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SUMMARY 

The manufacturing  technology required to fabricate armor covers  for 
critical aircraft components  for  protection against caliber  .30APM2 
projectiles was established  for heat-treatable dual-hardness  steel. 
Methods  of cutting,  machining,  welding,  bending,  and  roll  forming were 
investigated,  as well as  the  effects of heat  treatment on distortion. 
Also established were  the  techniques  required  to  fabricate  seamless  dual- 
hardness  steel cylinders,  which were  produced  in various  sizes  by coex- 
trusion. 

The fabricability of this armor material was demonstrated by manufacturing 
one prototype armor cover for each of the following components: hydraulic 
actuator,   transmission sump,  engine  transmission,  and engine compressor. 
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INTRODUCTION 

Critical aircraft components  such as hydraulic cylinders,   transmissions, 
engine compressors, and electrical,  hydraulic, and fuel  lines are ex- 
tremely vulnerable to small-arms  fire.    Hits on these components can 
result in a crash involving a greater number of casualties  than a direct 
hit on  personnel.    Some  of  these  components are  presently being protected 
within weight  limitations  by the  use of flat panels  of  ceramic-faced 
and  ausformed dual-hardness  steel.    Neither of  these  composite armor 
systems  can be  fabricated  into complex shapes;   therefore,   the armor is 
installed at considerable   standoffs  on the airframe  structure.    Such 
installations  involve  several  serious drawbacks:     (1)   they require  large 
armor  plate  surfaces  in comparison with the  presented area of the com- 
ponent  to be  protected,   (2)   they require a  large amount  of bracketry, 
and  (3)  because of the method of mounting,  they can cause difficulties 
during maintenance. 

The  U.   S.   Steel Corporation,   under contract to  the U.   S.  Army Materials 
and Mechanics  Research Center,  has  recently developed a  heat-treatable 
grade  of dual-hardness  steel armor.    This composite   plate material ia 
now available  in large quantities and sizes as  flat,   roll-bonded,  annealed 
plate  in thicknesses  to  provide  protection against both caliber   .30 and 
.50 APM2  projectiles.    This  material can be  fabricated  in  the annealed 
condition and then heat  treated  to  the required hardness   levels   (59-62 
Rockwell  "C" on the  front  layer and 50-52 Rockwell  "C" on the  rear  layer) 
to  become  as  ballistically effective as ausformed dual-hardness steel. 
Prior  to this  program,  very  little  secondary fabrication  technology had 
been developed on the heat-treatable dual-hardness  steel. 

The  coextrusion process  developed by Nuclear Metals   for  cladding nuclear 
fuel elements and other composite  tubes was demonstrated as  a  feasible 
method  for producing seamless  dual-hardness steel armor cylinders.    With 
the  use  of this  technique,   the  metallurgical bond  between  the  front and 
rear  layer and the  forming   into a seamless cylinder  are  produced in one 
operation.    However,  this   process  required development of  simplified 
billets  and  production experience on cylinders  of various  sizes. 

OBJECTIVE 

The  objective of this  program was  to  investigate  and establish methods  of 
fabrication of the heat-treatable dual-hardness  steel armor and,  in addi- 
tion,   to establish fabrication methods  required  to manufacture armor 
covers  to protect critical aircraft components against caliber  .30APM2 
ammunition.     Phase  I work determined methods  of  fabrication by machining, 
bending,  roll forming,  coextrusion,  welding,  and  heat  treatment,  and the 
limits  of  these  techniques.     In Phase  II,  the  fabricability of  the 

---^ 
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"materials was demonstrated by manufacturing one  prototype armor cover 
for each of the following items on the CH 47A helicopter: 

1. The  left  aft-pivoting actuator. 

2. The 5" I.D.   seamless  cylinder,  3'   long,   for  the  protection of 
electrical,  hydraulic,  and oil  lines. 

3. The  forward  rotor  transmission sump. 

4. The high-speed engine  transmission. 

5. The engine   (T55)  compressor. 

MATERIALS 

ROLL-BONDED PLATES 

Eight 48" wide x 73" long x 0.280" thick roll-bonded,  dual-hardness 
steel plates; were  supplied as Government-furnished  property.    These 
plates were  supplied  in  the  roll-bonded,  normalized-and-tempered,  surface- 
ground  condition.     The  chemical analyses  of these  plates are  presented  in 
Table  I,  and average hardness  data obtained on  the  front and the  rear 
surfaces  are  presented  in Table  II. 

BAR STOCK 

Bar stock of the same chemical compositions as the front and the rear 
components in the heat-treated, daal-hardness steel plates was obtained 
from U. S. Steel Corporation.  This bar stock consisted of 9-1/2" and 
6-3/8" diameters of the front alloy chemical composition and 8" and 
4-1/2" diameters of the rear chemical composition.  The chemical analy- 
ses of this bar stock are presented in Table I. ^ 

TECHNICAL DISCUSSION 

PHASE I - PROCESSING STUDY 

Cutting and Machining 

Shearing from the front to the rear surface was found to be an excellent, 
fast technique for cutting smaller straight sections from larger annealed 
plates.  Shearing from the front to the rear surface is preferred, since 
the deformed layer on the cut surface is on the softer edge. Evidence of 
edge cracking was observed when the shear cuts extended to the outside 
edge of the large plates.  Examination of the edges indicated a heat- 
affected zone as a result of gas cutting in the steel mill.  Removal of 

.«._.-____-__--_-______«-_«_. 
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TABLE II.     HARDNESS DATA ON ANNEALED DUAL-HARDNESS STEEL PLATES* 

Hardness Rockwell "C" 

Plate No.                                                                 Front Rear 

|      B-4                                                                            32 21 

3                                                                                32 21 

4                                                                                30 20 

|      5                                                                                30 19 

6                                                                                30 22 

1      7                                                                              30 22    I 

|      8                                                                                30 21    1 

|      9                                                                            30 20    | 

i   *Plate sizes:    48" x 73•, x 0.280" ^'QJO 

1    Note:    All  plates were ground  from plates  rolled to 0.340" * 
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this  outside edge eliminated any further cracking.    A photograph of a 
shear crack and a macrophotograph of the heat-affected outside edge of 
the  plate are  presented  in Figure  1. 

A band saw was  found to be acceptable  for cutting  curved sections  on 
annealed plate.    A blade with 18 teeth per inch,   1/4" wide,  0.025" thick, 
with a set of 0.042" was  employed  for sawing,  using  a speed of  125/175 
ft/min. 

