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Strength and fracture behaviour of diffusion 
bonded joints in AI-Li (8090) alloy 
Part III Peel strength 

D. V. D U N F O R D ,  P. G. PARTRIDGE 
Materials and Structures Department DRA, Aerospace Division, Royal Aerospace 
Establishment Farnborough, Hampshire, GU14 6TD, UK 

Peel strengths at room temperature and under superplastic forming conditions at 530 ~ were 
measured for diffusion-bonded joints in AI-Li 8090 alloy sheet. The bonds were made in the 
solid state, or via a transient liquid phase using interlayers. The effect of strain rate, sheet 
thickness and heat treatment were investigated. The significance of these results for the 
testing of DB joints and for their use in DB/SPF structures is discussed. 

1. I n t r o d u c t i o n  
Superplastic forming (SPF) has become an important 
processing option for A1-Li 8090 alloy sheet structures 
[1]. Since high-strength joints have been obtained by 
diffusion bonding (DB) [2-5], there has been con- 
siderable interest in DB/SPF processing of this alloy 
in order to manufacture low-cost, low-density sheet 
structures as demonstrated for titanium alloy sheet 
[6]. There is, however, significant scatter in reported 
shear strength data for DB joints in aluminium alloys 
[2]. This may be attributed to different bonding and 
testing techniques, and to differences in surface 
preparation or contamination prior to bonding. In 
practice, bond peel tests at room and elevated temper- 
atures more closely reflect the processing and service 
loading conditions for DB/SPF structures, but unfor- 
tunately, peel strength is particularly sensitive to the 
test technique [7]. Parts I [2] and II [8] of this paper 
described the shear strength and fracture behaviour of 
DB joints in 8090 alloy sheet. In Part III the results of 
a bond peel test programme are described and com- 
pared with other published data. Both solid state and 
transient liquid-phase bonds were tested at room 
temperature and at the superplastic forming temper- 
ature of 530 ~ 

2. Experimental procedure 
Thin (1.6 mm thick) and thick (4 mm thick) A1-Li 8090 
alloy sheet (composition (wt %) of A1-2.5Li-I.3Cu- 
0.6Mg-0.12Zr 0.1Fe-0.05Si) were mechanically poli- 
shed and degreased prior to diffusion bonding (DB) 
either in the solid state without interlayers, or via a 
transient liquid phase (TLP) using a thin (~ l0 gin) 
copper interlayer (8 lam foil sandwiched between cop- 
per sputter-coated sheet surfaces). DB was carried out 
in a vacuum hot press at 550 ~ for 2 h (solid state 
DB), or 560 ~ for 4 h (solid state and TLP DB), under 
a pressure of 0.75 MPa. 

90 ~ "T" peel test pieces were made by bonding a 
25 mm length at one end of two test piece blanks 
100 mm long by 18 mm wide, and then bending the 
unbonded arms through 90 ~ at ~ 500 ~ (Figs la, 2a). 
The larger bend radius obtained for thick sheet 
(Fig. 3a) was associated with a significant bending 
moment, M, in Fig. lb. 

Peel tests were carried out (i) in the as-bonded state 
under SPF conditions at 530~ at an equivalent 
strain rate between the pin holes of 3x10-4s  -1 
(crosshead speed 1.7 mmmin-1; the effect of strain 
rate was determined by increasing or decreasing the 
crosshead speed by a factor 10) and (ii) at room 
temperature and a strain rate of 3 x 10 - 4  S-1 in the 
following conditions; (a) as-bonded, (b) solution heat 
treated (20 rain at 530 ~ (SHT), cold-water quench 
(CWQ)), (c) SHT and aged (5 h at 185 ~ STA), (d) 
thermally cycled (TC, 1 h, 530 ~ air cooled (AC) and 
aged. 
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Figure 1 Schematic diagram of diffusion bonded 90 ~ "T" peel test 
piece: (a) small bend radius, (b) large bend radius showing bending 
moment, M. 
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tained for a TLP DB joint in the same heat-treated 
condition (Fig. 4b). Shear strengths of these DB joints 
at room temperature were similar and about equal to 
the value for the base metal (190-200 MPa) [2]. 

Figure 2 Solid state diffusion-bonded 1.6 mm thick 8090 alloy 900 
"T" peel test piece with small bend radius at A; (a) before testing; (b) 
after almost complete peel fracture (B-C) under superplastic condi- 
tions at 530 ~ Crack initiation at B, crack growth direction B-C. 

Load versus time curves were converted to peel 
strength (load/bond width) versus crosshead displace- 
ment curves. 

