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INTRODUCTION

firing at Aberdeen Proving Ground in December 1975 when the ex-
L truded fin separated longitudinally into two halves and failed to leave i
= the tauncher. Several additional malfunctions, similar in nature to
% ' the first, have occurred during test firings at Fort Benning, Fort 1
)
)

i
{
r The initial failure of an XM27 fin section occurred during a test

GCreely and Aberdeen Proving Grounds. A typical failed fin is shown
in figure 1.

An investigation of the failure mechanism ana mode was begun at
Frankford Arsena’ and Picatinny Arsenal, during which 1800 fins were
L subjected to mandrel tests resulting in another seven failures similar ‘
! in nature to those experienced during test firing. A typical "normal"
mandrel failure is shown in figure 2.

2

. Examination of failed fin samples and comparison with *normal"

mandrel ruptured samples were continued at Picatinny Arsenal and
initiated a{ Fort Monmouth. The present repert details the results of
this investigation and outlines procedures which should lead to the
elimination of the fin failure mode.

ALUMINUM PREPARATION AND EXTRUSION PROCESS

N I T r—

To form an ingot, the molten 6070 alloy is poured into a movable
bottom mold. As the aluminum is poured, the movable bottom is lowered
l into a water bath and the ingots are allowed to cool before removal from
the bath. These ingots, which have a nine~inch diameter, are then
sliced into .9144 meter sections or billets. The face of each billet is

“ subjected to a quick inspection by the saw operator who examines the
billet faces for gross cracking. The billets are then heated in an open
} gas furnace until they reach a temperature of 538 to 552°C, placed on

a conveyer belt leading to the extrusion press where they are extruded
at a temperature between 524 to 552°C and finally cooled by water spray.
Each billet yields an extruded length of approximately 24.4 meters at

an extrusion rate of approximately 3 to 3.6 ri/min. The flow pattern of
the extruded billet causes the skin, which is high in magnesium and
silicon oxides, to accumulate in the rear of the billet. Therefore,
approximately 15 cm of the billet Is cropped off after the extrusion is

completed.
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Figure 2. Typical normal fin failure.
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A study of the flow patterns of similar extruded pieces shows that
the face of the billet Is extruded undisturbed. Therefore, cracks or
voids near the face of the billet will remain in *nr extruded piece.
Further down the billet, the flow pattern shows mixing. Therefore,
defects not near the face of the billet will be mixed, strung out, and
have no effect on the bulk property of the extruded material.

EXPERIMENTAL

Sample Preparation. Samples of firactured aiuminum ailoy 6070-Té6
representing firs which failed normally during mandrel testing as well
as abnormaily failing samples from field testing were examined by light
microscopy (LM), electron probe microanalysis (EP}, and scanning
electron microscopy (SEM). For SEM observation, fractured samples
were examined directly without any sample preparation; 1n the case of
the mandrel fracture, a cylindrical section of the fin body was removed
by sawing and the section forced open for examination of the fracture
surface. For EP and LM studies, standard metallographic polished
sections were prepared. Selected saniples were encapsulated in room
temperature setting epoxy. Grinding was performed wet on silicon
carbide papers ranging sequentially from 220 through 600 grit. Pol-
ishing was compieted using 15, 7, 3, 1 and 0.25 um diamond paste on
paper, with final polishing using v - alumina. Following each grinding
and polishing step, the samples were ultrasonically cleaned in detergent
and then rinsed in alcohol.

Light and Scanning Electron Microscopy . Cross-sections of normal
and failed fin material were prepared for metallographic examination.
Light microscope examination of these samples showed microstructures
typical of 6070-T6 aluminum alioy with the presence, as expected, of
abundant precipitate-phase inclusions. The only significant difference
observed between falled and norma! samples was a roughly linear de-
fect which extended almost entirely across each of the sections of the
failed fins. From light microscopa examination, even at high magnifi-
cation, It was not clear whether this defect represented the alignment
of precipitate particles or some other linear defect present in the failed
material. In order to investigate the feature in more detail, several
areas of interest along the defect were indented to facilitate subsequent

