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PREFACE

This report describes the work performed at Vought Corporation Advanced
Technology Center during the per iod 17 May 1977 to 17 May 1978 on a metals
laminate development for structures program. This program was conducted for
the Naval Air Systems Command under Contract No. N000l9-77-C-0287. The pro-
Ject mon i tor was Mr. W 1. Highberger , Code AIR-52031D, Nava l Air Systems
Command, Wash i ngton , 0. C.

The program was conducted under the supervision of Dr. D. H. Petersen.
The principa l i nvesti gator for this i nvestigation was Dr. R. M. Johnson. Dr.
R. D. Goolsby provided much helpfu l Information . Techn i cal support, in many
cases of an i nnovative nature, was provided by Messrs. J. H. Thomas, 1. E.
Mackie , B. K. Aust in , J. B. M idd lebrook, J. G. Casti llo , R. E. Duva l and
J. Soroka. Support for laminate fabrication was provided by Mr . J. F. Dolowy ,
Jr., DWA Composi tes Specialties , In c.
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1.0 INTRODUCT I ON

The app l i ca ti on of me tal lam inates in s truct u ral desi gn has seen an
increased interest in the past few years , particularl y i n the aerospace
field. Metal laminates are attractive as structura l elements because

they potentiall y offer greater reliability, Increased life expectancy ,

and lower cost than conventionall y forged and machined components. In

par t icular , the high fracture and fatigue resistance and the crack arrest

properties of metal lam i nates have been the subject of intense i nvesti-

gation) 21 These studies have included eva l uations of metal/epoxy and

metal/metal laminate panels , as well as structura l component fabrications

us ing laminated materials. Most of the studies related to aerospace

applications have concentrated on meta l /epoxy systems primaril y because
of the potential fabrication cost sav i ngs associated with these materials.

However , metal/epoxy systems have been limited in prima ry aerospace struc-

tura l applications because of uncertainties regard i ng their use in the

presence of hostile env i ronments (e.g., sal t water) and their use at

elevated temperatures. According l y ,  totall y metallic laminate systems

shou ld be usef u l fo r s truc tu res opera t ing under these more severe serv i ce
condi ti ons.

The present investigation is in its second year and i s concerned wi th

development of totally metallic laminates for aerospace structural appli-

cation. In spite of the numerous studies that have been conducted in the

past on both metal/epoxy and metal/metal laminates , I nsufficient infor-

mation regard i ng material , conf i gurational , and p rocessin g var i ables is
available for efficient structural design using metal/meta l laminates.

Th is study has been directed toward determining the effects of these

various parameters on the fracture and fatigue properties of Al/Al , Ti /Al
and Ti/Ti lam i nates.

In the f i rs t yea r ,2t 
seven different laminate configurations were

fabricated by three dis tinctive processing methods: diffusion bond i ng ,

roll bonding and explosive bond i ng . The materials systems investi gated
were 7475 A l/l 100 Al , 7075 Al/7072 Al , and Ti-6Al-4V/606 l Al. These

materials were eva l uated for strength , fracture and fatigue properties

and compared to sheets and p lates of si milarl y treated monolithic alloys.

~ 
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The work this second yea r has been for the most par t concentrated on
diffusion bonded all alum i num and diffusion bonded all—titanium laminates .

Some work on adhesively bonded al uminu m has been performed fo r compa r iso n w ith
the all alum i num systems and a preliminary study was begun on diffusion bonded

Ul t rah i gh Carbon (UHC) Steel/interstitial Free (IF) I ron laminates .- The effects

of periodic overloads on fati gue crack propagation in roll bonded Al/A l has

been exami ned also. The specific systems evaluated this year were : diffusion

bonded 7475 Al/ I 100 Al , 71475 Al/606l Al , 7075 A 1/l 100 Al , 7075 Al/7072 Al ,

Ti-6Al- ZeV Commercially Pure Ti , UHC S teel /IF Iron , adhes i v e l y  bonded 7475 Al and

7075 Al and roll bonded 7475 Al /llOO A l.

The spec i f i c  experimenta l program conducted was designed to isolate
the following parameters affecting diffusion bonded meta l /metal lam i nates .

Process in g Procedures - The effects of vary i ng surface prepa-

ra t ions , bond ing t imes , pressures and temperatures on the

in tegrity of the diffusion bond i ng were explored . The ob-

jeCtive was to obtain clean bond plane interfaces as free as
possible from inc l uded ox i des and wh i ch would have good shear

strengths and resist premature delam i nation .

Alloy Type - 7075 Al and 7475 Al (both having very similar

chem ica l composition) were used as primary metals for direct

compar i sons regarding the use of these two aluminum alloys in

lam inates . Titan i um and ultrahigh carbon steels were also

used as primary lam i nate metals to eva l uate their utilities

in lam i nate design.

inter leaf Thickness Effects - Three different Interleaf thick-

nesses were employed in the f ab r i c a t i on  of three lam i nates

processed by the same method (diffusion bonding) and having

the same metal /metal constitution (7475 A l/llOO Al). Test

resul ts from these three laminates allowed comparison of

metallurigica l ,tens lle , bond plane shear strengths and fracture

properties as & function of Interleaf thickness.

The parameters considered in the adhes i vely bonded lam i nates included

the fol lowing :
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improved Adhes i ves - Higher durability adhesives have been de-

ve loped in the last few years  and surface treatments have

been improved . Evaluation of the properties obtainable in

lam i nates formed us i ng the new generation material s and

techniques to verify the improvements and to compare to all

metal systems was the objective here.

* Primary Metal Thick ness - The th i ckness of pr i mary shee ts was
varied as well as the total thickness of the lam i nates (using

d ifferent numbers of layers). Thickness effects on properties

could be extracted from appropriate comparisons.

Al loy  Type - 7075 Al and 7475 Al were used for direct compari-

son of these different primary alloy metals in the adhes i vely

bonded laminates . This information also allowed comparison to

the all metal systems.

The fracture behavior of these materials were characterized in both crack

d ivider and crack arrest orientations . The metallurg i ca l properties and

fa ilure mechanisms were documented using optica l metai lograp hy, electron
p robe mi croana lys i s , and scanning electron microscopy.
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2.0 EXPERIMENTAL PROCEDURE

2.1 MATERIAL SELECTION

• The essential first step in an experimental i nvestigation of metal/metal

-
~~ lam in a tes i s the selection of pr imary and secondary la min ae ma ter i als and

th i cknesses. From the numerous i nves t iga t ions that have been conduc ted on
all types of laminar compos i te systems , it has been noted that the principa l

fac tors wh i ch affec t the frac ture res i s tance of lami nates are :

(1) Primary metal properties - strength , toughness , ductility, etc.
(2) Secondary (bond i ng or interleaf) meta l  - strength , ductility

bonding properties.

(3) Pr ima ry metal lamina thickness

(4) Secondary meta l (interleaf ) thickness

The selections of these metals are described below.

Prima ri Metal Selection. In the present invest igation , aluminum and

ti tanium alloy s were considered for application as primary metals , because of
the advantageous strength-to-we i ght rat ios of these alloys . Ul trah ig h carbon

steels developed by Sherby at Stanford were considered for the unique processing

potential (superplastic behavior) and anticipated low costs (similar to low /
allo y steels). .Selections of the exact alum i num and titanium alloys were based

on fracture toughness vs. thickness characteristics , strength , fati gue resistance ,

corros i on res i s tance , and stress corros i on resistance . The alloys selected on

this basis were 7075-T6, -T76; 7475-161 , -T761; and recrystallization annealed

Ti-6A1-4V . The baseline sheets and plates that were used in this i nvesti gation

are given in Table 1.

Seconda ry (Bond i ng or Interleaf ) Selection. The secondary material is con-

sidered i mportant primar ily because of its effect on bondp lane strength , and

therefore on the tendency of the primary laminae to fail in a plane stress manner.

Failure of the primary lam i nae under plane stress conditions is necessary to

ach ieve maximum fracture toughness. In all metal laminate preparations , a soft

I nterleaf metal was emp loyed as the secondary or bond i ng metal. 1100 Al , 6061 Al

and 7072 Al were used as interleaf metals in the diffusion bonded Al/A l panels

while Commerc i al l y Pure Ti was used In the Ti/T i panel. Intersti tial Free (IF) 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE I . BASELINE ALUMINUM TITAN I UM AND ULTRAH I GH
CARBON STEEL ALLOY SHEETS AND PLATES

INVESTIGATED.

HEAT TREATMENT NOMINAL LOT OR HEAT
ALLOY CONDITION THICKNESS NUMBER

__________________ ___________________ 
mm ( in.)  

________________

7475 Al -1761 2.3 (0.090) 108 - 369

7475 Al -T765l 13.2 (0.520)

7075 Al -T6 1.27 (0.050)

7075 Al -T76 2.3 (0.090)

7075 Al -17651 12.7 (0.500)

Ti-6Al-4V Recrystallization 3.2 (0.125) P-l485
Titanium Annea l ed

Ti-6A1-4V Recrysta llization 13.7 (0.550) P-l7142
Titanium Annea l ed

UHC Thermomechanica lly 2.8 (0.11)
Stee l Processed
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- I ron was employed in the UHC Steel/Iron laminates. In the adhesive l y bonded Al

laminates FM73M supplied by American Cyanami d was used as the secondary material. -:

I n the roll bonded 7475 Al , 1100 A l was used as the inter leaf metal. Specific

secondary thicknesses and laminate configurations are described in Section 2.2.

2.2 LAM I NATE SELECTION AND FABRICATION
- 

Diffusion bond i ng , adhesive bond i ng and roll bond i ng were used to fabricate

A l /Al ,Ti/T i , UHC Steel/Iron and Al/Epoxy laminates . Thirteen different laminate

conf i gurations were eva l uated during this stud y: six diffusion bonded Al/A t

laminates , one diffusion bonded Ti/Ti lam i nate , small diffusion bonded UHC Steel/

I ron lam i nate samples , fou r adhes i ve ly  bonded Al /Epoxy laminates and one roll

bonded Al/A l laminate. The specific laminate conf i guations assessed (illustrated

schematically in Fiqure 1) are detailed in Table 2 and are discussed in the

following paragraphs.

