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Ten different  al loys based on the 7075 composit ion were used to study the effect of puri ty 
level,  d i spe rso id  type, and heat t rea tment  on f rac tu re  toughness.  Five puri ty levels  rang-  
ing f rom 0.03 to 0.30 wt pct Fe + Si and two d i sperso id  types were invest igated.  Each a l -  
loy was given two heat t r ea tments :  the s tandard T651 heat t rea tment  or a spec ia l  the rmo-  
mechanical  t rea tment  (TMT). F r a c t u r e  toughness was measured  using notched round 
tensi le  specimens taken f rom both the longitudinal and long- t r ansve r se  d i rec t ions .  The 
notched round tensi le  tes t  was modified to give the "p l a s t i c  energy per unit a r e a " .  This 
f rac tu re  toughness p a r a m e t e r  gave the same ranking for corresponding a l loy /hea t  t r e a t -  
ment combinations as the total  energy per  unit a r ea  measured  on p rec racked  Charpy 
spec imens .  The f rac ture  toughness ranking for the ten al loys was the same in the longi- 
tudinal and long- t r ansve r se  d i rec t ions .  This suggests  the elongated dis t r ibut ion of con- 
sti tuent pa r t i c l e s  in the ro l l ing  d i rec t ion  does not change the fa i lure  mechanism.  F r a c t o -  
graphic evidence showed a bimodal  d is t r ibut ion of ductile dimple s ize in a l l  ten a l loys .  
The number of large  ductile dimples  dec reased  with increas ing  puri ty  level while the 
number of sma l l  ductile dimples  increased .  This is in te rpre ted  to mean that the sma l l e r  
d i sperso id  and hardening pa r t i c l e s  become increas ingly  important  in control l ing the f r ac -  
ture toughness as the large  in te rmeta l l i c  pa r t i c l e s  a re  e l iminated by increas ing  the puri ty  
of these aluminum al loys .  Since thermomechanica l  p rocess ing  controls  the amount and 
type of these sma l l e r  pa r t i c l es ,  it is a useful means for increas ing  f rac ture  toughness in 
high puri ty aluminum al loys .  

I. INTRODUCTION 

A L U M I N U M  alloys used by the aerospace  industry 
must s imultaneously have high tensi le  s trength and 
f rac ture  toughness with good cor ros ion  and fatigue 
r e s i s t ance  if aerodynamical ly  efficient s t ruc tu res  a re  
to operate  economical ly in se rv ice .  Strength, tough- 
ness,  co r ros ion  and fatigue r e s i s t ance  a re  influenced 
by both the al loy chosen and the p rocess ing  sequence 
used to fabr ica te  the component, be it cast ,  forged, 
extruded or machined f rom wrought p l a t e / shee t .  Each 
of these m a t e r i a l  p r o c e s s e s  produces  different  grain 
textures  and prec ip i ta te  d i spe rs ion  within the gra ins .  
A sys temat ic  study of the re la t ionship between the 
mechanical  p roper t i e s  and the p rec ip i t a tes  commonly 
found in wrought aluminum plate was undertaken. 1"~ 
This work d i scusses  the re la t ion  between f rac ture  
toughness and the var ious  p rec ip i t a t es .  

General ly,  the p rec ip i t a t es  a re  c lass i f ied  into three  
types:  constituent pa r t i c l e s ,  d i spe rso id  pa r t i c l e s ,  and 
hardening pa r t i c l e s .  They a re  grouped into one of 
these three  ca tegor ies  according to the order  in which 
they appear  during the p rocess ing  sequence. The 
constituent pa r t i c l e s  prec ip i ta te  f rom the molten solu- 
t ion during sol idif icat ion of the ingot. They a re  the r -  
modynamical ly  the most  s table .  F r o m  the p rac t i ca l  
point of view, subsequent p rocess ing  will  have l i t t le 
effect on changing the size of these pa r t i c l e s ,  though 
extensive mechanical  working can change thei r  d is -  
tr ibution somewhat.  These iron and si l icon r ich  pa r -  
t ic les  have incoherent in ter faces  with the mat r ix  and 
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range in s ize from 5 to 30 ~m. The d i sperso id  pa r t i -  
c les  p rec ip i ta te  from solid solution during the homo- 
genizing solution t rea tment  of the ingot. These pa r t i -  
c les  a re ,  for example,  chromium or z i rcon ium-r ich ,  
ranging in s ize f rom 0.03 to 0.3 pm.  The hardening 
pa r t i c l e s  a re  thermodynamical ly  the leas t  s table and 
they can prec ip i ta te  from the solid solution at room 
tempera tu re .  They range in s ize f rom 50A (5 nm) to 
500A (50 nm), having ei ther  coherent  or incoherent 
in ter faces .  The high s t rengths  exhibited by the 7000 
s e r i e s  al loys for example,  a re  produced by z inc - r i ch  
p rec ip i t a t es  upon warm aging. 

In so far  as the effect of constituent pa r t i c l e s  on 
toughness is concerned, previous work 4 has demon- 
s t ra ted  that high puri ty 7000 s e r i e s  aluminum alloys 
have a d ramat ica l ly  improved s trength v s  toughness 
t rend over those of commerc ia l ly  pure 7000 s e r i e s  
aluminum al loys .  Both the amount (volume fraction) 
and size of the constituent pa r t i c l e s  de termine  the 
pur i ty  of an al loy.  Fo r  example,  by specifying higher 
pur i ty  a l loys in forgings such as 7175 over 7075, cost  
penal t ies  a re  incurred .  The level  of puri ty  above 
which f rac tu re  toughness cannot be improved by this 
technical  approach has economic consequences.  

Fo r  the d i spe rso id  pa r t i c l e s ,  s tudies have shown 5 
replac ing  the normal  chromium d isperso id  with z i r -  
conium in 707 5 has improved f rac ture  toughness with 
no loss  of s trength.  The aluminum alloy 7050 was de-  
veloped based on the observat ion that z i rconium im- 
proves  toughness.  However, the causes  for this im-  
provement  a re  not completely understood.  

