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Effect of high rate deformation induced 
precipitation hardening on the failure of 
aluminium rivets 
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Aluminium alloy (7050-T73) rivets were fabricated by an electromagnetic riveting process. 
Each rivet was formed in less than 500#sec. Microcracks and severely deformed regions were 
observed in the rivet head. Microprobe analysis, optical and scanning electron microscopic 
examination on the rivets did not yield conclusive evidence that the microcracks were caused 
by impurities such as iron and silicon. The data obtained in this study support the view that 
heat generated by material flow at high speed in the rivet head induced precipitation harden- 
ing. The precipitation hardening significantly increased the material hardness in the severely 
deformed shear zone. It is believed that the increment of hardness in the shear zone of the 
rivets fabricated from the slugs which were previously age hardened resulted in a further 
decrease in ductility. Hence the initiation of voids which subsequently coalesced to form 
microcracks in the shear zone. 

1. In troduct ion  
An electromagnetic riveting (EMR) process was 
developed in-house by Boeing Aircraft Company [1]. 
In this process a rivet was formed from 5/16" (0.79 cm) 
AI 7050-T73 slug in less than 500#sec. Microcracks 
were found along the well defined shear zone. In this 
work, an attempt was made to investigate the mech- 
anisms of microcrack formation. 

The EMR process induced an extremely high rate of 
material deformation and large plastic strain. The 
material response under such extreme conditions was 
complicated. It has been a subject of intense interest 
[2-19]. Phase transformation in the severely deformed 
shear zone was observed [5, 10, 14, 16]. In this study, 
a finite element analysis and an experimental investi- 
gation were conducted. Rivets fabricated by the EMR 
process were examined by conducting optical and 
scanning electron microscopy, and microhardness 
measurement. 

Broek [20] has demonstrated that inclusions could 
serve as sites for the initiation of voids which would 
grow and coalesce to form microcracks. Furthermore, 
it was revealed by Senz and Spuhler [21] that impurities 
such as iron and silicon have a detrimental effect 
on the toughness of aluminium alloys. In order to 
ascertain if the microcracks observed were due to 
impurities, microprobe analysis was also pursued. 

2. Analys i s  
A closed-loop feedback controlled servo-hydraulic 
testing system (MTS) was used to conduct uniaxial 
compression tests on 5/16 inch (0.79cm) 7050-T73 
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aluminium rivet slugs. The test data indicated that 
the aluminium slug could be assumed to have elastic- 
perfectly plastic behaviour. This assumption was 
adopted for subsequent finite element analysis using 
DYNA2D [22]. DYNA2D was an explicit axisymmetric 
finite element program. It was formulated for ana- 
lysing the dynamic response of solids subjected t o  
large plastic deformation. Sliding with friction along 
material interfaces was allowed. Modifications of the 
original DYNA2D program were required to accom- 
modate singularities created by the 90 ~ angles in the 
rivet-stack geometry and also to prevent unwanted 
penetration of the stack boundary by the rivet slug. 
Stacks were the components to be joined by a rivet. 
Spatial descretization was achieved by using four- 
node solid brick elements. The equations of motion 
were integrated explicitly. The EMR process was sim- 
ulated using the modified DYNA2D. The rivet driver 
was assumed to weigh 1.4 lb (0.64 kg). Fig. 1 shows the 
sequence of rivet formation. Though the process took 
450 #sec it can be observed that the rivet head was 
formed fully at about 350 #sec. The simulation of the 
EMR process was repeated for five other cases with 
the following die side angles of 50 ~ 30 ~ 25 ~ 20 ~ and 
15 ~ The results of the analysis are shown in Figs2 and 
3. Fig. 2 is a plot of maximum shear stress against rivet 
die angle. It shows that the maximum shear-stress 
increases with increasing die angle. Fig. 3 shows the 
variation of interference pressure, at the interface 
between the rivet shank and stack, with rivet die angle. 
The maximum interference pressure increases with 
decreasing die angle. 
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Figure 1 Simulation of rivet formation by the EMR 
process. 

