 



Ll.  
o 

tr 

t~ 
tO 
O. 

I-- 

(.9 
Z 

t9 
I 
-i- 

O 
z 

a 

350 

325  

3 0 0  

2 7 5  

2 5 0  

225  

200 
0.2 

t ' I ' ' ' ' I  , , i I , I l l  I 

QUENCHED FROM SOLUTION TREATMENT 
TEMPERATURE INTO WOOD'S METAL AT 
200"F  (94~'C) TO 550~ (IT7=C) 
CURVES ARE LOCI OF YIELD STRENGTH KSI 
AND ( K g / m m  2 ) 

I I I I I I 1 

I ! I I l l t l  
0 .5  I 

, i i I , i , i l  

f 

~ 

175 

150 

125 

I 0 0  

2 5 I0  2 0  5 0  I 0 0  

HOURS AT QUENCH-AGING T E M P E R A T U R E  
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plate quenched d i r ec t l y  to the p rec ip i t a t ion  
t r e a t m e n t  t e m p e r a t u r e .  
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Fig, 13--Effects of precipitation treatment time and tempera- 
ture on s t r eng th  of 7075 + Ag plate quenched d i r ec t l y  to the 
p rec ip i ta t ion  t r e a t m e n t  t e m p e r a t u r e .  

at t r ibuted to s i lver  a tom-vacancy  complexes which fa- 
ci l i tate  precipi ta t ion onto par t i c les  containing e i ther  
chromium or manganese.  It is  poss ib le ,  however,  that 
this mechanism is not the only factor and that amounts 
of chromium or manganese remaining in solid solution 
a lso  a l te r  precipi ta t ion kinetics through vacancy-solute  
a t o m - s i l v e r  atom in te rac t ions .  

SUMMARY 

Si lver - f ree  A1-Zn-Mg-Cu al loys develop p r o g r e s -  
s ively lower s t rengths  with increas ing  prec ip i ta t ion  
heat t rea tment  t empe ra tu r e s  above 250~ (121~ when 
they a r e  quenched d i rec t ly  to precipi ta t ion t rea tment  
t empera tu re  or  a r e  heated to precipi ta t ion t rea tment  
t empera tu re  at a high ra te  short ly a f te r  quenching. 
The low strengths  a r e  a t t r ibuted to a re la t ive ly  coarse  
d ispers ion  of the hardening prec ip i ta te .  Extending nat- 
u ra l  aging, heating at  a low ra te ,  or  preaging near  
200~ (94~ inc r ea se s  s t rength by allowing G.P.  
zones to grow to a s table  s ize which will t r ans fo rm 
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Fig. 1 4 - S t r e n g t h  of 2-in.  thick plate  quenched in boi l ing w a t e r  
and p rec ip i t a t ion  heat  t r ea t ed  by a t w o - s t e p  prac t ice .  

into fine, c lose ly - spaced  c rys ta l l ine  prec ip i ta te  at 
higher prec ip i ta t ion  t empe ra tu r e s .  Necessa ry  expo- 
sure  t ime nea r  200~ (94~ is shor t  enough in 7075- 
type a l loys  that it can be at ta ined during heating to 
prec ip i ta t ion  t empera tu re s  that a r e  normally ob- 
se rved  in heat t reat ing thick sect ion products under 
c o m m e r c i a l  conditions. 

A1-Zn-Mg-Cu alloys containing s i lver  develop high 
strength even when quenched d i rec t ly  to precipi ta t ion 
t rea tment  t empera tu res  above 250~ (121~ This be-  
havior  is  tentat ively a sc r ibed  to s i l v e r - a t o m  vacancy 
complexes which effectively dec rease  the size of the 
s table  G.P. zone. Si lver  addit ions are  of no commer -  
cial  advantage in 7075-type a l loys ,  however,  because 
mil l  heating ra t e s  are  low enough to allow stable G.P.  
zones to form before precipi ta t ion tempera ture  is  
at tained.  F u r t h e r m o r e ,  when a l loys  containing s i lve r  
plus e i ther  0.2 pct Cr  or 0.35 pct Mn are  quenched at 
ra tes  approximating those at the midplane of 3-in. (76 
mm) thick or  thicker plate ,  they develop lower s t rengths  
than s i m i l a r  s i l v e r - f r e e  a l loys .  Si lver  a tom-vacancy 
complexes may be responsible  for quench sensi t iv i ty  by 
promoting precipi ta t ion during the quench on pa r t i c l es  
containing e i ther  chromium or manganese.  
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