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This final report, in accordance with Paragraph ? 3 of Exhibit 
A to Contract NAS8-20125, is submitted to the Marshall Space Flight 
Center, Methods Development Branch, Manufacturing Engineering 
Laboratory. The MSE'C technical representative for this work was 
Mr. B. K. Davis. 

This program was comprised of three phases: 

Phase I - Development of an Optimized Welded Joint 
Phase I1 - Analysis of Joints Under Compression 

Phase I11 - Comparison of a Combination Welded-Bonded 
Joint with the Optimized Welded Joint 
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T . INTRODUCTION 

I n  t h e  f i e l d  of  advanced composite s t r u c t u r e s ,  one of  the  
most v e r s a t i l e  des ign  concepts  i s  the  honeycomb sandwich com- 
p o s i t e .  S t r u c t u r e s  o f  t h i s  type have been s u c c e s s f u l l y  used i n  
a i r p l a n e ,  m i s s i l e ,  space v e h i c l e ,  and naval a p p l i c a t i o n s .  The 
p r i n c i p a l  advantages of honeycomb composites a r e  based on t h e i r  
high s t r e n g t h -  and modulus-to-weight r a t i o s .  For example, honey- 
comb composites  have been used i n  boos te r  s t r u c t u r e s  a s  l,13d- 
c a r r y i n g  members where r e s i s t a n c e  t o  v i b r a t i o n  and f l u t t e r  were 
important  des ign  c z i t e r i a ,  

Honeycomb sandwich composites  possess  inheren t  des ign  v e r s a -  
t i l i t y  s i n c e  a  wide range of p r o p e r t i e s  can be achieved by v a r -  
i a t i o n  i n  c o r e  m a t e r i a l s ,  t h i c k n e s s ,  c e l l  s i z e ,  f a c e p l a t e  mate- 
t i a l ,  and t h i c k n e s s  o f  p l a t e s .  S t a i n l e s s  s t e e l ,  .luminum, o r  
pheno l i c /g lass  a r e  p r e s e n t l y  used a s  c e l l  m a t e r i a l s ,  and face -  
p l a t e s  a r e  made from wood, r e i n f o r c e d  p l a s t i c s ,  s t a i n l e s s  s t e e l ,  
and aluminum. 

The p r e s e n t  S a t u r n  b o o s t e r  system des ign  employs a  itc9e;rcomb 
s t r u c t u r e  a s  t h e  common bulkhead between l i q u i d  oxygen and i i q -  - 
u id  hydrogen tanks .  I n  t h i s  a p p l i c a t i o n ,  t h e  honeycomb sandwich 
a c t s  both a s  a  load-bear ing  s t r u c t u r e  and a s  an i n s u l a t o r  be- 
tween t h e  two cyrogenic  f l u i d s .  The f a c e p l a t e s  a r e  made of a l u -  
minum, and t h e  co re  i s  made of  phenolic-impregnated g l a s s  c l o t h .  

The manufacture of  l a r g e  honeycomb s t r u c t u r e s  p r e s e n t s  sev-  
e r a l  f a b r i c a t i o n  problems t h a t  can  be i d e n t i f i e d  from a  cons ide ra -  
t i o n  of  t h e  Saturn  bulkhead. I n  t h e  p r e s e n t l y  used f a b r i c a t i o n  
technique ,  l a r g e  pie-shaped s e c t i o n s  o f  aluminum a r e  welded t o  
form a f u l l - s i z e d  dome. A second dome i s  s i m i l a r l y  f a b r i c a t e d .  
A f t e r  welding, t h e  two dome s e c t i o n s  a r e  c a r e f u l l y  f i t t e d  t o  a  
honeycomb c o r e .  Because of  t h e  d i s t o r t i o n  t h a t  occurs  d u r i n g  
welding,  f i t u p  i s  extremely d i f f i c u l t .  Attempts a r e  made t o  con- 
t o u r  t h e  honeycomb f o r  t h e  b e s t  p o s s i b l e  f i t ,  The bonding i s  
made d i f f i c u l t  because of (1) t h e  problems i n  handl ing  t h e  l a r g e  
s t r u c t u r e  and (2) t h e  warping r e s u l t i n g  from t h e  welding process .  
S l i g h t  mismatch between honeycomb core  and f a c e p l a t e s  causes  
a r e a s  i n  which poor bonding o r  no bonding i s  achieved.  Repair  
of  an a r e a  of u n s a t i s f a c t o r y  bonding is e s s e n t i a l l y  imposs ib le  
i n  t h e  approach a s  desc r ibed .  
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One of t h e  new concepts  of f a b r i c a t i o n  proposed f o r  t h e  bulk-  
head i s  t o  d i v i d e  t h e  dome i n t o  a number o f  prebonded gore seg- 
ments. Each segment i s  made by forming t h e  shee t  s tock  t o  t h e  
d e s i r e d  con tour  and then bonding t h e  f a c e p l a t e s  t o  t h e  c o r e  ma- 
t e r i a l .  The segments a r e  then  welded t o  make t h e  f u l l - s i z e d  
dome. Th i s  concept of bulkhead f a b r i c a t i o n  o f f e r s  s e v e r a l  ir- 
p o r t a n t  advantages over  t h e  p rev ious ly  desc r ibed  approach. Bond- 
i n g  of gore s e c t i o n s  i s  much s impler  than  performing t h e  same op- 
e r b t i o n  on l a r g e  p a r t s .  Also,  domes f a b r i c a t e d  by t h e  gore  sec-  
t i o n  approach have t h e  advantage of p e r m i t t i n g  r e p a i r ,  i f  neces- 
s a r y ,  by replacement of gore  panel  composites .  

Inheren t  i n  t h e  development of t h e  prebonded gore s e c t i o n  
method i s  a requirement f o r  a s a t i s f a c t o r y  welded j o i n t  t o  con- 
nec t  t h e  components. The o b j e c t i v e s  of Contrac t  NAS8-5463 were 
t o  develop a welded j o i n t  and t o  develop techniques  f o r  forming 
gore f a c e p l a t e s  and honeycomb s e c t i o n s .  

The o b j e c t i v e s  of t h i s  work (NAS8-20125) were t o  opt imize  
t h e  welded j o i n t  des ign  u s i n g  a s t r u c t u r a l  a n a l y s i s  approach and 
o b t a i n  exper imenta l  d a t a  f o r  v a r i o u s  combinations of geometr ies  
and m a t e r i a l  t o  confirm t h e  a n a l y t i c a l l y  obta ined design.  

During t h e  program i t  was d iscovered t h a t  a l though t h e  sci- 
e n t i f i c  des ign  approach could be s u b s t i t u t e d  f o r  t h e  e m p i r i c a l  
des ign  approach, a more s e r i o u s  problem i n  t h e  a p p l i c a t i o n  of 
t h e  welded honeycomb j o i n t  a r o s e .  That was t h e  problem of suc- 
c e s s f u l  f a b r i c a t i o n  of  hardware a r t i c l e s  us ing  t h i s  concept .  
Work being performed i n  ano the r  program showed t h a t  t h e  d i f f i -  
c u l t i e s  a s s o c i a t e d  w i t h  f a b r i c a t i o n  of  hardware a r t i c l e s  s e v e l e i y  
l i m i t  t h e  f e a s i b i l i t y  of  welding l a r g e  prebonded honeycomb sec- 
t ions .  

As a r e s u l t  of t h i s  obse rva t ion ,  p re l iminary  work toward 
e v a l u a t i o n  of a combination bonded-welded j o i n t ,  which would be 
a s u p e r i o r  method f o r  f a b r i c a t i n g  common bulkhead s t r u c t u r e s ,  
was i n i t i a t e d .  
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11, PHASE I - DEVELOPMEM' OF AN OPTIMIZED WELDED JOINT 

The objective of Phase I was to establish an optimized honey- 
comb weld joint design using three aluminum el!,-ys (2014-Th, 2219- 
T87, and 7106-T6) with skin thicknesses of 0.032 and 0.055 in. 
Specifically, the following was required to optimize the joint: 

1) Selection of weld filler material and establishment 
of weld processing; 

2) Determination of mechanical properties at ambient and 
cryogenic temperatures required for joint design; 

3) Determination of weld land and core gap widt!~  effect^; 

4) Structural analysis of joint design; 

5) Selection of specific joint geometries for each alloy 
and thickness. 

A. WELD PROCE S S ING 

A discussion regarding selection of weld filler material held 
between Martin Company personnel and the NASA Project Engineer re- 
sulted in the following selections: 

Alloy Filler 

2014-T6 4043 

The weldj~g technique agreed upon for the subject thic~nesses was 
the automatic tungsten-inert-gas procezs. It was requested that 
water-chilled holddown fixturing be used for this program. 

Based on preliminary data on mechanical properties, the fabri- 
cation problems associated with welding honeycomb panels, and the 
theoretical joint efficiency, a land/skin thickness ratio of 2.5 
was selected for the Phase I work. :his ratio gives the following 
skin and weld land thicknesses: 



Skin Weld Land 
Thicknesr ( i n , )  Thicknarr (in.) 

The following mater iala  were received from NASA stock f o r  use 
i n  t h i s  program: 

&bY No. Sheet\. S i t e  

2014mT6 3 4 f t  by 8 f t  by 0.100 in .  

2014-T6 3 4 f t  by 8 f t  by 0.140 in.  

22199T87 3 4 f t  by 8 f t  by 0.090 in .  

2219-T87 3 4 f t  by 8 f t  by 0.180 in.  

7106-T6 1 6 f t  by 12 f t  by 0.125 in.  
7106-T6 1 4 f t  by 6 f t  by 0.125 in .  

7 106-T6 3 4 f t  by 8 f t  by 0.250 in .  

I n i t i a l  weld panel preparation was achieved by mechanically 
mi l l ing  t o  the  desired weld land thickness.  However, t he  cos t  
and time associated with t h i s  technique were excessive. Since 
ac tua l  hardware i s  chemically milled, subsequent panels were s a t -  
i s f a c t o r i l y  prepared i n  t h i s  manner. Surface condition and d i -  
mensional accuracy were adequately maintained. 

Because of Martin's extensive experience with welding of a lu-  
minum a l loys ,  the work associated with optimizing the  welding 
process was reduced t o  confirming var iab les  t o  achieve desired 
weld s t rength and appearance. An ac tua l  weld optimization pro- 
gram was f a r  beyond the scope of t h i s  program; we attempted t o  
merely confirm t h a t  our process would r e s u l t  i n  sa t i s f ac to ry  
welds. 

Welding was achieved using a Sciaky Zero-Error Power Supply 
equipped with an Ai r l ine  automatic welding f ix tu re .  The d i r e c t  
current ,  s t r a igh t -po la r i ty  TIG process was used. Gas protect ion 
primarily consisted of heliam combined with a small quant i ty  of 
argon. The holddown f i x t u r e s  were water-cooled s t e e l  with a lu -  
minum shims, a s  r e q u i t r - .  A l l  panels were vapor degreased, a l k a l i  
cleaned, and deoxidized before welding. 



Tables 1 th ru  6  present da t a  showing the e f f e c t  of weld proc- 
essing va r i ab l e s  on the weld appearance and s t rength .  Note t h a t  
the  v a r i a t i o n s  i n  cont ro l  s e t t i n g s  were minor; a s  a  r e s u l t ,  t he  
v a r i a t i o n  i n  s t r eng th  was a l s o  r a t h e r  small. Where no comen t s  
regarding appearance a r e  given, a l l  welds exhibi ted good penetra- 
t i o n  and appeared s a t i s f a c t o r y .  

Data f o r  0.080-in. 2014-T6 showed t h a t  va r i a t i on  i n  vol tage 
between 11 and 12 v  v h i l e  cu r r en t  was var ied  between 76 and 90 amp 
r e su l t ed  i n  a spread i n  average t e n s i l e  s t rength  of only 3.5 k s i  
(Table 1). I n  a l l  cases ,  good pene t ra t ion  and weld bead appear- 
ance was obtained. The typ ica l  weld s t r eng th  was approximately 
51 t o  52 k s i .  Similar  behavior was exhibi ted f o r  the  0.138-in. 
mater ia l  except t h a t  typ ica l  weld s t r eng th  was decreased t o  about 
47 k s i  (Table 2 ) .  