Acetylene and Mapp gas  cutting techniques were  also evaluated on  the 
annealed  plate.    The automatic Mapp gas  process   produced a uniform cut 
surface as  compared to  the  acetylene  process.    The  hardness data obtained 
on the cross  sections  of  this  plate are  contained   in Table  III.     The data 
indicate  that these cutting  techniques have resulted  in some  slight hard- 
ening on the AF and MGD rear  layers at  1/8" from the  edge.    However,  at 
the cut edge,  high hardness   layers are  probably  present,  due  to air hard- 
ening of the material.     Subsequent shearing into  these gas-cut surfaces 
would probably result  in  shear cracks  similar to  those observed  in  the 
large  plates. 

Air-arc,  Mapp gas,  and acetylene were  evaluated   for  cutting  this material 
in  the heat-treated condition.    The automatic i4app gas  process  results  in 
a  uniform,  clean cut.     Hardness  data on cross-section specimens  cut by 
these  techniques are  presented  in Table  1        All   three cutting techniques 
result in softening the  edges of the  plate,  an effect which would also 
lower the  ballistic  performance. 

Four other metal cutting  techniques were evaluated  for the material in 
the  heat-treated condition during the  building  of  the  prototype  compon- 
ents . 

A  panographic  plasma arc  torch was  found  to produce  very  little  heat 
input.    This   technique   is  very useful  for cutting  irregular sections, 
such as  holes  or circles,   and was employed  for  some  of  the  final cutting 
on  the components after  they were  heat  treated.     This cutting  technique 
results  in a heat-affected  zone of 0.040" which can be  removed easily by 
grinding. 

A high-velocity  (10,000-15,000 ft/min)  band saw with a Dart  precision 
blade  is very useful  for  cutting small  sections  or   trimming  the  edges  of 
plate.    Essentially no heat-affected zone  results   from such cutting. 

Carbide  tip drills of various  sizes   (5/16",  7/16",   9/16" diameter) were 
used  to drill small holes   in the  heat-treated  plate.    All holes were 
drilled  from the  front  surface  to the  rear.    This   technique was  found 
to  be very acceptable  and  fast for producing small  holes  for attachments, 

One  2-1/8" hole was  produced  in the bottom of the   forward sump cover by 
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TABLE III.     EFFECT OF TORCH CUTTING ON PLATE HARDNESS 
(ANNEALED PLATE) 

Specimen* AF MGF MGD 

Location Front Back Front Back Front Back 

Distance From 
Edge   (inches) Rockwell "C"  Hardness 

1/8 24.6 21.3 24.6 14.1 25.7 19.5 

1/4 25.9 r5.5 24.9 13.9 25.7 14.8 

3/8 25.1 14.0 24.0 13.0 25.2 14.2 

1/2 26.8 14.1 24.2 14.0 24.9 14.2 

5/8 25.8 14.2 24.2 14.0 24.9 14.0 

3/4 25.3 14.2 24.2 14.6 24.9 14.0 

7/8 25.5 13.9 24.8 14.0 25.3 14.1 

1 25.2 13.8 24.0 14.5 25.0 13.9 

1-1/8 25.6 14.0 24.7 14.0 24.9 12.8 

1-1/4 26.0 13.8 24.8 14.5 24.0 13.1 

1-3/8 26.5 14.2 24.3 14.1 24.6 13.6 

1-1/2 25.6 14.2 24.4 14.0 25.0 13.3 

*AF    - Acetylen 
MGF  - Mapp  gas 

e,  front surface  up   (manual) 
.  front surface up   (automatic) 

MGD - Mapp  gas ,   front surface down   (automatic) 

assm   
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TABLE   IV.     EFFECT OF TORCH CUTTING ON PLATE HARDNESS 
(HEAT-TREATED PLATE] 

Specimen* AAF MGF MGD 

Location Front Back Front Back Front Back 

Distance From 
Edge   (inches) 

Rockwell  "C 1  Ha rdne s s 

1/8 59.0 48.7 43.7 37.9 48.8 39.3: 

1/4 45.0 41.5 49.2 42.2 51.8 43.8 

3/8 53.2 46.3 52.1 44.7 55.1 46.3 

1/2 57.0 49.1 54.6 46.3 55.9 47.1 

5/8 57.8 50.0 56.3 48.0 58.3 47.3 

3/4 58.6 50.0 57.7 48.3 58.8 48.1 

7/8 58.5 50.1 58.3 48.3 59.3 48.0 

58.1 50.0 58.8 48.3 60.1 48.3 

1-1/8 58.1 50.3 59.5 48.2 59.3 48.1 

1-1/4                   | 58.9 50.3 59.0 48.4 60.8 48.7 

1-3/8 58.3 50.0 59.1 49.0 60.1 48.6 

1-1/2 58.6 50.0 59.4 49.0 60.0 48.3 

AAF  - Air arc,  front  surface up  (manual) 
MGF  - Mapp gas,  front  surface up  (automatic) 
MGD - Mapp gas,   front  surface down  (automatic) 

-- 
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electric discharge machining.  This technique produces excellent results; 
it is very expensive and is therefore not recommended for drilling a 
large number of holes. 

Bending 

Bend  tests were conducted on  6" wide,   18"  long specimens  sheared  from 
both major  plate  directions,   using a  150-ton brake   press.     Three  speci- 
mens  each were bent,  using  1",   3/4",  and  1/2" radii.     The  results are 
summarized  in Table V  (five  extra  specimens are  included).     It was 
determined  that bend specimens  having mill-cut edges  resulted  in crack- 
ing,   regardless  of  the bend  radii  (note  Specimens  L-l  and L-8  in Table V 
and  Specimen L-l  in Figure  2).     These  tests were conducted  prior to the 
determination of  the heat-affected zone on the mill-cut surfaces. 

One  inch of  the mill-cut surface was  removed  from Specimen L-4A,  and no 
difficulty was  then encountered during bending  (Figure  3).     It was also 
found necessary to round the edges of the front material and to remove the 
shear marks  on the  cut surfaces  by belt sanding,  in order  to produce 
crack-free bends. 

On transverse  specimens,  the  mill-polished grinding marks  opened up 
when a   1/2" .bend  radius was  used.    A  longitudinal specimen  (one  in the 
direction of the mill  polishing marks)  can easily be  bent without crack- 
ing  (using a 3/4" bend radius) when the edges are  rounded and  the shear 
marks  are  removed by belt sanding. 

