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Saaples of 3.56mm bullets, copper coated and lead cored,
representing two production lots (Lots A & B), were analyzed.
The pyrpose of the anglysis was to ascertain metallurgical
properties and characteristics of each lot which relate to
quality and possibly to method of manufacture. The testing
procedures included chemical, metallcgraphical, electrcn micro-
probe and hardness analyses, The results indicated that the
electroplating quality of Lot B was superior to that of Lot A,
especislly with respect to adhesion and strength of coating.
The slectropiating techniques uissd in the manufacture of each
lot were ditferent as evidenced by Lot A having one continuous
layer of copper and Lot B having a banded structure of three
distinct layers of copper, Although the lesd-antimony substrates
of each lot were very similar chemically, it was demonstrated
frca the relative differences in hardness and hardness patterns
that buljets of Lot B underwent more work-hardening than those
of Lot A.
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INTRODUCTION

Two lots of 5.56mm bullets, which were copper plated and lead
cored, were submitted for metallurgical analysis. The purpose of
the analyses was to ascertain metaliurgical properties and charac-
teristics of each lot which relate to quality and possibly to method
of manufacture. The lcts as-received were labeled '"0.010 in. thick
copper" and '"0.014 in. thick copper”. In this analysis, these lots
were designated as Lot A and Lot B, respectively.

PROCZDURES AND RESULTS

The analytical procedures for evaluating the two lots were
as follows:

a. Chemical analysis

b. Metallographic examination
c. Electron probe microanalysis
d. Dimensional analysis

e, Hardness survey

CHEMICAL ANALYSTS

The chemical analysis of the copper jacket and lead-antimony
core of Lots A and B were as follows:

CoppeElJacket -

ement Lot A Lot B
Copper 99.99% 99.93%
Lead ND <0.01%
Iron <0,005% <0.005%
Zinc ND ND
Tin ND ND
Nickel ND 0.05%
Aluminum ND NJ
Manganese ND ND
Bismuih ND ND
Antimony <0.005% ND
Silicen ND <0.005%
Silver <0.005% <0.005%
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LeadeAnt mony Core

Element Lot A Lot B
Ant imony 1.06% 0.857%
Copper 0.1/0.3% 0.1/0.37%
Arsenic 0.05/0.15% ND
Bismuth <0.005% <0.005%
Tron <0.01% <0.01%
Silver <0.01% <0.01%
Tin ND ND
dinc ‘ ND ND
Nickel ND ND
Cobalt ND ND
Calcium ND ND
Lesad Remainder Remainder

METALLOGRAPHIC EXAMINATION

Samples from each lot were examined metallographically in
planes transverse to the bullet axis at different locations along
its length and in planes longitudinal through the bullet axis.

No intermediate layers or other phases were found to be present

at the Pb:Cu interface. Poor adhesion, however, was observed be-
tween the copper coating and lead substrate in samples of Lot A.
This condition was characterized as intermittent separations along
this interface. Figure 1 shows one of these separations on an
unpolished area of the interface. The area is on.a plane transverse
to the bullet axis close to the base. The reason for the unpolished
condition was that polishing, even if kept minimal, either tended

to smear the soft lead over the discontinuity or formed a step at
the interface which obliterated it completely.

The copper jacket of Lot A in Figure 2 appeared as a single
aver deposit. The copper deposit exhibited a fine nodular type
ftructure throughout practically the entire jacket. The initially

:posfted portion of the copper, however, had some remotely
attered columnar grain networks present with axes perpendicular
the legd-anl.mony substrate.

Tha copper jacket of Lot B had a banded structure of three
distinct layers of deposited copper. Figure 2 shows these layers
a3 compared to the single deposited layer of Lot A. The outer
layer of lot B appears much lighter than the inner layers. This
condition was attributed to surface reflection due to difference
in layer orientation, the actual microstructures of each layer
being very similar, that is, a.uniform distribution_of small nodules
wase aoted in each layer.