Optimization of  tho 2219-T87 a l l o y  was a l s o  achieved using 
minor v a r i a t i o n s  i n  weld s e t t i n g s .  For both thicknesses ,  t he  
spread i n  t e n s i l e  s t r eng th  was about 5 k s i .  I n  a l l  cases ,  good 
penetrat ion and weld bead shape was achieved (Tabies 3 and 4).  

I n  t h e  optimization of 0.080-in. 7106-T6 aluminum a l l o y ,  i t  
was noted t h a t  the  quant i ty  of gas coverage a f f ec t ed  the  appear- 
ance of t h e  weld bead. A rough appearing,  s l i g h t l y  oxidized weld 
bead was obtained i n  many cases .  The weld s t r eng th  was v i r t u a l l y  
unaffected by the  v a r i a t i o n s  i n  con t ro l  s e t t i n g s ,  al though the  
penetrat ion var ied from l i g h t  t o  medium (Table 5). The th icker  
gage (il.135 in.) mater ia l  exhibi ted s imi l a r  behavior except t h a t  
the  gas coverage se lec ted  was s u f f i c i e n t  t o  produce clean weld 
beads i n  a l l  cases. The average weld s t r eng th  was almost 5 k s i  
higher than f o r  the  th inner  gage (Table 6). 
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Table 1 Weld Optimization for 0.080-in. 2014-T6 Aluminum Alloy 
Using Cooled Fixturing* 

Table 2 Weld Optimization for 0.138-in. 2014-T6 Aluminum Alloy 
Using Cooled Fixturing* 

Ultimate Strength 
(as i 

51.3 (4)t 

52.6 (4) 

51.1 (5) 

51.4 (5) 

52.7 (5) 

49.2 (4) 

49.7 (7) 

49.8 (4) 

49.8 (4) 

52.4 (5) 

51.3 (5) 

*Filler: 0.063-in.-dia 4043; automatic TIG welded, direct  current, 
straight polarity; gas protection: 50 cfh helium + 1.5 cfb argon; 
backup: water -cooled metallic . 

t~umber i n  parenthe8.8 i r  number of replicate ten8ilc #pecirn8 
tested to obtain average value. 

* 
Feed rate varied during welding 

.L 

I 

Panel 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Current 
(amp) 

7 6 

80 

80 

84 

90 

78 

80 

80 

83 

78 

82 

I 

Voltage 
(v) 

11.0 

11 .O 

11.0 

11.0 

11 .O 

11.5 

11.5 

11.5 

11.5 

12 -0 

12 .O 

Ultimate Strength 
(ks i 1 

- 

47.5 (5It 

47.1 (3) 

46.9 (2) 

47.7 (5) 

45.5 (4) 
- 

Panel 
No. 

1 

2 

3 

4 

5 

*Filler: 0.063-in.-dia 4043; automatic TIG welded, direct  current, 
straight polarity; gas protection: 50 cfh helium + 1.5 cfh argon; 
backup: water-cooled metallic. 

t Number i n  parentheses i s  number of replicate tensile specimens 
tested to obtain average value. 

- - 

Speed 
(ipcn) 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

Feed 
(ipm) 

30 - - * 
48 

50 

60 -- * 
I, 

+ 
-. t 
.- * 
50 

50 

Voltage 
(v) 

11 .O 

11 .O 

11 .O 

11.5 

11.5 

Speed 
(ipm) 

14 

14 

20 

14 

14 

Current 
(amp 1 

118 

125 

125 

118 

120 

Feed 
(ipm) 

32 

38 

38 

3 0 

3 2 



Table 3 Weld Optimizatior. for 0.080-in. 2219-T87 Alminum Alloy 
Using Coaled Fix ur lng* 

Table 4 Weld Optimization for 0.138-in. 2219487 Aluminum Alloy 
Using Cooled Fixturing* 

Panel Voltage Current Speed Feed Ultimate Strength 
No. (v) (amp) ( i ~ )  (ipm) ( h i )  

- 1 -- 11.0 108 14 25 44.4 (6)t 
' 

2 11 .O 110 14 20 44.6 (3) 

3 11 - 5  110 14 30 44.5 3) 
4 11.5 112 14 30 46.1 (5) 

5 11.5 114 14 30 41.1 (5) 

6 11.5 115 14 38 45.1 (5) 

7 11.5 122 14 3 5 41.3 (5) 

8 11.5 125 14 . 42 43.5 (5) 

9'  12.0 11, 14 30 42.6 (5) 

*Filler: 0.063-in. 4 i a  2319: automatic TIG welded, d i rec t  current, 
s t ra ight  polarity; gas protection: 50 cfh helium + 1.5 cfh argon; 
backup: water -cooled metallic. 

 u umber in  parentheses i s  number of replicate tenslle qecimens 
tested to obtain average value. 

I- 

Panel 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

*Filler: 0.063-in. -3ia 2319; automatic TIG welded, d i rec t  current, 
s t ra ight  polarity; gas protection: 50 cfh helium + 1.5 cfh argon; 
backup: water-cooled metallic. 

t~verage  of f ive repl ica te  tens i le  tes ts .  

Speed 
(ipm) 

20 

20 

2Q 

90 

20 

20 

20 

20 

20 

20 

20 

Voltage 
(v 1 

11.5 

11.5 

Current 
(mp) - 
78 

78 

Feed 
(ipm) 

45 

47 

60 

34 

38 

40 

42 

42 

45 

48 

50 

t 
Ultimatestrength 

(ks i )  

50.7 

50.4 

51.7 

47.7 

46.3 

49.2 

43.9 

48.7 

49.2 
I 

48.7 

t8.i 

11.5 

12.0 

12.0 

12.C 

12.0 

12.0 

12.0 

12.0 

12.0 

' 80 

70 

70 

72 

7'4 

74 

74 

'/ 6 

78 



Table 5 Weld Optimization for 0.080-in. 7106-T6 Aluaainum Alloy Uring Cooled 
Fix turing* 

Table 6 Weld Optimization for 0.138-in. 7106-T6 Aluminum Alloy Uring Cooled 
Fix turing* 

L 

Panel 
No. 

1 

2 

3 

& 

5 

1 6  

7 

8 

*Filler: 0.063-in.418 5188; autoautic TIG welded, d i rec t  current, r t ra ight  
polarity; speed: 20 ipm; backup: water-cwied metallic. 

~ L P  - l ight  penetration; 
PIP - -dl& penetration; 
OB - r l ight ly  oxidized, rough bead rurface; 
CB - clean, rmooth bead rurface. 

*~verage of f ive  repl ica te  tenr i le  t e r t r .  
; 

Current 
(-PI 

78 

80 

80 

80 

82 

84 

86 

85 

Voltage 
(v) 

11 .O 

11.0 

11.0 

11.0 

11.0 

11.0 

11.0 

12 .O 

r 

Pane1 
NO. 

1 

2 

3 

4 

5 

6 

Feed 
(ips) 

40 

40 

42 

45 

48 

46 -- 
62 

*Filler: 0.063-in.-dia 5180; automatic TIG welded, d i rec t  current 
strai:ht polarity; gas protection: 65 cfh helium + 1.5 cfh argon; 
backup: water-cooled metallic. 

~ L P  - l ight  penetration; 
MP - medium penetration; 
CB - clean, smooth bead surface. 

*~verage of five replicate tensile tes ts .  

Voltage 
(v 

10.0 

11.0 

11.0 

11.0 

11.0 

12.0 

Gar 
Protection 

(cfh) 

65 He + 2  A r  

60 He + 2 Ar 

65 He + 2 A r  

60 He + 2 A r  

65 H e + 2  Ar 

65 lie + 2  A r  

65 H e + 2 2 :  

5 O H e + 4 A r  

Current 
(amp) 

125 

108 

115 

120 

125 

120 

~ ~ p e a r . n c e ~  

LP, OB 

LP, OB 

LP, CB 

LP, OB 

MP, OB 

MP, OB 

MP, OB 

MP,OB 

Speed 
( 1 ~ )  

14 

10 

14 

2 0 

14 

20 

? 

Ultimate 
s t r ewthe  

( h i )  

50.4 

51 -0  

51 .O 

50.4 

50.5 

50.4 

50.4 

50.7 . 

Feed 
(ipm) 

40 

30 

30 

45 

50 

55 

~ ~ ~ e a r a n c e t  

MP, CB 

LP, CB 

LP, CB 

LP, CB 

MP, CB 

MP, CB 

Ultimate 
Strength* 

(ksi)  

55.4 

54.9 

55.6 

55.4 

55.4 

55.4 
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As a result of these studies, the following welding schedules 
were selected for preparation of weld panels using cooled fixtur- 
ing : 

Using these optimized settings, weld panels were prepared 
for the purpose of determining mechanical properties at room and 
cryogenic temperatures. These data are presented in the follow- 
ing section. Weld panels were radiographed to confirm quality 
and metallographically inspected. Photomicrographs of weld 
structures are shown in Fig. 1. In all cases, structures were 
normal for as-welded aluminum alloys. No evidence of eutectic 
melting or overheating was apparent in the heat affected zones 
of the 2000 series alloys. 

L 

A1 loy 

2014-T6 

2219-T87 

7 106-T6 

During the program, it was determined that the weld schedule 
information obtained using cooled backup fixtures would not be 
totally adequate for preparing composite panels where the honey- 
comb core would act as an insulating material. Therefore, to 
better represent the conditions for hardware fabrication, addi- 
tional weld panels using an insulating backup were prepared. 
Honeycomb core material, although a natural choice for a backup 
material, could not withstand the fixture pressure necessary for 
holding panels during welding. An alternative material, asbestos 
sheet, was used quite successfully. 

Experimental results are presented in Tables 7 thru 9. It 
was found that virtually no change in feed or speed was required. 
However, current and voltage levels obtained using a cooled back- 
up were often excessive. 

Thickness 
(in.) 

0.080 

0.138 

0 -080 

0.138 

0.080 

0.138 

Voltage 
(v) 

11 .O 

11 .O 

11.5 

11.5 

11 .O 

11 .O 

Current 
(amp) 

85 

120 

80 

113 

82 

125 

Feed 
(ipm) 

50 

32 

5 0 

3 0 

48 

50 

Speed 
(ipm) 

2 0 

14 

20 

14 

2 0 

14 

4 

Gas Protection 
(c f h) 

1 

50 He + 1.5 Ar 
50 He + 1.5 Ar 
50 He + 1.5, Ar 
50 He + 1.5 Ar 

65 He + 2 Ar 
65 He + 2 Ar 

L 
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Mar tin -CR-66 -47 

200x 

(a) 0.080-in. 2014 -T6 

Fig. 1 Photomicrographs of Aluminum Alloy Welds 



Mat. tin-CR-66-47 

( b )  0.138-in, 2014-T6 

Fig, 1 (cont) 



Mat tin-CR-66 -47 

200X 

( c )  0,080-in. 2219-T87 

Fig. L (cont) 



(d) 0.138 -in. 2219-T87 

Fig. 1 (cont) 



11-12 Martin -CR-66-47 

2 OOX 

(e) 0.080-in. 7106-T6 

Fig. 1 (cant) 



200x 

( f )  0.138 -in. 7106-T6 

Fig .  1 (conel) 
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The ds t a  l o r  0.080-in. 2014-T6 aluminum a l l o y  i nd i ca t e  t h a t  
t he  current  must be decreased from 85 t o  73 amp. Tens i l e  s t r eng th  
a t t a i n a b l e  was reduced s l i g h t l y .  I n  t he  t h i cke r  gage (0.138-in.) 
mate r ia l ,  control  s e t t i n g s  did  not requi re  appreciable  change. 
No s ign i f i can t  s t rength  redtlction was apparent (Table 7) .  

The 2219-T87 r e s u l t s  (0.080-in. sheet)  showed t h a t  both vol tage 
and cur ren t  could be reduced with  only a minor l o s s  of s t r eng th .  
I n  t he  th icker  gage mater ia l ,  a  decreased vo l tage  combined wi th  
increased current  could achieve t e n s i l e  s t r eng th  equivalent t o  t he  
cooled backup t e s t s  (Table 8 ) .  

For t he  7106-T6 mater ia l ,  a  combination of reduced vol tage and 
current  ano reduced vol tage only were se lec ted  f o r  welding t h e  
0.080- and 0.138-in. sheets ,  respec t ive ly .  It was found t h a t  
c leaning the  wlre immediately before welding r e su l t ed  i n  improved 
weld s t rength .  Subsequent welding experience showed t h a t  increased 
gas coverage would give c lean beads without t h e  necess i ty  f o r  e x t r a  
cleaning of t he  w i r e  (Table 9) .  