One  specimen from each plate  direction and  for each bend  radius  used was 
heat  treated with a  3/8" diameter cold-rolled steel  retaining bar  (Fig- 
ure 4),  and one was heat treated without a restraining bar.    These speci- 
mens were austenitized at  i5250F  ± 251 in an endothermic atmosphere 
(reacted  gas)  to prevent decarburization,  were vertically oil quenched 
(Naprex-908 oil at  120oF),  and were then tempered at 300oF for 1 hour 
and air cooled. 

The  dimensions on the heat-treated bend specimens were  measured before 
and after heat treatment.     These  data are  sumraarized  in Table VI.    The 
angle  on  the  unrestrained specimens decreased a maximum of 6 degrees 
when a   1" bend radius was  used and 3 degrees-30 minutes  when a 3/4" bend 
radius was  used. 

In general,   the distortion was   less  on  the  specimens  heat  treated with 
the restraining bars.    A maximum distortion of 3 degrees was  observed 
after  the  bars were  removed. 

All  bend  specimens were examined with  the  use of die   penetrant for cracks, 
Three unrestrained specimens  did  crack during heat  treatment.    A photo- 
graph of  a crack in Specimen T-7   is  shown in Figure  5.     Two specimens 

- 



TABLE V. RESULTS OF BEND TESTS ON SMALL SECTIONS 

Specimen 
Number 

Specimen 
Size 

(inches) 

Bend 
Radius 
(inches) 

Remarks 

L-1 
L-2 
L-3* 

6 x 18 
6 x 18 
6 x 18 

1 
1 
1 

Edge cracked 
Good 
Good 

T-1* 
X-2* 
T-3* 

6 x 18 
6 x 18 
6 x 18 

1 
1 
1 

Good 
Good 
Good 

L-4* 
L-5* 
L-6* 

6 x 18 
6 x 18 
6 x 18 

3/4 
3/4 
3/4 

Small crack on sheared surface 
Good 
Small cracks on sheared surface 

X-4** 
X.5** 
X-6** 

6 x 18 
6 x 18 
6 x 18 

3/4 
3/4 
3/4 

Good 
Good 
Small cracks on sanded shear surface 

L-7** 
L-8** 
L-9** 

6 x 18 
6 x 18 
6 x 18 

1/2 
1/2 
1/2 

Good 
3/4" crack 
Good 

X-7** 
1-8** 
X-9** 

6 x 18 
6 x 18 
6 x 18 

1/2 
1/2 
1/2 

Mill polishing grind marks opening up 
n     ii     ii    i)     ii    ii 

ii     II      II    ii     n    n 

L-1A** 6 x 18 3/4 Good 

L-2A 6 x 18 3/4 Good 

L-3A-1 
L-3A-2 

6x9 
6x9 

3/4 
3/4 

Good 
Good 

L-4A 5 x 12 3/4 Double bend (good) 

*Hard edge ground with disc grinder • 

**Hard edge rounded and shear marks removed by belt sanding. 
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that cracked (L-7 and T-7) had 1/2" bend radii, and the third specimen 
(T-5) had grinding marks parallel to the bend. 

This material may be bent by using a 3/4" radius and bending to 93° 
(with the grinding marks perpendicular to the direction of the bend), 
welding in a restraining bar, heat treating, and then removing the bar. 
This technique will result in a crack-free 90° corner. 

Using the bending procedure developed on the smaller specimens and a 3/4" 
radius, two each of wider specimens - 10", 12", 18", and 24" - were bent 
to 90° ±  1° without any difficulties.  Samples of these specimens are 
shown in Figure 6. 

Restraining bars (1/2" x 2") were welded into one specimen of each size; 
the specimens were then heat treated, using the same procedure as employed 
on the smaller bend specimens. All four specimens fractured during heat 
treatment due to the high degree of restraint imposed by the large 
restraining bars. The dimensional and hardness data are summarized in 
Table VII. 

Smaller restraining bars (1/4" x 1") were used on the remaining specimens. 
In addition, these specimens were stress relieved (1150oF/l hr, air 
cooled) prior to hardening.  These specimens were then heat treated, using 
the same procedure except that the tempering temperature was raised to 
3250F.  This slightly higher temperature was used to determine if the 
specification hardness levels could still be met. The dimensions on these 
specimens and the resultant hardness data are presented in Table VIII. 
The 3250F tempering temperature resulted in slightly lower hardnesses, 
which in some cases were below the minimum specification range. 

In the restrained condition, these specimens had a maximum decrease of 
3 degrees in the bends. When the restraining bars were removed, the 
angles decreased an additional 2 to 3 degrees. No cracking was observed 
on any of the large bend specimens which had the smaller restraining bars. 
It was therefore concluded that restraining bars are required to help 

maintain dimensional tolerances during heat treatment but that over- 
restraint can result in fracturing the bent section. 

Roll Forming 

Two 20" wide sections of plate were roll formed to obtain 12", 14", 
16", 18", 22", and 26" diameter segmented cylinders (240°). No diffi- 
culty was encountered in forming these cylindrical sections at room temp- 
erature on conventional roll-forming equipment. One cylindrical section 
of each diameter was heat treated with two (1/2" x 2") restraining bars 
welded inside (Figure 7). The remaining sections were heat treated with- 
out restraining bars.  The sections without the restraining bars received 
the stress-relief treatment and were tempered at 3250F. The sections 
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with the restraining bars were not stress relieved and were tempered at 
3000F. 

The dimensions on these roll sections before and after heat treatment, and 
the resultant hardness data, are presented in Tables IX and X.  The higher 
tempering temperature resulted in low hardnesses on both the front and the 
rear layers - the same effect as in the large bend sections. The cylin- 
drical sections with the restraining bars decreased in diameter during 
treatment. The decrease in diameter was greater for the larger-diameter 
specimens. This change in diameter is fairly predictable for the cylin- 
drical sections, which are in addition uniform from end to end.  These 
data are plotted in Figure 8. 

Cylindrical sections heat treated without restraining bars also decrease 
in diameter, but the results are more erratic, and the end-to-end dimen- 
sional control is poor, especially on larger diameters (Figure 9). There- 
fore, cylindrical sections being fabricated should be rolled to a larger 
diameter than the desirad finished size (approximately 10% increase in the 
diameler) to compensate for the decrease in diameter during heat treat- 
ment, and restraining bars must be employed to maintain end-to-end dimen- 
sional stability, especially on larger diameter sections. 

Coextrusion 

Two 1.5" I.D., five 2.5" I.D., two 4" I.D., and three 5" I.D. extrusions 
were fabricated under this program. The billet configuration and dimen- 
sions are presented in Figure 10 and in Table XI, respectively. 