3. Results 
The microstructure of a solid state DB joint in the 
STA condition (Fig. 4a) showed a planar bond inter- 
face (A-A) which was difficult to distinguish from the 
surrounding grain boundaries. Transmission electron 
microscopy and selected-area electron diffraction ana- 
lYSiS showed this bond interface was a conventional 
large-angle grain boundary [9]. A non-planar bond 
interface with a coarser grain microstructure was ob- 
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3.1. 90 ~ "T'" peel tests at 530~  
Peel strength curves at 530~ are shown in Fig. 5. 
Solid state and TLP diffusion-bonded thin sheet test 
pieces with small bend radii showed peaks in their peel 
strength curves followed by steady state peel plateaus 
at lower strengths. The curve peak was absent or 
much less marked with thicker sheet test pieces. Peel 
crack nucleation occurred at the load peak or at the 
onset of steady state peel. 

During steady state peel of solid state bondskin 
1.6 mm sheet at the plateau stress, the bend radms 
remained about 2.5t (t = sheet thickness) irrespective 
of the initial radius and complete straightening of 
the test piece arms occurred (Figs 2a, b, 3a, b). The 
peel crack growth rate under these conditions is 
equal to half the crosshead speed, i.e. ~ 1.7/2 
-- ~ 0.85 mm min-  t. The absence of a peak and the 

lower plateau for thicker sheet is attributed to the 
greater moment arm associated with the greater bend 
radius in thick sheet (Figs lb, 3a). The TLP DB joints 
had lower peel strengths than solid state bonds (Fig. 5 
and Table I). 

The shape of peel test pieces after testing depended 
on peel strength and sheet thickness. The bending in 
the arms of 4 mm thick sheet test pieces was much less 
for the weaker TLP DB joint as shown by the larger 
bend radius in the latter (Fig. 3b, c), and this joint 
failed after a smaller crosshead displacement than for 
the solid state joint (Fig. 5). 

A solid state joint between thick and thin sheet is 
shown before and after testing in Fig. 6. The peel angle 
developed in the thinner sheet reached about 135 ~ and 
the force exerted by the sheet was sufficient to almost 
straighten the thicker sheet. Note, however, that the 
peel strength curve for this test piece coincided with 
the plateau for thin sheet (Fig. 5) and was stronger 
than the equivalent 4 mm thick joint. 

Peel strengths were also dependent on crosshead 
speed for both solid state and TLP DB joints. The peel 
strength effectively increases with increase in peel 
crack growth rate, Cr (crosshead speed/2) (Fig. 7) ac- 
cording to the relationship 

e = kC~ (1) 

where k is a constant (equal to 0.66-0.71 and 0.36 N 
rain for solid state and TLP bonds, respectively) and z 
is a crack growth rate exponent (with values in the 
range 0.27-0.33). Since during transient changes in 
cross-head speed the test piece geometry is unchanged, 
the change in peel crack growth rate must be caused 
by the strain rate dependence of the plastic deforma- 
tion and fracture at the peel crack tip. This is con- 
sistent with z being independent of sheet thickness and 
bond type whilst k reflects the bond strength. The 
effect of ci'osshead speed is significant, e.g. an  increase 
in the cross-head speed by a factor 20, or the peel 
crack growth rate by a factor 10, will double the 



Figure 3 Diffusion-bonded 4 mm thick 8090 alloy 90 ~ "T" peel test piece with large bend radius at A: (a) before testing. Solid state DB (b) and 
TLP DB (c) after peel fracture under superplastic conditions at 530 ~ Crack initiation at B, peel fracture B-C. 

measured  peel strength. This has not  been recognized 
previously [4, 5]. 

3 .2 .  9 0  ~ " T "  p e e l  t e s t s  a t  r o o m  t e m p e r a t u r e  
R o o m - t e m p e r a t u r e  peel strengths were independent  of 
sheet thickness in bo th  solid state and  T L P  diffusion- 
bonded  joints  and independent  of bonding  temper-  
ature for solid state diffusion-bonded joints. 

The characterist ic peak and pla teau peel s t rength 
curves were obta ined  for mater ia l  in the high-strength 

condition,  e.g. STA (Fig. 8) or  TC + AC + age. For  a 
1.6 m m  thick solid state DB test piece peaks  in the 
range 54-31 N m m -  ~ were followed by plateaus in the 
range 18 15 N m m  1. For  a T L P  bond  the peak  and 
pla teau values were lower at 16 and 8 N m m  -1, 
respectively. N o  curve peaks  were obta ined  for softer 
condit ions (as bonded  or SHT)  when pla teau peel 
strengths were 7 0 N m m  -1 for solid state DB test 
pieces (Fig. 8). No te  these values were much  higher 
than  the corresponding values for the harder  condi- 
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Figure 4 Microstructure of DB joint interface region (A-A) between 8090 alloy: (a) solid state, (b) TLP. 