Table 7 Weld Optimization f o r  2014-T6 Aluminum Alloy Using 
Insulated F ix tur  ing* 

t 

Panel No. Voltage 
(v 

Current 
(amp) 

0.080-in. Sneet 

Feed 
(ipm) 

~ ~ ~ e a r a n c e ~  

1 

2 

3 

4 

Ultimate 
Strength, 

( h i )  

10.5 

10.5 

10.5 

10.5 

3.138-in. Sheet 

68 

70 

7 3 

78 

1 

2 

3 

4 

5 

40 

50 

50 

52 

*F i l i e r :  0.063-in.-dia 4043; automatic TIG welded, d i r e c t  current ,  
s t ra ight  polari ty;  gas protection: 50 cfh helium + 1.5 cfh argon; 
backup: asbestos sheet;  speed: 20 ipm. 

t~~ - incornpie te penetration; 
LP - ligh: penetration; 
UP - medium p e n e t r a t i o ~ ;  
HP - Leavy penetration. 

+Number in  parentheses in number of repl ica te  t e n s i l e  specimens 
tested t o  obtain average value. 

110 

117 

120 

125 

130 

10.5 

10.5 

10.5 

10.5 

10.5 

LP 

UP 

UP 

HP 

43.9 (5)* 

48.2 (5) 

48.8 (5) 

45.0 (4) 

27.9 (3) 

40.9 (5) 

45.8 (5) 

46.8 (5) 

46.8 (5) 

40 

45 

40 

50 

45 

IP 

LP 

LP 

UP 

HP 
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Table 8 Weld Optimization fo r  2219-T87 Aluminum Alloy Using Insulated Fixturing* 

Table 9 Weld Optimization for 7106-T6 Aluminum Alloy Using Insulated Fixturing* 

Ultimate 
S t r e n g t h ( k s i 1  Apparancef Panel No. 

0.080-in. Sheet 

b 

Voltage 
(v )  

Ultimate 
Strength 

(k s i )  

19.5 (1) '  

50.4 (5 )  

49.5 (4 )  

45.0 (5) 

45.6 (5 )  

Current 
(amp) 

IP  

LP 

MP 

MP 

HP 

Gaspro t ec t i on  
(cfh)  

Current 
(amp) 

Panel 
No. 

0.080-in. Sheet 

Feed 
(ipm) 

40 

40 

40 

4 0 

1 

2 

3 

4 

5 

0.138-in. Sheet 

Remarkst 
Voltage 

(v) 

. 

- 
44.8 

45.9 

10.0 

10.0 

10.0 . 

10.0 

LO. 0 - 

19.5 (5)  

45.0 (5)  

45.2 (5)  

41.7 (5)  

Cleaned wire, 
MP, OB 

Cleaned wire, 
MP, OB 

6 0 

6 5 

i 0 

7 5 

80 

*Fil ler :  0.063-in.-dia 2319; automatic T I C  welded, d i r e c t  currerlt, s t r a igh t  
po la r i ty ;  gas protection: 50 c fh  helium + 1.5 cfh argon; backup: asbestos 
sheet ;  speed: 20 ip. 

t I P  - incomplete penetration; 
LP - l i g h t  penetration; 
MP - medium penetration; 
HP - heavy penetration. 

*Number i n  parentheses i s  number of r ep l i ca t e  t ens i l e  specimens tested t o  
obtain average value. 

1 

2 

0.138-in. Sheet 

3 5 

35 

35 

35 

110 

120 

125 

135 

1 

2 

3 

4 

?5 

75 

10 

10 

IP 

LP 

HP 

HP 

10.0 

10.0 

10.0 

10.0 

50 He + 1.5 A r  

65 He + 2 A r  

*Fi l ler :  0.063-in.-dia 5180; automatic TIG velded, d i r e c t  current ,  s t r a i g h t  
po la r i ty ;  backup: asbestos  sheet ;  feed: 45 ipm; speed: 20 ipm. 

tMP - medium penetration; 
OB - s l i g h t l y  oxidized, rough bead surface;  
CB - clean,  smooth bead surface. 

*Average of f i ve  r ep l i ca t e  t e n s i l e  t e s t s .  

As-received wire, 
MP, OB 

Cleaned wire, 
MP, C B  

1 

2 . 

48.8 

52.3 

10 

10 

125 

125 

65 He + 2 A r  

65 He + 2 A r  
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B . MEC HANICAL PROPERTIE S 

All six combinations of materials and thicknesses were hard- 
ness tested, spectrographically analyzed, and tensile tested at 
room temperature to confirm that materials satisfied applicable 
requirements. 

In addition, cryogenic (-320°F) mechanical properties were 
also determined. 

Weld panels, prepared using the optimized schedule (cooled 
backup), were machined into tensile coupon form and also tested 
at 70 and -320°F. 

Tensile properties of parent metal and welds are sunmarized 
in Table LO. Detailed data are given in Appendix Tables A-1 thru 
A-6. Test results are in good agreement with data contained in 
the literature. 

Table 10 Suamary of Tensile Properties for Parent Metal and Welded 
Aluminum Alloys 

A 1  1 oy 

2014-T6 

2219-T87 

7106-T6 

Thickness 
( in . )  

0.080 
0.080 
0.138 
0.138 

0.080 
0.080 
0.138 
0.138 

0.080 
0.030 
0.138 
0.138 

Temperature 
( OF) 

70 
-320 

70 
-3 20 

70 
-320 

70 
-320 

7 0 
-320 

7 0 
-3 20 

Parent Metal Properties Welded Propert ies  

Ultimate 
Strength 

(ksi)  

69.8 
83.2 
72.1 
87.7 

69.6 
88.1 
68.2 
86 .O 

56.5 
78 .O 
62.7 
86.1 

Ultimate 
Strength 

(ksi)  

52 -7 
60.1 
48.5 
57.4 

47.7 
56.1 
45.3 
59.6 

51.1 
61.5 
54.5 
61.5 

Yield 
Strength 

(ksi)  

34.9 
57.3 
34.3 
57 .O 

29.6 
53.9 
26.7 
49.0 

38.1 
57.3 
38.1 
58.3 

Yield 
Strength 

(ksi)  

63.1 
73.9 
67.6 
81.1 

57.3 
76.8 
55.9 
75.4 

48.8 
66 .O 
55.7 
75.6 

Elongation 
(%) 

10 .O 
11.5 
12.8 
14.5 

9 .O 
10.1 
11.2 
13 .O 

9.3 
12.4 
10.8 
15.9 



To perform a s t r u c t u r a l  ana lys i s  of t h e  composite j o i n t s ,  t he  
following add i t  ionel  mechanical property informat ion was required : 

1) Compression rnodulus da ta  f o r  aluminum a l loy  2014-T6; 

2) Tens i le  s t r eng th  of honeycomb core ma te r i a l ;  

3) Modulus o r  spr ing constant  of honeycomb core  i n  
tension and compression; 

4) Moment of i n e r t i a  of core  s t i f f ened  skin.  

D e t a i l s  of t e s t  procedure and r e s u l t s  a r e  given i n  t he  following 
paragraphs. 

Small compression blocks using an LID* r a t i o  of two were 
machined from var ious samples of 2014-T6 p l a t e  s tock (0.340 t o  
0.500 i n .  th ick) .  Specimens were t e s t e d  a t  70°F i n  both the  
longi tud ina l  and t ransverse  g ra in  d i r e c t i o n s ,  Resistance s t r a i n  
gages were used t o  provide d a t a  t o  approximstely 2% t o t a l  s t r a i n .  
A t y p i c a l  graph of s t r e s s  v s  tangent modulus i s  given i n  Fig. 
2. Agreement betweep var ious  l o t s  of mater ia l  was very good. 

For determining t h e  honeycomb core  t e n s i l e  s t rength ,  2-in. 
cubes of HRP honeycomb were bonded t o  0.500-in.-thick aluminum 
facepla tes  using HT-424 adhesive. Faceplates were d r i l l e d  and 
tapped t o  accommodate standard t e s t i n g  machine pu l l  rods. Speci- 
mens were c a r e f u l l y  checked t o  assure  dimensional accuracy. Only 
specimens exh ib i t i ng  a length v a r i a t i o n  of l e s s  than 0.002 in .  
were considered s a t i s f a c t o r y  f o r  t e s t .  Tes t  da ta  a r e  given below: 

Tens i le  Strength of Honeycomb Core 

S t r e s s  (psi )  

815 
803 
7 68 
825 - 
802 (Average ) 

*LID r a t i o  is defined as length divided by minor dimension of 
c ros s  sec t ion .  
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0 2 4 6 8 10 12 
6 

Tangent Modulus (10 psi)  

Fig. 2 Stress vs Compressive Tangent Modulus for 2014-T6 Aluminum Alloy 
(0.340-in.  Thick) 
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Figure 3 shows typ ica l  specimens before and a f t e r  t e s t i n g .  

Modulus determinations were obtained using a s imi l a r  specimen, 
I n i t i a l l y ,  da ta  were obtained under compression loading f o r  s i m -  
p l i c i t y  of t e s t i ng .  Se l f -a l ign ing  compression heads were employed; 
de f l ec t ion  was measured wi th  a d i a l  gage. The average modulus 
value obtained was 64,000 p s i .  Using t h i s  value i n  the  s t r u c t u r a l  
ana lys i s ,  the  agreement between t h e o r e t i c a l  and experimental r e -  
s u l t s  was not s u f f i c i e n t l y  c lo se  t o  s a t i s f y  our expectat ions  of 
t he  a b i l i t y  of our a n a l y t i c a l  model t o  pred ic t  behavior. Since 
the  core  i s  subject  t o  t e n s i l e  loading, addi t iona l  t e s t s  were 
performed t o  determine whether t he  t e n s i l e  modulus agrees wi th  
t h a t  obtained under compression loading. The t e s t  apparatus f o r  
t e n s i l e  loading i s  shown i n  Fig. 4. A Gaertner dual-scope extensom- 
eter was used t o  prec ise ly  determine de f l ec t ion  a t  each increment 
of load. It was determined t h a t  t he  t e n s i l e  modulus (94,000 ps i )  
s i g n i f i c a n t l y  exceeded the  compression value. .The higher value 
gave good agreement between theory and experiment, 

During t h e  s t r u c t u r a l  ana lys i s  i t  was determined t h a t  a cor -  
rected moment of i n e r t i a  accounting f o r  the  increased s t i f f e n i n g  
r e s u l t i n g  f r m  the  bonded core was required.  It was decided t o  
achieve t h i s  r e s u l t  empi r ica l ly  r a t h e r  than a n a l y t i c a l l y .  A s i m -  
p l e  three-point loading beam specimen of 0.055-in.-thick 2014-7'6 
bonded t o  l - in . - thick honeycomb core  was used. 
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1 : l l ~ r i ~ c ~ ) + ~ ~ ~ r u l ~  I:b~re Specimens, Before and After Testing 

L - - -- - .  



Fig. 4 Test Apparatus for Determining Tcnsion Yadulus of 1Ionr.ycornl) ( : o r ~  



C. WELD LAND AND CORE GAP WIDTH EFFECTS 

The e f f e c t  of land width was s tud ied  t o  determine whether 
t h i s  parameter was an important f a c t o r  i n  des ign from t h e  thermal 
s t andpo in t .  Panels  were thermocouple instrumented t o  provide 
temperature v s  time behavior dur ing  an a c t u a l  welding opera t ion .  

Panels  were prepared by chemical r a t h e r  than mechanical m i l l -  
i n g  t o  be more r e p r e s e n t a t i v e  of a c t u a l  service. To perform t h e  
welding under cond i t ions  r e p r e s e n t b t i v e  of hardware f a b r i c a t i o n ,  
it was attempted t o  use unbonded honeycomb c o r e  a s  t h e  weld back- 
up ins tead  of t h e  metal c h i l l  b a r s  normally used. It was found 
t h a t  t h e  f i x t u r e s  used f o r  t e s t - p a n e l  welding could not  be used 
wi th  t h e  l - i n . - t h i c k  honeycomb backup. An a l t e r n a t i v e  m a t e r i a l ,  
a sbes tos  s h e e t ,  was used s u c c e s s f u l l y .  Pre l iminary  welding showed 
t h a t  t h e  schedules e s t a b l i s h e d  f o r  metal  backup were not  s u i t a b l e  
f o r  t h e  i n s u l a t i n g  m a t e r i a l .  A s  desc r ibed  i n  Sec t ion  A of t h i s  
c h a p t e r ,  a d d i t i o n a l  weld op t imiza t ion  was performed f o r  t h e  a l -  
t e r n a t i v e  backup. 

