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Purpose

This project will optimize the manufacturing process and techniques to produce alkali-
halide infrared (IR) lenses by the hot forge-to-shape process. This process was developed
at the Honeywell Corporate Materiais Science Center under Contract DAAK70-77-
C-0218, sponsored by Defense Advanced Research Projects Agency and USAECOM
Night Vision and Electro Optics Laboratory. The manufacturing techniques under
development are intended to be applied to the large family of alkali halide IR materials
and, in general, to any other materials which are easily deformed at moderate
temperatures.

The particular lens under development is a plano-concave KRr lens designed to replace
the ZnSe color corrector lens in the common module IR imager, SU-103/UA. The
common module is used in several Forward Looking Infrared (FLIR) systems designed to
operate in the 8- to 12-micron wavelength region.

The main tasks in the program are designed to develop and document the production
and evaluation processes necessary for a mnaufacturing environment capable of produc-
ing a minimum of 300 lenses per month. Throughout the program several deliveries of
lenses are to be made totaling approximately 30 lenses. The major output of the program
is to produce the complete description of the developed process and to demonstrate the
capabilities of the process.

vii
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Section |
Engineering Approach

1.1 INTRODUCTION

The goal of the Manufacturing Methods and Technology (MM&T) program is to develop
the capacity to produce a minimum of 300 forged KBr plano-concave lenses per month.
The forged lenses are intended to replace the ZnSe color correcting lens in the
SU-103/UA common module IR imager. Figure 1 shows the lens dimensions and optic
layout. With the KBr lens in the imager, the imager specifications are: “MTF on axis
- 4%, “eMTTF off axis - 66, flange focal length (FFL) - 17.86 £ 0.25mm and effective
focal length (EFL) 67.8 £ 0.7mm.

This report actually covers two semiannual reports for the periods April 7, 1980 to
October 7, 1980 and October 7, 1980 to April 7, 1981. The reason for this is that the optics
development group of the Ceramics Center moved to a new facility which caused about
a three-month delay due to the moving and installation of existing and new equipment
for the program.

During this time some changes have been made or proposed in the contract. For
instance, the 3 X 7 forging process has been eliminated to be replaced by the computer
automation of the 2 X 3 forging process and the purchase of testing equipment for
evaluating the lenses. A revised program schedule was submitted in January and is
awaiting final approval.

During the time frame covered by this report, all three of the work areas discussed in the
first semiannual report were active, that is, the refinement of the forging process,
evaluation and testing proedures, and the development of production equipment.

Most of the effort was geared towards the latter two areas as the refining of the forging
process is essentially complete.

1.2 REFINEMENT OF THE FORGING PROCESS

The emphasis of the refinement process has been to better the optical quality of the
lenses, while at the same time simplifying the process and reducing cost. Throughout the
program several breakthroughs have been made towards achieving these goals.

Perhaps the most significant breakthrough has been the complete elimination of helium
pressure for forging the lenses. The final lenses are now being forged in air, with no gas
pressurization around the forgings. This has eliminated the need for expensive and
potentially hazardous high pressure chambers for forging. Not only has this been a major
cost reduction but it also implies that virtually any heated press can be adapted to forge
KBr lenses with minimal cost. At present, the cost for a complete set of 2 X 3 tooling
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{three assemblies each with one stee} sleeve. two pyvrex die sets and three stainless steel
rams) is about 35,000. Our studies indicate that only six sets of 2 X 3 tooling (13
assemblies) are required to produce the required 300 lens~s per month. This will be
discussed turther under the section on second stage forging. and the program status of
the 2X 3 process.

Figure 2 illustrates the existing forging process with the current retinements. as well as
proposed refinements in the second stage forging process. Most of these retinements are
specifically geared towards simplifying the 2 X 3 process. Some minor retfinements have
also been made to the first stage forging process.

No changes have been made in the initial inspection procedures as reported in the first
semiannual report.

In an attempt to make a major cost reduction and process simplification, a single crystal
was forged on pyrex dies to final figure, complete with flange. The resultant lens had a
completely formed flange (obtained using steel inserts in the forging sleeve) and the
optical surtaces appeared to be completely defect and haze free. However. it has not
been ascertained yet whether or not the optic axis is within tolerances, and there are
sutficient other problems with this method to prevent its incorporation into the 2 X 3
process. Experiments with forging single crystals two-high on pyrex dies ended in die
failure. The crystals tend to slip to one side during forging creating severe wedging and (
failure of the dies. It is feasible that a preliminary forging could be done and this in turn
forged into a flanged lens. This would completely eliminate the machining step.
However, at present, the difficulties in perfecting this process prevent turther investiga-
tion of this on the present contract. In a production situation, this would be a major area
of study for additional cost reductions of the process.