The effect of the hardening pa r t i c l e s  on f rac ture  
toughness has rece ived  less  attention. This may be 
due to the genera l  empi r i ca l  observat ion that by in- 
c reas ing  the s t rength of an al loy through heat t r e a t -  
ment, i ts  f rac tu re  toughness is s imultaneously de- 
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Table I. Compositions of Experimental and Commercial Alloys 

Composition 7475 A B C D E 

Zn 5.2 to 6.2 5.89 5.91 5.93 5.93 5.94 
Mg 1.9 to 2.6 2.19 2.42 2.39 2.35 2.36 
Cu 1.2 to 1.9 1.50 1.58 1.60 1.64 1.63 
Cr 0.18 to 0.25 0.21 0.22 0.21 0.21 0.21 
Fe 0.12 0.02 0.05 0.08 0.12 0.20 
Si 0.10 0.01 0.02 0.04 0.06 0.i 1 
Mn 0.06 <0.01 <0.01 <0.01 <0.01 <0.01 
Ti 0.06 0.004 0.005 0.012 0.012 0.009 

Others (Total) 0.15 <0.01 <0.01 <0.01 <0.01 <0.01 

Composition 7050 At B1 CI D1 E1 

Zn 5.7 to 6.7 5.73 5.68 5.84 6.02 5.98 
Mg 1.9 to 2.6 2.39 2.31 2.31 2.33 2.45 
Cu 2.0 to 2.8 1.50 1.51 1.54 1.51 1.52 
Zr 0.08 to 0.15 0.12 0.12 0.12 0.12 0.12 
Fe 0.15 0.01 0.04 0.08 0.11 0.20 
Si 0.12 0.01 0.02 0.04 0.05 0.09 
Mn 0.10 0.01 O.01 0.01 0.01 0.01 
Ti 0.06 0.004 0.005 0.006 0.005 0.006 
Cr 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 

Other (Total) 0.10 <0.01 <0.01 <0.01 <0.01. <0.01 

c r e a s e d .  6 However ,  t he re  have been except ions  to 
this  t r end  v which sugges t  that  each  type of p rec ip i t a t e ,  
plus its poss ib le  in t e rac t ion  with one another ,  must  
be cons ide red .  The p r e s e n t  study was conducted to 
b e t t e r  unders tand  the ro l e  a l l  t h ree  p r e c i p i t a t e  types 
play in the f r a c t u r e  of a luminum a l loys .  

H. EXPERIMENTAL 

1. M a t e r i a l s  

In o r d e r  to s y s t e m a t i c a l l y  study the ef fec ts  of con- 
s t i tuent ,  d i spe r so id ,  and hardening  p a r t i c l e s  in 
wrought  a luminum plate,  a s e r i e s  of a l loys  was ob- 
ta ined based  on the compos i t ion  of 7075. To study 
the ef fec ts  of const i tuent  p a r t i c l e s ,  f ive d i f ferent  
combined pur i ty  l eve l s  of i ron  and s i l i con  were  used 
ranging  f r o m  0.03 wt pct  to 0.3 wt pct with the r a t io  
of i ron  to s i l i con  being held constant  at two. F o r  
ident i f ica t ion  purposes ,  they a re  labeled  " A "  through 
" E "  with the mos t  pure  ca l led  " A " .  

To a s s e s s  the ro l e  of d i s p e r s o i d  p a r t i c l e s  and the i r  
i n t e rac t ion  with the i ron  and s i l icon,  both c h r o m i u m  
and z i r c o n i u m  w e r e  s e p a r a t e l y  added to each of the 
f ive pur i ty  l eve l  a l loys  for a to ta l  of ten d i f fe ren t  a l -  
loys.  A second digi t  is  added (one) to identify the f ive 
z i r c o n i u m - b e a r i n g  a l loys  (A1, B1, C1, D1, E l ) .  The  
compos i t ions  of the ten e x p e r i m e n t a l  a l loys  a r e  given 
in Table  I a long with the compos i t ion  of 7475 and 7050. 
T h e s e  a l loys  a r e  included to i l l u s t r a t e  s e v e r a l  points .  
The  e x p e r i m e n t a l  c h r o m i u m - b e a r i n g  a l loys  A through 
E a re  c o m p a r e d  with 7475 which is the highest  pur i ty  
c o m m e r c i a l  a l loy.  The al loy 7175 which is the o ther  
high pur i ty  v e r s i o n  of 7075 is only ava i lab le  as a fo rg -  
ing and not as a plate product  and it is l e ss  pure  than 
7475. The  e x p e r i m e n t a l  z i r c o n i u m - b e a r i n g  a l loys  A1 
through E1 a r e  c o m p a r e d  with 7050 because  this is  
the modern  7000 s e r i e s  a l loy which uses  z i r c o n i u m  
as a d i s p e r s o i d  and has high pur i ty  spec i f i ca t ions .  
However ,  7050 is quite  d i f fe ren t  f r o m  the e x p e r i m e n t a l  
a l loys  in that it has a h igher  zinc and copper  content .  

Two di f ferent  heat  t r e a t m e n t s  (T651 and TMP) w e r e  
used on al l  ten a l loys  to study the ro l e  of hardening  
p a r t i c l e s .  The T651 p r o c e s s  involves  a 1.5 pct  
s t r e t c h  p r i o r  to a 24 h age at 250~ (121~ fol lowed 
by a i r  cooling.  The TMP p r o c e s s  used is ac tual ly  a 
F T M P  accord ing  to the nomenc la tu re  deve loped  by 
Waldman,  et al 8 as it occurs  a f te r  the f inal  solut ion 
t r e a t m e n t .  Four  hours  aging at 250~ (121~ and a 
20 min age at 325~ (163~ p r e c e d e  a 25 pct  r educ -  
t ion by w a r m  ro i l i ng  at 302~ (150~ to 0.625 in. 
(1.59 cm) and a 1.5 pct  s t r e t ch .  F ina l  aging for  two 
hours  at 290~ (143~ was used for  two of the ten a l -  
loys (B1 and C1) in o rde r  to i n c r e a s e  the i r  y ie ld  
s t r eng ths  to l eve l s  approaching the 7075-T651 s t r eng th  
l eve l s .  Both the longitudinal  and l o n g - t r a n s v e r s e  
ave r age  t ens i l e  y ie ld  s t r eng ths  a re  given in Table  II 
for a l l  ten alloys.1 P r e v i o u s  me ta l log raph ic  work s 
has shown that the wrought  product  gra in  s t r u c t u r e  is 
an i so t rop ic  in the a l loys .  This  is evident  f r o m  the 
ave r age  t ens i l e  y ie ld  s t r eng th  given in Tab le  II. 