~ i m e l t e r n p e r a t u r e  h i s t o r y  dur ing  welding was obtained f o r  a l l  
a l l o y s  and th icknesses .  Thermocouples were l o c a t e d  0.25, 0 "50, 
0.75, 1.00, and 1.25 i n .  from t h e  weld c e n t e r l i n e  a s  shown i n  
Fig.  5 .  Temperature v s  time curves  were a u t o g r a p h i c a l l y  re- 
corded. Land widths (d i s t ance  from c e n t e r l i n e )  eva lua ted  were 
1.25, 1 .50,  and 2.00 i n ,  A summary of experimental  d a t a  i s  p re -  
sented i n  Table 11. I n  s e v e r a l  c a s e s  thermocouple f a i l u r e s  were 
encountered.  However, ad jacen t  d a t a  p o i n t s  a r e  s u f f i c i e n t  t o  
c h a r a c t e r i z e  t h e  shape of t h e  curve  f o r  t h e s e  c a s e s .  These s tud-  
i e s  showed t h a t  v a r i a t i o n  i n  land width  appears  t o  be a minor 
v a r i a b l e  i n  e s t a b l i s h i n g  t h e  e f f e c t  of weld h e a t i n g  on t h e  ad- 
hes ive .  T h i s  s tudy served t o  emphasize t h e  importance a f  d e t e r -  
mining t h e  t ime/temperature degrada t ion  of t h e  adhes ive  f o r  i n -  
t e l l i g e n t  s e l e c t i o n  of minimum weld gap width ,  
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Table 11 Summary of Peak Temperatures from ~ imelTempera tu re  
His to ry  Data 

An a u t o r e s i s t a n c e  h e a t i n g  technique s imula t ing  t h e  weld c y c l e  
was used t o  thermal ly  degrade t h e  adhes ive .  A Research,  Inc  Data- 
Track temperature programer was used f o r  t h i s  work. Thermal cy- 
c l e s  were s e l e c t e d  from t h e  ' t ime/temperature d a t a  obta ined from 
welding a c t u a l  pane l s .  Exposure specimens c o n s i s t e d  of two 
0 .080- in . - th ick  2014-T6 aluminum a l l o y  s t r i p s ,  w i t h  a  reduced 
sec t ion  width,  0 .500- in . ,  bonded w i t h  a  s i n g l e  p l y  of HT-424 
f i l m  adhesive t o  g ive  a  bond t h i c k n e s s  of 0,007 t o  0.008 in .  
Both str ips a r e  simultaneously heated according t o  a  p r e d e t e r -  
mined thermal cyc le  program. Temperature was monitored and con- 
t r o l l e d  using chromel-alumel couples .  Good agreement was obta ined 
between t h e  prograr  t r a c e  and monitored record .  The c e n t r a l  1 
i n .  of the  cxoosure specimen was found t o  e x h i b i t  +lO°F tempera- 
t u r e  uniformi.ty. Exposure t imes were v a r i e d  from 5 t o  20 sec.  
Peak temperatures ranged from 400 t o  6 0 0 " ~ .  Figure  6  shows t h e  
apparattis used f o r  making thermal exposures. 

Peak Temperature a t  I n -  
d ica ted  Dis tance  from 

. Weld C e n t e r l i n e  (OF) 

i n .  3 /4  i n .  1 i n .  - 
(+65 - - 246 
515 - - 242 
530 3  80 325 

I 

530 3 95 348 
560 335 - - 
598 405 255 

540 330 23 0  
490 3&5 - - 
'545 2 60 - - 
602 - - 342 
595 3  95 - - 
588 - - 342 

498 415 300 
48 5  305 - - 
48 8  268 270 

560 375 287 
550 - - 320 
560 377 1 -- 

Land Width 
( i n . )  

1 t 
1% 
2 

1% 
1% 
.? 

1% 
1% 
2 

1% 
14 
2 

1 t 
1% 
2 

1% 
1 f 
2  

Mate r ia l  

2014-T6 

2014-T4 

2219-T87 

22 19 -T87 

7106-Th 

7106-T6 

Thickness 

0.080 

0.138 

0.080 

0.138 

0.080 

0.138 
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A f t e r  exposure, specimens were c a r e f u l l y  s l o t t e d  i n t o  t h e  ad- 
hes ive  on oppos i t e  s i d e s ,  % i n .  a p e r t ,  t o  produce l a p  s h e a r  s p e c i -  
mens w i t h  an e f f e c t i v e  bond a r e a  of  0.25 sq i n .  F i g u r e  7 shows 
t h e  v a r i o u s  s t e p s  i n  assembly of  a  t y p i c a l  s h e a r  saecimen.  

Mechanical proper ty  t e s t i n g  was conducted a t  70 and -320°F on 
both unexposed c o n t r o l  and thermal exposure specimens. T e s t  r e -  
s u l t s  z r e  summarized i n  Tab le  12 and F ih .  8 and 9. The d a t a  a t  
7 0 " ~  show t h a t  4 0 0 ' ~  an4 450°F exposures r e s u l t e d  i n  ve ry  l i t t l e  
change i n  s t r e n g t h ,  probably a  r e s u l t  of  pos tcur ing  o c c u r r i n g  
d u r i n g  t h e  h e a t  c y c l e  t o  o f f s e t  any e f f e c t s  of  degradat ion .  Abwe 
t h i s  tempera ture ,  s t r e n g t h  decreased s i g n i f i c a n t l y .  T e s t s  con- 
ducted a t  -320°F showed no change i n  s t r e n g t h  a f t e r  400°F expo- 
su re .  Above t h i s  temperature,  s t r e n g t h  p r o p e r t i e s  decreased.  
It appears  t h a t  t h e  cryogenic mechanical p roper ty  t e s t  i s  a  more 
severe  measure of degrada t ion  t h a n  t h e  room tempera ture  t e s t .  
Based on t h e  t e s t  r e s u l t s ,  a  maximum adhes ive  tempera ture  of  400°F 
i s  recommended. Th i s  va lue  i n c l u d e s  a  b u i l t - i n  s a f e t y  f a c t o r ,  
s i n c e  tho  exposure time i n  t h e  t e s t s  i s  somewhat longer  than  en- 
countered i n  t h e  welding process .  Unless a  number of  weld re- 
p a i r s  werc r equ i red ,  t h e  400°F maximum i s  s.mewhat c o n s e r v a t i v e .  

Table  12 Surnmary of  Thermal Degradation Data 
I I 1 

Esposure 
Temperature 

( OF) 

( 3 )  A\!er.sgc o f  t r i p 1  
( h )  Tw<l tc.st I - c su l t s  
(c )  Singlt> t ~ > s t  resc  
( d )  Excess ive  bc id 1 
(e )  Spc'c imtlus ~ w e r h t  

Exposure 1 Shear S t r e n g t h  (ps i )  (a 
Time 

3 130 
2840 
2845 
2845 (b) 
2850 
2670 
2700 
2440 
2130 (c) 
2050 
2210 
1490 (d) 
1560 
1670 (e)  
1700 
1180 

i c a t e  t e s t s .  

I t .  
ine  t h i c k n e s s .  
a t e d  dur ing  exposure. 



Fig. 7 Thermal Exposure Specimen Shot-:ing '?.iri ,us  it.:,:^..-, , I !  

F a b r i c a t i o n  and  Test 



Exposure Time (sec) 

3500- 

3000 

Fig .  9 b p  Shear Ctrength v s  Exposure Time for Thenmlly Exposed Specimene 
Tested a t  -320.F 
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rl 
rn 
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w 
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U 
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1500. 
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Fig. 8 Lap Shear Strength vs  Exposure T h e  for  Thermally Exposed Specimens 
Tested a t  70°F 
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D. STRUCTURAL ANALYST? OF JOINT DESIGN 

The purpose of t h i s  work was t o  maximize t h e  e f f i c i e n c y  of  
sandwich j o i n t s  s u b j e c t  t o  compression by a  sys temat ic  a n a l y t i c a l  
i n v e s t i g a t i o n  of c e r t a i n  v a r i a b l e s  t h a t  i n c l u d e  t h e  e f f e c t s  o f  
land width ,  gap width,  and e c c e n t r i c i t y  of  load p a t h  through t h e  
l and .  Development o f  an a n a l y t i c a l  model of  g e n e r a l  v a l i d i t y  would 
prec lude  t h e  n e c e s s i t y  o f  o p t i m i z a t i o n  by e m p i r i c a l  means, when 
a p a r t i c u l a r  s ' - . I  t h i c k n e s s  i s  a l t e r e d .  

1. Development of  F - t h e m a t i c a l  M r ~ e l  

The a n a l y t i c a l  approach :-s based on computat ion of  bending and , 
bond s t r e s s e s  f o r  t h r e e  zoaes of t h e  composite assembly. The 
Region I (gap zone) i s  considered  a  beam-column supported on ly  a t  
i t s  ends.  Regions I1 ( land a r e a  w i t h  honeycomb suppor t )  and I11 
( s k i n  a r e a  w i t h  honeyzomb suppor t )  a r e  cons idered  beam-columns of 
d i f f e r e n t  s t i f f n e s s  r e s t i n g  on an e l a s t i c  foundat ion .  

To compute bending and bond s t r e s s e s  f o r  i n d i v i d u a l  sandwich 
f a c i n g s ,  t h e  symmetrical a c t i o n  (Fig. 10) of t h e  f a c i n g s  must be 
cons idered .  

Regions 

/'K 

I ~ a c i n ~  

Fig.  10  Sandwich Assembly Cross S e c t i o n  

Throughout t h e  development of  t h i s  model, i t  i s  assumed t h a t  t h e  
c o r e  i s  a c t i n g  a s  an  e l a s t i c  foundat ion  w i t h  modulus (k) ,  and 
t h a t  t h e r e  i s  no bond f a i l u r e .  It i s  a l s o  assumed t h a t  t h e  beam 
of Region I has  somc i n i t i a l  c u r v a t u r e ,  i . e . ,  i t  d i s p l a y s  known 
imper fec t io r s .  To  s i m p l i f y  handl ing  of t h e  e c c e n t r i c i t y  f o r  t h e  
model, t h e  a c t u a l  s i t u a t i o n ,  c h a r a c t e r i z e d  by Fig .  l l ( a )  was 
i d e ~ l i z e d  by applying an e x t e r n a l  moment, Pe ' a s  shown i n  F ig .  11 (b) , 
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P 

(a) Actual Configuration (b) Ideal ized Configurat ioc 

F ig .  11 Ideal ized Eccen t r i c i t y  

The s ign  convention* and free-body diagram of an a x i a l  loaded 
beam on an e l a s t i c  foundation i s  shown i n  Fig.  12. Moment equi- 
l ibr ium f o r  t he  freebody i s  given by 

Fig. 1 2  Sign Convention and Free-Body Diagram for Axial ly  Loaded Beam 
on E l a s t i c  Foundat Lon 

*Nomenclature fo r  t h i s  a i l a l v s i s  i s  ~Sven i n  Table 13 
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and, we no te  t h a t  

w & = -  dM 
Q = Q  c o s  B + P s i n  e 3 Q V + P d X  

n V .  dx ' 

t h i s  approximation being v a l i d  f o r  s u f f i c i e n t l y  small s l o p e s ,  

Table  13 Nomenclature f o r  Mathematical Model 
-~ -- 

V e r t i c a l  f o r c e  equ i l ib r ium demands t h a t  

Symbol 

Y 

x 

M 

Q n 

Q v 

P 

E 

I 

k 

E 

1 

a 

\ 

and, w i t h i n  t h e  framework of t h e  Eu le r -Bernou l l i  beam theory ,  we 
have 