3. Experimentation 
Rivet dies with sidewall angles of 40 ~ and 25 ~ were 
manufactured. These dies were used in conjunction 
with the EMR machine. Two driver weights of 1.4 lb 
(0.64 kg) and 5.6 lb (2.56 kg) were employed. The alu- 
minium alloy 7050-T73 rivet slugs were supplied by 
Alcola. Some of these rivet slugs were solution heat 
treated again by heating them to 8 9 0 _  10~ 
(476 _ 5.6 ~ C). This temperature was maintained for 
30 min. The slugs were subsequently quenched in cold 
water. They shall be referred to as solution heat 
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Figure 2 Maximum shear stress as a function of rivet die angle. 
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treated rivet slugs in the following presentation. 
Whereas, the original rivet slugs supplied by Alcola 
will be referred to as the "as-received rivet slugs". 
They were age hardened in storage. Rivets were fabri- 
cated from both groups of rivet slug. The rivets were 
sectioned, mounted on potting material, ground, 
polished and etched for 10 sec using an etchant con- 
sisting of the following constituents 

(i) 2 ml hydrofloric acid 
(ii) 3 ml hydrochloric acid 
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Figure 3 Variation of interference pressure ( I  maximum, �9 mini- 
mum) with rivet die angle. 



S p E I C O N D ~ ~ R o I ~ N O ; ~ ~ R I V  E T HP,,! D 

i r i , i i i i r I i i J i i i h i i 

X-AXIS 

Figure 4 Zoning of a rivet. 

(iii) 20 ml nitric acid 
(iv) 175 ml water. 
Optical microscopy, microprobe analysis and 

microhardness measurement were conducted. For  
better visual resolution on the microcracks, some of 
the polished and etched specimens were coated with a 
thin layer of gold-palladium and examined using a 
scanning electron microscope. The results are pre- 
sented in the following sections. 

4. Experimental results 
4.1. Optical microscopy 
For the sake of convenience a rivet is divided into four 
regions as Shown in Fig. 4. Only the primary shear 
zone was of significance in this study and the term 
"primary" will subsequently be dropped when refer- 
ring to the primary shear zone. The variation of grain 
size in these regions was examined. Fig. 5 shows 
variation of grain shapes and sizes. The relative 
location of the rivet shown in Fig. 5 are illustrated 
schematically in Fig. 6. Near the top free surface of the 
rivet head in region 1 the grains were very small and 
closely packed together. The grains are not elongated 
in the x direction as defined in Fig. 6. At a small 
distance below the top free surface the grain increased 

in size suddenly. The grains remained relatively large 
for an extended length before decreasing in the size 
gradually in region 2; but they began to elongate in 
shape. They aligned themselves and achieved maxi- 
mum elongation at the shear zone. On the other side 
of the shear zone in region 3 (see Fig. 6) the grains 
increased in size very quickly. At a short distance away 
from the shear zone in region 3, the grains attained 
sizes comparable to those in the large-grain section of 
region 1. Fig. 7 is a micrograph of  a section of  a rivet 
with relative location shown in Fig. 6. The small 
grains in region 2 are elongated and orientated along 
the paths shown in Fig. 6. At the shear zone, grains 
have elongated extensively. They aligned and orien- 
tated themselves parallel to the shear zone. Microcracks 
found in the shear zone ran parallel to the grains in 
and near the shear zone. Fig. 8 shows a cross-section 
perpendicular to the axis of the rivet. The grains 
in and near the shear zone were stretched circumfer- 
entially as shown in Fig. 9 which is a magnified section 
of Fig. 8. The general appearance of the shear zone 
created in a rivet formed with 25 ~ die was quite similar 
to those shown earlier. However, no cracks were 
found in the shear zone. Fig. 10 shows the shear zone 
of a rivet formed from the solution heat treated slug 
with a 40 ~ die. In this case, the shear zone is very 
diffused. Grain elongation was present but no micro- 
cracks were found in the shear zone. 

