
Im~rovina the 

is accomplished with postweld 
brush shot peening and suggests 
using rotary brush peening for 
aluminum ship hull construction 
in postweld treatment of areas 
subject to localized cyclic loading 

investigation was conducted to develop witable 
thods to improve the fatigue performance of welded 
6 alloy aluminum for high performance ship con- 

uctiori. A previou5 sttidy showed that the high cycle 
igue performance of 5086 aluminum alloys was seri- 

;;ly degraded by welding as shown in Fig. 1. Degracla- 
.i was attributed to softening of the weld bead and 

a presence of weld microporosity, levels of which 
re either undetectable by radiography or allowable by 

Experimental Procedure 

Materials 

TL I ile - maieiials of piirilary curi>iderdiion for high per- 

formance ship constr~~ct ion are exfoliation-resistant 
grades of 50861 and 5456 aluminun> alloys. These alloys 
are noriheat-treatable, strengthened primarily by work 
hardening and have essentially the same fatigue per- 
formance.' The base metal chosen for this study was % 
and Xi in. (6.4 and 15.9 mm) thick alloy 5086 in the HI16 
exfoliation-resistdnt temper:' Aluminum alloy 5356 filler 
metal wire was used in fabrication of butt and fillet 
weldr~ients.~ 

Weldrnent Preparation and Testing 

Weldmenis were fabr~cated autoinatically In the flat 
position by the GMALV process In the spray mode The 
we ld~ng parameters employecf are shown in Table 1 
Atter welding, the weldmenth were subjected to racl~o- 
graphic InLpectlon Test blanks were removed from 
unwelclcd base plate and weldrnents and machined ~ n t o  
the fatigue speclrnen3 shown in Fig 2 Spec~niens were 
prepared so that all LVEICJS wwe  transberse to the long 
specimen avls 



Table 1-Welding Parameters Employed in Fabrication of 5086-H116 Weldments 

i r ~ v ~ l  spretl Heat ~nput Weldrnent Voltage, Current, 
~dent~f~cat~on V A IPm rnrn/~ k J / ~ n  kJ/m 

S5-2 25 230 1'3 8.0 18 70.9 
S5-4 24 230 21 8.9 16 70.0 
55-5 25 240 23 9.7 16 70.0 
S5-8 28 265 24 10.2 19 74.8 
55-9 27 265 21 8.9 20 78.7 

55-1 0 28 300 24 10.2 21 82.7 
55-1 7 31 245 2 1 8.9 22 86.6 
S5-18 30 230 22 9.3 19 74.8 
Average 27 250 2 2 9.3 19 74.8 
Range 24-31 230-300 19-24 8-10.2 16-22 70.0-86 6 

After machining, the test sections of the specimens 
were given a rotary wire brush finish. Specimens were 
tested in air in completely reversed bending fatigue 
(stress ratio: R = minimum stress/rnaximum stress = 
-1) using a Sonntag testing machine at a cycle test 
frequency of 1800 cpm until complete fracture 
occurred 

Shot Peening 

Shot peening studies were conducted using two,types 
of comniercially available peening brushes. The first type 
of brush consisted of cast steel shot uniformly distrib- 
uted and bonded to nylon cloth f laps 'wh ich  are 
mounted on a rigid hub. These brushes were used in 
either 8 or 12 in. (20.3 or 30.5 cm) diameter by  1 in. width 
and were mounted on conventional electric hand grind- 

bonded in one or two rows along the outer edges of tw( i  
small nylon reinforced polymeric flaps. The flap assem- 
bly is held in a mandrel mounted in a hand-held grinder 
or flexible shaft tool as shown in Fig. 3B. 

In use the brushes are rotated rapidly wi th peening 
occurring as the shot strikes the workpiece. This type of 
peening, rather than conventional shot or hammer peen- 
ing, was investigated because of its potential for use as a 
portable, manual or a~~ tomat i c  method of controlled 
peening. 

The degree of peening (known as almen intensity) s 
deterniined by measuring the curvature, in terms of sic 

Fig. 3-Peening brushes. A-cart s tee l  shot brush 
carbide shot brushes 



height, induced in an originally flat standard steel strip. 
The alrnen intensity i s  dependent on the force with 
which the shot impacts the workpiece and the time of 
peening. The impact force is dependent on the type of 
shot, brush diameter and rotational speed. 

A standard alrnen strip and almen gage used for 
tirtermining alnien intensity are shown in Fig. 4. The 
yocedures used for determining almen intensity are 
drx r iber l  in military specification MIL-R-81841 and are 
excerpted below:" 

7 .  With a new almcn strip placed on the almen gage, 
set zero curvature on the gage dial. 