ELECTRON PROBE MICROANALYSIS

Llectron probe microanalysis revealed the absence of an
intermediate layer at the Pb-Sb:Cu interface in both Lots A and
B. An electron image of this interface is shown in Figure 3.
The hardness indentation which appears in the copper matrix at
the lower right band corner was used as a reference marker for
indicating specimen position, Copper rich areas were detected
in the lead core of both lots., Figure 4 shows these areas in
an X-ray image of Cu Koy radiation with the copper phase being
easily distinguishable {n the dark lead matrix. An electron
image of a #pecimen in Lot A appears in Figure 5. The arrow
at the top of the photograph points to a discontinuity at the
Pb-Sb:Cu interface, a condition which was noted previously in
metallographic examination, S8ulfur was found to be uniformly
distributed in the lead core of both lota. In addition, ScXé¢
radiation showed the presence of uniformly distributed scandium,
a rare earth metal, in the copper layer of both lots., Because
of the inexplicable detection of scandium, the specimen was
zcanned with the microprobe spectrometer for each Sc Bragg
angle. An X-ray radiation response was observed at the appro-
nriste Bragg engles for ScKee and K‘l radiation.

DIMENSIONAL ANALYSIS

Tha copper plating thickness of several samples which were
scted randomly from Lots A and B was measured. Measurements
2 made at planes longitudinal and transverse to the buliet
#. The results showed that the plating thickness of each
lot was very consistent. Lot A had & copper plating thickness
of 9,010 4n. snd Lot B had a plating thickness of 0.014 in,
Theee thickneases corresponded to those originally designated
for the lots.
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The thicknesses of the three distinct layers of the banded
copper exhibited in Lot B were also measured. The following
average thickness vaelues were obtsined for each layer.

Outside Layer - 0,0041 in.
Middle Layer - 0,0055 in,
Initial Layer = 0.0044 {in.
Totel Thickness - 0,0140 in,
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HARDNESS SURVEY

Vickers microhardness tests were made on the copper jacket
at loads of 500 grams. Brinell hardness was determined on the
lead core using a 2am dia. ball and a load of 5 kg applied with -
a Vickers hardness tester. The hardness values appearing in
this report for the copper jacket are Rockwell B converted from
the VPH readings. The lead core hardnesses are direct Brinell
readings. The following results were obtained.

Copper Jacket -

Hardness tests were performed in the copper jacket per-
pendicular to the bullet axis in a8 pattern shown in Figure 6
for both lots. Three specimens per lot were tested using this
procedure. Hardness tests were aiso made on transverse sections
in directions parallel to the axis and further hardness tests -
were performed on the peripheral surface of the bullet between
the cannelure and the base. The location of these hardness
indertations are shown {n Figure 7. Tabies I and II present
the results of the hardness tests made at these locations,
respectively.

In Lot A (see Figure 6 and Table 1), the readings obtained
perpendicular to the sxi{s indicated that adjacent to the outer
surface along the copper jacketythe base of the bullet was much
softer (RB 26) than the nose ‘RB 60) or sidewalls (RB 57 and 54).
The sane betevior pattern was noted in the middle sector of the
jacket, but with hardness values increasing somewhat to RB 50
at the base, RB 62 at the nose and RB 61 and 59 at the sidewalls.
The Inmo3st readings were comparable to the middle sector results,
the base measuring RB 53 and the nose and sidewalls RB 61 and
RB 60.

When considering the three impressions at the different
locations independently, the average values at the sidewalls
showed that the bardness of the copper jacket increased only
slightly from the outer sector inwarc towarde the lead substrate.
This was alac true of the nose region where no significant
difference was noted frox the surface inward. The hardness
of the base, however, showed the readings just below the surface
to be softer (RB 26} than the inner portions of the jacket
(B 50 ang 53).