Diffusion Bonded Laminates. The diffusion bonded lam i nate panels were

fabricated by DWA Composite Specialt ies , Inc. Five of the Al/A l panels con-

sisted of five layers of 2.3 mm (0.090 in.) thick 7475 Al and 7075 Al sheet

interleaved with four l ayers of 1100 Al or 6061 Al. One panel was made with five

l ayers of 2.5 mm (0.099 in.) thick A lclad 7075 Al. Three panels ut il iz in q 7475 A l

primary layers had different 1100 Al inter leaf sheet thicknesses [ 0 . 0 5  mm (0.002 in) ,

0.10 mm (0.004 in.), and 0.25 mm (0.010 in.)]. The other panels had 0.10 mm

(0.004 in.) thick interleaves . Special surface preparations ws~re performed prior

to the diffusion bond i ng of the all-aluminum laminates . These preparatio ns con-

sisted of the following : etch i ng of the primary alloy sheets in a solution of one

part HNO 3, three parts H
2O with additions of HF to approx i matel y two to four per-

cent , a rinse in H
2
0, drying and then a heavy surface abrasion and i mmediate

(within a minute) vacuum bagg i ng. The 7475 Al panels were processed under vacuum for

40 minutes at 496°C (925°F) at 27.6 MPa (4000 psi) pressure. The 7075 Al panels were

processed under vacuum for 40 minutes at 1488°C (91 0°F) at 27.6 MPa (4000 psi)

pressure . The Ti/T i lam i nate consisted of five l ayers of 3.2 mm (0.125 in) thick

recrystallization annealed Ti-6Al-4V titanium alloy sheet interleaved with four

layers of 0.13 ron (0.005 in.) Commercially Pure (CP) Ti  foil. Following cleaning

of the Ti-6Al-4V primary sheets in the same solution describe d above with rinsing

and dry ing this pane l was processed under vacuum for one hou r at 871 °C (1600°F)

at 24.2 MPa (3500 psi) pressure . The area of the Al/A l and Ti/T i diffusion

6 
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FIGURE 1. SCHEMATIC OF METAL/METAL LA MINATE INVESTIGATED.
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bonded panels fabr icated was approximately 305 non x 305 mm (12 in. x 12 in) . The

Ul t rahi gh Carbon S teel /Iron lam in ate samp les were bonded for twelve hours at 650°C

(120 0°F) at 69 MPa (10,000 psi) pressure. The surface preparations consisted of

ab rad in g the p rima ry shee ts of UHC s teel wi th emery clo th followed by degreas ing
i n acetone. The area of these small samples was approx imately 38 mm x 76 mm

(1 .5 in x 3.0 in) . f
— Adhes i vely Bonded Laminates. The adhes i ve l y bonded Alum i num/Epoxy lam i nate

panels wer e fabr i ca ted by Vought Corporation Advanced Techno logy Center. One pane l

consisted of five layers of 2.3 mm (0.090 in) thick 7475 Al , one pane l of nine

layers of 1.3 mm (0.005 in.) thick 7075 Al and two panels of three and five layers

respectively of 2.3 mm (0.090 in.) thick 7075 Al. In every case, the adhes i ve

used was Amer i ca n Cyanam id ’s FM73M of nom i na l thickness 0.38 m (0.015 in.) wh i ch

produced a secondary layer th i ckness of app rox ima tel y 0.13 mm (0.005 in) in the

bonded condition . The surface preparation consisted of Vought ’s Bond Cl ean
(FPL etch) followed by phosphoric acid anod i ze (Boei ng Specification BAC 5555).

Adherend surfaces were p rimed accord in g to manu fac turer ’s specifications using

Amer i can  Cyanam id BR 127 pr imer .  The adhesive was cured at 121°C (250°F) at

0.34 MP (50 psi) for one hour. The area of the adhes i vely bonded panels was

approx i mately 305 ron x 305 ron (12 in. x 12 in.).

Roll Bonded Lam i nate Panel. The roll bonded Al/A l lam i nate pane l was fabri-

cated and heat treated by Alcoa Technical Center. The lam i nate confi guration con-

s isted of five layers of 2.3 m (0.090 in.) 71475 Al sheet interleaved with four

l ayers of 0.13 mm (0.005 in.) 1100 Al sheet. Total size of the laminate was

11. 9 mm x 305. mm x 1120 mm (0.47 in. x 12 in. x 44 in.). The fina l laminate

pane l was fabricated by In itially processing three subpanels and warm rolling

these three subpanels into the fina l confi gura ti on. Af ter roll bond ing the
pane l to fina l dimens i ons the laminate was heat treated to give -T765l proper-

t i e s  to the primary 71475 Al metal.

2.3 CHEMICAL ANALYSIS , MICROSTRUCTURA L EVALUAT ION , AND NONDESTRUCTIVE - - 
-

INSPECTION

Chem ica l Ana l ys is. All primary metal shee t s a nd plates used in this pro-

g ram we re analyzed by emission spectroscopy to determine chemical compositions . 4

9 
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Micros tructura l Evaluation. Baseline metal sheets and plates and ‘aminated

panels were exam i ned using a Leitz Ortholux metallograp h. Elec tron probe micro-

anslys is was performed on selected lam i nates using a Cameca MF 46 analyzer.

Nondestructive I nspection. All laminates with the exception of UHC Steel/

I ron lam inates were inspected using ul trasonic C-scan.

2.4 MECHAN I CAL TESTING

2.4.1 Tens i on Tests

The tension tests were performed using the 25.4 mm (1.00 in.) and

50.8 mm (2.00 in.) gage length specimens shown in Figure 2. All materials were

evaluated using the 25.4 mm specimen with the exception onl y of the d i f fusion
bonded lam i nate DT2. Dup l i c a t e, tests were performed on all materials in the

long i tudina l orientation . These tests were run at 1.27 mm/m m (0.05 in ./min)

at room temperature. Testing ,was accomp l ished on either a 90 kN (20 kip) capacity

— 
CGS or 450 kN (100 ki p) capacity MTS servo-hydraulic closed-loop test ing system

under stroke control. Elongation was monitored using an MIS 632.12 strain gage

extensometer.

2.4.2 Compressive Bond Plane Shear Tests

The bond plane shear strengths of selected lam i nates were eva l uated

utilizing a compact compressive lap shear specimen as shown in Fi gure 3. These

samples were 25.4 mm (1.00 in.) x 25.4 mm (1.00 in) x thickness of the lam i nate.

They were slit through the primary 1ay~ rs, as shown in Fi gure 3, l eaving a 6.35 mm

(0.25 in) x 25.4 mm (1.00 in.) area of Interleaf material to support the applied

compressive loads. Triplicate tests were performed . These tests were run under

the same cond i t io ns  as the tensile tests previously described . Strain was monitored

by cross head movement. The 0.2% offset y ield compressive shear strengths as wel l

as the ultimate compressive shear strengths were determ i ned .

2.4.3 Fracture Tests

Frac ture toughness tests were performed using the compact tension (CT),

s ing le-edge-notched (SEN) , and three point bend (TPB) specimens shown in Fi gures
4, 5 and 6. The SEN and CT specimens were used for all of L-T , crack divider

or ien ta t i on  t es t s  (Fi gu re 7). The TPB specimen was used for L-S , crack ar res t

tests (Fi gure 7). Testing was performed in a manner s i m i l a r  to the ASTM E 399

test method for compact tens i on and three point bend specimens ,
22 

and to the pro-

cedu re outlined in the Damage Tolerant Design Handbook .23 The specimens were fatigue

t O
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25.4 mm
1 .00 in .)

.
‘\

~~~~

FIGURE 3. COMPACT COMPRESSIVE LAP SHEAR SPECIMEN.
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12.7

~~~~~~~ 

(0.50) ~~~
— 

-

14.0 
+

(0.55) a —u’.-J 6 1.0 mm
_____ - ______ - - — (2.40 In .)

12.7
(0.50) __________________________ 

______ -

63.5
(2.50)

Notes: (1) Knife edges a t notch open ing are 5. 1 mm
(0.20 I n.) apart.

(2) Notch Is chev ron shaped at tip and is

1.6 mm (0.063 in.) wide.

(3) a 22.9 mm (0.90 in.) for fracture toughness

t es t  spec imens.

a — 10.2 mm (0.40 In.) for fatigue crack propagation

test specimens.

FIGURE 4. COMPACT TENSION FRACTURE SPECIMEN USED FOR FRACTURE
TOUGHNESS AND FAT I GUE CRACK PROPAGATION TEST I NG .
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38.
(1.50) 

~~~~~~~~~~~~~

19.0

~ (0.75)

19.0
* (0.75)

Notes : (1) KnIfe edges at notch
14.0 opening are 5.1 mm

~ I.,~
. (0.20 In.) apart.

(2) Notch Is chevron shaped
at tip and is 1.6 non
(0.063 in.) wide .

102
(4.00)

_ _  

1 2 7 m m
‘

~~~ (0.50 in,)

FIGL’RF 5. SINGLE-EDGE—NOTCHED FRACTURE SPECIMEN.
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.::. _

___________ 

57.2 mm

COD tab _J” 12.25 In~)

Notes : (1) W = 11.9 mm (0.47 in.), 12.7 mm (0.50 in.) ,
13.2 mm (0.52 in.) or 13.7 non (0.54 in.) ,
depending on pla te thickness for each material tested .

(2) Crack-openIng-displacement aluminum tabs were

adhesive ly bonded to fracture toughness specimens .
Tabs were 1.6 mm (0.062 In.) th i ck and were

5 . 1  non (0.20 In •) apart.

(.3 ) Notch was 0.8 mm (0.032 in.) wide and 1.3 ron

(0.050 in.) deep .