2. Position the almen strip on magnetic strip holder. 
3. Qrush peen the strip at a fixed speed and for a given 

time so a s  to fully cover the strip with peening impres- 

4 Determine the strip arc height (dlmen intensity) by 
placing the peened strip in the alrnen gage. 

5. The strip is peened for additional periods of time 
a::d the intensities meascired to generate peening time/ 

hlanufacturers' literature concerning these brushes 
states t h ~ t  sufficient brush flap deflection must be 
obtained for optimum peening  result^.^ Minimum and 
maximum hrush deflections to be used for the small 
9/16 x 1 in. (14.3 x 25.4 mni) tungsten carbide shot brush 
and the I2 in. (30.5 cm) diameter cast steel shot brush are 

Preliminary peening tests were run wi th the operator 
a~iplying sufficient pressure to cause flap deflections 
equivalent to both the minimum and maxirnurri limits of 
the range shown in Fig. 5. (During subseqc~ent discus- 

ns the minimum and maximum limits are referred to 
light and heavy peening pressure, respectively.) The 

tational speed of the peening brushes was controlled 
rough the use of a variable speed drive motor and a 

Fig. 5-Flap deflection range for X I in. (14.3 X 25.4 mm) flap 
brush and 12 in. (30.5 cm) diameter flap brush 

Using a practice plate, the brush speed was set by an 
assistant adjusting the variable speed control while the 
operator maintained the proper peening pressure. The 
operator coclld then vary peening pressure, as necessary, 
to maintain a constant speed as indicated by the station- 
ary image of an index mark on the brush when illumi- 
nated by the strobe light set at the desired speed of the 
drive motor. This technique controlled both the brilsh 
speed and peening pressure and was not difficult to 
master. 

Results and Discussion 

The results of Sonntag fatigue tests performed on 
5086-HI16 bdse plate, transverse butt weldnients with 
reinforcement removed, and transverse tee fillet weld- 
rnents (shown in Fig. 6 and Table 2) indicate that the 
fatigue strength of this alloy is seriously degraded by 
welding. In the butt-welded specimens,, fatigue cracks 
initiated in and propagated through the weld metal. 
Cracks in the fillet-welded specimens initiated at the 
weld toes and propagated through the H A L  of the 
contini~ous member (flange). To effect an improvement 
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F I ~  6-Fatigue performance of 5086 HI16 h , ~ i e  nietal and 
unpeericrl welclrncnt, 



in the fatigue perforniance of 5086-Hllh, prelirnindry 
brush peening studies were performed. 

To determine initial peening intensities for use on the 
fatigue specimens, sections of K in. (15.9 rnni) thick 
5086-Hl.16 plate were brush peened using the 8 and 12 
in. (20.3 and 30.5 cm) diameter brushes. The effect of 
different.combinations of brush diameter, brush rpm, 
peening time and operator pressure on peening intensi- 
ties is plotted in Fig. 7 .  During the preliminary peening 
tests, the maximum brush deflection (heavy peening 
pressure) was found to be the easiest for the operator to 
maintain. It i s  evident from Fig. 7 that increases in the 
value of any one of the peening variables, while main- 
taining the others constant, wil l  result in increases in the 
peening intensity. 

Typical surface appearances of peened aluminum 
plates with the peening parameters and peening intensi- 
ties used are shown in Fig. 8. Examination of the peened 
surfaces revealed two types of general surtace appear- 
ance. Light peening pressure gave the appearance of 
overlapping circular spots. This spotted surface (Figs. 811 
and 8C) would norrnally be expected when using con- 
ventional shot peening in which the steel or carbide shot 
strikes normal to the surface of the workpiece. Heavy 
peening pressure produced a spot appearance, superim- 
posed on a background of waves running in the ciirec- 
tion of peening (Figs. 8U, OD, and O C ) .  The wave pattern 
i s  felt to be unique to rotary brush peening and is caused 
by lateral plastic flow of the surface in the direction of 
brush rotation. 

Based on the amounts and types of surface cieforma- 
tions obtained during the preliminary studies, peening 
parameters were selected for fatigue screening. Alrnen 
(A) scale intensities from 0.0015 to 0.0065 in. (0.03 to 0.17 
inni) and peening conditions which result in both sp.ot- 
and wave-type surface pdiicrr15 were chosen fo i  inirial 
fatigue evaluation. 
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Butt-Weld Peening 

With weld reinforcements removed, butt-welded 76 in. 
('15.9 mm) thick fatigue specimens were peened using 
the 8 and 12 in. (20.3 and 30.5 cm) diameter peening 
brushes to almen (A)  scale intensities of 0.0015, 0.0025, 
0.0035 and O.OU65 in. (0.038, 0.064, 0.089 and 0.17 mm). 
Peening was performed on both plate sclrfaces only in 
the weld area. To assure that peening intensities were 
accurate, an almen strip was peened along with each 
fatigue specimen. The specimens peened at intensities 
of 0.0015 and 0.0035 in. (0.038 and 0.089 mrn) exhibited a 
spotted surface while the other specimens showed wavy 
patterns. A typical butt-weld specimen undergoing 
peening i s  shown in the lead photograph. 