The 2.5" I.D. extrusions were used to study coextrudability and to develop 
the billet design. These five billets were extruded in two lots.  Lot 1 
consisted of two extrusions (Nos. 1 and 2), and Lot 2 consisted of three 
extrusions (Nos. 3, 4, and 5). 

Each extrusion billet consisted of an inner and an outer cylinder and a 
1/4" thick front plate with an evacuation tube.  The billet components 
were washed with trichloroethylene, followed by acetone.  In the rear 
of each billet, the inner and outer cylinders were welded together by 
metal inert gas welding, using a 310 stainless steel filler. The front 
plate, with an evacuation tube attached, was welded to each billet, using 
the same welding technique; and each billet was evacuated at 500oF to 
5 x 10   torr. All of these billets were heated in graphite with a nitro- 
gen atmosphere to prevent decarburization, extruded on a 1400-ton Loewy 
press, and rotated on a runout table until cold.  The upset force, running 
force, and extrusion speed were measured on a strip chart recording during 
extrusion. 

In the first lot. Billet No. 1 was extruded bare and Billet No. 2 was 
extruded with a 0.003" to 0.005" copper plating. Without the copper plat- 
ing, slightly higher extrusion forces were required and some die wear was 
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noted. Therefore, all billets in Lot 2 were copper plated.  Since the 
same dies were used for Lot 2, the dies were opened up to 3.190" I.D. 
size. All of the extrusion data on the 2.5" I.D. billets are summarized 
in Table XII. 

Extrusion 3 was not bonded along the entire length of the billet. This 
non-bonding was attributed to an air leak at the rear of the billet, 
where the two steels were welded together. Therefore, low carbon steel 
end plates were used on both ends of all the remaining billets.  In addi- 
tion, the outgassing temperature was raised to the 900o-1000oF range. 

The extrusion data on the 1.5" I.D. billets are presented in Table XIII. 
Both extrusions were successful and had excellent metallurgical bonds. 

Since the 4" and the 5" I.D. billets required higher tonnage, these 
billets were extruded from a 10" liner on a 5500-ton press. 

All of these billets were heated in a neutral salt to 1950oF and extruded. 
The three 5" billets extruded successfully. However, on the last billet, 
Extrusion No. 3, the die cracked and a small fin on the O.D. of the tube 
resulted,  Metallographic examination and fracture tests indicated 
excellent bonds in all three extrusions. 

On the first 4" I.D. extrusion (No. 4), the mandrel fractured. The front 
of the extrusion closed in and extruded as a solid bar with the broken 
piece of mandrel. The middle portion extruded as a tubular product, as a 
result of retention of the remaining portion of the fractured mandrel. 
Examination of this tube revealed a non-bond. This was probably a result 
of the front of the billet extruding without a mandrel and the front weld 
opening up, causing an air leak. 

Since a second mandrel was not available, the second 4" I.D. billet 
(No. 5) was cooled for extrusion at a later time.  This second billet 
was extruded two months later.  It extruded successfully, but the metal- 
lurgical bond is questionable. Firing tests on this tube would help to 
determine the degree of metallurgical bonding required to prevent front 
face fracture.  The extrusion data on the 4" and the 5" I.D. billets are 
summarized in Table XIV. 

All of the successful extrusions were annealed between 1150° and 1200oF 
for 1 hour and were then air cooled.  This was necessary to facilitate 
machining, since the material on the outside of the tubes was Rockwell 
"C" 58 in the as-extruded condition. 

Two 36" long tubes and several discs for metallographic examination and 
bond fracture tests were machined from each of the successful extrusions. 
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TABLE XIII.    EXTRUSION DATA ON  1.51 I.D. DUAL-HARDNESS STEEL CYLINDERS 

Parameter Extrusion 1 Extrusion 2      j 

Die Diameter  (inches) 2.103 2.094                j 

Mandrel Diameter  (inches) 1.510 1.500              ! 

Extrusion Temperature   ("F) 1950 1950 

Liner  Size   (inches) 5.060 5.060                j 

Upset Force   (tons) 1050 1250 

Running Force   (tons) 950 1025 

Extrusion Reduction 10.8/1 10.5/1               1 

Upset Pressure  (tsi) 57.3 68,2                  1 

Running Pressure  (tsi) 52.0 55.9 

Upset Extrusion Constant  (tsi) 24.8 29.5 

Running Extrusion Constant  (tsi) 22.5 24.2                  \ 

Speed   (inches/minute) 950 900 

Extrusion Length (inches) 127 126                    i 

Billet O.D.   (inches) 4.980 4.980 

Billet I.D.   (inches) 1.530 1.530 

Billet  Length  (inches) 12.5 12.5 

I.D. Thickness 0.140/0.141 0.148/0.149 

O.D.  Thickness 0.144/0.149 0.141/0.142 

Total Thickness 0.284/0.290 .285/.289        j 
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1 
TABLE XIV.     EXTRUSION DATA ON 4' ' AND 5" I.D.   DUAL-HARDNESS STEEL CYLINDERS 

Parameter Extrusion Numher 

1 2 3 4 5 

Extrusion Size   (inches) 5 5 5 4 4 

Billet Length  (inches) 16.5 16.5 16.5 18 18 

Extrusion Temperature   (0F) 1950 1950 1950 1950 1950 

Heating Time   (minutes) 50 50 50 50 50 

Billet O.D.   (inches) 9.750 9.750 9.750 9.750 9.750 

Billet I.D.   (inches) 5.125 5.125 5.125 4.064 4.064 

Upset Force   (tons) 2100 2300 2250 2100 - 

Running Force   (tons) 2050 2000 2000 - - 

Upset Extrusion Constant  (tsi) 14.7 16.0 15.7 11.5 - 

Running Extrusion Constant  (tsi) 14.0 14.0 14.0 - - 

Extrusion Time   (seconds) 10 9.5 10 - - 

Inner Layer Thickness   (inches) 0.134 0.139 - - - 

Outer Layer Thickness   (inches) 0.137 0.139 - - - 

Total Thickness   (inches) 0.271 0.278 0.270 - - 

 -     -.                                                                          I 
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The dimensions   (O.D.   and  thickness at four circumferential  positions) 
were determined at each end of the 36"  long  tubes.     These data are 
presented in Tables XV and XVI.    Representative  finished tubing with 
etched cross-sectional discs  is presented in Figure   11. 

Welding 

Limited welding studies were  conducted,   using both  the metal  inert gas 
(MIG)  process and the  tungsten inert gas   (TIG)   process.    The MIG process, 
using  the  parameters  outlined  in Table XVII and  Linde Ml-88 wire,  was 
found to be  successful  for welding  the dual-hardness  steel in the annealed 
condition.     Several butt  joints  and box shapes were welded,   using  this 
process, and were  then heat treated.    No cracking  problems were  found  in 
any of the weld.d  joints. 