2. Modified Notched T e n s i l e  T e s t  

The  no tched-y ie ld  ra t io ,  the r a t io  of notched tens i l e  
s t reng th  to the smooth  bar  yield s t rength ,  was not 
used to c h a r a c t e r i z e  toughness  in the p r e s e n t  study. 
P lo t s  of KIC vs the no tch-y ie ld  r a t io  (N-YR),  Ref.  12, 
show an exponent ia l  shape so that for no tch-y ie ld  
r a t i o s  g r e a t e r  than 1.3, a sma l l  d i f fe rence  in the 
m e a s u r e d  N - Y R  makes  a l a rge  d i f fe rence  in the p r e -  
dic ted KIr  Since mos t  of the e x p e r i m e n t a l  a l loys  had 
higher  pur i ty  l eve l s  than 7475, high toughness  va lues  
were  ant ic ipated with a N-  YR g r e a t e r  than 1.3. As -  
suming  the m i c r o s c o p i c  p las t i c  de fo rma t ion  is  the 
phys ica l  r e a s o n  for the i n c r e a s e d  toughness  one con- 
e ludes  that load is,  in i tself ,  not a suff ic ient  m e a s u r e  
of f r a c t u r e  toughness  under these  t es t  condi t ions .  F o r  
this r ea son ,  the notched tens i l e  t e s t  was modif ied  to 
obtain s imul t aneous ly  both load and de fo rma t ion  infor-  
mat ion.  

Fol lowing the p roposed  ASTM tes t  method for  
notched tens i l e  t e s t s ,  I~ 0.5 in. (1.27 cm) d iam spec i -  
mens  were  machined  to the p r e s c r i b e d  g e o m e t r y .  
Spec imens  in the longitudinal  and l o n g - t r a n s v e r s e  
d i r ec t i ons  were  t es ted  because  of the e longated g ra in  
s t r u c t u r e  which affected  the y ie ld  s t rength .  A 50 KIP 
capaci ty  Ins t ron  t ens i l e  t e s t  machine  was used with a 

Table II. Average Tensile Yield Strength* of the Ten Experimental Alloys in the 
Longitudinal and Long-Transverse Directions 

Longitudinal Direction Long-Transverse Direction 

T651 TMP T651 TMP 

A 73.0 (504) 62.7 (433) 63.6 (439) 56.3 (388) 
B 73.8 (509) 66.0 (455) 61.6 (425) 57.9 (400) 
C 75.1 (518) 62.1 (428) 64.7 (446) 55.0(380) 
D 72.6 (501) 68.3 (471) 62.0 (428) 57.1 (394) 
E 68.8 (475) 66.9 (462) 60.5 (417) 54.6 (377) 

AI 77.4 (534) 66.5 (459) 62.6 (432) 56.3 (388) 
B1 74.2 (512) 62.4 (431) 65.4 (451) 58.7 (402) 
CI 76.1 (525) 63.8 (440) 61.6 (425) 59.7 (412) 
DI 79.7 (550) 64.9 (448) 66.2 (457) 57.4 (396) 
E1 79.5 (549) 67.9 (469) 64.6 (446) 56.5 (390) 

*The 0.2 pct offset yield strength is given in units of KSI (MPa). 
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FRACTURE ENERGY IN NOTCH-ROUNO TENSILE SPECIMEN 

~/ /J # i p 

at D 
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D3/2 d 

NTS = P * ,  WHERE A :  41' ( d ) 2  
A 2 

--  W : 'PLASTIC ENERGY' PER UNIT AREA 
A 

Fig. 1--Schematic of typical load v s  extensometer displace- 
ment output from a notched round tensile test. 

NOTCHED ROUND LONGITUDINAL 
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Fig. 2--W/A v s  wt pct Fe + Si for notched round longitudinal 
specimens of 7X75 alloys with T651 and TMP heat treat- 
ments. 

u n i v e r s a l  joint  threaded onto each end of the spec imen .  
With this  conf igura t ion the m e a s u r e d  pe rcen t  bend-  
ing s t r e s s  for a 0.5 in. (1.27 cm) diam s tee l  spec i -  
men was cons i s ten t ly  below 10 pct at 30 KSI (207 Mpa) 
s t r e s s  level .  In addit ion to m e a s u r i n g  the load at 
fa i lure ,  the spec imen  elongat ion was moni tored  by 
means  of a ~ in.  (1.27 cm) c l ip -on  ex t ensome te r .  
Since the a r e a  of the notched c ross  sec t ion  is half of 
the unnotched port ion,  with a K t of 11, the m e a s u r e d  
deformat ion  is  approximate ly  that exper ienced  by the 
m a t e r i a l  in  the notch, zx The load v s  d i sp lacement  out- 
put was recorded  on an X-Y p lo t te r .  A schemat ic  
drawing of a typical  tes t  r e c o r d  is given in Fig.  1. 
The shaded a r ea  under  the load v s  d i sp lacemen t  curve 

is used to calcula te  the "p l a s t i c  energy  per  unit  
area", W/A. 

The rationale for using this test procedure to meas- 
ure toughness is based on the idea that ductile frac- 
ture in its most general form is a two step process 
as summarized by Thompson and Weihrauch. z3 The 
first step involves the nucleation of voids at the "ma- 
croinclusion", i.e., inclusions greater than 1 /~m in 
diam. The second step is the coalescence of the mi- 
crocracks by the formation of shear bands or void 
sheets between the "macroinclusions". If a material 
fails by the nucleation of voids at the "macroinclu- 
sions" before the shearing process becomes fully de- 
veloped, its elongation will be significantly less than 
a material where void sheets must be developed under 
Mode II crack opening between "macroinclusions". 

III. RESULTS 

1. Notched Tens i l e  Tes t s  

The p las t ic  energy  absorbed  per  unit  a rea ,  W/A, is 
plotted as a function of the combined i ron  and s i l i con  
content  in F igs .  2 and 3 for the longi tudinal  and long- 
t r a n s v e r s e  spec imens ,  r e spec t ive ly .  Each data point  
is  the average  of three  tes t  r e s u l t s .  One curve is 
drawn through each combinat ion  of d i spe rso id  type 
and heat t r e a tmen t .  The four curves  in each f igure  
show the same  t r e nds .  Both heat t r e a t m e n t s  for the 
c h r o m i u m - b e a r i n g  al loys (dashed l ines) i nc r ea se  
thefr  absorbed  energy  with i n c r e a s i n g  pur i ty .  This  is 
not the case  for the z i r c o n i u m - b e a r i n g  al loys (solid 
l ines) .  I n c r e a s i n g  the i r  pur i ty  beyond a ce r t a in  c r i t i c a l  
pur i ty  level  apparen t ly  de c r e a se s  the f r ac tu re  tough- 
ne s s .  This  pur i ty  level  is defined as the t r ans i t i on  
pur i ty  level .  Above the c r i t i ca l  t r ans i t i on  pur i ty  
levels ,  the z i r con ium al loys have a l a rge r  f r ac tu r e  
toughness  than the ch romium al loys given the same  
heat t r ea tmen t .  Below the c r i t i c a l  t r ans i t i on  pur i ty  
levels ,  the f r ac tu re  toughness  advantage found in the 