location ir the SEM.
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Figuras 3A, B, and C are scanning electron micrographs showing
the linear defect at magnitications of 140x, 1390x, and 3530x, respectively.
In the low magnification view, the abundant precipitate phase particles
show clearly; in addition, the location indents may also be seen, At
higher magnifications, the defect is seen to be virtually continuous across
the fleld of view, a continuity which, if due to the alignment of precipitate
phase particles, would requ!te a higher local concentration of such par-
ticles than is typical of other parts of even the failed alloy. In the higher
magnification images, it may be obse‘ved that the precipitate particles
exhibit either bright or dark contrast against the aluminum matrix, the
higher secondary electron emission apparently related to the particle
composition. (Brightness or darkness of the central parts of the precipl-
tate phase particles are referred to here rather than contrast due to edge
effects which has a different origin.) Those showing bright contrast
appear to lle either at the same level or slightly higher than the aluminum
matrix, those with darker contrast appear to lie at the same level or lower.
It is clear from the photomicrographs that the linear defect has a much
greater depth than even the more deenly eroded, or dark, precipitate
phase. Measurcments from SEM stereo pairs suggest a depth of approxi-
mately 1.5 um for this defect. in addition, it is evident that any materlal
removed by polishing has not been retained since no debris Is evident
at the bottom of the defect.

A fracture surface, similar to the one shown in figure 1, was exam-
ined utilizing the scanning electron microscope Figures 4A and 48
show the normal fracture and the fallure fracture, respectively, at
approximately 140x. The normal fracture shows the dimpling expected
in a material such as this, while the failure fracture shows the striated
fractur e of the fallure mode. As can be seen in figure 4B, an area of
normal dimpled fracture exists along the lower poriion of the fallure
fracture. The coexistence of both dimpled and striated fracture on the
same surface Is dramatically illustrated In figure 5. Figures 6A, 7A,
and 8A show the normal fracture mode at approximately 340x, 650x, and
1300x, respectively. Figure 6B, 78, and 8B show the falled fracture
mode at approximately the same magnifications as the normal fracture
series. Comparing the falled series with that of Its normal counterparts,
it is apparent that the resolution of the normal series Is greater. Charging
problems eicountered while photographing the falled fracture surface
indicate that the failed surface Is comprised of a material which has
lower conductivity than the normal fracture.
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Figure 3A. Scanning electron micrograph showing a linocur defoct at 140x . ]
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Figure 3B. Scanning electron micrograph showing a linear defoct at 1390x.
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Figure 3C. Scanning electron mlcrograph showing & linear defect at 3530%.
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Scanning electron micrograph showing coexistence of both dimpled

Figure 5.
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Figure 6B. Scanning electron micrograph showing abnormal fracture at 340x.
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Figure 7B. Scanning electron micrograph showing abnormal fracture at 650x.
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Electron Probe Microanalysis. Electron probe methods were extremely
useful in elucidating the mechanisms contributing to failure of the XM27 fins
(an explanation of the operation of an electron probe for quantitative and
qualitative analysis and for the production of x-ray scanning images show-
ing images having two-dimensional element distribution on a sample
surface is given in the appendix) .

The first sample examined was the flat surface of the bulkhead from
a failed fin (sample FA #1). The sample showed a lincar defect extending
almost entirely across the bulkhead surface. Figures 9A-F show electron
probe scanning images for sample current, Al , Si, Mg, Mn, and Fe,
respectively, at a magnification of 500x taken from a region of the bulk-
head sample some distance from the crack. The scans are typical of normal
6070-T6 alloy. Note that although Al is rather homogeneously distributed
across the alloy, the other elements are located at specific points on the
alloy surface. These localized points represent second phase preciplitates
in the alloy. There is almost a direct one-to-one correspondence in dis-
tribution of Mg and Si; these points correspond to the second phase
Mg, Si. In addition, there is a similarity in distribution of Fe and Mn;
these locations probably correspond to the second phase (Fe, Mn) Al

Figures 10A-E (1000x) show the same bulkhead samples as figures
9A-F, but in the region of the linear defect observed on the surface.
This linear feature shows clearly on the sample current image (fig. 10A).
A homogeneous Al distribution is apparent again in the Al scan (fig. 10B)
but note its apparent absence in the defect. The Mg (fig. 10C) and Si
(fig. 10D) scans show a bimodal distribution of the two elements, one
normal and similar to that observed in figure 9C (Si) and 9D (Mg). In
additinn, however, there Is a strong local concentration of Mg and Si at
the same location as the defect. Finally, the oxygen scan (fig. 10E) con-
firms that the Mg and Si are present as oxides in the defect zone.

Figure 11, taken in the same and adjacent regions as figure 10A-E,
is a montage of sample current and Mg x-ray images taken along the
defect for a distance of approximately 43 um. Note the almost continuous
Mg segregation along this distance.