All  restraining  bars  inserted  for holding dimensional  tolerances  during 
heat treatment were  tack welded  in place with the MIG  process,  using 
310-0.035" diameter stainless  steel wire.     In addition,   this wire and 
welding technique were  employed for the welding of all billets. 

All welding after heat  treatment,  such as  on attachments, was  generally 
performed with the TIG  process,  using  the  310  filler wire.    This  process 
was  employed  to maintain   low heat input  in order  to minimize  the  heat- 
affected zone. 

Metallurgical Tests 

Metallographic examinations were conducted on  the  roll bonded  plate and 
each extrusion.     The  bond   lines  In each case were  examined,  grain size 
was  determined,  and  the   inne,- and outer surfaces  on each specimen were 
examined  for surface  decarburization. 

Photomicrographs  of the  metallurgical  bond  in  the  roll bonded  plate,   in 
both the annealed and  the  heat-treated conditions,  are  presented in 
Figure   12.    The bond  in  these  plates  is  excellent,  with a good diffusion 
between the  two steel  layers.    At higher magnification,  even less dis- 
tinction between the  front and the rear  layers   is  evident. 

Photomicrographs  of a  good  quality bond and of a questionable bond  from 
the extrusions are  presented  in Figure  13.     Ballistic  tests on the ques- 
tionable bond would  provide  useful data as   to  the  bond quality needed  for 
acceptable armor material  performance. 

ASTM grain size was determined in all the extrusions, and in the annealed 
plate.    The  high hardness  outer  layer  in all extrusions  had an ASTh grain 
size of 7 to 8,  and the  rear  layer exhibited a slightly finer grain size 
cf  8  to 9.     The  roll bonded  plate had a grain size  of ASTM 10 to  11  in 
both the  front and  the  rear   layers.    No evidence  of surface 
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TABLE XV. DIMENSIONS OF EXTRUDED TUBES (2.5" I.D.)           j 

Location 

Radial Location (degrees)               j 

0-180 90-270 0 90 180   1  270  i 

j In Extrusion 
(inches) 

Extrusion Number 1                 | 
O.D. (inches)   |           Wall (inches)           i 

8 from front 
44-1/2 from front 
38-1/2 from rear 
4 from rear 

3.088 
3.085 
3.087 
3.085 

3.086 
3.084 
3.085 
3.086 

0.297 
0.300 
0.296 
0.295 

0.294 
0.295 
0.297 
0.300 

0.296 
0.293 
0.298 
0.301 

0.298 | 
0.298 i 
0.299 | 
0.296 | 

Extrusion Number 2 
O.D. (inches)   |           Wall (inches) 

8 from front 
44-1/2 from front 
38-1/2 from rear 
4 from rear 

3.087 
3.089 
3.088 
3.078 

3.086 
3.086 
3.079 
3.088 

0.296 
0.298 
0.298 
0.296 

0.299 
0.295 
0.298 
0.296 

0.296 
0.295 
0.297 
0.297 

0.299 j 
0.297 j 
0.296 j 
0.300 j 

Extrusion Number 3 
O.D. (inches)    |           Wall (inches)           | 

7 from front 
43 from front 
43 from rear 
8 from rear 

3.161 
3.161 
3.168 
3.166 

3.166 
3.171 
3.163 
3.168 

0.346 
0.344 
0.343 
0.344 

0.336 
0.338 
0.335 
0.339 

0.339 
0.335 
0.338 
0.336 

0.338 
0.341 j 
0.343 \ 
0.338 ' 

O.D. (inches) 
.xtrusion Number 4                 j 

Wall (inches)          i 

6.5 from front 
42.5 from front 
42.5 from rear 
6.5 from rear 

3.163 
3.163 
3.166 
3.168 

3.163 
3.164 
3.161 
3.162 

0.341 
0.340 
0.341 
0.341 

0.340 
0.343 
0.338 
0.342 

0.340 
0.343 
0.339 
0.341 

0.340 j 
0.340 j 
0.342 | 
0.338 } 

E 
O.D. (inches) 

xtrusion Number 5                 | 
Wall (inches)           1 

7 from front 
43 from front 
43 from rear 
7 from rear 

3.166 
3.164 
3.163 
3.164 

3.161 
3.162 
3.167 
3.166 

0.335 
0.337 
0.339 
0.335 

0.335 
0.340 
0.337 
0.332 

0.337 
0.336 
0.336 
0.334 

0.338 ! 
0.336 \ 
0.336 1 
0.336 

i 
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TABLE XVI. DIMENSIONS OF EXTRUDED TUBES (1.5", 4", AND 5" I.D.) 

0-180 
Radial Location (degrees) 

90-270 90 180 270 

In Extrusion 
(Inches) 

O.D. (Inches) 
Extrusion No. 1 (1.5" I.D.) 

Wall (Inches) 

17" from front 
53" from rear 

2.082 
2.081 

2.083 
2,082 

0.295 
0.290 

0.290 
0.291 

0.291 
0.292 

0.296 
0.294 

O.D. (Inches) 
Extrusion No. 2 (1.5" I.D.) 

Wall flnchesl 

17-1/2" from front 
52-1/2" from rear 

2.074 
2.076 

2.074 
2.074 

0.293 
0.293 

0.293 
0.290 

0.291 
0.289 

0.292 
0.291 

O.D. (Inches) 
Extrusion No. 1 (5" I.D.) 

Wall (inches) 

55" from front 
91'.' from front 

,600 
.600 

5.550 
5.555 

0.277 
0.277 

0.279 
0.279 

0.281 
0.281 

0.273 
0.271 

O.D. (inches) 
Extrusion No. 2 (5" I.D.) 

Wall (Inches) 

54-1/2" from front 
90-1/2" from front 

5.553 
5.552 

5.574 
5.572 

0.270 
0.279 

0.280 
0.279 

0.281 
0.277 

0.271 
0.262 

O.D. (Inches) 
Extrusion No. 3 (5" I.D.) 

Walt (Inchest 

58" from front 
94" from front 

5.571 
5.577 

5.551 
5.560 

0.277 
0.277 

0.278 
0.273 

0.270 
0.273 

0.271 
0.272 

O.D. (inches) 
Extrusion No. 5 (4" I.D.) 