3 0 0 '  

m 
~v 

2 0 0  

NOTCHED ROUND LONG-TRANSVERSE 

400 & ~ ~  

,oo.t /\Z 

Cr Zr 

O �9 T651 

/% �9 TMP 

o.1 o:2 o:3 
w / o  Fe +St 

EACH DATA POINT IS AN AVERAGE OF 3 TESTS 
*EXTRA 2 HR AGE AT 290 ~ 

Fig. 3-W/A v s  w t  pct Fe + Si for notched round long-trans- 
verse specimens of 7X75 alloy with T651 and TMP heat 
treatment. 
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PRECRACKED CHARPY 
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Fig. 4--W/A v s  wt pet Fe + Si for precracked Charpy T-L 
specimens of 7X75 alloys with the T651 and TMP heal treat- 
ments from Ref. 3. 

z i r c o n i u m  al loys is lost .  The t r ans i t i on  pur i ty  level  
is a function of the heat t r e a t m e n t  for the z i r c o n i u m -  
bea r i ng  a l loys .  Fo r  the T65 t  heat t r e a t m e n t  the t r a n -  
s i t ion  occurs  at approximate ly  0.12 wt pct Fe + Si 
while the t r a n s i t i o n  occurs  at approximate ly  0.06 wt 
pct Fe + Si for the TMP heat t r e a tmen t .  

An ana lys i s  of va r i ance  highlighted a fact that can 
be overlooked in F igs .  2, 3 and 4. Heat t r ea tmen t ,  
pur i ty  level ,  and the in te rac t ion  between heal t r e a t -  
ment  and pur i ty  levels  a re ,  in that o rder ,  the th ree  
most  impor tan t  fac tors  cont ro l l ing  the absorbed  energy  
by these  m a t e r i a l s .  If the data in F ig .  3 is  replot ted  
by combin ing  the open and closed symbols  for each 
heat t r e a t m e n t  beyond the pur i ty  level  of 0.22 wt pct 

W / A ( I b / i n )  = 2 7 5  

I I 

20 pm 
(a) 

Fig. 5--Typical fracture areas of chromium-bearing alloys 
in the T651 condition, (a) 0.03 wt pct Fe + Si, (b) 0.12 wt pct 
Fe + Si, (c) 0.31 wt pct Fe + Si. Magnification 500 times. 
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Fe + Si, the TMP spec imens  given g rea t e r  W/A than 
the T651 spec imens .  

Since both heat t r e a t m e n t s  show i n c r e a s i n g  tough- 
ness  with i n c r e a s i n g  pur i ty  level ,  the impor tance  of 
pur i ty  is  evident .  However,  the TMP spec imens  show 
a g rea t e r  i nc r ea se  in W/A than the T651 spec imens  
at any pur i ty  level,  imply ing  an in te rac t ion  between 
pur i ty  level  and heat t r e a tmen t .  However,  these  r e -  
su l t s  must  be t empered  with the fact that a l l  the ex- 
p e r i m e n t a l  a l loys have pur i ty  g rea t e r  than or equal 
to c o m m e r c i a l  7475 a luminum,  the high pur i ty  ve r s i on  
of 7075. 

2. F rac tography  

Since the co r re spond ing  four curves  for longitudi-  
nal ly  or iented  spec imens  (Fig. 2) display the same 
t r ends  as m a t e r i a l  tes ted in the l o n g - t r a n s v e r s e  di-  
r e c t i on  (Fig.  3), f rac tographic  s tudies  a re  l imi ted  to 
the la t te r .  Using no tched- round  spec imens  f rac tu red  
in the t r a n s v e r s e  plane for these  s tudies  has two ad-  
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vantages.  F i r s t ,  these specimens fai led macroscopi -  
cal ly  in a single mode of c rack  opening (Mode I) r a the r  
than the more complex mode found in three  point bend- 
ing. In addition, the in teract ion between the puri ty  
level (constituent pa r t i c l es  of Fe and Si) and the d is -  
perso id  pa r t i c l e s  (Cr, Zr)  should be more obvious in 
the t r a n s v e r s e  plane where elongated s t r inge r s  of 
constituent pa r t i c l e s  would normal ly  dominate the 
micromechanism of fai lure .  

F igure  5 shows the typical  f rac ture  sur faces  for the 
chromium-bear ing  al loys in the T651 condition. The 
absorbed energy of these specimens is r ep resen ted  by 
open squares  in F igs .  2 and 3. It is  c l ea r  that a la rge  
number of 2 to 4 /%m size second phase pa r t i c l e s  
is near ly  homogeneously d is t r ibuted  throughout the 
f rac tu re  surface of the leas t  pure a l loys (Figs.  5(c)). 
However, there  a re  d i sc re te  patches of the f rac ture  
surface which are  e i ther  smooth or coarse  in texture.  
The in termediate  puri ty  alloy (Fig. 5(b)) has a sma l l e r  
fract ion of regions containing the 2 to 4 pm size pa r t i -  
cles and contains more surface with e i ther  the smooth 
or coarse  textured a r eas  noted in the leas t  pure a l -  
loy. The most pure alloy (Fig. 5(a)) has an inhomo- 
geneous dis tr ibut ion of regions containing the 2 to 4 
~m size pa r t i c l e s .  These regions are  separa ted  by 
a r e a s  of the coarse  texture with no smooth a reas  as 
found in the other two al loys .  In a l l  three al loys,  the 
coarse  textured a r eas  separa t ing  the regions contain- 
ing the 2 to 4 /%m size pa r t i c l e s  a re  elongated p a r a l l e l  
to the plate sur face .  In addition, 1000 t imes  magnif ica-  
tion f rac tographs  of the coarse  textured a r eas  show 
approximate ly  1.0 pm s ized ductile dimples  not d is -  
t inguishable in Fig .  5. 

F igure  6 shows the typical  f rac ture  surfaces  for the 
z i r con ium-bea r ing  al loys in the T651 condition. The 
absorbed energy of these specimens  is r ep resen ted  by 
c losed  squares  in F igs .  2 and 3. Like the chromium- 
bear ing  al loys in Fig.  5, the f ract ion of regions con- 
taining the 2 to 4 pm sized pa r t i c l es  inc reases  with 
increas ing  iron and s i l icon content. These regions 

W / A ( I b / i n )  = 100  

W / A ( I b / i n )  = 160  

(b) 

W / A ( I b / i n )  = 5 0  

(c) 

t___,,.I 

20  p.m 

l ! 

2 0 / ~ m  

I ! 