FIGURE 6 - THREE PO I NT BEND FRACTURE SPECIMEN USED FOR FRACTURE

TOUGHNESS AND FATIGUE CRACK PROPAGATION TEST I NG .
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(a)

(b)

FIGURE 7. (a) CRACK ARREST AND
(b) CRACK DIVIDER LAM I NATE ORIENTATIONS.

p recracked a t 10 Hz and subseque nt ly  tes ted to fa i l u re u s i n g  a load in g ra te wit h in

the ASTM recommended range . A double cantilever crack-opening-disp lacement (COD)

gage similar to that deve l oped by Fishe r , et al.
2 

was used to monitor crack

length during testing . Load and crack-open i ng-dIsplacement were recorded on an

X-Y recorder for all tests. These tests were run i n  triplicate at room tempera-

ture on ei ther the CGS or MIS sys tem desc r ibed ear l ier .

Pertinent crack lengths relat ive to the load/crack-opening-di splace-

ment fa i lu re curves were determ i ned using expe ri menta l l y  de ri ved COD comp l i ance
cal ibrations. These COD compliance cal ibrations were determ i ned for each spec i-

men con f i guration (CT , SEN , and TPB , including a ca libration for three different

values of W for the TPB specimen).

The follow ing fracture toughness parameters were determined for speci-

mens tested in this study :
- 

K
Q 

- conditiona l fracture toughness , determined by the 5% o f f s e t

method described in ASTM E 399 74

• Kapp 
- apparent  fracture toughness , eva l uated using maximum failure

load and the ori g i nal crack length

- critica l fracture toughness , eval uated using max i mum fa i lu re
load and the crack length at failure

Crack growth resistance “R-curves”
25 were also determined for selected lam i nates.

16
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Compac t Tension Frac ture Specimen Stress-Intensity Determinations.

Frac t ure toughness va l ues determ i ned from compact tension specimen tests

were cal cula ted usi ng the fol low ing rela t ion22 :

K — 1/2 f (a /W ) (1)
BW

where f (a fW ) i s g ive n by :

f (
~
) = 29.6 (a)i

/2 
- 185.5 (a)3/2 + 655.7 (a)5/2

- 1017.0 (a)7/2 + 638.9 (a~9/2

and

K — s t r e s s — i n t e n s i t y  factor

P - l o a d

B - speci men th i ckness

W - specimen width

a - spec i men c rack length

Si ngle-Edge-Notched Fracture Specimen Stress-Intens ity Deter-

minations. Fracture toughness values determined from SEN specimen tests
26

were eval uated using the following expression

1/2
K — f(a/W) (2)

where f (a/W) is g iven by:

f(a/W) = 1.99-0.41 
(

~
)+  18.70 (

~)2

- 38.48 
(
~)3 + 53.85 (a)4

and

K - s t r e s s - i n t e n s i t y  fac t or

P - l o a d

a - specimen crack length

17
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B - specimen thickness

W - spec imen width

Three Poi nt Bend Fracture Spec imen Stress- Intensi ty  Deter-
m inations. Three point bend spec i mens used in this investiga tion had span-

to-width ratios , S/W , of app roximatel y 8. Fracture toughness va l ues de-

term i ned using TPB spec i mens were eva l uated from the following expression 26~
27:

1/2
K = 

6Ma f(a/W) (3)
BW

where f(a/W) is given by:

f(a/W) 1.96 - 2.75 (s.) + 13.66 
(
~.)2

- 23.98 
(
~)3 + 25.22 

(
~)4

and

K — stress—intensity fac tor

M - applied bend i ng moment

a - spec imen crack length

B - spec imen thickness

W - specimen depth

2.14.4 Fatigue Tests

Fatigue crack propagation tests were performed using the L-T,

crack div ider orientation compact tension fracture spec i men (Figure 4) and

the L-S , crack arrest or i entat i on three point bend fracture specimen (Figure

— 6). P’~rLdlc ovcri - : . 1  effects we re examined in the crack divide r rcll bonded

specimens. These tests were performed In a manner s imilar to the procedures
• recommended by the ASIM Task Group E24.04.Ot on Fa t igue Crack Growth Rate Testlng.28

Tests were conducted on eithe r the CGS or MTS closed-loop testing systems de-

scribe d in SectIon 2.4.1 . These tests were conducted at room temperature at

10 Hz under load control . All tests were run at R — 0.1 . Overload ratios of

1 .5 and 1.8 were used where these ratios equal the overload divided by the
maximum load in the normal fati gue cycle . Crack lengths were measured using a

40x t raveling microscope. A minImu m of three specimens were tested for each

materIal to arrive •t a final crack growth rate (da/dN) vs. stress-Intens i ty

-- _~~~~~ _ - U
L - - -  - - -
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I

factor range (Mo curve. C rack propaga t ion ra tes we re de ter m ined usin g

the secant method . St ress—in tens i ty  factor range s for compact tension

specimens we re dete rmined using the fol lowing exp ress i on 29,30:

AK 
~w

i/2 (4)

where f(ci ) s given by:

(2 + c i ) I
f(ct ) — ( 0.866 + 4.64 a -13.32 a2

(1

+ 1 .72 - 5.60 

~~ 

)
and :

— 

AK - stress-intensity factor range

A P - P  — P .max m m

P - maximum load
max

P . - m i n i m u m  load
m m

a - a/W

a - spec i men crack length

W - spec i men width

B - spec i men th i ckness

Stress- in tens i ty  factor ranges for three point bend specimens were determined

using Equation 3, Section 2.4.2. I 
- -

2.5 FRACTOGRAPHY

The fracture surfaces were exam i ned using an optical metal lograph and

a Cambridge scann i ng electron microscope .

19
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3.0 RESULTS AND DISCUSSION

3.1 CHARACTERIZAT I ON OF BASELINE ALUM I NUM AND TITAN I UM ALLOYS

Pr imary sheet and monolithic plate alloys used in this investiga tion were

characterized with respect to chemica l composition , tensile properties , frac-

ture properties and fatigue p roperties , so that comparisons could be made with

properties of the lam i nated panels. For the thirteen laminates listed in Table

2, corresponding mono flthic plate and single layer sheet alloys were tested with

the exception of the UHC steel for which plate has not become available. The

chemical analyses of all the princ i pa l aluminum , titanium and ultrahigh carbon

stee l alloys used in this investigation are given in Tables 3, 4 and 5 respect-

ively.

Tens ile Properties. The tensile properties of baseline 2.3 mm (0.090 in.)

7475—1751 Al , 7475—T61 and 7075-176 Al sheet , 12.7 mm (0.500 in.) 7075—T765l Al

plate , 7475—1651 , and 13.2 m (0.520 in.) 7475—T765l Al plate are given in Table

6. These properties were determ i ned using the 50.8 mm (2.00 in.) gage length
• tensfle specimen configuration iflustrated in Figure 3. The va l ues given i n  the

table for 71475—T6l and —T65 l were obtained from the literature 31 and should  be

considered minimum values.

The tensile properties of the basel i ne 3.2 mm (0.125 in.) Tl-6A1-14V alloy

sheet and 14.0 mm (0.550 In.) Ti-6Al— 4V alloy plate are g iven in Table 7. The

tensile properties shown were determined using the 25.4 mm (1.00 in.) gage

length tensile specimen illustrated in Figure 3. The heat treatment is compar-

able to the treatment given the laminated TI-6Al-4V/CPTi DT2 pane l during bond i ng.

The tensile properties for the ultrahigh carbon stee l sheet are given in

Table 8.

Fracture Toughness Properties. The L-T orientation fracture toughness

values of the baseline 2.3 mm (0.090 in.) 7475-1761 Al , 7075-T76 Al and 7075—T6

sh’~et , 12.7 mm (0.500 in.) 7075—17651 Al plate , and 13.2 mm (0.520 in.)

7475—17651 Al plate are given in Table 9. Fracture tests on the 13.2 mm (0.520

in.) 7475—17651 Al plate were conducted on spec i mens wIth a thickness of 11.9 mm

(0.470 in.), so that these specimens would be of the same dimensions as compar-

abl e 7475 Al/1100 Al laminate specimens. The 38.1 mm (1.50 in.) wide sing l e—
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TABLE 6.
AVERAGE TENSILE PROPERTIES OF 71475 AND 7075 ALUM I NUM ALLOY SHEET AND PLATE.

ALLOY NOM I NAL 0.2% ULTIMATE

TEMPER THI CKNESS YIELD STRENGTH STRENGTH ELONGATI ON

m (in.) MPa (ksl) MPa (ksi)

71475—T761 Al 2.3 (0.090) 468 (67.9) 514 (74.5) 13.1

7475-17651 Al 13.2 (0.520) 474 (68.8) 522 (75.7) 16.6

7475-161 A l~ 2.3 (0.090) 441 (64) 517 (75) 9

7475-T65l A 1’~ 12.7 (0.500) 1469 (68) 538 (78) 8

7075-776 Al 2.3 (0.090) 479 (69.14) 538 (77.9) 12.0

7075—17651 Al 12.7 (0.500) 1478 (69.3) 530 (76.8) 15.1

7075—16 Al 2.3 (0.090) 545 (79.1) 587 (85.1) 13.6

7075—1651 Al 12.7 (0.500) 1478 (69.3) 530 (76.8) 15.1

* Mi nimum Va l ues from Alcoa Green Letter .31
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edge-notched specimen (Figure 5) was used for all fracture tests with the excep-

tion only of the 11.9 mm (0.470 in.) thick 71475—T7651 Al plate alloy , where addi-

tional compact tension (Figure 4) fracture tests were also conducted . Average

va l ues from three tests of conditiona l fracture toughness (K
Q
)~ apparent frac—

ture toughness (K
app
)
~ 

and critica l fracture toughness (K) have all been tabu—

la ted in Table 9. Also included are average values of K
~ 

for 7475-161 sheet and
7475—1651 and 7075-T651 plate taken from the literature .31

The fracture values of the sheet alloys given in Table 9 are not directly

comparable to most fracture values listed in such refererlces as the Damage

Tol erant Des i gn Handbook23 because of the small width of the specimens used for

tests in this investigation. It was necessary to use small spec i mens in this

program due to the limited quantities of laminate panel ma terial available for

testing. However, data for the 7475 Al and 7075 Al sheet does seem to compare
well wi th da ta Wygonik23 determined for 76.2 mm (3.0 in .) wide fracture spec i-

mens. Complete KQ) Kapp a and K
c da ta for the thick 7475 Al and 7075 Al plates

were not available for comparison . The results of Table 9 show that 7475 Al

possesses significantly highe r fracture toughness than 7075 Al , as has been
noted prev i ous~y.