4.2.  S c a n n i n g  e l ec t ron  m i c r o s c o p y  
Microcracks in the shear zone are shown clearly in 
Fig. 11. The coalescence of voids to form micro- 
crack is evident. Some voids were found to contain 
inclusions. In order to ascertain the material com- 
position of the inclusions, a qualitative X-ray analysis 
was conducted using the EDAX system. Fig. 12 is the 
EDAX spectrum of the inclus,on. The presence of  iron 
was detected. The EDAX spectrum of  a void and 
inclusion free location in a rivet shank is shown in 
Fig. 13. No elements of iron could be detected. 

Figure 5 Optical micrograph of a cross-section of a rivet head (Material: as-received 7050-T73, Forming process: EMR, Hammer weight: 
1.4 lb (0.64 kg)). 

601 



< 

0.1l 

. . . . . . . . .  t . . . . .  . . . . .  

LOCATION OF FIG. 5 - 7  LOCATION OF 
-_  FIG. 7 -7 

SHEAR /~. f l ' _ ] _ _  _A / 

II~ZONE \ ~ - - ~  ~ - / "  

, r i i i = i i i I i i r i i i i r J 

X-AXIS 

Figure 6 Relative position ~f Figs 5 and 7. 

4.3. Microprobe ana lys i s  
The EDAX results prompted a quantitative element 
analysis. A microprobe was used in this pursuit. The 
analysis was focussed on the shear zone. X-ray emission 
spectrograph was conducted. The concentrations of  
silicon, iron and magnesium were examined. Traces of 
iron and silicon were found to exist in the rivet. How- 
ever, further work did not reveal conclusive evidence 
that these elements were the crack initiation sites. 

4.4. Microharclness m e a s u r e m e n t  
The microhardness results obtained are summarized 
here. Fig. 14 shows the variation of  microhardness 
along the shear zone of  a rivet fabricated from the 
as-received rivet slug using a 40 ~ die. The microhard- 
ness on the shear zone was lowest at the centre of the 
rivet head with a value of  about 150 Vickers DPH. 
The material microhardness increases along the shear 
zone. It reaches a value of 215 Vickers DPH at point 
A which is near the base of the rivet head. Rivets 
fabricated from solution heat treated rivet slugs 
showed the same trend of microhardness variation 
along the shear zone as illustrated by Fig. 15. In this 
case the deformation in the shear zone was very diffuse 
as evident in Fig. 10. Microhardness also varied across 

the shear zone. Maximum hardness occurred in the 
shear zone and tailing off on either side of  the shear 
zone. Such feature is clearly shown in the results 
obtained from the rivets fabricated using solution heat 
treated slugs and the 40 ~ die as illustrated in Fig. 16. 
Only a very small amount  of  variation in microhard- 
ness was observed in the rivet shank. 

Rivets fabricated from the as-received slug and 25 ~ 
die had a small variation of microhardness along the 
shear zones as can be seen in Fig. 17. The micro- 
hardness varies along the shear zone from about 185 
Vickers DPH at the base of the rivet head to about 165 
Vickers DPH at the centre of  the rivet head. At a small 
distance away from the base of the rivet head, the 
microhardness along the shear zone approached that 
in area on either side of  the shear zone as shown in 
Fig. 18. 

5. Discussion 
Deformation in the rivet was axis-symmetric as 
can be seen from Fig. 8. Thus the assumption of  
axis-symmetric deformation made in the DYNA2D 
program was validated. 