1.2.1 First Stage Forging

Some minor revisions have been made to the first stage forging in order to optimize the
entire process. Figure 2 outlines the five steps in the first stage process.

The initial water polish is still performed in the same manner, with a slight cone being
formed on both ends of the crystal. However, the starting weight requirement has been
reduced from 125 grams to 105 grams. Although no crystals of this weight were on hand.
crystals of larger weights were cleaved parallel to the 100 faces. to about 105 grams.
These were then water polished in the usual manner, showing that ample material was
available to adequately shape the crystal. Another modification has been the reduction
of the polished single crystal weight from 92 grams to 89 grams. This reduces the amount
of material which must be removed for the second stage forging. which in turn, reduces
the overall preparation time, as the removal of material for the second stage forging is
much more time consuming than removing material from the single crystal.

It now appears that the aspect ratio is not a critical parameter in the forging process.
There does not seem to be any correlation of the residual strain in the lens or the quality




ZROPOSED

LOAD DIES. RAMP

| TO TEMPERATURE p— —
IN OVEN

I |

———— —_—— —

] TRANSFER HEATED 1 —_—

DIES TO PRESS

—_—— e — -

CRESENT

. SUAL EXAMINAT.ON
OF NCOMING ZRYSTACS

Y

POLARISCOPE EXAMINATCN
CF STRAN N CRYSTALS

M Sesseant 5Toasse
SECRYSTALS

A

WATER POL:ISH CRYSTAL ™0
DESIRED SHAPE AND ~EIGHT

v

LUBRICATE aND [ QAD DIES

Y

RAMP TO TEMPERATURE

v

FIRST STAGE FORGE

Y

COOL AND UNLQOAD DIES

EIRST STAGE

NSPECT BLaA
STORAGE CF

WATER POLISH
METHONAL 2OLiSH

]

LOAD DIES IN PRESS
RAMP TO TEMPERATURE

k]

L .

SECOND STAGE FORGING

K1

COOL AND UNLOAD DIES

STAGE BLANRKRS

SECOND STAGE

MACHINE TO FiINAL DIAMETER

K

EVALUATE LENSES

)

PACKING AND STORAGE
OF LENSES

F-NAL PROCESSING

Figure 2. Block Diagram of Forging Process




ot the finished lens, to the aspect ratio of the starting crystal. Crystals with aspect ratios
us low as 0.5 height/diameter were forged with excellent results and no obvious
ditterences could be seen between these lenses and ones having an aspect ratio ol 1.1,

In an attempt to reduce residual strain, cubes of KBr were forged having the x and v axes
parallel to the <110>, or easy forging directions. However. examination ot the forged
cubes indicated that no reduction in strain was obtained and that the strain was much
more aligned than in the cylindrical forgings. Therefore. no henetit is seen in using
<110> cubes as opposed to cylinders. It would be cheaper from a materials standpoint
to use cleaved <100> cubes rather than cvlinders. However, hecause ot additional labor
involved in preparing the cube for forging, cylinders will continue to be used as the hest
starting configaration.

It was originally thought that the amount of strain in the starting crvstal would retlect
the amount of strain in the forged lens, but recent findings indicate that this mayv not he
the case. As indicated in previous reports, the forging rate does have an important
bearing on the residual strain in the forging. Figure 3 shows the polariscopic strain
photographs of 10 KBr starting crystals. The forging identification numbers are
indicated in the margins. Figure 4 shows the polariscopic strain photographs for five of
the first stage forgings. These five (forging numbers 084, 083, 091. and 092) were all
loaded into dies and heated in the press at the same time. Upon reaching a temperature
of 250°C, numbers 084, 085 and 091 were forged at the same time to 80 percent of final
pressure. They were then pressed individually to final pressure 135,000 pounds per 3-in
forging) while maintaining the 6.4-percent per minute strain rate. The last two. numbers
092 and 093, were forged individually for the entire forging and at a faster rate (about 10-
percent per minute) than the previous three forgings. Both 092 and 093 exhibited high
strain after forging (Figure 4) while 084, 085 and 091 showed low strain atter forging.
When comparing this to the starting crystals, number 092 had high strain before and
after torging, while number 093 had low strain initially but high strain after tforging.