TABLE I Diffusion-bond peel strengths and corresponding stress in the test piece arms at 530°C 

Bond type Thickness Peel strength (N mm-1) 
(mm) 

Peak Plateau 

Corresponding stress 
in test piece arms (MPa) 

Solid state 

Transient 
liquid phase 
(TLP) 

1.6 7 5.2 4.4, 3.3 
4 3.5 0.85 
1.6/4 4.8 3/1.2 

1.6 4.4 1.9 2.75, 1.2 

4 2.2 0.55 

Equivalent strain rate 3 x 10-'* s- 1. 
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Figure 5 Peel strength versus displacement (crosshead) curves 
showing the effect of test piece thickness for (Q) solid state and 
(©) TLP DB joints at 530°C. 

t ions.  T h e  S H T  T L P  b o n d  h a d  a l o w e r  p l a t e a u  va lue  

at  40 N m m -  1. T h e  peel  s t r eng th  d a t a  ar  e s u m m a r i z e d  

in T a b l e  II. 
P las t i c  b e n d i n g  of  the  test  p iece  d u r i n g  tes t ing  at 

r o o m  t e m p e r a t u r e  was  m u c h  less t h a n  a t  5 3 0 ° C  as 

s h o w n  in Fig.  9, a n d  dec reased  as the  s t r eng th  o f  the  

shee t  increased.  D u r i n g  peel  f r ac tu re  in the  S T A  con-  

5 7 7 2  

Figure 6 Solid state diffusion-bonded 1.6-4 mm thick sheet test 
piece with small bend radius at A and large bend radius at B: 
(a) before testing; (b) after almost complete peel fracture (C-D) 
under superplastic conditions at 530 °C. Crack initiation at C. 



TABLE I1 Diffusion-bond peel strengths at room temperature 

Bond type Thickness 
(mm) 

Heat treatment condition Peel strength (N mm- 1) 

Peak Plateau 

Solid state 1.6, 4 
1.6, 4 

1.6, 4 

1.6 

Transient 4 
liquid phase 
(TLP) 4 

As-bonded 70 
SHT 70 
(Solution heat treated) 
STA 31-48 15 
(SHT + age) 
Thermal cycle + air cool 54 18 
+ age 

SHT 40 

STA 16 8 

Equivalent strain rate 3 x 10-4s -~. 
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Figure 7 Peel strength versus crack growth rate (strain rate) for 
solid state and TLP diffusion bonds tested under superplastic 
conditions at 530 ~ Sheet thickness: (�9 1.6 mm, (0,  I )  4 mm. 
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Figure 8 Peel strength versus time to fracture for solid state bonds 
at room temperature in the SHT and STA conditions. 

Figure 9 Plastic bending associated with peel fracture for 1.6 mm 
sheet. Peel fracture A-B. (a) Tested under superplastic conditions at 
530 ~ (b) tested in the STA condition at room temperature. 

d i t i on  at  r o o m  t e m p e r a t u r e  no  s igni f icant  c h a n g e  in 

the  shape  of  the  test  p iece  was  a p p a r e n t  (Fig. 9). 

Pee l  c rack  g r o w t h  ra tes  were  m e a s u r e d  d u r i n g  peel  

f r ac tu re  in the  p l a t e a u  s tage  by m o n i t o r i n g  the  c rack  

t ip d i s p l a c e m e n t  at  the  e d g e  of  the  b o n d  plane.  C r a c k  

g r o w t h  ra tes  d e p e n d e d  on  the  a m o u n t  o f  p las t ic  

b e n d i n g  of  the  sheet.  Va lues  of  a b o u t  20 a n d  

1.5-2 m m  m i n - 1  were  o b t a i n e d  for  shee t  in the  S T A  

and  S H T  cond i t i ons ,  respect ive ly .  T h e  ra te  for  the  

5 7 7 3  



SHT test piece is about twice that for steady state 
crack growth at 530 ~ When the bond plane remains 
almost flat in the STA test piece, with little macro- 
scopic plastic bending of the sheet at the crack tip, 
small crosshead displacements lead to much faster 
peel crack growth rates. This difference in crack 
growth rate is reflected in the much shorter time to 
fracture for material in the STA condition (Fig. 8). 

3.3. Peel fracture 
Surface studies were carried out on the test piece 
fractured in the STA condition. (Oxidation on ex- 
posed surfaces at elevated temperatures obscured frac- 
tures made at 530 ~ Extensive plastic deformation 
of the sheet surface at the edge of the bond plane and 
adjacent to the fracture surfaces was observed (Fig. 10) 
and wavy parallel peel fracture striations (A-A in 
Fig. l l a )  were oriented perpendicular to the crack 
direction; the latter are consistent with crack growth 
in increments of 0.14).2 mm. At high magnification 
the fracture surface showed almost deformation-free 
intergranular fracture at the bond interface grain 
boundary (B in Fig. 1 lb, c), which is a characteristic 
fracture mode for bonds in this alloy sheet [8]. In 
some regions the crack had deviated from the bond 
plane to a depth of about 2-4 grains to produce pits 
and hillocks at C and D, respectively, in Fig. 11. The 
fracture in the base of the pit (at E in Fig. 11) was 
much rougher because of the less planar grain bound- 
aries in the base metal [8]. The tendency for the crack 
to wander out of the bond plane indicates the bond 
interface peel strength was about the same as that for 
the base metal, in agreement with bond shear fracture 
data for this alloy [8]. 