Wall (inches') 

77" from front 
113" from front 
77" from rear 
113" from rear 

4.642 
4.635 
4.635 
4.637 

4.638 
4.635 
4.637 
4.638 

0.333 
0.343 
0.334 
0.333 

0,335 
0.330 
0.328 
0.328 

0.333 
0.337 
0.329 
0.332 

0.329 
0.335 
0.338 
0.330 
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1ABLE XVII.    WELDING PROCEDURE  - ANNEALED PLATE 

V/d ^T— 
Procedure 

Bevel plate edge 

7? 
Wire brush and clean with trichloroethylene 

Leave a gap of 3/32",  clamp and tack weld 

Bevel inside of tack we^  s 

Two welding passes  using M 1-88-0.(^S11 diameter wire, 
A405 gas, wire brush after each pass 

Gas flow - 35  CFH 
Slope - Steep   1-1/2 
Inductor - High 1-1/2 
Voltage    -  (13-34)  8-1/2 
Operating voltage  - 22 volts 

Stress relief  - 900-1000oF 2 hours,   then air cool 

Notes:     Equipment as  follows: 

Linde  SVI-300 power  supply 
Torch - ST-9 
Wire  feed - SWM-llB 
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decarburization after heat treatment was found on the roll bonded plate. 
Decarburization, approximately 1 mil, was found on the outside surfaces 
of some extrusions, but none was found on the inside. There was evidence 
of decarburization on the 4" and 5" I.D. extrusions. 

Notch fracture tests were conducted on discs machined from two locations 
on each extrusion. These tests consisted of cutting a 1" circumferential 
section from the disc and notching the outer layer with a hacksaw to a 
depth equal to the thickness of the front layer, at a location of 180 
degrees from where the section was removed.  These discs were then com- 
pressed perpendicular to the notch, in a vise.  If the bond is acceptable, 
the crack starting at the root of the saw cut propagates to the I.D.  In 
the case of a questionable or poor bond, the crack propagates to the bond 
line and then follows the bond.  Both 4" I.D. extrusions and one 2.5" I.D. 
extrusion (No. 3) exhibited the latter type of failure in the bond test. 
This confirmed the metallographic results. 

PHASE II - FABRICATION OF PROTOTYPE COVERS 

The four critical components to be protected by covers were selected 
because of the different shapes and the techniques required to manufacture 
these shapes.  These covers were fabricated to establish the manufacturing 
technology and to demonstrate the fabricability of this new armor material. 

Data were required in two areas prior to fabrication of the prototype 
armor covers: 

1.  The cover sizes, shapes, and attachment techniques had to be 
established.  This was accomplished by fabricating from alum- 
inum sheet covers based upon the component drawings. These 

aluminum covers were fitted on a CW 47A helicopter.  When the 
final component covers were fabricated and heat treated, they 
also were fitted, and attachment points were determined. 

2.  Preliminary fabrication data developed in Phase I was an addi- 
tional requirement for fabrication of the covers.  Data were 
required on proper heat treatment, dimensional changes of various 
sections and shapes during heat treatment, and optimum cutting 
and forming procedures. 

Seven processing sequences were employed in the fabrication of the pro- 
totype armor covers: 

The subcomponent parts were sheared to the required sizes and 
formed to the various shapes. Allowances were made for dimen- 
sional changes during heat treatment in angles, in diameters of 
cylindrical sections, and in complete cylinders which would be 
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I 
sectioned after heat treatment. 

2. Welding (MIG process - Ml-88 wire) was performed on the sub- 
components that could be welded prior to heat treatment without 
danger of causing cracking during heat treatment. Also, 
restraining bars were inserted where necessary, to maintain 
dimensional tolerances. 

3. All of the subcomponents were then heat treated, using the stress 
relief, austenitizing, quenching, and (300oF) tempering cycle. 

4. The restraining bars were removed and the subcomponents were then 
sectioned as required, using either the plasma arc torch or the 
high-velocity band saw.  In addition, holes for attachment were 
machined with carbide drills. 

5. The final welding on the subcomponents was then performed, using 
310 stainless wire. 

6. Attachments were fabricated for each cover. 

7. All edges were rounded -and each component was cleaned, painted 
with yellow zinc chromate primer, and finished with olive drab 
lacquer. ' 

Hydraulic Actuator Cover 

The formed subcomponents fabricated for the hydraulic actuator cover are 
presented in Figure 14. A 3/4" bend radius, with the grinding marks per- 
pendicular to the direction of bending, was used for the top cover. This 
top section was offset from the actuator to allow access for the hydraulic 
lines and fittings. The bottom sections were bent to the radii of the 
cylinders. All of the corners were bent to 92-93 degrees, and 1/2" re- 
straining bars were welded inside each section. After heat treatment, these 
angles decreased to 90-91 degrees when the restraining bars were removed. 
The small middle section was welded to the top of the bottom section. All 
of the cutouts on these sections were made after heat treatment, with a 
high-velocity band saw. 

Two sets of stainless steel straps were formed to the contour of the 
cylinders.  One set was welded to the inside of the bottom section, which 
had countersunk bolts that were fitted between the two cylinders to a set 
of brackets on the rear of the cylinders. Angles were welded to each 
outside edge on the top section, to allow bolting through the yokes which 
are used for mounting the actuator.  In addition, a support which passed 
between the two cylinders to a bracket on the rear side was welded inside 
the top section.  This was needed to provide additional rigidity. The 
finished cover is presented in Figure 15, and detail drawings are 
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presented in Figures 16a and 16b. 

Forward Transmission Sump Cover 

Two sets of subcomponents for the forward transmission sump cover were 
sheared and formed to the required size.  One set is presented in 
Figure 17.  In the first set, only the outside edges were welded together; 
the second set was completely welded, including the bottom plate, as shown 
in Figure 18.  Holes (3/4" radius) were drilled in the side of each cover 
and in the bottom plate  to accommodate the protrusion of the bulb assem- 
bly drive and the magnetic chip detector, respectively.  Restraining bars 
(1/4" x 1") were welded inside each cover, as shown in Figure 19.  These 
parts were then heat treated, using the same procedure as was used on the 
actuator cover. 

Unlike the completely welded assembly, which did not distort, the armor 
cover without the bottom plate attached distorted during heat treatment 
(Figure 19).  In addition, the bottom plate, which was heat treated sep- 
arately, dished 9/16" and could not be welded to the box shape.  The 
botton. plate on the completely welded assembly remained flat during heat 
treatment.  The inside dimensions of the completely welded assembly 
changed less than 1/16" during heat treatment, and this assembly was 
finished into the required cover. 

Cutouts were made using the plasma arc torch, and holes for the attach- 
ments were machined by carbide drilling. 

