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INTRODUCTTON

Three pieces of/a ruptured DOT-3AL specification compressed
gas cylinder, made from 6351-T6 aluminum alloy, were submitted to
ARTECH for examinafion. See the Appendix I for chain of custody.
Reportedly, about /7 million of such cylinders are currently in
service. S8udden rupture of these cylinders, without any sign of
warning, poses potential risk of personal injuries and/or
property damage. ] This report summarizes findings of chemical and
metallurgical eXaminations of the ruptured cylinder, performed by
ARTECH.

EXAMTINATTON OF THE CYLINDER IN AS-RECETVED CONDTITION

General conditions and markings on the fractured pieces of
the cylinder are presented in figures 1-13. Almost one half of
the dome part of the cylinder had fractured off during the
failure process.

The subject cylinder had been manufactured by LUXFER USA.
It bore markings such as CTC/DOT-3AL 3000 and P20860 LUXFER 11A82
on its dome part. The last internal inspection of the cylinder
had been performed in May 1994 by Scuba Sports of Sunrise,
Florida; this inspection "expires 1 year from date indicated.™
No indications of any mechanical damage and/or corrosion
activities were observed which might have aided the failure
process. :

Two smaller pieces were returned intact to Mr. Vinjamuri on
October 27, 1994, for fracture toughness testing.

DIMENSIONAL, MEASUREMENT:

A grid, 30° (circumferential) x 2" (axial), was laid on the
outer surface of the cylinders in order to locate measurements
and specimen layout. Circumferential divisions were marked 0-11,
0 being coincident to<4»mark near the cylinder bottom (see figure
6); axial divisions were marked A-M, A being at the top lip of
the cylinder., A typical view of the grid structure is shown in
figure 14. Axial divisions between A-B and B-C were further
divided in four equal parts (i.e. A1-A4 and B1-B4). A micrometer
with rounded contact heads was used for thickness measurements.
Diameter and length measurements were performed using a measuring
tape (see Table I for details).




TABLE I

DIMENSIONAL MEASUREMENTS, INCH

s
4

| Outside
Location Diameter Thickness Length
At Grid Point
0A1 0.3479
1A1 0.3510
2A1 0.3540
3A1 0.3514
| 41 0.3487
" 531 0.3449
Ca2 1.3170
0A3 1.1700
0a4 .0.8090
oD 0.5250
At Line
D 7.304
F 7.285
H 7.285
J 7.285
L 7.285
0 26
1 26
2 26
3 26
4 26
5 26
6 23 7/8




7 22 1/4
8 f 20 3/4
9 | ) 20 1/2

10 21 5/8

11 23 1/8
NOTE: Outside surface bend at the fracture face end of lines 7,
8, 9 and 10 was observed.

Straightness of the cylinder was documented by abutting a 90°
metallic ruler against its outer surface and photographing the
gap along its length (see figures 14-17).

CHEMICAT:, ANALYSTS

Two samples for chemical analysis were drilled (through
thickness) from locations shown in figure 18A after removing
coating/paint layer: one from near OC grid point (in straight
part of the cylinder) and another from near OA2 grid point (in
thick section near the neck of the cylinder). Analysis was
performed per ASTM E34 Standard Method. Description of the test
method is presented in the Appendix II. The test result is
presented in Table II.

Table II
Chemical Composition, Wt %

Sample ID si Fe Cu Mn Mg Zn Ti Bi Pb Sn cd

At 0Aa2 .76 «21 .02 .52 .63 .03 .09 .03 .06 .09 .001
Grid Point
(Neck Region)

At OC Grid .77 .19 .02 .51 .65 .03 .09 .03 .05 .09 .001
Point
(Barrel Region)

Al 6351 M/, <.50 <.10 %/, /. <.20 <.20 * * * *

*Fach element not to exceed 0.05%, total not to exceed 0.15%.

Chemical composition of the subject cylinder meets the
standard requirements of an A1 6351 alloy except being rich in
Lead (Pb), Bismuth (Bi), and Tin (Sn).

A repeat analysis, using the same technique as above, of a
sample drilled from the core of the barrel part of the cylinder
was performed to recheck Pb, Bi and Sn contents. The result is
as follows: Pb-0.05%, Bi-0.05% and Sn-0.17%. Under a different
task, Pb, Bi and S8n contents are being determined using a referee
technique.
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FRACTURE SURFACE EXAMINATION

The fractured part of the cylinder was removed from the main
barrel for examination; a through cut was made between the
circumferential lines D and E for the purpose. Figure 18B shows
the location of the cut. A macro view of the main crack front is
presented in figure 19. Optical microscopic examination revealed
fracture features being identical on either side of the threaded
hole. Upon approval of the COTR, side A of the fracture front
was used for detailed fractography; side B was used for
metallographic examination (figure 19). Side A of the fracture
front was removed and cut in three 3-inch segments for analysis.
Referring to figure 18B for cutting plan, section 1 was located
between axial grid lines 5-6, section 2 between grid lines 6-7
and section 3 between grid lines 7-9. All three sections were
thoroughly cleaned ultrasonically in toluene and acetone prior to
examination.

Section 1:

An enlarged macro view of this fracture section is shown in
figure 20. It exhibited three distinct regions (A-C) as marked
on the photograph. FEach region was examined under a scanning
electronic microscope (SEM).

Figure 21 - This low magnification fractograph shows regicn
A near the last thread.

Figure 22 - It is from a location c¢lose to the last thread
in region A, showing metal fold, formed during extrusion process,
on the internal surface (near neck). It exhibits a featureless
area.