After peening the specimens were fatigue tested. The 
results of these screening tests were cornpartxi to the 
results of unpeened butt welds in Fig. 9. Although some 
peened specimens exhibited surface discontinuities 
such as dents and machining marks (Fig. 10) from 
previous handling, peening caused the fracture to occur 
away from the defect locations. 

A comparison of fatigue results for unpeened and 
peened specimens taken frorn the same weldments 
(S5-2, 55-4) is shown in Table 2. Racliograplis of weld- 
rnent S5-4 had revealed extensive lack of fusion defects 
in thc specinicns used for fatigue testing. This defect can 
be seen in the fracture surface of the unpeened speci- 
men 55-4A-Fig. 1'1. However, the peened specimen 
taken from this weldrnent, 55-4C (Fig. I ? ) ,  lasted signifi- 
cantly longer when tested at a higher stress level arid did 
not fracture through the defect area. 

Analysis of the screening fatigc~e data did not reveal 
any deleterious effects from the type of peened surface, 
nwther wave nor spot, on fat~gue performance Ba5ed on 
these results, adcl~t~ondl butt-welded spec1nien5 were 

Fig. 7l-Fracture locatior, in peened 
specimen taken from a weit irnent 
h'iving extensive subsurface I' ick of 
fusion cl t fects 



- 
Table 3-Fatigue Performance of Postweld Peened 5086-H 116 Butt Welds" 

Peening Cyt1t.i to 
Stress intensity f,~ilure Surf,~ce 

(Alrnen A ]  ks i  h4 Pd x lo', app(w.ince 

0.0035 15.0 103.4 33.4"" Spot 
0.0035 17.5 120.6 2.7 Spot -- 
O.OOh5 15.0 103.4 10 h"" Wdve - 

4 1 5 0  103.4 11.5"" b 
17.5 120.6 1.4 
17.5 120.6 2. 1 
17.5 120.6 2.7 
17.5 120.6 12.2 
20.0 137.9 0.2 

r 20.0 137.9 0.5 t 
0.0065 22.5 155:l 0.1 Wave 

0.M380 -15.0 103.4 '12.0°" Wave 
0.0080 17.5 120.6 3 .O Wave 

"'All tests in air; bending fatrgue (R = -I),  reinforcemeni removed; 5356 fd ler  metal, peening performed b y  12 111 (10 5 cml  i l i a rne l c r  hruih 

'peened t o  generate a ful l  S-N curve. Tests were also run 
to  determine i f  i t  were possible to overpeen the but t  
welds and cause a degradation of fatigue performance 
by peening to almen (A) scale intensity of 0.0080 in .  (0 2 
mm).  The re5ults o f  the fatigue tests performed o n  the 
specimens are listed in  Table 3. 

Figure 12 shows the fatigue test results for all o f  the 
peened but t  weldments. These data show that peening 
in  the range o f  0.0035 to 0.0080 in. (0.089 to 0.2 m m )  ( the 
rnaximun-i peening intensity that could be obtained 
using the 8 or 12 in., i.e., 20.3 or 30.5 cm diameter 

brushes) significantly improves the fatigue strength of 
but t -welded 5086-H.116. At the high-cycle to failure end 
o f  the curve, the peened specimen fatigue performance 
is equal to  or possibly higher than the base metal 
performance. In  the Ion-cycle, high-stress region, 
peened specimens, whi le performing better than 
i~npeened  welds, are only slightly lower i n  fa t ig i~e 
strength than the base metal. It i s  also significant that Llle 
m a x i m i ~ m  intensity, which could be obtained w i th  the 8 
or 12 in. (20.3 or 30.5 rnm) brushes, d id  not result i n  any 
deleterious overpeening, This factor, along w i th  the 
overall w i d e  range of optirnum peening intensities that 
improve fatigue performance, 0.0035 to  O.Ci080 in.  (0.089 
to  0.2 m m )  alrnen (A), makes the brush peening process 
relatively insensitive to operator error. 