D e f i n i t i o n  

D e f l e c t i o n  of beam 

Running coord ina te  of beam 

Bending moment 

Normal shear  f o r c e  

V e r t i c a l  shea r  f o r c e  

Axia l  f o r c e  

Young's modulus 

Moment of i n e r t i a  

Foundation modulus 

Amplitude of imperfect ion 

Gap l e n g t h  

Length of Region I1 
* 

Combining Eq  [ I ]  , [3 ] ,  and [4 ] ,  we o b t a i n  t h e  d i f f e r e n t i a l  
equat ion of t h e  e l a s t i c  l i n e  of t h e  beam; 
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The so lu t ion  of Eq [5 ]  i s  obtained i n  t h e  usual manner. Face 
wrinkling i s  not considered t o  be a mode of f a i l u r e  i n  t h e  sk in  

gages used, s ince 2 GI > P i n  t h i s  c m e  (v(.rified by preliminary 
t e a t s ) ,  then we may wr i t e  the  so lu t ion  of Eq [S]  a s  

+ c epX + c e-px) s i n  CS, 
( 3  4 

where 

and p '  4EI 4EIe 

I f  we assume t h a t  the  port ion of t he  facing not a t tached t o  
t h e  core (Region I) has an i n i t i a l  imperfection charac te r ized  by 

Yo 
= 1 - cos x), then i t s  de f l ec t ion ,  y = yo + yl, i s  given 

by solving the  equation 

d2Yl 
EI - = -P (yo + yl) - M (see Fig. 13). 

dx 2 0 

= (l - cos ; x) 
Yo 2 

Fig.  1 3  A x i a l l y  Compressed Beam with I n i t i a l  Imperfection and End Moment . 
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Solving E q  [ 7 ] ,  we have 

M f 

Y1 = A hos AX + B s i n  AX - 2 - - Aces P 2 2 f x, 4n 1 - -  
h212 

where 

P ,,2 1 - 
EI' 

A t  x = 0, we require 

a 
and at x = - w e  have, by symmetry, 2 

These condi t ions ,  when imposed on Eq [8], r e s u l t  i n  

With these  constants ,  and with E q  [ 8 ] ,  we can c a l c u l a t e  the  
s lope a t  x = 0. It i s  

a 
tan A - 

2 
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Based on examination of  t y p i c a l  weld pane l s ,  an  i n i t i a l  imper- 
f e c  t i o n  of  approximately 0,010 i n .  was s e l e c  t e d  f o r  c a l c u l a t i o n s  , 
T h i s  v a l u e  i s  not  coneidered e i g n i f i c a n t  compared t o  t h e  e f f e c t s  
of  a x i a l  load e c c e n t r i c i t y  (P x e) caueed by char-e i r r  f a c e  s h e e t  
th ickness  . 

Figure  14 w i l l  be used t o  d e s i g n a t e  t h e  c o o r d i n a t e s  r e q u i r e d  
f o r  s y n t h e s i s  of t h e  e n t i r e  problem. Adapting Eq [6] t o  Region 
111, and l e t t i n g  x,, t a k e  nega t ive  v a l u e s  (x3 0 we have, 

y = e  Bx3 (C5 C O S  a* + c s i n  m3).  
3 6 

e - 
a 2 

F i g .  14 Coordinate  Designat ion  

To a r r i v e  a t  Eq [ l o ] ,  w e  have made t h e  i m p l i c i t  assumption 
t h a t  d e f l e c t i o n s ,  s lopes ,  e t c ,  v a n i s h  f o r  x -P -co; i . e . ,  boundary 3 
c o n d i t i o n s  a t  t h e  l e f t  end of t h i s  beam w i l l  not  i n f l u e n c e  t h e  
r e s u l t s  of t h i s  c a l c u l a t i o n .  

Adapting Eq [6]  t o  Region 11, we have 

( B X 2  + C 2 e -pX2> c o s  ax 2 + (C3e + c4e -BX2 ) Px 
y =  C e  

1 
s i n  QSr 

2 ' 



C o n t i n u i t y  of d e f l e c t i o n ,  s lope ,  moment, and shea r  a t  

X3 = x2 
= 0 demands t h a t  

A t  x2 = a and X. = 0 ,  we r e q u i r e  c o n t i n u i t y  of s l o p e ,  moment, 
I 

and shea r :  

I f  we s u b s t i t u t e  t h e  s o l u t i o n s  of  Eq [ l o ]  and [ l l ]  i n t o  t h e  
c o n t i n u i t y  c o n d i t i o n s  of Eq [12] and [13] ,  we o b t a i n ,  i n  conjunc- 
t i o n  w i t h  Eq [9j, seven l i n e a r  equa t ions  i n  t h e  seven unknotms 
C1, C2, C3, C4 ,  C5,  C6 ,  and M t h u s  ensur ing  a  unique s o l u t i o n  

0 ' 
t o  t h e  problem. 
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T h i s  s o l u t i o n  r e s u l t s  i n  complete informat ion about s t r e s s e s  
and d e f l e c t i o q s  i f  geometry, m a t e r i a l  p r o p e r t i e s ,  and load a r e  
given, I n  p a r t i c u l a r ,  it i s  poss ib le  t o  c a l c u l a t e  t h e  normal 
bond s t r e s s g s  between t h e  corc  and f a c i n g ,  given by t h e  expres-  
s i o n  a = ky(x).  

b  

2. Appl ica t ion of Mathematical Model 

To u s t  t h e  mathematical model p rev ious ly  desc r ibed ,  a d d i t i o n a l  
mechanical proper ty  daSa were obta ined,  

Ths moment of i n e r t i a  was c a l c u l a t e d  a s  fo l lows:  

By u s i n g  t h e  d e f l e c t i o n  formula 

and s u b s t i t u t i n g  f o r  I, we o b t a i n  

Since  b  i s  made equal  t o  u n i t y ,  t h e  equa t ion  reduces  t o  

By measuring d e f l e c t i o n  i n  t h e  th ree -po in t  loaded beam t e s t  u s i n g  
0.055-in. aluminum s ~ i f f e n e d  w i t h  1 - i n ,  co re ,  an e f f e c t i v e  t h i c k -  
ness  (h)  of 0.0675 i n .  was o b t a ~ n e d .  I n  o t h e r  words, t h e  c o r e  
had an e f f e c t i v e  t h i c k n e s s  of 0.0125 in .  

The seven simultaneous equa t ions  were programed f o r  computer 
so lu t ion .  

I n i t i a l  s o l u t i o n s  f o r  t h e  g e o n e t r i e s  eva lua ted  under Cont rac t  
NAS8-5463 were compared w i t h  a c t u a l  t e s t  d a t a .  The t e s t  r e s u l t s  
f o r  Contrac t  NAS8-5463 composite pane l s  were not  s u f f i c i e n t  t o  
provide a  r igorous  conf i rmat ion of t h e  computer s o l u t i o n  because 
d e f l e c t i o n  d a t a  were not obtained f o r  t h e s e  panels .  The c a l c u -  
l a t e d  s t r e s s  i n  t h e  core  p red ic ted  from t h e  model was compared 
w i t h  t h e  t e n s i l e  s t r e n g t h  of t h e  core .  
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To provide a  more r i g o r o u s  conf i rmat ion of the  model, a t e s t  
panel was cons t ruc ted  us ing  t h e  sane dimensions a s  those  evalbated  
i n  Contrac t  NAb8-5463. D'mensions were a s  fo l lows:  

1 )  Skin  th ickness ,  0.125 i n . ;  

2) Land t h i c k n e s s ,  0.340 i n . ;  

3) Land width ,  1.750 i n .  (from c e n t e r l i n e ) ;  

4) Gap width ,  1 i n .  ; 

5) Core t h i c k n e s s ,  2 i n . ;  

6) Width, 9 in.  ; 

7 )  Hefcht ,  9 i n .  

Def lec t ions  under incremental  compressive load ing  were taken a t  
%-in. i n t e r v a l s  a long a  plane 2 in .  from t h e  edge of t h e  panel.  
The r e l a t ! ~ ~ '  between experimental  and a n a l y t i c a l l y  determined 
d e f l e ~ t i o , . ~  i s  shown i n  Fig .  15. Note t h a t  t h e  agreement i s  par-  
t i c u l a r l y  au t s t and ing .  The f a i l i n g  ioad was 108,000 l b  (6000 l b /  
i n .  of width).  The maximum d e f l e c t i o n ,  0.0072 i n . ,  was ob ta ined  
be fore  f a i l u r e  a t  a 100,000-1b load.  This d e f l e c t i o n  is  equa l  t o  
a c o r e  stress of 676 ? s i  or approximately 85% of t h e  c o r e  t e n s i l e  
s t r e n g t h .  

To o b t a i n  a  b e t t e r  va lue  f o r  core  s t r e s s ,  a  second panel was 
cantinuous?y loaded, z a t h e r  than  inc rementa i ly  loaded, and de-  
f l e c t i o n  was a u t o g r a p h i c a l l y  recorded t o  o b t a i n  maximum d e f l e c -  
t i o n  a t  t h e  f a i l i n g  load.  With t h i s  technique,  a  c o r e  s t r e s s  of 
771 p s i  (o r  more than  957: of f r a c t u r e  s t r e s s )  tTas obta ined a t  
f a i l u r e .  



Fig. 15 Comparison of An.alytica1 and Experimental Deflection Data for 
2-in.-Thick Honeycomb Panel 
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E. DESIGN OF OPTIMIZED JOINT 

The design of optimized j o i n t s  was performed f o r  the  s i x  ma- 
t e r i a l  and thickness  combinations. The importact parameters t o  
be se lec ted  were: (1) l andlsk in  thickness  r a t i o ;  (2) gap width; 
and (3) land width. 

Land/skin thickness  r a t i o  was se lec ted  consider ing design 
allowable values.  For example, Martin Company design allowable 
f o r  welded 2014-T6 aluminum a l l o y  i s  25,000 p s i ;  the  parent metal 
allowable i s  67,000 psi. The r a t i o  of these s t r e s s e s  i s  very 
c lo se  t o  2.5. Normal design p rac t i ce  a t  Martin Comp~ny i s  t o  use 
a  landlsk in  r a t i o  equal t o  2.5 f o r  2014-T6. Aluminum a l l o y  
2219-T87 a l s o  exh ib i t s  a  s imi l a r  s t r e s s  r a t i o  and would be nsed 
i n  design wi th  a  land/skin thickness  r a t i o  of 2.5. The s t r e s s  
r a t i o  f o r  7106-T6 i s  somewhat c l o s e r  t o  2.0. However, t o  ob ta in  
a  bas i s  f o r  comparison between d i f f e r e n t  a l l o y s  and because of 
t he  danger of buckling f a i l u r e  a t  a  2.0 landlsk in  r a t i o ,  t he  value 
of 2.5 was selected f o r  a l l  t h r e e  a l loys .  

Gap width se l ec t ion  was d i c t a t e d  by two f ac to r s :  

1 )  Minimum gap from adhesive degradation cons idera t ions ;  

2) Maxim~m gap from column buck1 ing considerat  ions. 

The minimum gap value was selected t o  maintain peak tercperature 
t o  no more than 400°F. From the  timeltemperature da ta  summarized 
i n  Table 11, i t  i s  shown tha t  a  gap of 1.5 in. is  s u f f i c i e n t  t o  
l i m i t  peak temperature t o  acceptable l imi t s .  Our ana lys i s  of the  
da ta  ind ica tes  t h a t  fo r  thicknesses l e s s  than 0.100 in., a  gap 
width of 1.30 in. should be acceptable;  f o r  thicknesses  above 
0.100 in. ,  a width of 1.40 in .  should s u f f i c e .  

The maximum gap width was selected using the column buckling 
formula : 

The c r i t i c a l  lengths  f o r  the  t h i n  (0.030 in . )  and t h i c k  (0.138 in . )  
land we -e 1.43 and 2.38 i n . ,  respect ively.  

The to le rance  f o r  s e l ec t ion  of gap width i n  the  thinner  design 
vas  q u i t e  small (minimum = 1.30 in .  v s  maximu~n = 1.43 in . ) .  A value 
cf  1.40 in .  was s e l ~ c t e d  t o  avoid the  danger of adhesive degrada- 
t ion.  For the  th icker  design,  a value of 1.5 in .  was selected.  
This  value gives grea t  freedom from buckling i n s t a b i l i t y ,  
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Land width was selected by obtaining an o p t h i m  r e l a t i o n s h i p  
among the following important f a c t x s :  

1 )  Miminum de f l ec t ion  a t  edge of core  (Region I t o  Region 
I1 junction); 

2) Minimum de f l ec t ion  near  edge of land (Region 111); 

3)  Minimum pos i t i ve  moment a t  edge of core;  

4) Minimum weight. 