Figure 23 - It is from a location deeper in region A. It
shows a featureless fracture. Some evidence of localized dimpled
rupture and grain boundary decohesion was also observed.

Figure 24 - It is from a location in region A (near region
B). It also shows featureless regions as in figure 23, but
dimpled regionsg and grain boundary separation are easily
identifiable.

Figure 25 - It is from a location in region B. It shows
featureless smooth facets as in figures 23 and 24. Well defined
evidence of grain boundary decohesion was also observed.

Figure 26 - It is from a location in region C. It shows
similar fractures as in figure 24,




Figure 27 -~ It is from a location in region C, farther away
from location in figure 26. It exhibits clearly defined inter-
granular failure.

ections 2 and 3:

Entire fracture areas in these sections exhibited
intergranular failure in general. Dimpled rupture was also
cbserved in certain areas. A typical fractograph is presented in
Figure 28,

From examination of the fracture surfaces, it appears
that the cracks initiated along extrusion folds on the internal
surface in the thick section region near the last thread. Three
regions of fracture (A, B, and C), discussed earlier in reference
to fracture section 1, were formed during three separate one-time
events characterized by two arrest marks boardering region B.
Region € (third event) continued into fracture sections 2 and 3.
None of the regions on the fracture surfaces exhibited any role
of fatigue damage; each fracture region exhibited failure due to
a single tension-type overioad. The fracture surfaces revealed a
mixed mode of failure of intergranular decohesion, some dimpled
rupture and featureless regions probably formed due to
transgranular failure as discussed in the metallographic analysis
section.

METATIOGRAPHTC EXAMTINATION

One transverse and one longitudinal section, each near the
fracture surface and remote from it, were cut for micro-
metallographic examination. The section locations are shown in
figure 29. A section consisting of the neck and barrel regions
was also prepared for macroanalysis; location of this section is
shown in figure 30.

MACRO-ANALYSIS:

The macro section outlined in figure 30 was lapped up to
600 grit paper and etched with Xeller’s reagent. The overall
macrograph of the section is shown in figure 31. It exhibits
fine grain structure in the barrel region; grain size slowly
becomes large towards the neck region, Areas marked 1, 2, and
3 were photographed at a larger magnification which clearly
indicate significant difference in grain size between the neck
and barrel regions; see figures 32-34. The material in the
neck region appears to have undergone recrystallization and
appreciable grain growth; no apparent grain growth was cbserved
in the barrel region.




MICRO-ANALYSIS:

The sections outlined in figure 29 were prepared for micro-
analysis. Typical photomicrographs exhibiting microstructures of
the inside and outside surfaces of the longitudinal sections L1
and L2 are presented in figures 35 and 36, respectively.

Figure 35: The micrographs representing the inside and
outside surfaces show flow lines formed during the extrusion
process. The inside surface appears to have much finer grains as
compared to the outside surface.

Figure 36: Extrusion flow lines seen in the barrel region
(figure 35) were not present in the neck region. The micrographs
representing the neck region indicate that material in that area
underwent recrystallization and extensive grain growth throughout
the section. Both the inside and outside surfaces exhibited a
similar microstructure having very coarse grains relative to the
barrel region. .

The presence of some coarse particles was observed both
along grain boundaries and inside grains in figures 35 and 36.
These particles were later detected to have substantial presence
of Pb and Bi; see metallographic analysis section.

Examination of Section L2:

Figure 37: This is a micrograph showing areas near the
fracture face. Examination along the fracture face revealed
an intergranular and transgranular mixed mode failure. Inter-
granular failure is attributed to weakened grain boundaries
(white regions in the micrographs) due to the presence of Pb
and Bi. Weakness of the grain boundaries is shown by a Knoop
microhardness indentation in figure 38; half of the indentation
falling in white region is larger than the other half in the dark
region indicating that the white area is softer than the dark
area. A likely cause of transgranular failure is due to the
presence of crack initiation sites offered by some Pbh - Bi
particles trapped inside grains, which could have cccurred
during the recrystallization process.

Figure 39: It shows internal cracks running almost parallel
to the main crack front. It is attributed to inherent weaknesses
in the material mentioned in figure 37 description which caused
cracks to initiate under tensile lcocad (Hoop stress) while the
cylinder was under pressure.

Figure 40: Coarse particles cbserved along grain boundaries
and inside grains were analyzed using energy dispersive
spectrometer (EDS}. The SEM micrograph showing the analyzed spot




and the EDS spectrum are presented in figure 40; it indicates a
strong presence of Pb along with Fe and Mn (figure 40B). Another
spot analysis revealed the presence of Bi (figure 40C).

Examination of Secticn ILil:

Coarse particles observed in figure 35 were analyzed using
EDS. The SEM micrograph showing the analyzed spot and the EDS
spectrum are presented in figure 41. It indicates a strong
presence of Pb in the material.

Examination of metallographic sections confirmed the
presence of an appreciable amount of Pb and Bi detected during
chemical analysis. It also confirmed results of fracture
examination which indicated a mixed mode failure occurring under
a tensile load (Hoop stress).

MICROHARDNESS TESTING

Microhardness testing was performed across sections L1 and
L2. Measured range of hardness for L1 was 116-118 HV and that
for L2 was 112-117 HV. These values represented a T6 temper for
Al 6351 alloy.




Figures 1-4: As-received views of the subject cylinder’s general
conditions, identification markings and an overall
view of the fracture surfaces.



Figure 5-8: As-received views of the subject cylinder showing

manufacturer’s name Luxfer USA (Figure 5) and other
identifying markings.