This series of probe scans demonstrates that a linear defect (in two
dimensions) exlists in the failed fin sample which could contribute to the
fatlure of the round. The question then arises as to what information
can be obtained to assess the extent of this defect in three dimensions.
Accordingly, the fractured and separated surface of an alloy ring (SEM
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Figure 9B. Electron probe Al scan of the area shown in tigure 9A.

13

—d

- e & o i e




ES

i

e

T4 Scan  Sika  Solid 20u

Figure 9C. Eledtron probe Si scan of the area shown In figure 9A.

764 Scan MG Ka Suhid AU

Figure 9D. Electron probe Mg scan of the area shown In figure 9A.
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Figure 11. Electron probe current image scan and Mg scan showing a linear

defect on the surface. The scans show approximately 43 pm of
the defect.
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photomicrographs of this are shown in figures 48, 5B, 6B, and 7B)
obtained from abr:ive the bulkhead is similarly examined, and the resulits
shown in figures: 12A-E and 13A-D. Figures 12A-E (1000x) again a
composite of sample current, Al, Mg, Si, and O, respectively, show a
bimodal distribution of particularly the Mg which |s present as Mg, Si
precipitates as well as distributed over the entire fracture surface.
Figures 13A-D {250x) show a similar high distribution of Si over the
fracture surface in sreas other than the Mg;Si precipltates. These
results, although qualitative, strongly infer an increased concentration
of Mg and S| over the fracture surface higher than that expected for
normal 6070-T6.

SUMMARY OF RESULTS

As discussed in the text, the failed fracture mode may coexist with
the normal fracture mode. Scanning electron micrographs show a greater
charging of the falled fracture surface than the normal fracture surface.
Furthermore, electron probe results show a higher concentration of Mg,
Si, and O on the falled fracture surface than on the normal fracture
surface. Oxygen Is assoclated with the magnesium and sliicon although
the magnesium and silicon do not necessarily coexist. This would be
consistent witih the charging problems detected in the scanning electron

microscope.

During the billet pouring operation, if the billet Is not properly
cooled, microcracks might form. The area in proximity to these cracks
would cool faster than the surrounding areas causing magnesium and
sllicon to migrate to the crack. These microcracks would not be detected
when the billet Is sliced into ingots due to their size. The ingot is next
placed In a gas furnace where it reaches a temperature of approximately
538°C. If the microcrack were on the face of the ingot, the magnesium
and silicon along the crack would be oxidized. If this crack were on the
*front" surface (the surface placed against the dle) of the ingot, the
crack will be extruded with very little mixing, causing a portion of the
extrusion to be defective. If the crack were on the “rear" surface of the
ingot, sufficlent mixing would occur during the extrusion process to
guarantee that the defect would not be continuous and, therefore, would
net affect the bulk properties of the finished product. [f the crack were
not on the surface, but were contained within the ingot, ino oxidation
would occur and sufficient mixing could take place to insure that the
high concentration of magnesium and silicon would be dispersed.
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764 Fract 12 Kv  10p

Figure 12A. Electron probe current image scan showing an abnormal
fracture surface at 1000x.

764 Fract Scan AlKa 12Kv 10p

Figure 12B. Electron probe Al scan of the area shown in figure 12A.

21

C ———— . - e ——
. . v el i iiimai o o R e

e e S

R



p
o
P

A 1

. e .

. ‘s et v A .
N y a N
"': o8, m RERNT ‘
' o . . »
Howy T lt.'l .

764  Fract Mg Ka 12 Kv 10;1

Figure 12C. Electron probe Mg scan of the area shown in figure 12A.
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Figure 12D. Eleciron probe S! scan of the area shown in figure 12A,
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Figure 12E. Electron probe O scan of the area shown in figure 12A.
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Figure 13A. Electron probe current image scan showing an abnormal fracture

surface at 250x,
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Figure 13B. Electron probe Si scan of the area shown in figure 13A.
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Figure 13C. Electron probe Mg scan of the area shown in figure 13A.
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Figure 13D. Electron probe Al scan of the area shown in figure 13A. |
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RECOMMENDATIONS

! Screening techniques applied either at the billet sectioning stage,
‘ the extrusion stage, or the final screening stage could be employed to :

! eliminate defective fins from the final lots. A dye-penetrant visual ex- i
amination of the ingots prior to extrusion could be employed to detect .
cracking on the front face of the billet surface; however, this technique )
would require that the ingot be machined and polished to insure that i
microcracks are not hidden by smearing of material. Furthermore, the '
technique would be time consuming and expensive. !