Microcracks were found in the shear zones of  rivets 
fabricated by employing the EMR process. The 

Figure 7 Optical micrograph of a cross-section of a rivet (Material: as-received 7050-T73, Forming process: EMR, Hammer weight 1.41b 
(0.64 kg)). 
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Figure 8 Optical micrograph of cross-section perpendicular to the 
axis of the rivet (Material: as-received 7050-T73, Forming process: 
EMR, Hammer weight 1.41b (0.64kg)). 

microprobe analysis did not reveal any conclusive 
evidence that these microcracks were initiated by the 
presence of impurities such as iron and silicon found. 
If these impurities had been the cause of microcrack 
formation, one should still be able to observe these 
microcracks even in the rivets formed from the sol- 
ution heat treated rivet slugs, but no such microcracks 
were observed. 

Melellan and Eichenberger [23] have demonstrated 
that aluminium did exhibit strain hardening behav- 
iour. Associated with the strain hardening was an 
increase in microhardness and loss in ductility. Rivets 
fabricated using the same EMR process with different 
dies would be subjected to the safne deformation rate. 
Therefore, the same degree of strain hardening would 
be experienced by all the rivets. Hence, the same level 

of increment in microhardness should occur in all the 
rivets. However, this did not bear out in the experi- 
mental results. Figs 14 and 17 show the microhard- 
ness in the shear zone of rivets fabricated using 40 ~ 
and 25 ~ dies respectively. Both rivets were made from 
the as-received rivet slugs in the EMR process with a 
1.41b (0.64kg) hammer. The 40 ~ rivet possessed a 
larger increment in microhardness. Therefore, strain 
hardening could not account for all the loss in duc- 
tility experienced by the rivet material when undergo- 
ing the high rate of deformation. Strain hardening 
could occur in the slow hydraulically squeezed rivets 
formed using the EMR process. Even though strain 
hardening occurred in all three cases, no microcracks 
were found in the slow squeezed rivet and the EMR 
formed 25 ~ rivet fabricated from the as-received slug 
as well as the 40 ~ EMR formed rivet made of solution 
heat treated slug. Therefore, it could be concluded 
that strain hardening did not have a significant effect 
on the formation of microcracks. 

Close packing of grains in the shear zone would 
increase the microhardness of the material. Neverthe- 
less, it could not explain the difference in microhard- 
ness in the shear zones between the 40 ~ and 25 ~ rivets 
since both have close packing of grains. Furthermore, 
microhardness varied along the shear zones even 
though close packing of grains existed throughout the 
shear zones. 

The applied compressive load induced material in 
region 2 of Fig. 4 to flow in the manner predicted by 
DYNA2D and observed experimentally. According to 
the simulation by DYNA2D, no significant grain 
movement occurred in region 3. This view was sup- 
ported by the experimental results. Thus the relative 
grain movement was the highest in the shear zone. 
Also the relative grain movement increased along the 
shear zone and attained a maximum level near the 
base of the rivet head. Friction resulting from such 
grain movement generated heat which was high along 
the shear zone and again attained a maximum level 

Figure 9 Part of Fig. 8 at a larger magnification. 
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Figure 10 Diffused shear zone created using 40 ~ die and solution 
heat treated 7050-T73 slug (Forming process: EMR, Hammer 
weight 1.4 lb (0.64 kg)). 

near the base of the rivet head. In the EMR process 
the rate of heat generation is higher than the rate of  
heat dissipation. Therefore, a high level of heat could 
be-built  up. In contrast heat built-up in the rivet 
formed by the slow hydraulically squeezed process 
was unlikely because an equilibrium was always main- 
tained between the heat generation and heat dissipa- 
tion. The additional increase in microhardness and 
hence loss in ductility was probably in part due to 
precipitation hardening. As shown by Reed-Hill [24] 
the speed at which precipitation takes place depended 
on temperature. At low temperature, a long period 

of time were needed for precipitation to complete 
itself. As the temperature ~ncreased, the time required 
decreased progressively. Therefore, it would be 
expected that the microhardness in the shear zone 
would be higher than in the rest of  the rivet. Also, 
microhardness should increase along the shear zone 
with maximum microhardness occurring near the base 
of the rivet head. This observation is substantiated by 
the experimental results shown in Figs 14, 15 and 16. 