The fitting of this component cover over the transmission sump revealed 
that the hole in the bottom plate needed to be enlarged for the chip 
detector plug.  This opening was therefore re-drilled to 2-1/8" diameter 
by EDM drilling.  In addition, the studs on the sump screen retainer 
protruded and interfered with the fit of the cover. A section was cut 
out and a plate was welded to the outside to accommodate this protrusion. 
Openings were also provided for the oil sight and the poppet drain cock. 
Holes (7/16" diameter) for attachments were drilled at appropriate 
locations (see the detail drawings in Figure 20) near the top edges; 
then cold rolled steel inserts were placed in each drilled hole and TIG 
welded, using 310 stainless wire. Each insert was then threaded. Angle 
brackets (1/811 thickness) were then fabricated. To install this cover, 
the brackets are first attached to the transmission (the present bolts 
will need to be replaced with longer ones), the cover is raised into 
position, and the brackets are bolted to the cover. The finished cove»- 
with attachments is presented in Figure 21. 

Engine Compressor Cover 

In the design of the engine compressor cover, alternative solutions were 
to place the armor either inside or outside the cowling.  If the armor 
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cover were installed on  the  Inside of the cowling,   interference with the 
control rods and attachment points would present problems.    In addition, 
two separate sections of armor would be required  because of interference 
of  the airfrarae structure.     Therefore,  this cover was designed to fit the 
outboard side of the cowling as closely as possible.    This approach had 
the added advantages of  providing cover for considerable fuel and elec- 
trical lines and of allowing removal of the cover for ease of maintenance. 

The cover for  the engine  compressor consisted of  three  pieces   (Figure  22): 

1. A bottom portion  - an 81 degree,   19-1/2" inside diameter, 
circular segment with the  hard  layer  on the  inside  of the 
cylinder.    A complete cylinder  18-9/16" I.D. was  rolled and 
welded for this  section.    After heat  treatment  (the  same as 
for other components),   tSia  required segment was  sectioned from 
this  cylinder with a  plasma arc torch,   and  the  inside diameter 
was  increased   to  19-7/8"  - a  7.27„ increase.    This  is  slightly 
less   than the   change expected if the  hard face were  on the 
outside. 

2. The  second section,  a 3-1/2" wide  transition piece.     This was 
dished slightly during heat  treatment but was  restrained 
during welding  to eliminate  the distortion. 

3. A top section  -  110 degrees,  30-1/2"  radius.    A 200-degree 
segment with  the  hard material on the  outside diameter was 
rolled to a  34"  inside diameter,  and  two sets  of 2" x  1/2" 
restraining  bars were welded on the   inside  prior to heat 
treatment.    When  the bars were removed  after heat  treatment, 
the  I.D. decreased to 30-5/8".    A change  in diameter of 9.87= 
occurred, and  the  piece was  then very  close to the designed 
dimension.    The   110-degree  segment was  obtained  from the 
200-degree segment by plasma arc cutting.     Both cylindrical 
sections were  essentially straight across  the  length dimensions, 
These  three  sections were welded together,  using the TIG 
welding process  and 310 stainless  filler wire. 

Brackets and  straps were   fabricated so  that the   lifting studs  on the  top 
of  the engine  could be  used  for mounting  (see  the  drawing  in Figure 23). 
A  stainless  steel hinge  was welded  to  the bottom cf  the cover.     This  hinge 
can be drilled  and attached at the rivets on the  bottom of  the  cowling. 
Using  this attachment technique,  the  top straps  can be disconnected and 
the  cover pivoted down on  the  hinge  to  provide  access  to the engine  for 
maintenance. 

A  photograph of  the engine  compressor cover is   presented  in Figure 24. 
This  cover will  fit either  the  left or  the  right  engine. 

i 
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High-Speed Transmission Cover 

The subcomponents  for the high-speed transmission cover  (Figure  25) con- 
sisted of: 

1. A 16"  I.D. cylinder,   13" long, which was roll formed and welded 

2. A cone  section 5" high,   10" I.D.  at the top,  and 16" I.D. at the 
bottom 

3. A 10" diameter disc 

4. A small cylinder 7-9/16" I.D.,  6" long 

The cone section was welded to the  top of the  16" I.D.  cylinder  prior to 
heat treatment.     This welded subcomponent and the other two sections were 
then heat treated  (the same as  the other covers).    The small cylinder, 
which was 7-9/16" I.D. before heat treatment, decreased to 7-3/8" I.D. 
when sectioned after heat treatment. 

The  10" diameter disc was welded to the  top of the cone section,   using the 
MIG welding process with 310 stainless wire.    Then a circular segment 
(142 degrees)  was  plasma arc cut  from this  assembly.     In addition,  a seg- 
ment was  removed  from one  side of the  assembly for attachment  of  the 
7-3/8" I.D.   side  segment. 

The  smaller circular segment was also  attached,  using  the MIG welding 
process.    The  attachments were manufactured,  as  shown  in Figure  26,  from 
1/8" thick angles.    Threaded holes   for bolting  the  brackets  to  the  cover 
were  provided,   using  the same technique as on the  sump cover. 

To install this  cover,  the brackets are attached to the same bolts  that 
are  used  to   Install  the  high-speed  transmission;   then the  cover  is 
attached to  the  brackets. 

A photograph  of  the  finished cover with attachments  is  presented  In 
Figure 27. 

GENERAL DISCUSSION 

Efficient  techniques  for sectioning and machining  the heat-treatable dual- 
hardness  steel armor have been determined.    For armor  in the  annealed 
condition,   cutting techniques which do not Involve heat are  preferred, 
since cutting  techniques  Involving heat result in heat-affected  zones and 
cracking  in  subsequent shearing and  forming operations. 

Plasma arc cutting and a high-velocity band saw were determined to 
be excellent,   fast techniques  for cutting  the material  in the  hardened 
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condition. The plasma arc torch is preferred for long cuts on large 
sections. This torch can also be equipped with a panograph for cutting 
irregular sections.  In cutting a section from a rolled cylinder, the 
inside surface of the cylinder can be protctcced from the metal splatter 
with sheets of asbestos. The heat-affected zone in the cutting of hard- 
ened plate is 0.040" or less. This zone is removed by grinding, a proce- 
dure usually performed to prepare the edges for subsequent welding or in 
the rounding of the outside edges of the component. 

To remove small sections from components, such as the cutouts on the 
actuator cover, the high-velocity band saw is preferred. This process 
results in essentially no heat-affected zone. 