31
~

33

Or i gina ll y, 21 fracture toughness testing was performed using SEN samples.

Addi tional tests of 7475 Al plate were conducted using CT samp les , si nce CT
samples were emp l oyed for fatigue crack propagation studies. As can be seen
from Table 9, no significant differences were noted in the fracture toughness

val ues for the SEN and CT specime n configurations. Accordingly, subsequent

testing on laminates has been performed using CT samp les beca use of the
greater material economy afforded by use of these smaller test samp les.

The L-T orientation fracture properties of the baseline 3.2 mm (0.125 in.)

Ti— 6Al-4V allo y sheet and 14 m (0.550 in.) Ti-6A1-4V alloy plate are given In

Table 10. KQ. 
~app 

and K
~ 

va l ues were determined for both sheet and plate

material having the same heat treatmen t history as the laminate fabricated from

the sheet. This heat treatment invo l ved an additional hour at 871 °C(1600°F)

w ith air cooling (the diffusion bonding condition emp loyed In the laminate pro-

cessing) on the recrystallization annea l ed sheet and plate. The recrystalliza tion

annea l Ing treatment itself consisted of one hour at 9149°C (1740°F) , ai r coo l and
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then 30 minutes at 760°C (1400°F) with air cooling. Compact tension fracture and
three point bend fracture samples were used for direct comparison to the compact

tension and three point bend samples from the laminate .

The ul trahigh carbon stee l was in limited suppl y and only sheet was avail-

able. The sheet size was too small to permit fabrication of standard size

compact tension samples. Therefore , d i s c ussion of th is ma ter i a l is deferred to
Section 3.5.1.

Fatigue Crack Propagation Properties. Fa ti g ue crack p ropaga t ion tes ts w i th
periodic overloads were made on 0.23 mm (0•090 In.) 7475-1761 Al sheet and 11. 9

mm (0.470 in.) 7475-T7651 Al plate using the compact tension specimen (Figure 4).

The results of these tests are discussed in Section 3.F , where direc t compar i sons
are made to similar tests on laminate panels.

3.2 TENSILE PROPERTIES AND MICROSTRUCTURES OF LAMINATE PANELS

3.2.1 Ten si le Proper t ies of Lam inate Pane ls

Prior to sect ion i ng and machining for tensile test spec i mens , each
laminate pane l was nondestructively inspected for unbonded areas using ultra-

sonic C-scan. The following observations were made relative to laminates fabri-

cated by the three different lam i nation processes:

Diffusio n Bonded Laminates - It was found that diffusion bonded

7475 A 1 /llOO Al laminates DA4, DA5 and DA6 as well as the 7475

Al /6061 Al lam i nate DA7 and the 7075 A i/llOO A l lam i nate DAB

showed no unbonded regions. Laminate DA9, 7075 Alc lad Al in

wh i ch the c ladd i ng mater ia l , 7072 Al , se rved as the secondary
metal , showed unbonded reg i ons about the peri phery of the panel

bu t appeared sound otherwise.  The diffus i on bonded Ti—6A 1-14V/

CPu laminate DT2 showed no unbonded reg i on by C-scan Inspec-

tion . The Ultrahi gh Carbon Steel/Iron DUHC 1 laminate sam ples

were too small to be inspected reliab ly by C—scan.

Adhesive l y Bonded Laminates - Ultrasonic C-scan inspection of

adhesively bonded la minates of 71475 Al and 7075 Al , lam ina tes
AA 1 through AA4 revea l ed no unbonded areas.
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Roll Bonded Laminate - As reported prev i ously,
21 

this laminate

was characterized by surface blisters which appeared after

heat treatment. The blisters were numerous over the area of

the panels and were easily identif ied visually. Ultrasonic

C-scan and subsequent metal lographic analysis confirmed that

the unbonded areas occurred at the outside primary/secondary

bond planes.

Tensile Properties of Diffus i on Bonded Al/A l Laminates. Samples from

the as—received diffus i on bonded 7475 Aluminum laminates DA4, 0A5, DA6 and DA7

were heat treated at Vought Corporation Advanced Technology Center to ach ieve —1651

tensile properties . Other samples from DA5 recei ved heat treatment to the -T7651

conditio n. These samples were heat treated accord i ng to the specifications of

Alcoa 467 process for 71475 Al sheet material. No problems with delam i nation dur-

i ng sample machining , heat treating or stress relief straining were encountered

in any of these samp l es. The diffusion bonded laminates of 7075 A1/llO O Al and

the 7075 Alclad Al , DA8 and DA9 respective l y ,  were sec t ioned into samples prior
to heat treatment. During machining, the DA9 samples completely delamiriated and

were subsequently eliminated from further consideration . No problems were

encountered for DA8 and samples were heat treated to achieve the -T651 condition .

The tensile properties for laminates DAI4 through DA8 are given in Table ii. These

properties with the exception of laminates DA5 and DA6 are representative of alloys

of 71475 Al and 7075 Al similarly heat treated . The two exceptions were apparently

i nadvertently overaged.

Tensile Properties of Diffusion Bonded TI-6Al-14V/CPTi Laminate. The

d iffus i on bonded laminate DT2 was bonded by DWA Composite Specia lties at 871°C

(1600°F) for one hour and air cooled. The laminate was examined in this as-

rece i ved condition. The tensile properties of this lam i nate are g i ven i n Table
12 and the strength values are representative of similarl y treated Ti— 6Al—14 V

alloys. Greater ~ elongation was observed for the lam i nate.

Tensile Properties of Diffusion Bonded Ultrah igh Carbon Steel!

Interstitia l Free I ron Laminate. The diffusion bonded laminate DUHC 1 was bonded

at Stanford University at 650°C (1200°F) for 12 hours at 69 MPa (10,000 psi) pres-

sure and tested in the as-rece i ved condition . The tensile properties of this

29
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TABLE 12. TENSILE PROPERTIES OF DIFFUS I ON BONDED T -6Ai-4V/
COMMERC I ALLY PURE Ti LAMINATE.

LAMINATE PRIMARY/ 0.2% YIELD ULT I MATE %
DESIGNAT I ON SECONDARY STRENGTH STRENGTH ELONGAT I ON

ALLOYS MPa (ksi) MPa (ksi)