105 106 107 108 
CYCLES TO FAILURE 

Fig. 12-Efiect of brush shot peening on fatigiie periorrn,~nce of 
butt-welclecl 5086-H 1'16 

I S Y M B O L  INTENSITY I 

Fillet-Weld Peening 1 
The effects o f  postweld peening o n  fi l let-weld fatigue 

performance were screened using the opt irnum but  
weld peening intensities. Peening was performed usin 
the 12 in. (30.5 cm) diameter brush rotating parallel t 
the stiffener length direction. Areas further than % i 
(9.5 m m )  away from the toes of the welds were niaske 
using glass c lo th adhesive tape to prevent inadverte 
peening o f  these areas. Fillet specimens were fatig 
tested i n  t w o  conditions. I n  the first, only the toes of t 
welds were peened; i n  the other, both the weld toes a 
the plate surface opposite the stiffener (underside) \:er 
peened. 

Thc ini t ial  peening had a somewhat erratic eftect 
f i l let-weld fatigue performance, as shown in  Fig. 
Some specimens, peened at 0.0035, 0.0065 or 0.0080 
(0.089, 0.17 o r  0.2 m m )  alinen (A) scale intensity, shou 
a 50% improvement over the as-welded fatigue streng 
at 10' cycles, whereas other specimens fractured at s t  
levels and cycles-to-fdilure equivalent to  uripce 
welds. 

Examination o f  the fractured specimens revealed t 
mrescnce o f  r o l l d  lins that forrkcd on  the specit11 

rolled lips were for~i i t :~! and soriletimes acted as c 
ini t iat ion sites. Crack initiation sites were also locat 



lrance gions where local weld irregularities had, in effect, 
ai!<ed the weld toes from the 12 in. (30.5 cm) peening 

I 0 1  

lo t  u,h. It was also observed that peening only the weld -- oe5 forced fatigue initiation to the back or unwelded 
ive  + 
1 

urther peening tests showed that the small tungsten 
bide peening brushes, which were designed for peen- 
in restricted areas, were the most effective method 
obtaining 100% peening coverage, while avoiding 

essive specimen edge deformation. The %6 by 1 in. 
T .3 x 25.4 mm) flap brush could easily be manipulated 
3ve 0 allow for peening irregularities at the weld toe while 
3'" e eening parallel or perpendicular to the stiffener. 
~ C C  Fillet-welded, '/J in. (6.4 mm) thick specimens were --- ened on the weld toes and on the back of the flange 

alnien (A) scale intensities of 0.0040 and 0 .070 in. (0.1 
d 0.18 nim), using thet'/,, x 1 in. (14.3 x 25.4 mm) flap 

'trength of ush. After peening, the specimens were fatigue tested. 

failure end sults of these tests (Fig. 15) show that peening wi th 

,rformance s type of brush improves the fatigue strength of 5086 

lase metal let welds from an as-welded strength of 5,500 to 10,000 

ss region, i (37.9 to 68.9 /\\Pa) at 10' cycles. 
itter than 
in fatigue cess Variables 

Sirice brush shot peening was shown to significantly 
rove the fatigue performance of 5086 butt and fillet 
dments, the characteristics of the peening process 
re further investigated. This discussion is confined to 
small tungsten carbide shot peening brushes, since 

se flap brushes were the easiest for the operator to 
anipulate in restricted areas, and to obtain 1 0 %  
ening coverage of irregular surfaces and in restricted 

rush shot oeenine is a cold-work orocess which 

I ' INTENSITY 
IALL SURFACES OF FLANGE PEENEE 

5086 BASE METAL 

\ 

5356 UNPEENED 
FILLET WELDS 
l50R6 BASE METAL) 

I I 
70, IF 

CYCLES TO FAILURE 

le row of shot on each flap results in lower peening 
nsities when used at the same rotational speeds as 
large brushes. However, the construction of the 

II flaps allows peening at speeds up to 15,OO rpm. 

and 30.5 cni) brushes. 

o operators using the YI6 by 1 in. (14.3 by 25.4 

Fig. 75-Effect o i  brush shot pcer7ing of f,irigue periorrnance of 
fillet-welded 5086-t-1116 

techniques and amounts of pressure applied by each 
operator. 

The curves of Fig. 18 illustrate the need for "calibrat- 
ing" each operator to determine the brush rpm and 
peening time required to yield the specified peening 
intensity. Published curves should be used only as a 
guide for establishing actual peening parameters. The 
military specification for peening (MIL-R-81841) calls for 
a repeatability of intensities for a particular operator to 
be less than *0.001 in. (10.025 mm).Vn the tests run to 
generate the curves of Fig. 18, the maximum range of 
intensities for an operator at a particular peening ti 
was 0.0006 in. (0.0'15 mm). 

Potential problems with operator reproducibility 



P E E N I N G  TIME lmin) craft underwent high-speed trials for over on 
There was n o  reoccurrence of the cracking. 

formed. 

Ship Application 

3. The ability to conduct the peening operation in 

performance craft. 
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