Figure 5 shows strain photographs of the remaining five forgings. These were all loaded
into dies and heated at once. Thev were then forged one at a time at 6.4 percent per
minute strain rate. None of the forgings showed apparent high strain but several of the
starting crystals showed significant strain (numbers 089, 090 and very high strain in
087). These results seem to indicate that the initial apparent strain in the starting
crystal may actually be reduced in the forging process. However, this is only based on
polariscopic inspection of the forged lenses and no determination has been made as to
whether any effect on the optical properties has occurred. Therefore, polariscopic
inspection of the crystals is still important as a nieans of characterizing the crvstals and
spotting inclusions or flaws in the crystal that may not be visible otherwise. It should
also be kept in mind that these conclusions are based on a small sample and that some
of the apparent strain reduction is due to the thickness reductions of the crystal. What
is more important is the evidence that the constant, lower strain rate does produce very
low strain forgings.




085

084
086
087 088
090
089
091
093
092

Figure 3. Polariscopic Strain Photographs of 10 KBr Starting Crystals
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Another revision in the process has been a change in the configuration of the first stage
tforging. The previous contiguration was a double-conical blank. The reason tor the
double cone configuration was to ensure point contact during the second stage torging
process in order to prevent air entrapment. However, after the first stage torging has
undergone preparation for final forging, the cones may not be exactly concentric on the
blank. When forging against the convex pyrex die in the second stage process. any offset
tends to wedge the dies. With two sets of dies stacked on top of each other in the 2 X 3
process, the wedging can be compounded. The additional tolerances caused by the
expansion of the steel sleeves at forging temperatures also contribute to the prohlem.
Figure 6 shows two dies containing small cracks believed to be caused by wedging. The
cracks initiated from the sides of the dies and in each case, the die was the upper most
die in the forging stack. In an attempt to alleviate the problem, one of the cones on the
tirst stage forging was eliminated. Figure 7 shows a cross-section of the past and present
configurations. The flat side of the forging is now placed against the convex pyvrex die,
which still achieves point contact, but also reduces the wedging problem. The most
recent 2 X 3 forging was done using all plano-conical first stage blanks with no evidence
of cracks due to wedging of the dies.

The forgings are being done using 420-F stainless steel dies and hardened AISI type 8140
steel sleeves. The lubrication used is MS-122 fluorocarbon spray.

In an attempt to speed up the production of first stage forgings. hot loading of the single
crystals was examined. It was shown that a crystal could be heated independently and
transferred to the hot dies without thermal shocking the crvstal. However, it is
important that lubrication of the dies is maintained. The dies cannot be sprayed while
hot, but the crystal can be sprayed before heating. This has been shown to provide
adequate lubricant, however, care must be taken in transferring the crvstals s0 as to not
wear off any lubricant. It has also been shown that a forged crystal can be removed while

DIE NO. 18

DIE NO. 3

Note: The additional
strain point on
Die No. 3 isnota
crack, but rather
an inclusion in
the glass.

Figure 6. Cracks in Pyrex Dies Due to Wedging




a.) PREVIOUS DOUBLE-CONICAL FORGING

b.) PRESENT PLANO-CONICAL FORGING

Figure 7. Cross-sections of Past and Present First Stage Forging Configurations

hot and placed in a heated environment for slow cooling. However, because of the extra
time required and the extreme care with which these methods must he employed so as
to prevent thermal shock to the KBr, another approach has been used to speed up the
process.

While saving on heating time, the hot loading and unloading of the dies does not reduce
the actual forging time, which is a bottleneck in the process. Because of this. a process
change was implemented. Enough forging sleeves were purchased so that six forgings
could be done in parallel. Due to the differences in crystal weights and die thicknesses.
it would be cost prohibitive to do the entire forging operation in parallel. Therefore, the
six crystals are forged to 80 percent of final forging pressure (28,000 pounds per crystal)
and then forged individually to final pressure. Since the pressure increase is non-linear
during forging, most of the forging time has occurred when the crystals have been forged
to 80 percent of final pressure. The remaining forging takes about two minutes per
crystal. Thus, the total forging time is about 17 minutes for the first forging plus two
additional minutes for each additional crystal forged. In a group of six, 15 minutes each
is being saved for five crystals or about 75 minutes.