General’y, in suwcarizing the results in Lot A, the nose °
was slighrly barcer than the sidewalls, vhereas the base was
significantly softer. '
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In Lot B (see Figure 6 and Table 1), the outer layer was
harder at the nose (RB 84) and base (RB 84) than at the side-
walls (RB 78). 1In the middle layer, the base (RB 77) and nose
(RB 78) were harder than the sidewalls (RB 70 and 71). The
inmost layer was harder at the nose (RB 70) and base (RB 72)
than locations along the sidewalls (RB 57 and 56).

When considering the three impressions at the different
locations independently, the average values at the sidewalls
showed a significant decline in hardness in the copper jacket
with a high hardness neer the surface to a softer region near
the substrate. The values ranged from RB 78 to RB 57 and 56.
This behavior was also evident at the nose and base regions,
the hardnesses varying from RB B4 to 70 and from RB 84 to 73,
respectively.

Results of hardness tests in the copper jacket, parailel
to the bullet axis in Lot A (see Figure 7 and Table 11), showed
very slight differences in hardness from the outer sector inward
to the subgtrate either at the sidewall or nose areas. The
sidewall from nose to cannelure was in the range RB 49-51 and
from cannelure to base RB 54-58. The average hardnesses at
the different locations along the bullet did vary somewhat,
however, the sidewalls in front and behind the cannelure
averaging RB 50 and RB 56, respectively.

The hardness of Lot A transverse to the bullet axis (see
Figure 6 and Table 1) as compared to the hardness paraliel to
the axis (see Figure 7 and Table 11) showed that a difference
in hardnese existed at the sidewall section between the nose
and cannelure, the gverage transverse hardness being RB 59,
while the parallel direction hardnesses averaged RB 50. The
direction of indent did not appear to have any effect on hard-
ness at other ocations of the bullet jacket.

In Lot B (see Figure 7 and Table II), the results parallel
to the axis showed that at the sidewalls and nose, there existed
a definite hardress gradient from a harder outer sector inward
to a softer area immediately adjacent to the lead substrate.

The sidewall between the nose and cannelure varied from RB 83

to RB 58, while the sidewall between the cannelure and base
varied from RB 80 to RB 65. The hardness gradient in the latter
location is illustrated in Figure 8. The size of each hardness
indentation is shown increasing from the surface inward. The
average bardness, however, at the different locations varied
only slightly, the sidewall values averaging RB-71 and RB 73.

5
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The hardness results of Lot B transverse to the bullet :
axis (see Figure 6 and Table 1) versus results parallel to
_ the axis (see Figure 7 and Table II) showed direction of indent
iy hed practically no effect on the hardnews resulte of the side-
' walls, that is, there was little difference due to direction
of testing. -

In Lot A, the peripheral hardnesses (see Table II) on
the surface of the copper jacket were significantiy greater than
the hardness tests made at right angies immediately below the
surface; i.e. at the outer sector, both perpendicular or parallel
1 to the bullet axis. The peripheral hardness ranged from averages
Ea of RB 63 to RB 69 while the cross-sectional hardnesses, very
€ near to the surface, averaged RB 54.

¥ In Lot B, the same comparison of peripherai vs. subsurface
g hardness showed no significant difference between the peripheral
! hardness of RB 83 as compared to RB 78 and RB 80.

ngd-gatimonz Core -

In comparing the hardness of Lots A and B (see Figure 9 and
i Table 1I1), Lot B core was generally harder than the Lot A core.
g i The hardness of the core centers, however, according to impress-
i | ion Nos. &4 and 7 in each lot, coincided in both perpendicular

; and longitudinal directions to the bullet axis, the Brinell hard-
ness values (BHN) averaging 7.1 and 6.3, respectively. It sghould
be noted that these impressions were located away from the copper
Jacket in a region where the effects of any strain hardening
would be minimal, e.g., strain hardening that might result in
resizing cf the bullet.