A a e r i e r  of computer rune  war made t o  obta in  de f l ec t ion  data  
f o r  various lend widths wi th  f ixed gap and lord  f o r  both land 
tnicknesses.  A s t r e s s  level of 56,000 p s i  wee se lec ted  t o  give 
def lec t ions  typfca l  of those expected i n  t h e  v i c i n i t y  of i n s t a b i l i t y .  

Figure 16 shows de f l ec t ion  da ta  f o r  four  land width values  of 
t hc  0.138-in. lend thickness  design. .  As ehown i n  t h e  diagram, 
t he  land widths of 2.10 and 2.00 in .  g ive low de f l ec t ions  a t  po in ts  
A and B. In  addit ion,  the  moment i s  minimal. However, weight i e  
high. For the  1.75-in. land width, de f l ec t ion  is high. A t  a  
land width of ! .85 i n . ,  an intermediate value of de f l ec t ion  is  
obtained. Figure 17 summarizes t h e  3 r t a  i n  a  manner t h a t  permits 
s e l ec t ion  of the  opt i r~im width. This diagram p l o t s  de f l ec t ion  a t  
point  A, moment a t  point A, ant1 maximum d e f l e c t i o n  i n  Region 111. 
The land width value t h a t  gives  minimum d e f l e c t i o n  a t  point A,  
minimum de f l ec t ion  adjacent t o  t h e  junction of Regions I1 and 111, 
minimtlm moment a t  point A, and minimum weight i s  t h e  g ~ z l  of u r  
se lec t ion .  However, a s  shown by Fig. 17, t h i s  is impossible t o  
achieve. An ana lys i s  of t he  modes of j o in t  f a i l u r e  suggested t h a t  
t he  value of the  point of maximum d e f l e c t i o n  i n  Region I11 should 
be kept a s  small a s  possible.  A s  shown by t h e  graph, t h i s  value 
v a r i e s  l i t t l e  with width. I t  should be f u r t h e r  noted t h a t  t h e  
moment value L s  r a the r  small over the  e n t i r e  range of land widths. 
Select ion of the  land width was made by proport ionate  weighing of 
the  various parameters a f f ec t ing  performance. For t he  t h i cke r  de- 
s ign,  a  land width value of 1.95 i n .  was selecced. Similar ly ,  
an optimum land width of 1.55 in. was se lec ted  f o r  t he  thinner  
composite panel (Fig. 18 and 19). 

The r e s u l t s  of the  design opt imizat ion a r e  summarized i n  Table 
14.  
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Moment of Inertia ( in . - lb f in .  of width) 
-6 -4 -2 0 2 4 6 

2.25 I 
4 Excessive 

Weight 

\ J 
, 

I Maximum Deflection 

-- . 

Deflect ion in . )  

Fig. 17 Summary of Deflection and Moment Data (Thicker ~ e s i g n )  
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D e f l e c t i o n  (10'~ in.) 

Fig.  19 Summary of DeElection and k,ment Data (Thinner ~ e s i g n )  
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Table 14 Desigc Optimization of Welded J o i n t  

Additional computer runs  were made t o  p red ic t  f a i l u r e  loads  
and modes f o r  each specimen design.  

The t h i n  design was shown to  e x h i b i t  a  c r i t i c a l  s t r e s s  f o r  
f a i l u r e  because of p l a s t i c  deformation ( i n t e r f ace  buckling) a t  
the junct ion of Regions I1 and I11 of approximately 62,000 p s i  
using an i t e r a t i v e  process t o  ob t a in  a modulus and s t r e s s  combi- 
na t ion  t h a t  f a1  1s on the exper iments l ly  determined tangent modulus 
curve. C a l c u l a t i m s  of column buckling ind ica te  f a i l u r e  could 
occur a t  approximately 71,000 p s i .  3ecause of the c lo se  s i m i l a r -  
i t y  of these values ,  i t  cannot be determined whether f a i l u r e  i s  
expected because of column buckling across  the gap o r  i n t e r f ace  
buck1 ing . 

Land 
Width 
( i n . )  

1.55 

1.95 

. 

Skin 
Thickness 

( i n  .) 

1 z:;:: 

The th icker  design would be expected t o  e x h i b i t  f a i l u r e  be- 
cause of i n t e r f ace  buckling a t  a  s t r e s s  of approxirnateiy 65,000 
p s i ,  Columc buckling would not occur u n t i l  a  s t r e s s  of almost 
200,000 p s i  was a t t a ined .  Therefore, f a i l u r e  was predicted t o  
occur because of i n t e r f ace  buckling a t  approximately 65,000 ps i .  

Land 
Thickness 

( in.)  

0.080 

0.138 

Land/Skin 
Rat i o  

2.5 

2.5 

Gap Design 

Gap 
Selected 

(in.)  

1.40 

1.50 

Minimum Gap ' Yaximum Gap 
from Thermal , irom Buckling 

Considerations Cons'derations 
( i n . )  

1.30 

1.40 

(:.n . ) 
1.43 

2.38 
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111. PHASE I1 - ANALYSIS OF JOINTS UNDER COMPRESSION 

The o b j e c t i v e s  of Phase I1 of t h i s  r e s e a r c h  were t o  izxperi-  
m e n t a l l y  de t e rmine  t h e  behav io r  of optimum des igned  honeycomb 
j o i n t s  f o r  t h e  s i x  combina t ions  of m a t e r i a l s  and t h i c k n e s s e s  under  
compressive l o a d i n g  and t o  compare t h i s  behav io r  w i t h  t h a t  p r e -  
d i c t e d  by o u r  d e s i g n  s t u d i e s .  

The optinum d e s i g n  s e l e c t e d  i n  Phase I was used f o r  t h i s  work. 

A. FABRICATION 

To s i m u l a t e  t h e  a c t u a l  p r o c e s s i n g  f o r  composi te  s t r u c t u r e s ,  
chemical  m i l l i c g  was used t o  o b t a i n . t h e  weld l a n d s  i n  t h e  composi te  
p a n e l s .  Chemical m i l l i n g  of  t h e  2014-T6 m a t e r i a l  i n  t h e  l a b o r a t o r y  
gave p a n e l s  t h a t  met wr t h i c k n e s s  t c l e r a n c e s  o f  +0.002, -0.001 i n ,  
Chemical m i l l i n g  o f  t h e  2219 and 7106 m c t e r i a l  i n  o u r  f a c t o r y  r e -  
s u l t e d  i n  nonuni formi ty  o f  f i n a l  t h i c k n e e s ,  p robably  due t o  ope r -  
a t o r  e r r o r .  F o r t u n a t e l y ,  chemical  m i l l i n g  was ceased  a,- a  t h i c k -  
n e s s  exceeding  t h e  maximum t o l e r a n c e .  P a n e l s  were no t  s u b j e c t e d  
t o  an a d d i t i o n a l  chemica l  m i l l i n g  c y c l e  because  nonuniform i h i c k -  
n e s s  cannot  be c o r r e c t e d  u s i n g  chemica l  m i l l i n g .  T h e r e f o r e ,  p a n e l s  
were mechanica l ly  m i l l e d  t o  f i n a l  d imens ions .  Mi l l ed  p a n e l s  were 
12x24 i n . ,  c o n t a i n i n g  t h e  f u l l  l and  w i d t h  c e . ~ t e r e d  on t h e  l o n g i -  
t u d i n a l  a x i s .  Pane l s  were *;?lit i n t o  6x24- in ,  s e c t  i o n s  b e f o r e  
bonding. To e n s u r e  good bonding behav io r ,  e a c h  pane l  was c a r e -  
f u l l y  c leaned  i n  an  a c i d  s o l u t i o n  (ac i s i f  i e d  s o d i ~ a  d ichromate  
s o l u t i o n ) ;  c o r e  m a t e r i a l  was vapor  deg reased .  Each pane l  was 
c a r e f u l l y  measured t o  de t e rmine  t h i c k n e s s ;  mated p a n e l s  were hand 
s e l e c t e d  t o  g i v e  uni form t h i c k n e s s  of  t h e  composi te .  To a c h i e v e  
uni form p r e s s u r e  d u r i n g  t h e  bonding c y c l e ,  t S e  s k i n  t h i c k n e s s  
s r e a  was shimmed t o  w i t h i n  0.001-in.  o f  t h e  weld l and  t h i c k n e s s .  
A s  shown i n  F ig .  20, two h a l f  p a n e l s  were b u t t e d  t o g e t h e r  f o r  
bonding. The gap s p a c i n g  was ob ta ined  by u s i n g  a  p r e c i s i o n  ma- 
ch ined  s p a c e r  b a r  d u r i n g  t h e  p o s i t i o n i n g  o f  t h e  c o r e  and f a c e p l a t e s .  
A f t e r  p o s i t i o n i n g ,  p l a t e n  p r e s s u r e  was a p p l i e d ,  t h e  s p a c e r  b a r  was 
removed, and t h e  bond h e a t i n g  c y c l e  was i n i t i a t e d .  



111-2 Mar tin-CR-66 -47 

Fig. 20 Four 6x24- in .  Panels Ready for Bonding 

I 
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Bonding was achieved i n  a  ~ 5 0 - t o n  p- ast tic t ,olding p r a s s  i n -  
co rpora t  i n g  3 - f t  square heated p l a t e n s .  Foa.: 6x24-in. sc:c t i o n s  
were bonded i n  each thermal cyc le .  T h i s  p r ~ v i a e s  s u f f i c i e n t  ma- 
t e r i a l  f o r  four  f i n i s h e d  9x9-in. pane l s .  Two l a y e r s  of HT424 
adhesive were used f o r  each bonded su r face .  A 50-ps i  p ressu re  
was maintained l u r i n g  h e a t i n g  and c o o l i n g ,  The thermal c y c l e  was 
a s  fo l lows:  

1 )  Heating - Average r a t e  of  10°F/minute;  

2)  Cure - 60 minutes a t  350°F: 

3) Cooling - Free  coo l ing  average r a t e  of  less tha.1 
1°F/minute. 

The adhes ive  was l a i d  up w i t h i n  f i v e  minutes a f t e r  removal from 
t h e  s t o r a g e  r e f r i g e r a t o r .  Layup was a l s o  performed on an ambient 
temperature  plate^ t o  prec lude  t h e  p o s s i b i l i t y  of p l m a t a r t  c u r i n g  
dur ing  layup.  

A f t e r  bonding, natched h a l f  panels  were welded u s i n g  t h e  auto-  
matic T I C  process .  Welding schedules  were checked us ing  p r a c t i c e  
panels .  It wcos determined t 5 a t  t h e  scIiedules e & t a b l i s h e d  us ing  
t h e  i n s u l a t e d  backup f l a t  panels  were c l o s e  t o  thobe r e q u i r e d  f o r  
weldigg of composite p a n e l s ,  but require' a small  i n c r e a s e  i n  c u r -  
r e n t  l e v e l  t o  acccunt  f o r  s l i g h t l y  d i f f e r e n t  c h i l l i n g  c h a r a c t e r -  
i s t i c s  of t h e  f i x t u r i n g .  A f t e r  welding,  9-in.  square panels  were 
machined from Lhe 12x24-in. assembly. 

B. TEST TECH.?,IQI'ISS 

. T e s t i n g  was performed u ~ i n g  t h e  modified ASTM-364-61 compres- 
s ion  f i x t u r e  descr i?ed  i n  our  previous  work.* F i g w e  21  shows t h i s  
dev ice .  For cryogenic t e s t i n g ,  -320°F, t h e  e n t i r e  f i x t u r e  was 
placed i n  a f la t -bot tomed i n s u l a t e d  i o n t a i n n r .  

The compression t e s t  fixtuv:e was a l igned  U M ~ ~ R  composite pane l s  
instrumented w!th s t r a i n  gages ~ o u n t e d  on oppos i t e  f aces .  The f i x -  
t u r e  was a d j u ~ t e d  u n t i l  uniform s t r a i n  w ~ a  achieved irl hot:-. f a c e s .  
Severa l  d i f f e r e n t  pane l s  were used f o r  alignment c h c c ~ r n g .  The f i x -  
t u r e  was maintained i n  t b t  a l igned  p o s i t i o n .  A l l  r u m  "npzrature 
t e s t i n g  was pel formed us ing noninstrumente? panels .  A ~ L i n i l d r  
a1  ignrnent procedure was used f o r  .:ryogenic t e s t i n g  . However, ap-  
proximately ha l f  of t h e  composite pane l s  were t e s t e d  u s i , ~ g  s t r a i n  
gages f o r  al ignment conf i rna t i .on .  No evidence of l o s s  cf  alignment 
was noted. *, . 