20/zm 
(a) 

Fig. 6--Typical  f racture areas of z i rconium bearing al loys 
in the T651 condition, (a) 0.02 wt pct Fe + Si, (b) 0.12 wt pet 
Fe + Si, (c) 0.29 wt pet Fe + Si. Magnification 500 times. 

a re  a lso  elongated pa ra l l e l  to the plate sur face .  Un- 
like the chromium-bear ing  al loys in Fig .  5, there  a re  
no coarse  textured a r eas  containing the f iner  1 #%m 
sized ductile dimples  at 1000 t imes  magnification. 

F igure  7 shows the typical  f rac ture  sur faces  for 
the ch romium-bear ing  al loys in the TMP condition. 
The absorbed energy of these specimens is r e p r e -  
sented by open t r iangles  in F igs .  2 and 3. Approxi-  
mately two- th i rds  of the f r ac tu re  surface of the 0.18 
wt pct Fe  + Si al loy (Fig. 7(b)) is composed of ma-  
crodimples  (---20 • 40 gm) elongated pa ra l l e l  to the 
plate surface .  These a re  formed from a number of 2 
to 4 gm sized pa r t i c l e s  acting in tandem. The r e -  
maining one- th i rd  of the f rac ture  surface  contains the 
previously  mentioned coarse  textured a r e a s .  The 
higher puri ty  al loy (Fig. 7(a)) genera l ly  does not show 
the macrod imples  formed by a number of 2 to 4 gm 
pa r t i c l e s  acting in tandem. Half of its surface contains 
dimples  ini t iated by the 2 to 4 gm sized par t ic les ;  the 
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W / A  (Ib/ in) = 350  W / A  ( Ib/ in) = 475 

(a) 

I I 
20 gm (a) 

I,, I 

20 pm 

W / A  ( Ib/ in)  = 4 5  W / A  ( Ib/ in)  = 160 

! I 

20  ,um 

(b) 
Fig. 7--Typical fracture areas of chromium bearing alloys 
in the TMP condition, (a) 0.07 wt pet Fe + Si, (b) 0.18 wt pet 
Fe + Si. Magnification 500 times. 

other  bal l  has coarse  tex tured  a r e a s  which cons is t  
of approximate ly  1.0 ~m diam ducti le  d imples  (as 
seen  at higher  magnif ica t ions) .  

F igu re  8 shows the typica l  f r ac tu re  su r faces  for the 
z i r c o n i u m - b e a r i n g  al loys in the TMP condit ion.  The 
absorbed  energy  of these  spec imens  is  r e p r e s e n t e d  by 
c losed t r i ang les  in F igs .  2 and 3. Like the lower 
pur i ty  c h r o m i u m - b e a r i n g  al loys,  e longated m a c r o -  
d imples  (-~20 x 40 ~m) ini t ia ted by s e v e r a l  2 to 4 ~m 
diam pa r t i c l e s  ac t ing  in tandem a re  p re sen t .  H o w -  

20 p m  

(b) 
Fig. 8--Typical fracture areas of zirconium bearing alloys in 
the TMP condition, (a) 0.06 wt pct Fe + Si, (b) 0.16 wt pct 
Fe + Si. Magnification 500 times. 

ever ,  unlike the c h r o m i u m - b e a r i n g  al loys ,  the coarse  
textured a r e a s  a re  not p r e s e n t  in e i ther  the lower or 
higher  pur i ty  al loys (0.06 wt pet Fe + Si and 0.16 wt 
pet Fe + Si, r espec t ive ly ) .  These  a r e a s  a re  rep laced  
by smooth textured a reas  p rev ious ly  noted for the 
z i r c o n i u m - b e a r i n g  al loys given the T651 heat t r ea t -  
ment  in Fig .  6. In addition, the elongated m a c r o -  
d imples  exist  in the higher pur i ty  z i r c o n i u m - b e a r i n g  
al loys,  while the c h r o m i u m - b e a r i n g  al loys did not 
show this fea ture .  
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I V .  DISCUSSION 

1. Notched Tensi le  Tes t s  

Previous  work z4 has shown a reasonable  c o r r e l a -  
tion between KIC2/E and W/A for p rec racked  Charpy 
specimens  f rac tured  by slow-bending. Frac tographic  
studies of microdeformat ion  mechanisms is compl i -  
cated in a three point bend specimen because the ma-  
t e r i a l  away from the notch, beyond the neutra l  bend- 
ing axis ,  exper iences  compress ive  s t r a ins  during the 
f i r s t  par t  of the tes t .  In addition, shear  s t r e s s e s  
of the opposite sign operate  ac ross  the f rac tu re  plane. 
These exper imenta l  considerat ions  combined with 
the fact that p rec racked  slow-bend Charpy re su l t s  
(Fig. 4) indicated dec reas ing  f rac ture  toughness for 
the highest puri ty z i rcon ium-bear ing  al loys,  ~ led to 
the use of notched-round tensi le  tes t s .  The two test  
r esu l t s  should give the same resu l t s  if the observed 
behavior  is  due to the ma te r i a l  and not the specimen 
geometry.  

A compar ison of F igs .  3 and 4 shows the total  
energy requi red  to f rac ture  p rec racked  Charpy spec i -  
mens in slow-bend is near ly  identical  to the "p l a s t i c  
ene rgy"  measured  f rom a notched round tensi le  tes t .  
These resu l t s  are  replot ted in F ig .  9 and it appears  
that for smal l  W/A values,  the notched round tensi le  
tes t  gives somewhat lower values than the p r ec r a c ke d  
Charpy slow-bend tes t .  The apparent  general  ag ree -  
ment between the two measures  of f rac ture  toughness 
i l lus t ra ted  in Fig .  9 may be fortuitous and further  
work is requi red  to answer this question. 

2. Disperso id  Type and F r a c t u r e  Toughness 

While the sca t t e r  for the modified notched round 
tens i le  tes t  at this s tage of i ts development appears  
to be g rea te r  than that for the p rec racked  Charpy 
slow-bend test ,  the average for three tes ts  shows 
the same t rends  (compare F igs ,  3 and 4). Namely, 
the z i r con ium-bear ing  al loys appear  to have a c r i t i ca l  
t rans i t ion  level  beyond which the f rac ture  toughness 
is not inc reased  by increas ing  the puri ty  level.  
Fu r the rmore ,  both the longitudinal and the long- 
t r an sve r se  data show the same quali tat ive resu l t s  but 
on a different  scale  for each of the corresponding 
curves  in F igs .  2 and 3. 