DT2 Ti-6A1-4V/ 896 (130) 938 (136) 28.5
CPT 1 896 (130) 938 (136) 29.8

Avg .~~~ (130) ~~~ (136) 29.1

The laminat e was nom i nally 16.4 mm (0.65 in.) thick.

~~~ The primary alloy layers were nom i nally 3.2 m (0.125 in.) thick ,
while the secondary alloy layers were nominally 0.13 mm (0.005 In.)
thick .

*~~~ *

The primary alloy was in a recrystallization annea l ed condition .

TABLE 13. TENSILE PROPERTIES OF DIFFUSION BONDED ULTRAH I GH
CARBON STEEL/INTERSTITIAL FREE IRON LAM INATE .

LAM I NATE PR I MARY! 0.2% YIELD ULT I MATE
DESIGNAT I ON SECONDARY STRENGTH STRENGTH ELONGAT I ON

ALLOYS MPa (ksi) MPa (ksj)

DUHC 1 UHC Steel/ 436 (63.2) 486 (70.5) 21.3
I ron

The laminate was nominally 2.5 mm (0.10 in.) thick having been rolled
down subsequent to diffusion bonding.

31



_____ ___ _________  -~~-- -- - -

laminate are given In Table 13. The strength levels are lowe r than the sheet pro-

perties and the ductility is higher. These variations may be accounted for by

the annealing effects associated with the diffusion bond i ng temperature and times.

Tensile Properties of Adhesively Bonded 7475 Al and 7075 Al Lam i nates.

The adhesively bonded laminates AM through AA4 were tested In the as-bonded con-

dit ion. Ml was fabricated from 7475-1751 Al sheet while AA2 , AA3 and AM were

made with 7075-T75l Al sheet. The adhesive used was FM73M produced by American

Cyanamid. The bond I ng cure for this adhes i ve consisted of 121°C (250°F) at 0.314

MPa (50 psi) pressure for one hour. The tensile properties of these laminates

ar e p resented in Table 14 and a re esse nt ial l y the same as si mi lar ly  t rea ted al loys
when the contribution to the cross sectional area of the adhes i ve is taken into

account.

Tensile Properties of Roll Bonded 7475 A l /l lOO Al Laminate. As

reported previously, 21 
the laminate RA4 was fabricated and heat t reated to the

—T7651 tempe r by the ~.lcoa Technical Center. The tensile properties for this

laminate are given in Table 15. All properties shown are representative of alloy

7475 A l heat treated to the —17651 temper.

3.2.2 M icrostructura l Characterization of the Diffus i on Bonded Laminates

The microstructures of the diffusion bonded laminates were eva l uated

using optical metal lography and electron probe anal ysis. Photomicrographs illus-

trating all the diffusion bonded laminates except DA8 are given on the following

pages. DA8 was very similar to DA6. The significant features regarding the

microstructures of these lam i nates are now discussed .

Diffus ion Bonded Al/Al Lam i nate Microstructures. In examining the

mi c rographs , Fi gures 8, 9, and 10 of the d iffusion bonded 7475 A l/i 100 Al lam i-

nates DM , DA5 and DA6, I t can be seen that the bond Interfaces are very clean

w ith no discontinuous third phases present. This is a major accomp l ishment in

light of the di fficul ties encountered initiall y in the diffusion bonding of the

all aluminum systems .21 The elimination of the third phase considered to be an

oxide was attributable to the enhanced cleaning and handling procedures before

and during diffusion bonding . As wIll be discussed in Section 3.4, these clean
bond planes resulted in ver’ “ood bond p lane shear strengths. Also , no problems

wI th de l amination during the ather severe quench i ng procedures necessary in the
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FIGURE 15. TENSILE PROPERT I ES OF ROLL BONDED 7475 A l /ll OO Al
LAMINATE .

LAM I NATE PRIMARY/ 0.2% YIELD ULT IMATE
DESIGNATION SECONDARY STRENGTH STRENGTH ELONGAT I ON

ALLOY MPa (ksl) MPa (ks i)

RA4 7475 All 1454 (65.9) 512 (74.2) 16.0
1100 Al 

465 (67.4) 526 (76.3) 15.4

1462 (67.0) 524 (76.0) 14.9
Avg .460 (66.8) 521 (75.5)

* The laminate was heat treated to the —17651 condition in the primary
metal .

** The laminate was nominally 11.9 ni’. (0.47 in.) thick.

Primary a l loy  l ayers were nom i nal l y 2.3 mm (0.090 in,) thick while
seconda ry alloy layers were normally 0.13 mm (0.005 in.) thick.
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SHOW I NG 1100 Al INTERLEAF .
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FIGURE 9. MICROGRAPH OF DIFFUS I ON BONDED 7475 Al/i 100 Al LAM I NATE 0A5
S H O W I N G  1100 A i  I NTERLEAF .
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SHOW I NG 6061 Al INTERLEAF.
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heat treatments of the alum inum alloys were encountered in these laminates. In

laminate DA7, Fig u re 11 , some contam i nat ion in the bond p lane interface reg i on
is observable. The interleaf in this case is 6061 Al rather than the 1100 Al

used in the lam i nates discussed above. There were no difficulties with this

l aminate wh i ch were attributable to this mino r amount of the observed

discontinuous third phase formation. This was,unfortunately,not the case with

DA9, Figure 12. As was prev i ously mentioned , this laminate delaminated com-

pletely upon sample machining and/or heat treating . The reason i s obvio us from

the photomicrograp h. A continuous third phase and even gaps in some cases may

be observed to be present at the plane of contact between the 7072 Al A lclad

layers on the 7075 Al primary. The cleaning and/or bond i ng procedures were

inadequate to achieve bonding in this totally 7000 series aluminum laminate.

This is indeed unfortunate because from a processing standpoint , it is very

attractive to eliminate the separate secondary lay ers in the form of foils

from the bonding procedures. Perhaps with a different cladd i ng material and

the use of alternate clad and unclad prima ry sheets , this problem could be over-

come.

Diffu sion Bonded Ti-6A1—14V/CPTI Lam i nate. The microstructure of

the  diffusion bonded Ti—6A 1—4V/CPT i laminate , Figure 13, reveals a fine recry-

stallized grain size in the primary and some dark etching constituent in the

interleaf CPu using Kro ll s reagent. These da rk particles were uni dentified but

may be relatively high in vanad i um as deduced from an electron beam microprobe

scan for elemental analysis which is discussed presently. There was very little

bond plane contam i nation and bond i ng was very good with no de l am i nations at the

bond plane observed under the testing conditions emp l oyed. It was thought ,

initially, that pe rhaps e ither or both the bondin g tempera ture and ti me used ,
i.e., 871°C (1600°F) for one hou r, were excessive because these laminates were

incapable of crack arrest. The d i ff usion p rofi l e of Al discussed p rese nt ly does
not substantiate this conclusion. This point will need clarif ication before an

all—titanium laminate can be used in a damage tolerant structure .

Ultrahi gh Carbon Stee l /I ron Laminate Microstructures. The rnicrostruc-

ture of the UHC Steel/I ron laminate , Figure 14 , shows the very fine grain size of
the superp la stically formable UHC steel. Continuous gra i ns across the bond plane

interfaces may also be seen. No contamination is noted and bonding is very good .
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(b)
FIGURE 12. MICROGRAPHS OF DIFFUSION BONDED 7075 AI/7O72 Al LAM I NATE DA9

SHOWING : (a) 7072 Al INTERLEAF ; (b) 7075 Al/7072 Al I NTERFACE .
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FIGURE 13. MICROGRAPH OF DIFFUS I ON BONDED Ti -6Al-4V/CPTi LAM I NATE DT2 SHOW I NG
CP Ti INTERLEAF .
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Rol l and Adhesively Bonded Al/Al Laminates. The roll bonded

material was d i scussed prev i ously 21 and that discussion will not be repeated
here. The adhes i vely bonded samples exhibited nothing noteworthy , hav i ng es-

sentially identica l microstructures to those of the base materials.

Electro n Probe Microa nal ysis of Diffus ion Bonded Laminates. Electron

probe microanalysis was used to evaluate the amount of solid state atomic diffu—

sion across the secondary metal interleaf alloys for six of the eight diffusion

bonded laminates stud i ed in this program. Laminates DA6 and DA9 were not eva l-

uated because of the redu ndanc i es in  in terleaf thick ness and pr i ma ry alloy

between DA6 and DA4 in the first case and the poor bond i ng in DA9 in the second .

The d iffusion profiles for the major alloying elements in the all aluminum lami-

nates , i. e., Zn , Mg and Cu , are shown in Fi gures 15 through 18. I t can be seen

that the Interleaf thickness si gnificantly affects the diffusion profiles. For

example comparison s of Figures 15, 16 and 17 show that the thinner the interleaf 4

the l ower the gradients for the primary alloy ing elements in  the secondary inter-

leaf metal. It is evident that in laminate DA4 , Fig ure 15, (0.05 m inter lea f

thickness) sufficient dif fusion had occurred to make the interleaf hardenable by

precipitation harden i ng the rma l treatments as discussed in the next section.

Such a strengthen i ng of the Interleaf can l ead to failure of the laminate in a

manner similar to that of a monolithic material. As will be seen later , fa i lure

in this lam i nate did indeed simulate tha t of a monolithic material but not with

the anticipated loss in fracture toughness. This laminate reta i ned its crack

arrest capab i li ty under stati c over loads bu t not under fati gue cyclic stres;ing.

Therefore,thi s interleaf thickness for the bond i ng conditions emp l oyed i n th i s

stud y is considered just marg ina ll y too thin. The grad i ents in the other Al/Al

lam i nates were suffici ent l y steep, i.e., diffusion sufficien t l y limited to retain

the weak interleaf character. Laminate DA8, F igure 18 , exhIbited a very similar

grad i ent to laminate DA5, F igure 16 , both having the same Interleaf thicknesses.

For the diffusion bonded Ti-6Al-4V/CPTi , a diff usion profile for Al

is given in Figure 19. A vanad i um standard was not currently available and it

was not prof iled . Qualitatively, however, it was observed that there was a

significant quantity of vanad i um in the as-bonded commercially pure Ti inter-

leaf. The reason for this is not known at this time . The aluminum profile

shows a very steep gradient at the origina l bond plane interfaces ind i cating

that diffusion was rather limited as desired . As will be discussed later , this
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DIFFUSION BONDED LAM I NATE DA1I

2800 — -

7475 Al ~l1OO A l
, 

7475 Al

2600— I i -

2400— I —

2200 _ I —

I I
2000 — i i —

Zn CONCENTRATION

1 200 _ 
I -

1 000 — ~~~~ CONCENTRATION 
—

800 .
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.
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200 _ 
-

I I
I I I I  I I I  I I

-200 -160 -120 - 80 - 40 0 + 40 + 80 +120 +160 +200

DISTANCE FROM INTERLEAF CENTER , u

FIGURE 15. Zn , Mg, and Cu DIFFUS I ON PROFILES ACROSS 0.05 mm (0.002 in.)
1100 Al INTERLEAF IN DIFFUSION BONDED 7475 A l /ilO O Al LAM I NATE
DM4 (HEAT TREATED TO -T65l TEMPER) .
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DISTANCE FROM INTERLEAF CENTER , ~i

FIGURE 16. Zn , Mg, and Cu DIFFUS I ON PROFILES ACROSS 0.10 mm (0.0014 In.)
11 00 Al INTERLEAF IN DIFFUS I ON BONDED 7475 Al /IIOO Al LAM I NATE
DA5 (HEAT TREATED TO -T651 TEMPER).
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2600 _ I I —
7475 Al l 1 1 00 Al 
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DISTANCE PROM I NTERLEAF CENTER , ~i

FIGURE 17. Zn , Mg, and Cu DIFFUSION PROFILES ACROSS 0.25 mm (0.010 in.)
1 1 00 Al I NTERLEAF IN DIFFUSION BONDED 71475 A l/1100 Al LAM I NATE
DA6 (HEAT TREATED TO -1651 TEMPER)
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FIGURE 18. Zn , Mg, and Cu DIFFUSION PROFILES ACROSS 0.10 mm (0.004 in.)
11 00 Al I NTERLEAF IN DIFFUS I ON BONDED 7075 Al/ llO O Al LAM I NATE
DA8 (HEAT TREATED TO -1651 TEMPER) .
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DIFFUS I ON BONDED LAM I NATE 012
2800 — —

Ti -6A-4V 1 COMMERCIALLY I Ti-6A1-4VI PURE Ti
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2200 — I —
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FIGURE 19. Al DIFFUSION PROFILE ACROSS 0.13 mm (0.005 in.) COMMERC IALLY PURE Ti

INTERLEAF IN DIFFUS I ON BONDED Ti-6Al-4V/CPT I LAMINAT E 012.
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laminate was Incapable of crack arrest even under static loading . This may be

related to the unknown phase or phases in the interleaf material.

For the ultrahigh carbon steel lam i nate, a prof i le of manganese is

g iven in Figure 20. A carbon profile would have been most desirable but equip-

ment limitations did not allow this. However, a sharp manganese gradient is

evident for this material. Althoug h diffus ion through the bond plane Interfaces

was not considered excessive for the bonding conditions employed , the annealing

effects on the primary were sufficient to produce the strength loss already des—

cribed .

3.3 MICROHARDNESS EVALUAT I ONS OF DIFFUSION AND ROLL BONDED METAL/METAL LAM I NATES

Microhard ness values as a function of position in the diffusion and roll

bonded laminates are given in Table 16. Valu es are presented for the as-bonded

as well as prec ip it at ion hardened condi t ions for the d i ffusio n bonded Al /Al

lam i nates. I t can be seen that i n the th i nnest in terleaf lamina te, DM4, the

d iffus i on of the alloy i ng elements from the primary to the secondary described

i n the last section has indeed led to significant harden i ng in the aged cond i-

tions. As mentioned , this material was i ncapable of arresting a crack under

cyclic stressing conditions whereas laminate DA5 with a larger grad i ent was

capable of crack arrest. Other i nvestigators 4’~
4 have concluded that hardness

grad i ents at the bond planes are critical to the cyclic delaminat ions by which
crack arrests are produced and these results are in agreement with those workers.

The all— titanium laminate , DT2, while exhibiting a large change In hardness

from the prima ry to the Interleaf similar to DA5 , could not support crack
arrest by cyclic delamination (or even by static overloading) . Thus, Indes-

crimate use of the hardness gradient criterion can be risky when comparing

different systems.

The UHC Steel/Iron laminate was not eval uated for crack arrest characteristics

because the limi ted sample sizes did not permit It. The roll bonded Al/A l

laminate did , of course, exhibit crack arrest behavior as discussed previously.21

3.4 BOND PLANE SHEAR STRENGTHS OF METAL/METAL AND METAL/EPOXY LAM I NATES

The bond plane compressive shear strengths were determined in the lam i nates

using the compact compressive lap shear spec i men shown In FIgure 3. The values

147

I ~- 
, -