-- 
*A. A.  Ezra e t  a l .  : Explosive Formifie; a n d w e l d i n g  OL Honeycomb 

Sandwich M a t e r i a l ,  F i n a l  Report .  Martin-CR-64-36. U r t i n  Conpany, 
Denver, Colorado, October 1964. 
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Test ing was performed a t  a constant  p la ten  speed of 0.003 t o  
0.005 in./minute. 

TEST RESULTS AND DISCUSSION 

Test  r e s u l t s  f o r  each a l l o y  a r e  summarized i n  Tables 15 thru 
17, which give f a i l i n g  load,  sk in  s t r e s s ,  and type of f a i l u r e .  
Three types  of f a i l u r e s  o r  combinations were encountered. These 
a r e  : 

1) In t e r f ace  buckling; 

2) Column buckling; 

3) Adhesive f a i l u r e .  

Figures  22 t h ru  26 show t h e  var ious  types of f a i l u r e s  encoun- 
tered.  Figure 22 shows t h e  i n t e r f a c e  buckling f a i l u r e  exhibi ted 
by 16 of t h e  18 thick-gage specimens t e s t e d .  The remaining two 
samples (both 7106-T6 t e s t e d  a t  -320°F) displayed adhesive f a i l u r e s  
(Fig. 23). However, s t r e s s  a t  f a i l u r e  was not s i g n i f i c a n t l y  lower 
than t h a t  observed f o r  t h e  t h i r d  specimzn t h a t  d id  not f a i l  ad- 
hesively.  

The thinner-gage specimens exhibi ted column buckling, i n t e r -  
face buckling, o r  a combination of both, a s  shoan i n  Fig.  24, 
25, and 26, respec t ive ly .  No adhesive f a i l u r e s  were observed. 

Comparison of experimental x i t h  predicted behavior gave excel  - 
l e n t  r e s u l t s .  The pred ic t ions ,  al though made f o r  a l l  t h r ee  a l l o y s ,  
apply pr imari ly  t o  t h e  2014-T6 composition because compression 
tangent modulus da ta  were obtained only f o r  t h i s  a l l o y .  Therefore,  
t he  predicted f a i l u r e  s t r e s s e s  would be expected t o  be high f o r  
t he  o the r  two lower-strength a l l o y s .  

The pred ic t ion  f o r  t he  t h i ck  specimens was f o r  i n t e r f a c e  buck-  
l i n g  t o  occur a t  a sk in  s t r e s s  of 65,000 psi .  Experimental re -  
s u l t s  confirmed pred ic t ions  i n  t h a t  a l l  specimens f a i l e d  i n  t h e  
mode predicted.* Fa i lu r e  s t r e s s  f o r  the  2014-T6, 68,700 p s i  (avg), 
was q u i t e  c lo se  t o  t he  pred ic t ion .  The o ther  two a l l o y s  f a i l e d  
a t  decreasing s t r e s s e s  i n  proportion t o  t h e i r  s t rength .  

*Adhesive f a i l u r e  must be excluded from cons idera t ion  because 
it i s  not p red ic tab le ,  
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Table 15 Compressive Strength of 2014-T6 Composite Panels 
L - J 

Land Thickness 
(in-) 

Failure Load skin  s t r e s s  
(ksi)  

Type of 
Fa i lure*  

70°F 

0.138 

0 .OW 

73.2 

70.1 

62.7 

68.7 Avg 

54.3 

72.3 

69.3 

62 .O 

30.3 

I 

I 

I 

I&C 

I@ 

I&C 

r 

54.5 

33.8 

-320°F 

57.3 

59.L 
57.1 Avg 

0.138 

0.080 

*I = interface buckling fa i lu re ;  
C = column buckling fa i lu re .  

4 

80.9 

83.3 

81.7 
82.0 Avg 

52.2 

66 .O 

70.4 

62.9 Avg 

80.0 

82.5 

80.8 

30 .O 

38 .O 

40.5 

1 

I 

I 

I 

C 

I&C 

I 
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Table 16 Compressive Strength of 2219-T87 Composite Panels 

Land Thickness 
(in.) 

Fai lure Load 

(lo3 lb)  

70°F 

Skin St ress  
(ks i )  

0.138 

0.080 

9 

Type of 
Failure* 

65.0 

59.8 

56.5 

28.8 

33 .o 
28 .O 

-320°F 

65.7 

60.5 

=. 
61.1 Avg 

48.7 

55.7 

48.7 
51.0 Avg 

0.138 

0.080 

I 

I 

I 

I 

I 

C 

*I = in ter face  buckling fa i lu re ;  
C = column buckling fa i lu re .  

75 .O 

78.3 

74.5 

39 .O 

34.8 

39.8 

75.8 

79.1 

75.3 

76.7 Avg 

67.8 

60.5 

67.2 

65.2 Avg 

I 

I 

I 

C 

I 

I 
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Table 17 Compressive Strength of 7106-T6 Composite Panele 

Type of 
Failure* 

Skin Stress 
(ks 1) 

Land Thickness 
(in.) 

Failure Load 

(d ib) 
70 OF 

I 

I 

I 

I 

C 

C 

C 

53.4 

57.1 

55.6 
55.4 Avg 

50 .O 

48.3 

50.4 

49.6 Avg 
1 

0.138 

0.080 

52.8 

56.5 

55.0 

28.8 

27.8 

26.3 

-320°F 

A 

I 

A 

C 

I6rC 

I 

0.138 

0.080 

*I = interface buckling fai lure;  
C = column buckling fai lure;  
A = adhesive fa i lure .  

t ~ x c e s s i v e  gap. 

64.5 Avg 
of 2 

65.5 

66.0 

64.5 

23 .O 

34.8 

37 .o 

66.2 

66.7 

65.2 
66.0 Avg 

40.0t 

60.5 

68.5 
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Ths 0.138-in.-thick specimens t e s t e d  a t  -320°F a l l  shawed in -  
creased strengthentng and, except f o r  the  two 7106-T6 specimens 
t h a t  exhibited adhesive f a i l u r e ,  t h e  i n t e r f a c e  buckling mode was 
noted. 

The c lo se  s i m i l a r i t y  of t h e  predicted sk in  s t r e s s  f o r  i n t e r f a c e  
(62,000 ps i )  v s  column buckling (71,200 p s i )  precluded s e l e c t i o n  
of a f a i l u r e  mode i n  the 0.080-in.-thick specimens. Tes t  r e s u l t s  
showed t h a t  f a i l u r e  f o r  the  2014-T6 occurred a t  57,000 p s i .  The 
o ther  a l l oys  f a i l e d  a t  s l i g h t l y  lower s t r e s s e s .  Our i n a b i l i t y  t o  
p red i c t  f a i l u r e  mode was confirmed by eva lua t ion  of the  types of 
f a i l u r e :  column, i n t e r f ace ,  and combination buckling. 

Cryogenic t e s t i n g  of t h e  0.080-in.-thick specimens showed 
strengthening with reduction i n  temperature. One specimen 
(7106-T6) showed column f a i l u r e  a t  40,000 p s i .  An examination of 
t he  d i x n s i o n  da ta  showed t h a t  t h e  gap (1.50 in.)  exceeded t h e  
estimated c r i t i c a l  column buckling length of 1.43 i n .  Other spec i -  
mens were very c lo se  ta t h e  design value of 1.40 in .  
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I V ,  PHASE I11 - CWARISON OF A COMBINATION WELDED-BONDED JOINT 
WITH THE OPTIMIZED WELDED JOIm 

The purpose of t h e  Phase 111 r e s e a r c h  was t o  determine t h e  
e f f i c i e n c y  of a  combinat ion  welded -bonded j o i n t  compared t o  t h e  
optimized welded j o i n t  developed and evaluated  i n  Phascs I and 
11. 

The fol lowing f a c t o r s  guided des ign of t h i s  j o i n t :  

1) Weld j o i n t  des ign  s t r e n g t h  = 25,000 p s i ;  

2) Weld j o i n t  tv be b u t t  type  w i t h  s k i n  th ickness  of 
0.a55-in. (no weld l ands ) ;  

3) Two reinforcement m a t e r i a l s  would be used, 7075-T6 
aluminum a l l o y  and AISI 301 f u l l  hard  s t a i n l e s s  a 'ee l ;  

4) Core and adhesive t o  be t h e  same a s  used i n  Phase 11; 

5) J o i n t  i s  t o  occur i n  one f a c e  shee t  only .  

A. MECHANICAL PROPERTIES AND JOINT DESIGN 

The p r i n c i p a l  requirement f o r  pre l iminary  des ign of  a combi- 
na t ion  welded-bonded j o i n t  was t o  e v a l u a t e  t h e  e f f e c t  of adhesive 
bond reinforcement on t h e  weld s t r e n g t h .  

Four weld panels  of 0.063-in.-thick 2014-T6 were prepared 
us ing e x i s t i n g  weld schedules.  Three psi iels  were shaved t o  pro- 
v ide  a f i a t  su r face  f o r  adhes ive  bonding. T e n s i l e  t e s t s  performed 
on as-welded coupons gave t h e  fo l lowing  r e s u l t s :  

T e n s i l e  specimens were prepared wi th  an adhes ively  bonded 
(HT 424 adhesive) r e i n f o r c i n g  s t r i p  a c r o s s  t h e  weld. It was rec- 
ommended by NASA t h a t  a  maximum reinforcement t h i c k n e s s  of 0.040-in. 

Condit ion 

As-Welded, Bead 
I n t a c t  

As-Welded, Bead 
Shaved 

Ul t imate  s t rengt t .*  (ksi) '  
, 

56.2 

41.2 

A 

*Average of t h r e e  t e s t s .  



Mart in-CR-66-47 

be used t o  preclude machining the  core t o  accoamodate the  r e in -  
forcement. Test r e s u l t s  a r e  summarized i n  Table 18. 

Table 18 Effec t  of Adhetjivcly Bonded ~ e i n f o r e e w n t *  
on the  Weld Strength of 0.063-in. 2014-T6 
Alum 

Reinforcement 
Material 

*2-in. wide do 

Thickness 
(in.)  

~bler:  bonde 

Fai lure  
-- 

Peel 

Pee 1 

Tensi le  

68.1 Peel 

57 .5 Tensi le  

I. with HI-424 adhesive 

The data show t h a t  a s  reinforcement thickness  i s  decreased, 
t e n s i l e  s t rength  a l s o  decreases. A t r a n s i t i o n  from adhesive peel  
f a i l u r e  t o  a  t e n s i l e  f a i l u r e  through the  reinforcement occurs 
with reduction i n  thickness. The j o i n t  s t rength  f o r  the 0.032- 
in .  7075-T6 and 0.010-in. 301 FH s t a i n l e s s  s t e e l  reinforced speci- 
mens i s  within a  few thousand p s i  of the  typ ica l  parent metal 
strengch f o r  2014-T6. Optimization of the  reinforcement by 
varying both doubler width and thickness was beyond the  scope of 
t h i s  program. Therefore, the  0.032-in. 7075-T6 and 0.010 301 FH 
were selected fo r  panel fabricat ion.  I n  addi t ion,  it was planned 
t o  prepare a  few panels reinforced with 0.025-in. 7075-T6 t o  de- 
termine whether s t a b i l i z a t i o n  of the j o i n t  by the  underlying core 
material  gives improved s trength.  

B. FABRICATION 

Faceplate material  (2014-~6) was chemically milled from 0.063 
t o  0.055 i n .  Welding schedules were optimized f o r  the 0.055-in. 
gage. Weld panels were carefu l ly  welded t o  provide minimum m i s -  
match. After welding and radiographic inspection, panels were 
machined t o  remove the top surface of the  weld bead. 
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The e n t i r e  bonding opera t ion  was performed i n  a s i n g l e  cycle .  

F igure  27 i s  a schematic diagram of t h e  layup f o r  bonding. 
Panels  were bonded a s  10x10-in. s e c t i o n s  and then machined t o  
f i n a l  9x9-in. s i z e .  

2 Layers, 0  - 0 5 5 - i n .  2014-T6 

0 . 0 1 5 - i n .  424 Facepla te  . 