After forging, the dies are removed and allowed to cool for a few minutes on an
aluminum plate. The aluminum carries away the heat rapidly, allowing the sleeve and
top die to be removed after about 10 minutes. The forging is allowed to cool on the
bottom die for another 15 minutes. It can then be removed and placed in a heated
chamber for final cooling. Meanwhile, another set of preheated dies and torgings can be
loaded into the press and forging can be started. By the time forging is finished on the
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second set, the first set can be reloaded and placed in a heating chamber. A third set of
dies can then be placed in the press and forged while set two is cooling and set one is
heating. In this manner, six forgings of six dies would produce enough lenses (36) for a
day’s worth of second stage forging, but only three sets of six dies would be necessary to
maintain the cycle. It is estimated that four hours of forging time should be adequate to
complete the six forging cycles and ten days on a four hour/day schedule (or 40 press
hours) would produce the necessary lenses for a month's worth of second stage forgings.
In order to minimize tooling costs, only six forgings were being done at once. However,
there is no reason to prevent any number of forgings from being done in parallel up to the
limit of the press. On this particular press, as many as 20 forgings could be done in
parallel. In eight hours of forging time (at 95-percent yield) 150 forgings could be
produced in this manner.

Table 1 shows the present, examined, and inherited forging parameters for the first stage
process. In summary, the process stands as follows:

1. The incoming crystals are examined and water polished to 89 grams, rounding the

corners and introducing a slight cone to each face. Starting weight can be as low as

105 grams.
Table 1. First Stage Forging Parameters Past and Present
Past
Parameter Present Best Conditions As Inherited Examined

Isostatic Pressure 1 Atmosphere Air 1 Atmosphere Air 4K psi He

End Forging Load 35,000 ib/3-in forging 35,000 1b/3-in forging 5,000 [b/3-in forging

Temperature 250°C 250°C 275°C, 300°C

Forging Directions <100> <100> <110>, <111>

Input Shape Cylinder Cylinder Cube

Lubrication Spray Fluorcarbon Sheet Teflon Silicon oil, no lubrication

Aspect Ratio 0.8-1.0 height/diameter 1.0 0.77. 0.60

Die Shape Conical/Flat Flat Conical

Die Material 420-F Stainless Steel Brass

Sleeve Material 4140 Hardened Steel Steel Brass, 420-F Stainless Steel

Forging Speed 6.4-percent constant strain 50 mils/min Constant strain to 30 per-
cent, ram speeds of 20 and
30 mils/min

Parallel 6 parallel

Series 1 High 1 High 1 High

Water Polish Conical ends, rounded corners Rounded corners No water polish

Weight Before/After Polish 105/88¢g ~125/92g




The crystals are preheated to 250°C in steel dies that have been spraved with MS-122
fluorocarbon lubricant. One die is flat and the other has a 4-degree cone.

(3

3. Six dies are forged one high to 80 percent of final pressure. Each is then forged
individually to final pressure,

4. The dies are removed and placed on a large aluminum plate to facilitate cooling.
After ten minutes, the sleeve and top ram are removed. Fifteen minutes later, the
forging is removed to an isolated chamber for final cooling.

3. The dies are resprayed with lubricant. reloaded. and placed in the preheating
chamber.

1.2.2 Second Stage Forging

Very little has been changed in the second stage forging process since the last report.
However, much effort has gone into adapting the process to the 2 X 3 forging situation.

The water polishing step is essentially the same as reported earlier. except for the
reduction in weight of the first stage forging from 92 grams to 89 grams. This means that
only four grams of material need to be removed before forging. It is important to keep in
mind that the fluorocarbon lubricant from the first stage must be completely removed
from both surfaces of the forging. Experiments indicate that four grams of material is
adequate to allow for total lubricant removal, but the weight of the first stage forgings
should not drop below 89 grams, as less than four grams excess material may not be
enough for lubricant removal.

During water polishing, the forging is held with a vacuum chuck and wiped off with a wet
cloth. The forging is immediately blown off with high pressure dry nitrogen, which
retards the formation of haze. A methanol polish is then performed to remove any
residual haze. This process is very labor intensive, requiring at least 15 minutes per lens.
It also requires some degree of skill on the part of the person performing the water polish.
An experienced polisher can remove all haze and lubricant while controlling the crystal
weight to a tenth of a gram or better, with only four grams excess starting material.