The solution heat treatment restored the ductility 
lost as a result of age hardening which was present 
in the as-received rivet slugs. The shear zones in 
the rivets formed from the solution heat treated 
and the as-received slugs were diffused and localized 
respectively as shown by Figs 10 and 7. This data 
demonstrated the effect of age hardening. The micro- 
hardness results obtained on rivets formed from the 
solution heat treated rivet slugs as shown in Figs 15 
and 16 indicated tentatively that precipitation harden- 
ing significantly increased the microhardness in the 
severely deformed shear zone. This same view had 
been presented by Grady et al. [7]. In addition to the 
effect of  age hardening, the loss in ductility due to 
precipitation hardening was probably sufficient to 
cause microcracking in rivets fabricated from the 
as-received slugs. 

Microcracks in the shear zone could be eliminated 
through inhibiting the temperature built-up and hence 
suppressing precipitation hardening. Such an objective 
could be achieved by either reducing the rate of  defor- 
mation, as was in the case of the slow hydraulically 
squeezed process, or by decreasing the amount of  
material flow in the shear zone. The latter was 

Figure 11 Microcrack in the shear zone. 
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Figure 12 EDX spectrum of the inclusion. Figure 13 EDX spectrum of a void and inclusion free location in a 
rivet. 

achieved with the aid of 25 ~ die in the EMR process. 
The subsequent increase in the microhardness of the 
shear zone was very small as shown in Figs 17 and 18. 
No microcracks were found in the shear zone even 
though the rivet was made from the as-received slug 
with the EMR process. The lower shear stress pre- 
dicted by the DYNA2D also assisted in the micro- 
crack prevention process. 

6. Conclusion 
Optical and electron scanning microscopy were 
conducted on rivets fabricated by employing the EMR 
process with 40 ~ and 25 ~ dies. Rivets formed from the 
solution heat treated and the as-received rivet slugs 
were examined. The material flow characteristics of  
the rivets were observed to be in agreement with those 
predicted by the DYNA2D finite element program. 

Voids which grew and coalesced to produce micro- 

cracks in the shear zone were also observed. Micro- 
probe analysis did not reveal conclusive evidence that 
the voids were initiated by the presence of impurities 
such as iron and silicon. 

However, the microhardness results obtained on the 
rivets formed from the solution heat treated slugs 
indicated a significant increase in microhardness in the 
severely deformed shear zone. It is believed that the 
increment was largely due to precipitation hardening. 
The precipitation hardening phenomenon was made 
possible by the large amount of  heat generated in the 
shear zone. Such heat generation was due to a large 
amount of rivet material flow when the rivet was 
undergoing high deformation rate imparted by the 
EMR process. No temperature was monitored in the 
shear zone due to the extreme difficulty. It was con- 
strued that the loss in ductility due to age hardening in 
the as-received slugs and precipitation hardening in 
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Alcola, deformation process 
EMR shear strength 44 ksi. 
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Figure 16 Microhardness vari- 
ation across the shear zone of a 
40 ~ rivet material solution heat 
treated (7050-T73) EMR defor- 
mation process. 
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Figure 18 Microhardness vari- 
ation across the shear zone of a 
25 ~ rivet. Material as-received 
from Alcola, deformation process 
EMR shear strength 44ksi. 
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the shear zone was the cause of microcrack formation 
in the rivets fabricated from the as-received slugs by 
the EMR process with a 40 ~ die. Therefore, micro- 
cracks in the shear zone could be avoided by prevent- 
ing precipitation hardening. It was achieved through 
inhibiting the temperature built-up in the shear zone, 
either in reducing the rate of load application or by 
decreasing the amount of material flow in the shear 
zone .  
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