F i g .  27 Schematic o f  Phase 111 Panel  Layup 

- 
I 

-2 .O-in. Hexcel l  HRP 
3116- in .  C e l l  S i z e  

2 Layers, 0 . 0 1 5 - i n .  HT 424 /</ --,/ 
Doubler (Aluminum or  S t a i n l e s s  S t e e l )  

- 1  Layer, 0 . ' 1 5 - i n .  KT 424 

- - 
1-1 

b I I 
\ \ \ I 

0 . 0 5 5 - i n .  Welded and Shaved 2G' 4-T6 Facepla te  

0 . 0 6 3 - i n .  Aluminum Spacer 

0 . 0 8 0 - i n .  S i l i c o n e  Rubber 
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C. TEST RESULTS AND DISCUSSION 

Tes t ing  of the  Phase I11 panels was achieved using t h e  same 
techniques previously described f o r  the  Phase I1 panels.  

Test  r e s u l t s  a r e  given i n  Table 19,  Resul ts  showed t h a t  i n  
a l l  cases  the  skin s t r e s s  exceeded t h a t  found i n  Phase I1 thick 
gage specimens. Very l i t t l e  d i f fe rence  i n  s t r eng th  a s  a funct ion 
of reinforcement mater ia l  and thickness  was observed. A sub- 
s t a n t i a l  strengthening occurred a t  low temperatures. 

Two types of f a i l u r e s  were encountered. The bulk of t h e  
specimens f a i l e d  due t o  bending a t  t h e  edge of t he  r e in fo rc ing  
s t r i p  (Fig. 28) .  Several  specimens f a i l e d  adjacent  t o  t he  s l o t  
in  the  t e s t  f i x t u r e  (Fig. 29). 

It i s  i n t e r e s t i n g  t o  note t h a t  t he  Phase 111 specimens were 
not optimized, but designed on the  bas i s  of very l imi ted  meshan- 
i c a l  property data.  However, t h e  t e s t  r e s u l t s  showed s t r eng th  
supe r io r i t y  compared t o  the  optimized Phase I1 specimens. 
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Table 19 Compressive Strength of Welded-Bonded 2014-T6 Composite 
Panel s 

Reinforcement 

Material I Thickness (in.) Load (lo3 lb) 

70 O F  

Skin Stress 
(ks i) 

Type of 
Failure* 

B 
A 
A 
B 
B 

A 
A 
A 

A 
A 
A 
A 
A 

72.8 
74 .o 
76 .O 
65 .O 
!&!I 
71.3 Avg 

72.2 

72.0 
73.3 
75 $3 
64.3 
68 .O 

71.5 

301 FH 

7075-T6 

-3209 

0.010 

0.025 

7075-T6 

301 FH 

7075 -T6 

7075-T6 

0.032 

73.8 74.6 

*A = Bending failure initiating at end of reinforcement ; 

B = Failure adjacent to slot in test fixture. 

+Failure on unwelded side due to unsymmetrical construction of 
panel; unwelded face sheet was approximately 0.010-in. longer 
than welded face sheet. 

58.8 
88.9 
93 $ 2  
92.2 

72 .O 

65.3 
69.5 
66.8 
72.5 
73.5 

t 
B 
B 
A 

0.010 

0.025 

0.032 

- 72.8 
73.2 Avg 

66 .O 
70.2 
67.5 
73.2 
73.2 
70.0 Avg 

58.2 
88 .O 
92.3 
91.3 
93 .O 

92.9 
85 .O 

86.8 
89.3 
88.3 
91.3 
91.3 - 
89.4 

- 93.9 I A 
92.1 Avg of 4 

93.8 
85.8 
89.8 Avg 

87.7 
90.2 
89.2 
92.2 
92.2 
90.3 Avg 

A 
A 

A 
A 
A 
A 
A 





Mart in -CR-66 -4 7 f !'- 7 



Mart in-CR-66 -47 

V . CONCLUSIONS AND REC(BIMENDAT IONS 

The research performed i n  Phases I and I1 of t h i s  work con- 
f i rm t h a t  the  s t r u c t u r a l  ana lys i s  approach can be used t o  design 
optimum welded composite j o i n t s ,  Experimental confirmation of 
predicted performance showed exce l len t  agreement between theory 
and experiment. Actual property da ta  obtained f o r  two designs 
of t h ree  d i f f e r e n t  a l l oys  showed t h a t  t he  compressive s t r eng th  
of panels with a 3.138-in, land thickness  c l o s e l y  checked pre- 
dic ted s t rength .  The s t rength  pred ic t ion  f o r  the  t h i n  panels 
war  lightly higher than experimental d a t a ,  

Resul ts  from the  not f u l l y  optimized welded-bonded panels 
designed and tes ted  i n  Phase I11 showed higher  s t r eng th  than the  
Phase I1 welded panels,  

The most se r ious  problem encomtered i n  applying the prebonded 
conmon bulkhead appears t o  be fabr ica t ion .  I n  our work, it wae 
noted t h a t  ca re fu l  precautions were required to obtain high-qual i ty  
f l a t  panels, The problems reported i n  making t h e  l a rge  s t r u c t u r e  
a r e  even more severe.  From our obeervations,  fub r i ca t ion  of 
s t r u c t u r a l  iteme using the  Phaee I11 design would be much s impler ,  

As a r e s u l t  of our research under NASA Contracts  NAS8-5463 
and NAS8-20125, several  iteme requi r ing  add i t i ona l  research  have 
been iden t i f i ed .  These a r e  a s  follows: 

1) Bond l i n e  thickness  e f s e c t s  f o r  var ious  supported 
f i l m  adhesives;  

2) Ribbon o r i e n t a t i o n  e f f e c t s ;  

3 )  Tensi le  behavior of composite sec t ions ;  

4 )  Behavior under c y c l i c  and susta ined loading. 
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Table A-1 Tensi le  p rope r t i e s  of Parent  Metal,  2014-T6 Aluminum Alloy 

Temperature 
(OF) 

Thickness 
( i n .  

Ultimate Tens i l e  
Strength (ks i )  

68.6 
70.3 
70.4 
69.7 
69.8 
69.8 Avg 

83.8 
83.2 
84.0 
81.2 
83.7 
83.2 Avg 

72.1 
72.1 
71.8 
72.1 
72.2 
72.1 Avg 

88 .O 
88.6 
88.4 
85.2 
88.4 
87.7 Avg 

- - -  

Yield S-rength, 
0.2% Of f se t  ( k s i )  

62.2 
63.2 
63.8 
63.2 
63.1 
63.1 Avg 

75.9 
76.2 
76.9 
73.5 
77.2 
75.9 Avg 

68 .O 
67.4 
67.6 
67.6 
67.5 
67.6 Avg 

83.5 
82.4 
82.7 
74.0 
82.7 
81.1 Avg 

- -- - -  

Elongation 
(% i n  2 i n .  ) 

8.0 
10.5  
11 .0 
10.0 
10.5 
10 9 Avg 

li.C - - 
I - - 

12.0 - - 
1 11.5 Avg 

13 .O 
12.5 
12.5 
13.5 
12.5 
12.8Avg 

I - - 
14.0 

1 15.0 
I - - 
I 0 - 
1 I 14.5 Avg 
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Table A-2 Tensile Properties of Parent Metal, 2219-T87 Aluminum Alloy 

Temperature 
(OF) 

I 

70 

-320 

70 

-3 2 0 

Yield Strength, 
0.2% Offset (ks i )  

-- 
57.8 
56.9 
57.1 
57.3 
57.3 Avg 

76.9 
76.7 
77.2 
76.8 
76.6 
76.8 Avg 

57.1 
57 . 1 
56.5 
56.8 
56,9 
56,9 Avg 

74.4 
74.4 
78.5 
74.7 
75.0 
75.4 Avg 

Thickness 
( in.)  

0.080 

0.080 

0.138 

0.138 

Elongation 
( X  i n  2 in.) 

9.0 
9.5 
7.5 
9.5 
9.5 
9.0 Avg 

8.5 
10.5 
9.5 

11.5 
10.5 
20.1 A v ~  

11 .O 
10.5 . 

11.5 
11.5 
11.5 
11.2 Avg 

15.0 
14.0 
13.0 -- 
12.0 
13.0 Avg 

Ultimate Tensile 
Strength (ksi) 

70.0 
69.8 
69.1 
69.4 
69.5 
69.6 Avg 

87.8 
88 .O 
85.6 
88 .O 
88.0 
88.1 A\-g 

68.9 
68.9 
68.2 
68.4 
68,2 
68.2 Avg 

85.8 
85.7 
86.3 
85.8 
86.3 
86.0 Avg 



Table A-3 Tensile Properties of Parent Metal, 7106-T6 Aluminum Alloy 

Elongation 
(% i n  2 in . )  

7.0 
10.5 
10.0 
11.5 
7.5 
9.3 Avg 

16.0 
12.5 
10.0 
14.0 
9.5 

12.4 Avg 

11.5 
11 .O 
9.5 

11 . O  
11 .O 
10.8 Avg 

16 .O 
16.5 - - 
17.5 
13.5 
15.9 Avg 

h 

Temperature 
(OF) 

L 

70 

-320 

7 0 

-320 

Thickness 
(in.  

0.080 

0.080 

0.138 

0.138 

Ultimate Tensile 
Strength (ks i )  

55.4 
58.5 
57.9 
56.4 
54.2 
56.5 Avg 

77.4 
79.4 
78.5 
77.6 
76.9 
78.0 Avg 

62.8 
62.5 
62.3 
62.4 
63.7 
62.7 Avg 

85.5 
85.9 
88.1 
86.1 
85.1 
86.1 Avg 

Yield Strength, 
0.2% Offset (ks i )  

48 -4  
50.8 
50.5 
48.2 
46.0 
48.8 Avg 

65.0 
67.2 
66.8 
65.3 
65.9 
66.0 Avg 

55.7 
55.4 
55.3 
55.5 
56.5 
55.7 Avg 

73.7 
74.0 
82.8 
74.2 
73.5 
75.6 Avg 



Table A-4 Tensile Properties of Welded 2014-T6 
Aluminum Alloy+ 

Yield Strength 
O.?X Offset ( h i )  

I 

35.2 
34.0 
35.5 
34.5 
35.1 
34.9 Avg 

57.6 
56.9 
57.2 
57.5 
57.3 
57.3 Avg 

34.5 
34.3 
34.2 
34.3 Avg 

/ -- 
57.1 - - 
56.0 
57.9 
57 .O Avg 

Temperature 
(OF) 

7 0 

-320 

70 

-320 

*DC automatic TIG welded, straight polarity; 4043 f i l l e r .  
i 

Thiclcness 
( in.  

0.080 

0.080 

0.138 

0.138 

Ultimate Tensile 
Strength (ks i) 

52.2 
52.7 
53.8 
53.8 
51.1 
52.7 Avg 

59.8 
61.3 
58.9 
59.3 
61.0 
60.1 Avg 

47.0 
49.8 
48.7 
48.5 Avg 

55.7 
57.3 
55.8 
59.3 
58.8 
57.4 Avg 
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Table A-5 Tensile Properties of Welded 2219-T87 Aluminum ~ l l o ~ *  
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Table A-6 Tensi le  P rope r t i e s  of Welded 7106-T6 Aluminum Alloy* 

Yield Strength,  0.2% 
Off s e t  ( k s i )  

38.0 
38.8 
38.0 
38.0 
38.2 
37.5 
38.1 Avg 

57.6 
57.7 
58.4 
55.7 
57.9 
56.7 
57.3 Avg 

39.1 
37.5 
38.6 
37.7 
37.5 
38.1 Avg 

58.6 
58.2 
57.9 

* 58.2 
58.9 
58.3 Avg 

Temperature 
( O F )  

7 0 

-320 

7 0 

-320  

*D(: a u t o m a t i c  TIC we lded ;  5180 f i l l e r ;  n a t u r a l l y  aged 30 days. 

Thickness 
( i n . )  

0.080 

0.080 

Ultimate Tensi le  
S t reng th  ( k s i )  

50.5 
52.4 
51.2 
51.1 
50.9 
50.3 
51.1 Avg 

60.2 
61.2 
64.4 

I 65.1 

0.138 

0.138 

59.3 
58.6 
61.5 Avg 

55.3 
54.0 
55.2 
54.3 
53.8 
54.5 Avg 

63.2 
58.8 
60 .1  
6 l . 8  
63.6 
61.5 Avg 
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