The dec rease  of f rac ture  toughness for z i rconium- 
bear ing  al loys in very  high puri ty  7075 al loys has been 
repor ted  e lsewhere ,  zs and is i l lus t ra ted  in Fig .  10. 
In that study, the 7475 al loys 'B '  and 'D' had 0.10 
and 0.13 wt pct Fe + St, respec t ive ly ,  while the 'high 
pur i ty '  7475 al loys 'C '  and 'E '  had 0.03 and 0.02 wt 
pct Fe  + Si, respec t ive ly .  An in te res t ing  observa-  
tion is that the previously  defined t rans i t ion  puri ty 
level  for the T651 temper  in the p resen t  work is near 
the same pur i ty  level  for the 7475 al loys in Fig .  10(a) 
(0.12 wt pct Fe + St). The se l f -cons i s tency  of the 
data for the al loys l is ted in Table I, plus the data 
from the al loys in an independent study z5 suggest 
the observed anomaly is r ea l .  The e a r l i e r  work p r e -  
sented data which explains the loss of toughness in 
t e r m s  of the gra in  s ize .  Unfortunately, no definitive 
grain s ize measurements  could be made in the p r e s -  
ent work to tes t  this hypothesis,  because of the in- 
homogeneous grain size of the a l loys .  This is i l lus-  
t ra ted  in Fig .  11 where an apparent  bimodal  d i s t r ibu-  
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Fig .  1 0 - - E f f e c t  of  f r a c t u r e  t o u g h n e s s  due  to r e p l a c e m e n t  of  
c h r o m i u m  by z i r c o n i u m  in 7 0 0 0 - s e r i e s  a l l oys  f r o m  Ref .  13.  
(a) 7475: c e n t e r - c r a c k e d  panel ,  (b) H i g h - P u r i t y  7475: c e n t e r  
c r a c k e d  p a n e l  

tion of grain s izes  is quali tat ively observed.  These 
fields of view show a large  number of equiaxed 5 to 
10 pm grains and an equal number of 50 to 100 ~zm 
wide by 500 to 1000 ~m long gra ins .  

3. Pur i ty  Level  and F r a c t u r e  Toughness 

The role  p rec ip i t a tes  play in ductile f rac ture  has 
been considered from two points of view. One school 
of thought views ductile f rac tu re  to be control led only 
by the amount (volume fraction) and dis t r ibut ion 
(average size) of the large " m a c r o i n c l u s i o n s "  (i.e. 
prec ip i t a tes  l a rge r  than 1 tzm). Using this idea, the 
following fa i lure  c r i t e r ion  was proposed based on me-  
t a l lu rg ica l  va r i ab les ,  z6'z7 
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(a) 
i00 ~mj 

1Q0 vm, 
(b) 

Fig. l l - -Bimodal  distribution of grain size in zirconium- 
bearing experimental 7075. A 10 pet phosphoric etch brings 
out the unreerystall ized grain structure at 100 times: (a) 
E-T651, (b) El-T651. 

KIC ~- [2~6) 1 / 3 -  Cry E D] 1~ f-1/6 [ l j  

where  f is  the vo lume f r ac t ion  of a d i s p e r s e d  phase  
with a d i a m e t e r  D, E is Young 's  modulus ,  and ay is  
the y ie ld  s t r eng th .  On the o ther  hand, o ther  i nves t i -  
g a t o r s  13'18'19 be l i eved  that  the f r a c t u r e  phenomenon is  
m o r e  complex;  s m a l l e r  p a r t i c l e s  ( s o m e t i m e s  ca l l ed  
d i s p e r s o i d s  o r  " m i c r o i n c l u s i o n s " )  f o rm  s u b m i c r o n  
d i m p l e s  in the p r o c e s s  of c r e a t i n g  void s h e e t s  b e -  
tween the l a rge  vo ids  in i t i a t ed  in or  a round  the l a rge  
cons t i tuen t  p a r t i c l e s  ( s o m e t i m e s  ca l l ed  inc lus ions  o r  
m a c r o i n c l u s i o n s ) .  I t  has  been  sugges t ed  1~ that  to 
cons t ruc t  a r e l a t i o n s h i p  be tween  KIC and m e t a l l u r g i c a l  
f e a t u r e s ,  one t e r m  should be included for each  s tage  
of the f r a c t u r e  p r o c e s s .  To t e s t  if the f i r s t  view is 
cons i s t en t  with the p r e s e n t  r e s u l t s ,  Eq. [1] was r e a r -  
r anged  to give:  

KICZ~- [217r)1/3'6 CrYD]f-'/3" [2] 
E 

This  f o rm  was chosen  because  the notched round  W / A  
gave the s a m e  value  of ene rgy  p e r  unit a r e a  as  the 
p r e c r a c k e d  s low-bend  Cha rpy  W / A  data .  In addi t ion,  
it  has  been  shown e x p e r i m e n t a l l y  that  the r e l a t i o n s h i p  
be tween  W / A  and KIc2/E can be r e p r e s e n t e d  by the 
fol lowing e x p r e s s i o n #  4 

KIC 2 _ 1 
E 2 (-~--Z--j_ ~ ) "  (W/A).  [3] 

By combining  Eqs .  [2] and [3]: 

71" 1/3 
(W/A)(1/Cry) = [4(~) (1 - u2)D]y -~/3 [4] 

is  an equation where  both the modulus  and s t r eng th  
e f fec t s  on toughness  a r e  n o r m a l i z e d .  M o r e o v e r ,  if the 
inc lus ions  a r e  s o l e l y  r e s p o n s i b l e  for  the f r a c t u r e  
toughness ,  a l o g - l o g  plot  of (W/A)(1/Cr~) vs f would 
give a s t r a i g h t  l ine with a s lope  o f -  1/3.  F i g u r e  12 
is a plot  of the da ta  f rom the p r e s e n t  s tudy with a 
l e a s t  s q u a r e s  l i nea r  r e g r e s s i o n  l ine having a s lope  
o f - 0 . 5 6  and an in t e r cep t  of 1.28. The i n t e r c e p t  of the 
l i n e a r  r e g r e s s i o n  is  equal  to the b r a c k e t e d  e x p r e s s i o n  
in Eq. [4] and thus D can be ca l cu l a t ed .  