4. Discussion 
In the stress analysis of peel test pieces elastic behavi- 
our is normally assumed and for flexible joints an 
energy balance approach is often preferred [10, 11]. 
The work done, W, by the peel force during steady 
state peel is used to create two fracture surfaces and 

Figure 10 Surface delbrmation on the edge of a solid state DB test 
piece after peel fracture in the STA condition at room temperature. 
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Figure 11 Scanning electron micrograph of a solid state diffusion 
bond after peel fracture in the STA condition at room temperature. 
(a) Fracture striations, (b) pit, (c) hillocks. 

the interracial fracture energy per unit area, Wa, is 
given by 

W d = F d l / w d l  

= F / w  

= P N  m m -  1 (2) 



where F is the peel force, w the width of the crack, d l 
the advance of crack and P the peel strength. In 
practice, the peel of DB joints is more complex and the 
peel force is not a direct measure of the fracture 
energy. Plastic bending, Wb, crack tip plasticity, War, 
and superplastic deformation, Wspf, at elevated tem- 
peratures can lead to a significant increase in the 
energy dissipation during a peel test with a consequent 
increase in the peel strength, i.e. 

P = wspf + wb + we, + wd (3) 

In a 90 ~ peel test with adhesively bonded thin metal 
films, 98% of the energy for steady state peel was used 
to plastically deform the adherend [12]. The present 
tests have shown that for a given diffusion-bond 
strength the measured peel strength curves at 530 ~ 
may or may not exhibit peaks, and can have different 
strength levels for the peaks and plateaus depending 
upon the ease of plastic deformation, which in turn 
depended upon the sheet thickness, bend radius and 
crosshead speed (Fig. 5). It is therefore important to 
take account of the first three terms in Equation 3 
when using the peel test to compare the effect of 
processing variables on the actual bond strength. 

The strength of solid state diffusion-bonded joints 
was greater than that of TLP diffusion-bonded joints 
made with ~ 101am copper interlayers and tested 
under identical conditions (Tables I and II). Other 
reported peel test data for a TLP joint formed with a 
zinc interlayer [4] are compared in Fig. 12. At 530 ~ 
the TLP joints exhibited similar peak/plateau curves; 
the slightly higher plateau for the zinc interlayer could 
be caused by the higher strain rate used. The reported 
TLP strength [4] was based upon the peak strength 
which was about twice the plateau strength. However, 
peel crack nucleation has been shown to occur at the 
peak strength with thin sheet test pieces and at the 
plateau strength with thicker sheet. It may therefore be 
unwise to quote a hot peel strength for 8090 alloy based 
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Figure 12 Peel strength versus displacement (crosshead) curves for 
thin sheet. ( ) At 530 ~ present work, ( - - - )  [4], (@) solid state 
DB, (�9 TLP DB. 

on a load peak. Note the much lower peel strength 
reported for the solid state bond. This is consistent with 
the reported shear strength at room temperature [4], 
which was a factor 4 lower than that obtained in the 
present tests. These comparisons emphasize the vari- 
ability in published data and the need for agreement on 
the testing and analysis of diffusion-bonded joints. For 
comparison, peel strengths measured at room temper- 
ature for adhesive bonded aluminium alloy joints are 
about 8 N m m  -1 [13]. 

The 530 ~ test data in Table I indicate that 90 ~ peel 
fracture will occur before the superplastic flow stress 
of 5 MPa is reached in 1.6mm sheet. Thus, for 
DB/SPF the bond strength is critical for 90 ~ bonded 
joints in sheet thicker than about 1 ram. However, 
other work has shown [14] that for the high bond 
strengths obtained in the present tests the bonded 
joint strength may cease to be critical with angles of 
less than 90 ~ and different joint designs. 

5. Conclusions 
90 ~ peel strengths at room temperature and at 530 ~ 
for solid state and TLP diffusion-bonded joints were 
significantly higher than those reported for adhesive- 
bonded joints. Solid state-bonded joints were stronger 
than TLP joints. Peel strengths were sensitive to the 
amount of plastic deformation, and this depended on 
sheet thickness, heat treatment and strain rate. It was 
concluded that for sheet thicker than about 1 mm, peel 
fracture of 90 ~ joints would occur before deformation 
of the sheet at ambient temperatures and at 530 ~ 
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