~~~~~~~~-~~~~~~~~ - - -.--—~~~~~~~
-- --- - .--- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I

I I I I I I

1400 — DIFFUS I ON BONDED LAM I NATE DUHC 1

1300 — UHC STEEL INTERSTITIAL FREE I RON UHC STEEL —

1200 —  I I —

11 0 0 — —

1 000 — I —

900 - 1 I —
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700.. I -a
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>-

600 .. —

500 _ -
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DISTANCE FROM INTERLEAF CENTER , p

FIGURE 20. Mn DIFFUSION PROFILE ACROSS 0.40 mm (0.016 in.) INTERSTITIAL FREE
I RON INTERLEAF IN DIFFUSION BONDED ULTRAHIGH CARBON STEEL/ I RON
LAM I NATE DUHC 1.
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recorded for the diff usion bonded Al/Al and Ti/T i and adhesively bonded All

Epoxy laminates are given in Tables 17, 18 and 19 respectively. In Table 17,

both the as-bonded and heat treated strengths are presented for the all alumi —

num laminates. In a number of cases, the as—bonded samples be i ng very soft

from the heat cycle involved with bond i ng , were unable to sustain the compres-

sive l oad applied. These samples bent before a shearing of the bond plane was

obtained . This is of course indicative of the good bond i ng which is necessary

for the resistance to delaminat i on from the thermal l y induced s t resses encounte red
in the subsequent quenching procedures of the precipitation hardening treatments.

In both the as—bonded and heat treated conditions , a p rog ressiv e increas e i n
strength is observed as the interleaf thickness is decreased as would be

expected . For example , the heat treated laminate DM4 with the 0.05 mm (0.002 in.)

Interleaf had an ultimate bond plane compressive shear strength of 213 MPa (30.8

ksi) compared to 103 MPa (14.9 ksi) for 0A6 with 0.25 mm (o.oio) interleaf. In

Table 18 results for the diffusion bonded Ti-6A1—4V/CPTi laminate D12 are given .

This laminate was only eva l uated in the as-bonded condition and i t  can be seen
that very h i gh shear s t rengths we re recorded for this material. These strengths

approach the values for the CPT i I tself and Ind i cate no tendencies for delami na-

t i o n s  of this laminate.

Val ues of shea r s tr engths for the adhes i vel y bonded laminates AAI and AA4

wh ich are given in Table 19 show that bonding was good for both alloys , 7475 Al

and 7075 Al , and that the surface prepa rations utilized were appropriate. The

values of 33 MPa (14.8 ksi) for the yield strength in shea r and 38 MPa (5.5 ksi)

for the ultima te shear strength are equal to the va l ues given by the manufac-

ture r of this epoxy .35
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3.5 FRACTURE PROPERTIES OF LAM I NATES

3.5.1 Fracture of Crack Divide r Metal/Metal and Metal/Epoxy Laminates

Diffusion and Adhesively Bonded 7475 Al and 7075 Al Laminates Fracture

Results. The fracture toughness values of the diffusion bonded Al/A l laminates

DALI, DA5, DA6 , DA7 and DA8 are given in Table 20. The va l ues for the adhesive l y

bonded laminates AA I , AA2 , AA3 and AA4 are given in Table 21. These fracture

results were determ i ned on laminate materials heat treated as indicated. All

tests were conducted with compact tension specimens (Figure 4).

The results illustrated in Tables 20 and 21 show that these diffusion

and adhesive l y bonded laminates had remarkab’y imp roved cri t ica l fracture

toughness (K
c) val ues above the corresponding monol Ithic 7475 Al and 7075 Al

of similar heat treatments listed ear lier in Table 9 of Section 3.1. (Critica l

f r a c t u r e  toughness Is cons i dered the most rep r e s e n t a t i v e  measure of toughness

improvement in these laminate mater1a~s, since they do not approach plane strain

fracture behavior. This same conclus i on has been reached by previous Investi-

gators ,~ ’
6 who used as the most represen t a t ive  measur e of toughness in crack

d ivide r lam i nates).

Tabl e 22 shows comparative average K
~ 

va l ues for sing le lay er 7475—T6 l

and —176 1 aluminum sheet , 7475—1651 and -17651 monolithic aluminum plate and

diffusion and adhesive l y bonded 7475 A l laminates similarly heat t reated.

The va l ues recorded for the -161 and -T65 1 c o n d i t i o n s  In the monolithic sheet

and plate were obtained from the literature 31 and compar i sons made to those

val ues should be considered to be only semi-quantitative . However , I t can be

seen that improvements in toughness are def inite ly obtained through the

lamination procedures used when these laminates are compa red to monolithic

plates of similar thickness and heat treatment condition . Table 23 shows

compara t ive average K
c 

val ues for 7075-T6 aluminum sheet , 7075-1651 monolit hic

aluminum plate and diffus i on and adhes i vely bonded 7075 Al lam i nates. Critical

fracture toughnesses for these laminates are again markedly improved over

monoli thic va l ues. The following observations can be made from the comparisons

In Tables 22 and 23:

(1) The diffus i on and adhesively bonded 7475—1651 and -T7651 laminates

had essentiall y the same fracture toughness , regardless of secondary

material or Interleaf th ckness.
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(2) The d iffusion and adhes i vely bonded 7075—1651 and —T6 laminates

havin g simi lar primary thicknesses exhibited sin ’silar toughnesses .

The adhes i vely bonded laminate with the L3 m (0.050 in.) primary

thickness had hi gher toughness than compa rable 2.3 mm (0.090 in,)

primary thickness laminates.

• (3) A l l laminates had s i g n i f i c a n t ly  h gher K value s than monolithic

Al alloys of the same thickness and hea t treatment.

(4) The si ngle layer Al sheet toughness was reta i ned in all diffus i on

and adhes ive l y bonded aluminum laminates , even in the thinn~st

in t e r l e a f  d i f f u s i o n  bonded 7475 Al laminate.

In Fi gu re 21 , two crack growth resis tance “R—Curv es~ are presented for

the diffus i on bonded 7475 A l / l  100 A l  lam i nate DA5 having two different heat

treatments. These curves illustrate the greater damage tolerance available

In the —17651 condition compared to the —T65l condition in the 7475 Al laminate.

It can be seen that wh ile the —17651 condition gives a little hi ghe r K va l ue,
the total subcritical crack growth to fracture is quite a bit greater. Similar

curves are presented in Fi gure 22 showing the effects of bonding process on

crack growth resistances of both 7475-1761 Al and 7075-16 A l . It may be noted

that in each case the diffus i on bonded laminates exhibit cons!de rably greater

(on the orde r of 100~) subc rit i ca ’ crack growth before failure compared to the

similarl y treated adhesively bonded laminates. This one factor could prove to

be very i mportant in the determination and selection of bonding procedures to

be used in damage tolerant laminate design giving metal/metal laminates a

distinct advantage over adhesivel y bonded laminates .

Diffusion Bonded Ti-6A1-4V/CPTi Laminate Fracture Results. The fracture

toughness val ues for the diffusio n bonded Ti- ~6Al-4V/CPTi laminate DT2 are given

i n Table 24. These fracture results were determined on the as-bonded laminate

material wh i ch was fabrica ted from the pr im ary allo y Ti -6A1-4V in the recrystal-

liza tion annealed condition . All tests were conducted with compact tens i on

samples (Fi gure 4).