Th is  type of a n a l y s i s  l eads  to s e v e r a l  o b s e r v a -  
t ions .  F i r s t ,  de sp i t e  the e x p e r i m e n t a l  s c a t t e r ,  the 
s lope  shows a s t r o n g e r  funct ional  dependence  of 
(W/A)(1/Cry) o n f  than is  p r e d i c t e d  by Eq.  [4]. Second, 
the ca l cu l a t ed  d i a m e t e r  (11.31 ~m) is f a r  l a r g e r  than 
the cons t i tuen t  p a r t i c l e s  for  even the l e a s t  pu re  a l -  
loys  t e s t ed  in the p r e s e n t  work,  as  was shown in F ig .  
11. F ina l l y ,  one subt le  effect  is  the s e g r e g a t i o n  of the 
da ta  for  the two heat  t r e a t m e n t s  s tud ied .  The da ta  
for  the  TMP heat  t r e a t e d  a l loys  l ie  above  the l e a s t  
s q u a r e s  fi t  l ine,  while n e a r l y  a l l  the da ta  for  the 
T651 heat  t r e a t e d  a l l oys  fa l l  below the l e a s t  s q u a r e s  
l ine for  volume f r ac t i ons  l e s s  than one half  p e r c e n t .  
A s i m i l a r  s e g r e g a t i o n  is  not noted for  the s e r i e s  of 
a l l o y s  with d i f fe ren t  d i s p e r s o i d  types .  F u r t h e r m o r e ,  
a l e a s t  s q u a r e s  f i t  for  the da ta  f rom each  hea t  t r e a t -  
ment  gave a b e t t e r  f i t  than when the da ta  for  both heat  
t r e a t m e n t s  was ana lyzed  t oge the r .  

To s u m m a r i z e ,  de sp i t e  the d i f f e r e n c e s  in y i e ld  
s t r e n g t h  be tween the two d i f fe ren t  heat  t r e a t m e n t s ,  
for  a suf f ic ien t ly  s m a l l  volume f r ac t i on  of the con-  
s t i tuen t  p a r t i c l e s ,  heat  t r e a t m e n t  is  equa l ly  i m p o r t a n t  
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Fig. 12--The influence of volume fraction of large interme- 
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Data marked by a tick mark are the zirconium-bearing al- 
loys while the remainder of the data is for the chromium- 
bearing alloys. 
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Fig. 13--Effect of heat treatment on W/A for the experi- 
mental alloys with _<0.12 wt pct Fe + Si, compared with T-L 
and L-T KIC data for commercial 7075 (-~1.2 wt pct Fe + Si) 
and 7475 (~0.22 wt pct Fe + Si) plate with various heat treat- 
merits with data from Ref. 20. 

as the pur i ty  level  for de t e rmin ing  f r ac tu re  tough- 
nes s .  The sharp  r i s e  in W/A below 0.2 wt pct Fe + Si 
for the TMP heat t r ea ted  a l loys  in F igs .  2, 3 and 4 is  
not due to the expe r imen ta l ly  observed  effect of in-  
c r e a s i n g  toughness  with dec rea s ing  yield s t rength .  
This  point  is  fu r ther  c la r i f i ed  by F ig .  13 which com- 
pa r e s  the f r ac tu r e  toughness  for c o m m e r c i a l  heat 

t r e a t m e n t s  of 7075 and 7475 to the expe r imen ta l  al-  
loys with less  than or equal to 0.12 wt pct Fe  + Si. 
The I~IC values  were  f rom plate products  in the T - L  
and L':T d i rec t ion .  Equat ion [3] was used to conver t  
val id  KIC values  to the equivalent  W/A.  To avoid con- 
fusing the expe r imen ta l  W/A data with the calcula ted 
values ,  the la t te r  a re  identif ied by a sca t t e r  band.  One 
obvious point is the a r ea  marked  for 7475 fa l ls  below 
nea r ly  a l l  the expe r imen ta l  a l loys given the TMP heat 
t r e a t m e n t .  However,  none of the c o m m e r c i a l  heat 
t r e a t m e n t s  of 7475 involved a 25 pct wa rm ro l l ing  at 
150~ p r io r  to f inal  uging. This  type of p rocess ing ,  as 
d i scussed  by DiRusso,  et a122 and others ,  2~ produces  
a dense homogeneous d i s t r ibu t ion  of d i s loca t ions .  
T r a n s m i s s i o n  e l ec t ron  mic roscope  examina t ion  of the 
p r e s e n t  al loys yielded p ic tu res  nea r ly  iden t ica l  to 
those shown by the prev ious  investigators.2~'24 

4. The Null  Hypothesis  

Even  when f r ac tu r e  toughness  is no rma l i zed  for the 
s t reng th  effect, the p re sen t  evidence suggests  that 
pur i ty  level  is only one effect cont ro l l ing  this  p roper ty .  
The d i spe r so id  and hardening  pa r t i c l e s  in a l u m i n u m  
al loys play an equal ly  impor tan t  ro le  in de t e rmin ing  
the f r ac tu re  toughness .  This  obse rva t ion  has been  
made in the pas t .  E x p e r i m e n t a l  evidence p re sen t ed  
by Broek 8 is cons i s ten t  with the two-s tep  m e c h a n i s m  
for duct i le  fa i lu re  p r e sen t ed  by Thompson  and Weih- 
rauch ,  z3 In Broek ' s  study of th i r t een  c o m m e r c i a l  
a l uminum al loys,  both sma l l  d imples  as well  as large 
voids were  observed  on the f r ac tu re  su r faces .  The 
p rev ious  f rac tographic  evidence makes  the same ob- 
se rva t ion .  Thus,  the r e q u i r e d  p r e s e n c e  of a b imodal  
d i s t r ibu t ion  of d imple  s ize  on a f r ac tu re  sur face  is 
fulf i l led.  

B r oe k ' s  study of dimple prof i les  r evea led  that the 
d imples  rang ing  in s ize  f rom 0.2 to 2.0 pm were r e -  
la t ively  shallow holes .  Thus,  if shea r  band fo rmat ion  
is the second step for ducti le  f r ac tu re  mechan i sm,  
shallow dimple  prof i les  would be expected.  While 
d imple  prof i les  were  not m e a s u r e d  in the p r e s e n t  
study, ind i rec t  evidence suggests  that shear  band for-  
mat ion  occur red .  In the c h r o m i u m - b e a r i n g  al loys,  the 
f rac tographs  c l ea r ly  showed d imples  with these  a r e a s  
desc r ibed  as " b e i n g  coarse  t e x t u r e d"  in F i g s .  6 and 8. 
These  same  coarse  tex tured  reg ions  were absent  in 
the z i r c o n i u m - b e a r i n g  al loys in F igs .  5 and 7. This  
does not mean  that a f iner  s ized  ducti le  d imple  does 
not ex is t .  F r ac tog raph ic  evidence 2~ r ecen t l y  demon-  
s t ra ted  that a f ea tu re le s s  " r o c k  candy"  appear ing  
gra in  boundary  f r ac tu r e  can indeed be a ducti le  d imple  
fa i lu re  at suff ic ient ly  high magnif ica t ion .  This  work 
on a high pur i ty  b i n a r y  A1-3.6 wt pct Cu al loy ident i -  
fied a 0.2 ttm sphe r e - l i ke  prec ip i ta te  in the g ra in  
boundary  r e spons ib l e  for this fa i lu re  mode.  