Impressions numbered 2 and 3 (see Figure 9 and Table IIl)
in each lot which were located immediately under the cannelure
exhibited somewhat higher hardnesses than the other impressions
in each respective lot,

e

Impressions Nos. 1 and 5 in Lot A compared closely to the
hardness at the core center. The averages were BHN 6.9 and 7.5
to BHN 7.1 at the center. In Lot B, Nos. 1 and 5 were higher than
the core center hardness of BHN 7.1,averaging BHN 7.9 and 8.2,
respectively.

In Lot A, the hardness perpendicular and parallel to the
bullet axis compared closely at the base (Nos. 1 and 6) and showed
little difference at the nose, (Nos. 5 and 8); the base difference
was BHN 6.9 perpendicular and BHN 7.0 parallel and the nose differ-
ence BHN 7.5 perpendicular and 8.0 parallel. -

6
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In making the same directioral cosparison in Lot B, ¥os. 1
and 6 at the base varied siightly; 88X 7.5 to 7.7 and at the nose
Nos. 5 and 8 the difference was a littie greater, 38X 8.2 to 7.5.

DISCTSSION

The results of this evaiugtion indicated that in 5.55mm
bullets, representing the two production Loz X and B, the
structural soundness of Lot A wes inferior to that of Lot B.

Poor adhesion was noted in lot A between the copper coatirng

and the lead substrate in areas between the camnelure and tmse

of the builet. Several factors are knowm tc cause pocr sdbesiosm,
but to ascertain srecisely the rcasons for this condition is
beyond the scope of this investigstion, since it would necessitate
an extensive study cf the msay variadies iavolved ir electro-
plating and other processes in the asrmufacture cf tke bulle:.

There was a definite differeace in the manner iz vhich the
copper was deposited in L.t A &s compared to Lot B. The dended
structure of Lot B was typical of electrodeposits ressliing fros
periodic reversal of current during depcsitiom, vhereas the
single deposit of Lo A ws probably done under a single set
of plating condfziocs.

Regarding crystal size gnd shepe of the siruciures under
analysis, the sglient feaZurer were, for the most par:, wery
fine grain, nodular types with mo obvious preferred direction
of growth. The coagesition of the piating bath most ijkeiy
was a factor producing such a structure during depositice.

It shouid be msentfcned also that such structores osually ex-
hib{t minimal gnisotropy.

The electron probe saslysis confirnmed the findings ir
the metallographic exgafinstion of tbe copper costing, that {s,
at the lead subdbstrate interfgce of both lots, there was no
intermediate layer or phase.

The presence of copper in the lead core is possibdie by 41f-
fusion from the surface during electroplating of copper. {(Topper
was readily detected since it is practically insolubie in leegd.)

The detection of sulfur in the lead core by the electrom
probe, at first, was somewhzt surprising since commercisi lead
alloys are suifur-free. A possible explansazion cf izs presence
may be from sclfur in the atmosphere which reacted during ex-
posure in the metezllcographic preparation of the sample.
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There was no :xplanation for the scandium detected in the
copper jacket by the electron probe,

The hardness survey skowed that copper plating in Lot B
wes such harder than that of Lot A. The hardness pattern of
the three layers of Lot B, wherein a hardness gradient existed,
that is, the layers becoaing gradually softer inward to the core,
was believed to be attributable to variation in the current
density in depositing each layer, the outer layer having a re-
latively nigher current dernsity and then the inner layers pro-
gressively less. Of course, other conditions such as bath
temperature snd additicn agents might have affected this hardness
bedavior alsc. The hardness behavior of Lot B was nevertheiess
different from that of Lot A vhen considering the similarity in
locations of hardness impressions. The readings in Lot A showed
lfttle variation from the surface fnmward to the core (base excluded). The
peripheral hardness of Lot A wvas relatively high, houever, a
conditfcn vhich probably resulted from >he finishing operation.

The hardness results obtained in the lead cores of both
lots showed the aress immediately below the cannelure to be
harder then the other locations within the core. This condition
was uyadoubtedly due to vork hardening impsrted to the lead sub-
strate in tkess areas during the forming of the cannelure grcove.
It was noted that the hardness impressions furthest from the
sarface located miduay sloang the bullet axis were softer than
tke other impressions. There was an exception in Lot A where
ispressions near the base corresponded to the core center hird-
Dess.