A flow pattern study of an extruded iangth of the XM27 fin could be
performed to determine the optimum length of fin to be removed from the 4
front surface of the extruded section. This study would determine where
sufficlent mixing has occurred to insure that any microcracks present in
the billet would not affect the bulk properties of the final plece. Aithough
this process would insure against future failures of the type discussed, !
* many good fins would be eliminated by the cropping.

Prior to machining the fins, hydrostatic testing or mandrel testing
could be employed for a 100% screen, and thereby guarantee that the
properties of the fin section will meet the necessary requirements.

[T -

e et e b d

e e e s e

26 |

WYPETIRET 4
L A

ki, e e adi B e - . i
Qe RS R w0 D I Lunacaniiat - el




APPENDIX
EXPLANATION OF ELECTRON MICROPROBE SCANS

Scanning electron probe images are used in this report to document
the chemical nature of the subject aluminum alloy fracture surfaces.
The following section describes the technigues by which sucn images
are obtained.

In the electron probe, a focused electron beam (spot size 0.5 um) is
aliowed to impinge on a sample surface. Of the many interactions which
occur between the beam and the sample, those of primary interest are
electron backscattering, the generation of target or sample current, and
the production of x-rays. The number of backscattered electrons is
proportional to the mean atomic number of the area being excited by the
electron beam. A scintillator, light-pipe, photomultiplier tube combina-
tion is used to detect the backscattered electron signal. Target current
or sample current is essentlally the inverse of the backscattered electron
signal, consisting primarily of electrons which are not backscattered,
but rather which are absorbed in the sample. Target current is read
out through a microammeter to ground. Both target current and back-
scattered electron signals may be employed conveniently for imaging of
the sample, being sensitive both to compositional variation and to topo-
graphic details at the sample surface.

X-rays generated in the sample by the impinging electron beam
have wavelengths (or energles) which are characteristic o the element(s)
being excited and intensities proportional to the amount of the element(s)
preseiit. X-ray spectrometers are provided which permit the identifica-
ation of all elements heavier than Z = 8 present in the sample. When
quantitative analysis is required, the electron probe is normally opera-
ted in the static mode in which the electron beam is not moved, the
point of interest on the sample being positioned under the focused electron
beam. For qualitative analysis, the probe is commonly operated in the
scanning mode. In this technique, the focused electron beam Is scanned
across the specimen by means of electrostatic coti= or deflection plates
producing a raster oh the surface while a scan raster Is simultaneously
produced on the cathode ray tube (CRT) of an oscilloscope. Any signal
generated by the scanning electron beam, e.g., the x-ray signal from
one of the elements present in the sample, target current, or back-
scattered electron signal may then be used to modulate the brightness
of the oscilloscope and, thus, produce a two-dimensional image showing
the distribution of that element or sample current variation across the
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sample surface. Tne magnification of the image is determined by the size
ratio britwean the raster on the specimen and the raster on the monitor '
CRT. It the same area Is sequentially scanned, for each exposure the !
x-ray spectrometers are reset for each of the elements present, element

images are obtained which can be used to compare similarities and

differences in element distribution.

TR e g g

In order to illustrate how such techniques may be employed for {
imaging purposes, a sample consisting of a 200 mesh copper electron
microscupe grid superimposed over a 1000 mesh silver screen, both !
mounted on a brass holder, Is examined. Figure Al is a reverse sample
current image of the grid/screen combination at 250x magnification. }
Note the extensive topographic detail sisible on the upper, copper grid, '
and also that the silver screen Is sornewhat brighter than the copper.
Figure A2 i3 of the same area as figure A1, but a signal from an x-ray ]

T S e o
G-y .

. o — . ————— - -

3 spectromete: set at the appropriate Bragg Angle for CuKy radiation was ,
i used to intensity-modulate the CRT. Copper present inside the 1000 !
2 mesh silver screen is due to the brass pin on which the grids are mounted. 3

Finally, figure A3, again of the Identical area and the same magnifica-
tion, Is obtained using the current of a detector set to diffract Agly
) radlation; the silver bars of the 1000 mesh screen are clearly displayed.
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, Figure A1. Electron probe current image scan of a 200 imesh copper electron
L,!' microscope grid superimposed over a 1000 mesh silver screen.

Figure A2. Electron probe Cu scan of the area shown in figure A1.
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Figure A3. Electron probe Ag scan of the area shown in figure A1,
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