The fabrication technique for producing corners by bending on a brake 
press was developed.  It was determined that grinding marks in the plate 
should be perpendicular to the corner, and the edges of the plate should 
be rounded and sanded prior to bending. The minimum bend radius that 
should be employed for the plate thickness used in this study is 3/4". 
Smaller radii can be used and bent successfully in the annealed condition; 
however, cracking during subsequent heat treatment is possible. 

To obtain a 90-degree corner, the plate should be bent to a 92-93-degree 
angle, restraining bars inserted, and the plate then heat treated. When 
the bars are removed after heat treatment, this angle will be 90-91 
degrees. 

The dual-hardness steel plate is easily roll formed into cylindrical sec- 
tions or complete cylinders. The shear cut edges do not require sanding 
prior to forming the plate. It is necessary to use restraining bars on 
cylindrical sections during heat treatment to maintain end-to-end dimen- 
sional tolerances.  When the restraining bars are removed, these cylin- 
drical sections decrease in diameter in an amount which appears to be pre- 
dictable. The fabrication of smaller I.D. cylinders (6" or less) by 
roll forming is not possible because of power limitations in small- 
diameter roll-forming equipment. 

A simplified billet design was developed and manufacturing technology 
procedures were established to produce various sizes of seamless cylinders 
(1.5", 2.5", 4", and 5" I.D.).  It was determined to be necessary to use 
cold-rolled steel plates on both ends of the billets and to warm outgas 
at 500° to 1000oF to produce the required metallurgical bond. 

The fabricability of the heat-treatable dual-hardness steel into closely 
fitted covers for the protection of critical components was demonstrated 
during Phase II of this program. 

The dimensional control and flatness that can be obtained with the heat- 
treatable dual-hardness steel armor were also demonstrated. The flat- 
ness obtained on the bottom plate of the forward sump cover, which was 
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heat treated as a welded unit, was unexpected.    The  sides of this box 
shape were also very straight after heat treatment. 

The  compressor cover which comprises curvatures,  with  the hard  face on 
both the  inside and outside  diameters, was manufactured very close  to 
the  designed dimensions.     It would be  very interesting  to manufacture 
this   piece as  one  section by  form rolling each end  and  then heat treating 
with restraining straps welded onto  the outside  edges.     This would elim- 
inate welding in a  transition piece.    Each end would have  to be  rolled  to 
compensate  for dimensional  changes during heat  treatment. 

The high-speed transmission cover has the greatest variety of subcomponent 
shapes. The forming of symmetrical subcomponents, such as are employed on 
the high-speed transmission cover, represented the best approach for main- 
taining dimensional control. 

The  cover for the  hydraulic actuator provides  essentially the  same degree 
of  protection as  that provided on the  present installation, which uses 
ausformed dual-hardness steel.    No bolts are  protruding through the armor 
as   they are  on the  present  installation.     In addition,   there are no butt 
welds which can result in  low ballistic protection.     The present installa- 
tion    uses  67  pounds  of armor as compared  to only 26  pounds  in the closely 
fitted cover prepared under this contract.    The  latter represents a 61% 
savings  in weight. 

The covers  prepared under  this contract are only a demonstration of the 
materials fabricability.     Detailed installation and attachment engineer- 
ing  studies would be  required  prior to the exploitation of this material 
for  closely fitted armor covers.     However,  it  is  now obvious  that  the use 
of  this material can result in significant weight reductions over present 
ausformed steel  installations,   through utilization of closely fitting 
covers. 

An  important result of  the work under  this  contract was  the  indication 
that  the dimensional control  obtained with this  material during  fabrica- 
tion of  the armor covers also makes  possible manufacture of structural 
armor components.     The   latter  use of this material will provide  the high- 
est degree  of  protection  for  the   least weight penalty.     The use of co- 
extruded,  seamless, dual-hardness  steel cylinders  for actuator cylinders 
is  an ideal example of a  structural armor  installation. 

INSTALLATION HANDBOOK CH-47A AIRCRAFT, CRITICAL COMPONENTS PROTECTIVE 
SYSTEM,   Philco Corporation,  Aeronutronic Division;   Contract DA 23-204- 
AMC-03488(T)  for Directorate  of Procurement and  Production,  U.S. Army 
Aviation Materiel Command,  St.   Louis., Missouri,   15 April  1966. 
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CONCLUSIOIg 

Based upon the  results  of this  program,   the  following conclusions  are 
drawn: 

1.    Cutting  techniques which do not  involve heat  (shearing and band 
sawing)  are  the most efficient  techniques  for cutting  the 
annealed  plate.    A plasma arc  torch and a high-velocity band saw 
are  the  best techniques  for  cutting  the material  in  the  hardened 
condition. 

2. A 3/4" bend radius has  been determined  to be  the minimum which 
should  be employed  for  the  plate  thickness   (0.280")  evaluated 
in  this  contract. 

3. Restraining bars are  required  in formed sections during heat 
treatment  to maintain dimensional control.     The  changes  in 
dimensions  of these  sections  during heat  treatment are  predict- 
able.     However,   over-restraint can result  in fracturing  of  the 
section during heat treatment. 

4. Small  cylinders   (1.5" to 5" I.D.)  can best be  produced  by 
coextrusion. 

5. The  feasibility of  fabricating closely fitted armor covers  from 
the  heat-treatable dual-hardness  steel was  demonstrated  by the 
prototype covers manufactured  during this  program. 

RECOMMENDATIONS 

Based  upon  the  results of  this  program,   the  following recommendations are 
made : 

1. The manufacturing technology developed  in this  program to 
produce  closely fitting armor covers  should be exploited  to 
provide  increased  protection and reduced armor weight on criti- 
cal and vulnerable  helicopter  components. 

2. The  formed  sections and cylinders  produced  in this  program 
should  be ballistically evaluated  to determine  the   Influence  of 
shapes  and heat treatment on  the  performance. 

3. The dimensional control obtained  on the armor covers   indicates 
that  the  use of this material  for structural armor components 
is   feasible.    Actuator cylinders,  bearing  lines  supports,  and 
transmission sumps  made of dual-hardness  steel armor should  be 
explored. 
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Figure 11. Coextruded Dual-Hardness S t e e l Cyl inders 
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Figure 17. Subcomponents for Forward Transmission Sump Cover. 
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Figure 18. Welded Subcomponents for Forward Transmission Sump Cover. 
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Figure 19. Distortion in Subcomponents for Forward 
Transmission Sump Cover. 
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Figure 21. Forward Transmission Sump Cover 



60 



'^ 

Figure  23.     Dual-Hardness Armor  - Compressor Cover,  Left Side, 
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Figure 24„ Engine Compressor Armor Cover 
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Figure 27. High-Speed Engine Transmission Cover. 
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