The hardness of the ~opper jacket at the base cf each lot
shoved Lot A was softer at the bgse than the remainder of the
jacket, vhereas Lot B was harder than the rema’rder of itz
jeckel. Perhsps the reason for this relative difference in
bardness coulé be explasined when considering hardness of the
lead substrate at the base. In Lot A, i{see Tadble 111) the lead
substrate is relatively soft vben coepared o otker locations
in close proximity to the copper jacker, that is at the cannelure,
the sidewalls, and nose of the buliez. The effects of werk-
hardening, :f any, were sizisal at the bese region. In iot 3,
the hardness cf the base substratc is reiatively higher than
the pid-axial region. The latter ic-ation is practically um-
affected by any work hardening. This c-nditfon in cosbination
vith tbe higk hardnese of the copper jaciet ar this base strongly
svggests that this 1o had experienced soxe degree of work
hardening. This was further corroborated sy the higher hardness
of the lead core of Lot B at the rose s tion as compared to
lot A, in relation tc the core cewter rardnesses.
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CONCLUSIONS

1. There was a definite difference in the quality of the
bullets of the lots analyzed. Lot A was inferior to Lot B as
evidenced by the findings in metallographic examination and
electron probe microanalysis. Poor adhesion of the copper jacket
to the lead substrate was noted between the cannelure and base
of the bullet of Lot A. Lot B showed good adhesion of coating.

2. There was an obvious difference in method of manufacture
between Lots A and B. Lot A had a single l.yer of copper depos~
ited, whereas Lot B showed a banded structure consisting of three
distinct layers of copper.

3. The difference in coating hardness between Lots A and
B was attributable to plating procedures. These might include
such factors as current density, temperature of plating solution,
presence of addition agents, etc.

4, The difference in basis metal hardness between l-ts A
(soft) and B (hard) was probably due to higher work nardening
of the Lot B bage section since the core chemistries of both
lots were very simiiar, as well as the hardnesses at the spparent
centers of the bullets.

S. The sidewsll hardness of the copper jacket in Lot A,
perpendicular to bullet axis, was significently higher than the
hardness in the sidewsll parallel to the axis, indicating some
degree of anisotropy existed in this lot.
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TABLES

Tahlie 1. Results of Hardness Tests - Hardness Impressions
Made in Copper Jacket Perpendicular to Bullet
Axis (see Fig. 6)

Lot A - (1)
Rockwell B Values
Between nose and Between cannelure Nose Base
cannelure and bagze section section
--adjacent
54 51 57 21 to surface
59 57 59 16
59 53 63 &2
57 57 Avg. 60 Avg. 26
51 S4
59 53
Avg. 57 Avg. 54
--middle
63 60 59 42  sector
59 9 65 53
65 62 62 564
64 57 Avg. 62 avg. 50
54 59
59 57
Avg. 61 Avg. 59
--inmost
63 6C 62 56 sector
56 60 $2 50
52 59 60 54
6C 62 Avg, 61 Avg. 53
63 57
57 62
Avg. 60 Avg. 60

10
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Table I cunt'd

Lot B -
Rockwell B V@;ggl(l)
Between nose and Between cannelure Nose Base
cannelure and base section section
-- outer
80 79 83 83 iayer
75 74 85 85
79 85 83 83
85 83 Avg, 84 Avg. 84
72 75
i 12
Avg. 78 Avg. 78
-- middle
69 69 78 77 layer
71 72 80 78
71 72 n 77
72 73 Avg., 78 Avg. 77
69 69
68 &9
Avg. 70 Avg. 71
-- inmost
53 57 68 €8 layer
62z 60 73 78
56 59 69 72
59 50 Avg. 70 Avg. 73
s 56
53 57
Avg., 57 Avg. 56
(1D Rockwell B scale values were converted from Vickers
(VPH) readings.
11
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Table II. Results of Hardness Tests - Location of Hardness
Indentations Peripherally on Copper Jacket Surface
and Longitudinally to Axis in the Jacket (see Fig. 7)