Table 25 shows compa rative average critical fracture toughness values ,

for sing le layer Ti-6A1-4V sheet and plate and diffus i on bonded Ti-6Al-4V/

CPT1 in the same recrystalflzation annealed heat treatment conditions . I t can

be seen that all three materials have essentially the same K va l ues as would

be expected , If no thickness effects were present. Some crack growth resistance
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curves for these three materials are presented in Fiqure 23. In these curves
the laminate and the sheet materia ls exhib it essent iall y the same behavior

but they a re both cons ide rabl y inferior to the p late material. This result

would be very distressing were it not for the fact that the p late and sheet

materials were from different heats and had somewhat different chemistries

(see Table 4). It is speculated that these differences could be sufficient

to p roduce the v a r i a t i o n s  in s u b c r i t i c a l  crack growth behavior observed for

the plate and sheet materials. —

D i f f u s i o n  Bonded Ultrahi gh Carbon Steel/ I ron Laminate Fracture Results.

The f r ac ture tou ghness of one diffusion bonded UHC Steel/Iron laminate samp le

was eva l ua ted  in  the as—bonded condition. The composition of this UHC steel

differed from that previous l y reported i n  Table 5 for the 2.8 mm (0 .11 in.)

sheet material. (The chemical composition of UHC stee l in the laminate was

app rox i mate l y 1.6% C , 1* Mn , 0.07% Si and 0.52* Nb.) This laminate had been

bonded as described in SectIon 2.2 at 650°C (1200°F) for twe l ve hours and

accord ingly should be considered to be we l l  annealed. The fracture toughness
test was performed using a sma l l  compact tension sample wh i ch had dimensions

equa l in every case to one hal f  those given for the standard sample described

in Figure 4. In Table 26 the results of this test are compa red to those ob-

tained for similar small monolithic sheet compact tension samp les of the

composition reported in Table 5. The mono lithic sheet samples were eva l uated

i n  two d i f f e rent  heat treated conditions: As-rece i ved and annealed. The

as—re ce i ved mat e r i a l  had been solution treated at 1100°C (2012°F) for 1 .75

hou rs, rolled from 42.6 mm (6.68 in.) to 14 mm (0.55 i n.) in 27 passes during

coolin g from 11 0 0°C (2012°F) to approximately 600°C (111 2° F) and i sothermall y

rolled at 650°C (1200°F) from 14 mm (0.55 in.) to 2.8 mm (0.11 in.). The

annealed sample had an additional 20 mInutes at 650°C (1200°F) in argon followed

by air cooling. The la minate exhibited poorer fracture toughness properties

than the sheet mater ials bu t composi t ional and thickness differences between

the UHC steels used really preclude direct comparisons being made. Als o,

approximately 27% of the cross section of the laminate Is weak i ron and this

could be expected to significantly affect the toughness of the lam ina te fur ther

rendering comparisons to the sheet UHC stee l quest ionable.

Fail ure In Lam i nates. Failure surfaces of selected laminate and mono-

lithI c compact tension samples are gi ven in Figures 24 through 27. In contrast
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FIGURE 24. FA I LURE SURFACES OF DIFFUSION BONDED 7475Al LAM I NATE :
(a) TOP TO BOTTOM: DA4, DA5 , DA6 .
(b) CLOSER VIEW OF DA!4 SHOWING RELATIVELY FLAT

FRACTURE S U R F A C E .
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FIGURE 25. FAILURE SURFACES OF 7075 Al SHEET AND LAM I NATE CRACK
DIVIDER CT SPECIMENS : (a) SHEET AND DIFFUS I ON BONDED
LAMINATE DA8; (b) ADHESIVELY BONDED LAM INATE MIs.
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(b)

FIGURE 26. FAILURE SURFACES OF MONOLITHIC Tl-6A 1 -asV SHEET , PLATE ,
AND LAM I NATE CRACK DIVIDER CT SPECIMENS: (a) SHEET AND

L 

PLATE; (b) DIFFUS I ON BONDED LAM I NATE 012.
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FIGURE 27. FAILURE SURFACES OF UNC STEEL LAM I NATE AND SHEET CRACK
DIV i DER CT SPECIMENS: (UPPER) DIFFUS I ON BONDED LAMI- 

-NATE DUHC I; (LOWER) SHEET.
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to the observatIon of a previous report ,
2 t  tiot all lam i nate specimens exhibited

plane s t r ess  (or s l a n t )  f a i l u r e  s u r f a c e s  of the individual prima ry layers . In

par t i c u l a r , the diffusion bonded 7475 Al/I 100 Al laminate DAIs, Fi gure 24(b),

which had the thinnest inter leaf thickness 0.05 mm (0.002 In.) and the diffusion

bonded TI—6A 1— 4V /CPTi laminate DT2, Figure 26(b), had rela ti vely f la t frac tu re
surfaces. In spite of this , the fracture toughnesses of these samp les were
essentially the same as those of the comparable indIvIdua l sheet samples from

wh i ch these laminates were made .

Fractography of selected d i f f u s i o n  bonded samples was conducted using

scann ing electron fractography. Fractographs showing the “cohes ive ” fai lures
observed In eve ry case are given in Figures 28 through 33. As mentioned

ear l ier  in this report , a major accomp lishment was the achievement of these
des i rable cohesive fai lures In the di f fusion bonded Al /Al laminates for they

are indicative of the excellent bonding obtained. The resistance to I
~adhes i veu

delam i natlons at the bond plane Interfaces is necessary to the strengthening

heat treatments wh i ch must be performed subsequent to bonding. The ~di mp1ed”

rupture In the interleaves in each case observed indicates the good ductil ity

retained in the Interleaf metals wh i ch helped insure against de l amination

dur ing the severe quenching used in hea t treatments.

3.5.2 Fracture of Crack Arrest Metal/Metal Laminates

The crack arresting properties of metal/metal laminates are as attractive

as the frac tu re toughness properties of crack divider laminates , if not more

so. Three point bend fracture specimens of L—S , crack arrest orientation

(Figure 6) were used to document the crack arrest properties of two of the

diffusion bonded Al/A l laminates and the diffusion bonded Ti/T i laminate.

The diffusion bonded laminate DA5 was evaluated In two different heat treatment

conditions. The results of these eva l uations are given in Table 27. In every

case for the Al /Al lam in a tes , crack arrest occurred at the first Interleaf

unde r r isi ng loadi ng fracture conditions. In the Ti/T i laminates , c rack a rres t

d i d not occ ur. Typ ically these three point bend spec i mens had notches of

1.3 mm (0.050 In.) depth with fatigue precracks of 0.25 mm (0.010 in.) length

I n the Al specimens tested unde r rising load the following sequence was noted

In each case:

(1) The load i ncreased until the prima ry l ayer containing the crack

suffered catastrophic failure.
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FIGURE 28. FRACTOGRAPH OF DIFFUSION BONDED 7475 A l / l lO O  Al

LAMINATE DAIs CT FAILURE SURFACE SHOWING INTERLEAF
REGION -

~~~ ~~~~~~~~~~~~~ .~:
\ -I ’