This  hypothesis  was tes ted  by p e r f o r m i n g  high mag-  
n i f ica t ion  TEM rep l i ca  f rac tography on the z i r c o n i u m -  
be a r i ng  a l loys .  The r e s u l t s  of this work is s u m m a r i z e d  
in Fig .  14. The top row r e f e r s  to m a t e r i a l  given the 
T651 heat t r ea tmen t ,  while the bot tom row r e p r e s e n t s  
TMP p r o c e s s e d  m a t e r i a l .  The f i r s t  co lumn r e f e r s  to 
the high pur i ty  m a t e r i a l  (A1 = 0.02 wt pct Fe + Si) and 
the las t  co lumn to the leas t  pure  m a t e r i a l  (El  = 0.29 
wt pct Fe  + Si). In a l l  four cases  duct i le  d imples  were  
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Fig. 14-Replica TEM fractographs of zirconium-bearing alloys showing small ductile dimples formed by the dispersoid and 
hardening particles: (a) A1-T651 (magnification 12,000 times), (b) El-T651 (magnification 10,000 times), (c) AI-TMP, magnifi- 
cation 7,500 times, (d) EI-TMP magnification 7,500 times. 

The expe r imen ta l  evidence suggests  microvoid  
coa lescence  was achieved for both the c h r omium-  
be a r i ng  and z i r c o n i u m - b e a r i n g  a luminum alloys with 
a total  i ron  and s i l i con  content  of Iess than 0.22 wt 
pct.  The c h r o m i u m - b e a r i n g  al loys had c lea r ly  v is ib le  
reg ions  in the shear  band containing approx imate ly  
1 ~zm diam d imples ,  while this  was not the case  for 
the z i r c o n i u m - b e a r i n g  a l loys .  The evidence in Fig.  14 
suggests  that a s m a l l e r  pa r t i c l e  s ize is r e spons ib l e  
for the s h e a r - b a n d  format ion  in the z i r c o n i u m - b e a r -  
ing a l loys .  Clear ly ,  more  carefu l  quant i ta t ive  ob- 
se rva t ions  of mat ing  f r ac tu re  su r faces  is r equ i r ed  be -  
fore an exp re s s ion  r e l a t ing  KIC to both the const i tuent  
pa r t i c l e s  and d i spe r so id  pa r t i c l e s  can be developed. 

observed .  For  the TMP m a t e r i a l  the lower magni f ica -  
t ion pe rmi t t ed  obse rv ing  a b imoda l  d i s t r ibu t ion  in 
duct i le  dimple s ize .  In pa r t i cu l a r ,  the A1-TMP f rac to-  
graph shows 0.25 /xm d iam ducti le  d imples .  The d im-  
ples  for the E1-TMP fractograph,  while approximate ly  
the same  s ize ,  r evea l ed  the p r e sence  of more  s h e a r -  
ing in this  p a r t i c u l a r  a r ea .  The f rac tographs  for the 
m a t e r i a l  with T651 t emper  were taken at a higher 
magnif ica t ion .  Both have ducti le  d imples  that were  
approximate ly  0.50 pm,  about twice as large as that 
found for the co r r e spond ing  al loys p roces sed  by TMP.  
Thus,  TMP appears  to have produced a Ia rger  num-  
be r  of the sma l l  second phase pa r t i c l e  s i tes  than the 
T651 p r o c e s s e d  ma te r i a l .  
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Moreover,  the sharp r i s e  in W//A for the TMP heat- 
treated al loys may involve a more complex mecha- 
nism in the formation of void sheets  than is the case 
of alloys without a uniformly dense dislocation sub- 
structure.  

V. SUMMARY AND CONCLUSIONS 

A modified notched round tensi le  test  was used to 
measure  the relat ive  fracture toughness of ten differ- 
ent aluminum alloys based on the 7075 composit ion.  
The fracture toughness ranking for these alloys,  the 
plast ic  energy per unit area, is the same in the longi- 
tudinal and long-transverse  directions and agrees  with 
the ranking found in precracked Charpy tests.a This 
resul t  suggests  that the same  micromechani sms  are 
responsible  for determining the fracture toughness of 
all  ten high purity 7075 aluminum alloys.  

Fractographic analysis  indicated a distinct differ- 
ence in the number of large ductile dimples present  
with different leve ls  of purity. In addition, smal ler  
dimples  are found between the large iron and s i l icon 
part ic les  in all the al loys .  The chromium-bearing al- 
loys had dimples  on the order of 1.0 pm, while 0.25 
to 0.50 pm dimples were present  in the z irconium-  
bearing al loys .  The s i ze  of these smal ler  dimples 
found between the iron and si l icon part ic les  appears 
to be related to the heat treatment.  

Past  re search  has shown that fracture toughness 
is  increased by controlling the amount of constituent 
part ic les  present .  If fracture toughness is controlled 
by only the amount of iron and s i l icon present,  then 
one must conclude that either failure is a one-step 
process ,  or the purity levels  are not sufficiently 
high to insure that the second stage becomes  active.  
The fractographic resul ts  of this work suggest that a 
second stage occurred; the plots of W/A vs  purity 
suggest  that the second stage becomes  significant at 
0.2 wt pct Fe + Si. 

It appears that iron and s i l icon leve ls  of 0.11 are the 
lowest  values considered to be commerc ia l ly  feas i -  
ble.  24 This purity leve l  is sufficiently high to have a 
two-step failure process  where the finer part ic les  
control the second stage.  The distribution, s i ze ,  and 
type of these finer part ic les  are determined during 
the final thermomechanical  process ing .  This suggests  
judicious choice of thermomechanical  process ing  can 
improve fracture toughness at equivalent strength 
leve l s .  Recent work on high strength powder aluminum 
for  gings 2~ where there are no "macroinc lusions" 
shows an increase  from 26.1 to 35.0 KSI-in. 1/z (28.7 
to 38.5 MPa-m 1/2) in the short t ransverse  toughness 
at a yield strength of 71.1 KSI (490.6 MPa). This dif- 
ference in toughness is due to different hot-working 
and heat-treating sequences .  Perhaps the most  con- 
vincing argument that high purity is  a necessary  but 
not a sufficient condition for good fracture toughness 
is  the alloy 7475 itself .  The greater toughness of 7475 
(vs  that of 7075) is attributed to both the proprietary 
process ing  (Alcoa 467 Proces s )  and its cleaner s truc-  
ture.26 
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