Rockwell B Values‘!)
Between nose and Between cannelure Nose(2)  Base(2) Peripheral
cannelure and base section section near base
Adjacent to surface -
Lot A 53 54 57 21 64 68
42 53 59 16 62 68
53 54 63 42 63 71
49 56 Avg. 60 Avg. 26 63 10
Avg. 49 Avg. 54 Avg. 63 Avg. 69
Adjacent to surface -
Lot B 85 82 83 83 85 83
83 79 85 85 84 82
82 79 83 83 82 83
83 80 Avg. 84 Avg. 84 82 82
Avg. 83 Avg. 80 Avg., 83 Avg. 83
Middle sector -
Lot A 56 56 59 42
40 57 65 53
56 56 62 54
30 54 Avg. 62 Avg. 50
Avg. 51 Avg. 56
Middle sector -
Lot B 71 74 78 77
72 74 80 78
72 73 77 717
72 73 Avg. 78 Avg. 77
Avg. 72 Avg., 74
Inmost sector -
Lot A 50 56 62 56
51 57 , 62 50
53 60 60 54
50 57 Avg. 61 Avg. 53
Avg. 51 Avg. 58
Inmost sector -
Lot B 57 67 €8 68
59 65 73 78
53 55 69 iz
62 63 Avg. 70 Avg. 73
Avg. 58 Avg. 65
(1)

Rockwell B scale values are converted from VPH values.

(
e These results appear in Table I and are included in this

table for comparison.

12
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Table I11. Results of Hardness Tests - Hardness Impressions
made Perpendicular and Longitudinal to the Bullet
Axis of the Lead Core (see Fig. 9).

Brinell Hardness -- 5Kg Load, 2mm Ball

Impression Nec. Impression No.
(transverse) Sample #1 Sample #2 Sample #3 Aversge (longitudinal)

Lot A - 1 6.7 7.0 7.0 6.9 6 --- 7.0

2 7.7 7.9 8.2 7.9 7 --- 6.3

3 8.3 8.1 8.1 8.2 8 .--- 8.0
- 4 7.8 7.1 7.0 7.1
:. 5 7.7 7.5 7.3 7.5
Lot B - 1 8.2 ol 8.3 7.8 8l--.7
; 2 9.7 8.4 9.2 5.1 7 --- 6.3
i 3 9.9 8.6 9.3 9.3 8 --- 7.5
. 4 2.4 6.7 2.3 74l
5 9.1 6.2 9.3 8.2
1
3
4

13
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‘. Herrow separatica at Pb-Sh (top): Cu (bottom)
interface indicating unbconded area. Sample
represents 0,010 in, Cu plated 5.56mm bLullet,

Unetched & Unpolished
X300
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Pbi:sh Cu

Pigure 3. Electron imsge of Pb-Sb: Cu interface with hardness
{ndentation in Cu layer.
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Pb; Sb Cv

Figure 4. X-ray image of Cu Kgg radiation showing Cu-rich areas
in Pb-Sb matrix.
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Figure 5. Electron image of Pb-Sb: Cu interface with
pointing to crack.
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LOT "B" SAMFLE

Figure 6. Location of hardness indentations in test bullets of lots A & B.
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Pigare 7.

Looauoi\ of bardness indentations in the oopper jacket
longitudinal to the bullet axis and peripherally on the surface,
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Pigure g, Bardness gradient in 0,014 in, thick ecopper jacket of
5,56 zm lead cored bulle” of Lot B shown ty increasing
gise of Vickers hardness indentaticns from outer
surface towards Pb:Sb core, X75
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Pigure 6, Loostions of hardness impressions in lead-antimony core
designatad ty *X*, The impre uionlmpo ndicular

(lon 1 to 5) and longltudiml (Nos, 6 to 8)to the
bullet axis,
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