~~~~~~~~~~~~~ ‘~4’t~~e
~~~~~~~~~~~~~
~ 300p

FIGURE 29. FRACTOGRAPH OF DIFFUSION BONDED 7475 Al /l 100 Al
LAM I NATE DA5 CT FAILURE SURFACE SHOWING INTERLEAF
REG I ON.
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FIGURE 30. FRACTOGRAPH OF DIFFUS I ON BONDED 7475 Al /MOO Al
LAM I NATE DA6 CT _FA ILURE SURFACE_ SHOWING INTERLEAF
REG I ON .
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FIGURE 31. FRACTOGRAPH OF DIFFUS I ON BONDED 7075 Al/l 100 Al
LAM I NATE DA8 CT FA I LURE SURFACE SHOWING INTERLEAF
REGION .
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F I G U R E  32 FRACTOGRAPH OF D I F F U S I O N  B O N D E D  T i-6 A1-4V / C P T I

LAM I NATE DT2 CT F A I L U R E  SURFACE S H O W I N G  INTERLEAF

REGION .
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FIGURE 33. FRACTOGRAPH OF DIFFUSION BONDED UHC STEEL/IRON
LAM I NATE DUHC 1 CT FA I LURE SUR FACE SHOWING I NTERLEAF
REG I ON .
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(2) The crack did not propagate beyond the firs t secondary alloy Inter—

leaf that it encountered.

(3) No delaminations at other interleaves were observed even after

genera l yielding of the specimens.

In the Ti/T i spec i mens, cracks propagated through every Inte rleaf under r isin g

load conditions producing failures similar to those in the mon olithic p la te —

three point bend specimens. Further examination of the bonding conditions

and/or Interleaf materials used in the all Ti laminates will be necessary to

overcome this crack arrest defic iency .

One test was run on the diffusion bonded laminate DA5 to eval uate its

crack ar rest characteristics . Because of the signif icant diffusion of alloy-

ing elements into the thin 0.05 mm (0.002 in.) 1100 Al interleaf and Its

consequent hardening (see Sections 3.2.2 and 3.3) , it was antic i pated that

crack arrest capability in this material would be limited. I ndeed , I t was

found that unde r fatigue loading (a condition in wh i ch there is a small cyclic

plastic zone at the crack tip) a propagating crack could pass through the bond

plane interfaces without arrest. A crack was grown by thi s means into the

third prima ry l ayer at which time a rising load was app l ied (a condition wh i ch

produces a cons i de rabl y large r plastic zone at the crack tip). I mmediate crack

arrest occurred at the next inter leaf . Th i s samp le i s shown i n  F i g u r e  34
(lower). One of the rising load fracture samp les , DA5, with a thicker inter—

leaf is also included in Fi gure 34 (upper). It was concluded from this test

that the thinnest inter leaf , the 0.05 mm (0.002 in.) 1100 A l , was only margi—

na ll y too thin for the bonding and heat treating conditions used.

3.6 FAT I GUE CRACK PROPAGAT I ON WITH PERIODIC OVERLOADS

Compact tension specimens (Fi gure 4) were used to document the fatigue

crack propagation rates in 7475-1761 A l sheet , 7475—T765 Al plate and rol l

bonded 7475 AI/1100 A l lami nate RA4 unde r the influence of periodic overloads.

These tests were conducted at room temperature at 10 Hz and an R ratio (ratio

of minimum to maximum load) of 0.1 with overload ratios of 1.5 and 1.8 (the

ratio of the overload to maximum load in the fatigue cycle). The overload

ra t ios chosen and the use of si ng le overloads wi th a subsequent specif ied
number of fatigue cycles essentially follow the techni ques of Chanani.~

6

The experimental procedure was standardized to include four overloads with an
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FI GURE 34. THREE POINT BEND FRACTURE SPECIMENS FOR DIFFUSION BONDED
LAMINATE S DA5 (UPPER) AND DAIs (LoWER). THE LOWER SAMPLE
WAS FATIGUE CRACKED I NTO THIRD PRIMARY LAYER (SEE TEXT).
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Intervening 1 000 fatigue cycles between each overload. The growth rate was
the average rate observed over the total sequence of 4000 cycles and four

overloads. The results for the 2.3 mm (0.090 In.) 7475 Al sheet, the 11 .9 mm
(0.1+7 in.) plate and the 11.9 mm (0.47 in.) roll bonded 7475 Al/MOO Al laminate

are given in Figures 35, 36 and 37, respectively. It can be seen that the

overload ratios of 1.5 and L8 do retard crack growth In each of the materials
evaluated with the overload ratio of 1.8 being the more effective in each case

as expected.

I n Figures 38 and 39 comparIsons are made for the three materials at the

1.5 and 1.8 overload ratios , respectively. There are negligible differences

observed between the different materials at the 1.5 ratio. However, at the

1.8 ratIo , some diffe rences do appear to be present. There have been severa l
mechanisms proposed in the literature to account for crack growth retardation

under variable—amplitude loading. These incl ude residua l comp ressiv e s tresses
a t the crack t ip,37 changes in the crack t ip p las t ic zone s ize ,~

8 c rack
blunting, strain hardening,39 crack c l o su r e ,

40 
and combinations of these. The

results of Figure 39 would seem to support the firs t of these mechanisms ove r

the othe rs. In particular , if the plastic zone size were the determining

fac to r , both the monolithic sheet and laminate should exhibit larger retarda-

tIon effects than the monolithic plate material. On the other hand , the

monol ith ic p la te would be expec ted to have larger resid ual s t ress es opera ti ve
at the crack ti p than either of the others with the roil bonded laminate

supporting next h i ghest residual stresses. These effects should become more

i mpor tan t  at  higher stress intensities and indeed the crack growth rate for

the roll bonded lam i nate becomes lower than the monolithic s-beet material at

h gher stress Intensit ies.
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FIGURE 35. FAT IGUE CRACK PROPAGAT ION RATES FOR 2 .3 mm (0 090 m i
THICK 71+75-1761 Al , L-T O R IE N T A T IO N ,R 0.1 , f = 10 H z .
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) Al Lam i nate with Overloads of Ratio 1.5

0 Roll Bonded 7475 Al /MOO Al Laminate with Overloads of Ratio 1.8.
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FIGURE 37. FATIGUE CRACK PROPAGAT I ON RATES FOR 1 1 .9 mm (0. 1+7 m i
THICK ROLL BONDED LAM I NATE RA4, CRACK DIVID ER , L-T
ORIENTAT ION ,R = 0.1 , f — 10 Hz -
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14.0 SUMMARY AND CONCLUS I ONS

An experimen tal Investigation of Aluminum/A luminum , Ti tanium/T I tan i um ,

Ultrahi gh Carbon Steel/Iron and AlumInum/Epoxy laminates was conducted . The

effec ts of changes in processing variables for enhanced diffusion bonding in

all aluminum and all -ti tanium laminates were examined by optica l microscopy ,

electron beam microanalysis , microhardness and bond plane shear testing .

PrImary sheet and secondary Interleaf thicknesses were varied along with heat

treatments of the prima ry alloys in selected laminates. The effects of diffusion

and adhes i ve bonding , thicknesses of primary and secondary materials , and heat

treatments on the fracture behavior of the laminates were determ i ned by fracture

mechanics testing, optica l and scanning electron microscopy . The effects of

periodic overloads on the fatigue crack propagation rates In monolithic

aluminum sheet and plate and a roll bonded aluminum lamina te were also exam i ned.

The specific lam i nate confi gura tions that were fabricated and eva l uated

included the following systems:

r7~75 Al/llOO Al Alloys
7475 Al/6061 Al Alloys

Diffusion bonded lamina tes 
~~

Tl-6A1-4V/CPT i Alloys
UHC Steel/Iron Alloys

Adhesive ly bonded laminates

Rol l bonded laminate {71475 Al/l 100 Al Alloys

For the mos t par t , these laminates consisted of five layers of primary

metal (e.g., 2.3 mm (0.090 in.) 7475 A l ]  Interleaved with four l ayers c’f thin

secondary material [e.g., 0.3 mm (0.005 In.) 1100 Al]. The following con-

clusions were made from this program:

General Metal Laminate Properties

1. The princ~~1e requirement for attaining high fracture toughness in

laminates is that the primary meta l layers In a laminate fail m dl-

vi dua liy under plane stress conditions. The key factor controlling

plane stress failure of the primary l ayers is that failure occurs
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at the prima ry/secondary bond prior to development of a plane

stra in condition through the thickness of the laminate. In

metal/metal laminates , this means that the Interleaf metal strength

must be less than the primary metal strength.

2. Toughness improvements of up to 100% over monolithic p late plane

strain values were achieved in the dIffusion bonded metal/metal

and adhes i vely bonded metal/epoxy laminate systems eva l uated. The

average K
~ 

va l ues were measured to be 88% to 115% of the K
~ 

values

for the sing le layer primary alloy sheets of approximately the

same thickness as the primary layer in the laminates.

3. The crack divider fracture toughness of an appropriate l y bonded

laminate depends ultimately on the toughness of the indivId ua l

primary layers comprising the laminate. By taking advantage of

the K
~ 

versus thickness relationships , lam i nates of maximum damage

tolerance may be built up f rom sheets to meet specific design
criteria.

1~ Diffusion bond i ng can be used for a variety of meta l /metal systems

to fabricate high damage tolerance lam i nates. Surface clean i ng

procedures pr ior to bonding , the bonding conditions employed , and

the Interleaf thicknesses all are important to the properties of

the laminates produced .

5. The hi gh Interfaclai bond plane shear strengthb [from 103 MPa ( 15

ksi) to 213 MPa (31 ksl) in Al/A l laminates and 4514 MPa (66 ksi) In

a TI/T i laminate ]  allow strengthening heat treatments and conven-

tional aircraft fabrication procedures to be employed . Such hig h

bond plane shear strengths give these damage tolerant metal/metal
laminates a much more i sotropic character than comparable adhes i ve ly

bonded laminates.

Alu minum/Aluminum and AlumInum/Epoxy Laminate Properties

1. All the diffusion and adhesively bonded 7475 aluminum and 7075

aluminum lamInates had considerably higher critica l fracture tough-

ness than comparable monolith ic aluminum plate of simIlar thickness.

Increases of 1 00% were typ i cal. For example , a la minate of 7475
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Al/ I 100 Al in the -165 1 condItion had a Kc of 92 MPa ~~ (814 ks i v’Ti~T)
compared to a K

c 
of 44 MPa ~~ (40 ksi If~ ) for monol i thic plate .

2. Measurements of diffusion and microhardness profiles in the dif-

fusion bonded laminates indicated that interleaves of 0.10mm

(0.004 In.) and 0.25mm (0.010 in.) had chemi cal compositions that

insured soft , duct ile interleaves .

3. Whi le secondary meta l in terleaves  of 0.10mm (0.0014 in.) or

greater th ckness were capable of crack arrest by cyclic de-

lamination , the 0.05mm (0.002 In.) thick Interlea f in the diffusion
— 

bonded laminate was marginall y too thin; it could support crack

arrest unde r rising loads but not under lower stress Intens i ty

fati gue cond i tions .

4. The diffusion bonded aluminum laminates exhibited a greater crack

growth resistance In the crack divider , L-T or i entation than com-

parable adhesively bonded laminates.

5. At an overload ratio of 1.5 in fatigue crack growth studies , the

roll bonded laminate exhibited a retardation behavior very similar

to that of comparable sheet and plate. At an overload ratio of

1.8, crack growth reta rdation was generall y greater than at a

ratio of 1.5, and the laminate ’s crack growth rate fell between

those of the individua l sheet and monolithic plate va l ues.

6. Bond plane shear strengths rang Ing f rom 103 MPa (15 ksl) to

214 MPa (31 ksi) were observed for the diffusion bonded Al/A l

lamin ates.

Titanium/Titanium Laminate Properties

1. Fracture toughnesses of the recrystallization annea led all titanium

laminate and monolithic sheet and plate differed little. This Is

illustrative of a genera l principle that In lower strength , higher

toughness heat treatment condItions , metals exhibit less pronounced

thickness effects on toughness than they do in higher strength

conditions. Lamination thus produces greater imp rovements In

toughness for alloys when they are In hi gh strength conditions.
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2. Measurements of diffusion and mtcrohardness profiles In the dif—

fus ion bonded laminate Ind i cated that the Interleaves of coniner—

cialiy pure Ti remained soft but the laminate inthe recrystalli-

zation annea l ed condition was Incapable of crack arrest.

3. Bond plane shear strengths of 455 MPa (66 ksl) were observed

in the diffus i on bonded titanium laminate.

Ultrahigh Carbon Steel/Iron Laminate Properties

1. Preliminary eva l uations indica te that good fracture toughness
properties may be obtained in the superpla stically formable

ultrahigh carbon steel sheet and diffusion bonded laminates of - -

ultrahigh carbon steel and i ron.

2. Strengthen ing heat treatments for the ultrahigh carbon steel

need refineme nt and the effects of these treatments on fracture
toughness properties of vary i ng thickness of sheet remains to

be done before full characterization of laminates made from the

ultrahigh carbon steel can be performed.
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