At this point the forging is slightly conical on one face, flat on the other. and weighs
about 85 grams.

The blanks are then loaded into the forging assembly as indicated in Figure 8. The
convex dies are placed in the down position in contact with the flat side of the KBr
blank. This maximizes the stability of the assembly in order to minimize the wedging
possibilities. The blanks and dies are blown off with dry nitrogen using an ionizing
nozzle to eliminate dust on the surfaces. The steel rams and steel sleeve are spraved with
MS-122 lubricant in such a way that none comes in contact with the Pyrex dies or forging
blank surfaces. The entire loading operation is done in a dust-free environment.

12
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Betore a 2 X 3 assembly is used. the rams and dies must be coordinated in order to have
equdl heights. The rams and dies are measured and grouped in such a way so that the
heights are as close as possible and then shimmed to the same height. When loading with
the KBr blanks, the blanks are chosen by weight so that the combined weights of both
blanks in each sleeve are approximately equal. The sleeve, die. ram. and shim matching
is maintained so that it is not necessary to remeasure each assembly betore use. The
rams will eventually be reground to eliminate the need for shims.

After loading the assemblies, they are passed through an air lock to the torging area.
Preheating ovens are used to preheat the assemblies to 225°C.

The heated assemblies are placed in the press on an aluminum plate. A sheet of 0.040-
inch teflon is placed on top of the three forging assemblies. In the event that there is
some height ditference between the three assemblies, the teflon will tend to deform on
the sleeve receiving excessive pressure due to the height difference. This minimizes the
problem of die failure due to excessive pressure. as well as allows the remaining two
assemblies to undergo final forging as the teflon deforms on the highest sleeve. The
entire 2 X 3 array is then covered with another aluminum plate before forging. Figure 9
shows the complete 2 X 3 array before forging.

Some thought was given to hot-transfer of the blanks into preheated dies. This would
minimize the number of die sets needed for forging. However, the problems involved in
handling hot KBr, coupled with maintaining a clean environment. are prohibitive to
hot-transter techniques. Another difficulty arises in maintaining lubrication between the
steel rams and sleeve, as the lubricant cannot be applied to hot surfaces. Therefore, the
best alternative is to utilize enough preheated die sets so that a batch process will meet

Figure 9. Complete 2 x 3 Array Before Forging
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production capabilities. This can be achieved by using 18 forging assemblies, which is
enough for six sets of 2 X 3 forgings, or 36 lenses. The 18 sleeves can be loaded, heated
overnight, and forged the next day. Four hours of forging time will be more than
adequate to complete the six sets of forging, and 10 days (40 press hours) on this schedule
would produce the month'’s supply of lenses. As mentioned earlier. the first stage forging
would also require 40 hours of press time per month to meet the production quota.
Together, only two weeks of press time are required to meet the 300 lenses per month
contract requirements. With enough first stage forging dies, the time for forging first
stage blanks could be easily reduced. allowing more time for second stage forging. One
prediction based on 85-percent yield indicates that with the process as developed using
present equipment, a production volume of 900 lenses per month is possible.

The actual forging is done at 0.012in/min (0.006in/min per lens in series). A major cost
reduction has been realized in the total elimination of helium pressure, as indicated
earlier. The original process used 4000 psi of helium and, until recently, 100 psi of helium
was still being used. It has now been shown that no helium is necessary and ali 2 X 3
forgings are being done in air without the use of any pressurizing chamber. The resultant
lenses appear to be of exceptional quality.

Another change in the process has been the reduction of the second stage forging
pressure from 35,000 pounds per lens to about 31,000 pounds per lens. It is possible that
this could be reduced even further. Since the forging is essentially to diameter before
forging, it does not require as much force for it to conform to the die shape as compared
to a single crystal which must also be forced to move laterally across the die faces.

After forging, the assemblies are removed and allowed to cool in air. Due to the large
thermal mass of the assemblies, cool-down is slow enough that thermal shock is not a
problem so no advantage is seen in using controlled cool-down.

Figure 10 shows polariscopic strain photographs of six lenses produced in a 2 X 3 forging
using the present process. The strain in each lens is certainly not excessive and fairly
uniform from lens to lens. Comparing to the first stage strain photographs (Figures 4 and
5), it can be seen that some increase in strain has occurred. This is most likely due to the
lower temperature of the second stage forgings. The reason for the lower temperature
(225°C as opposed to the 250°C of first stage forging) is to minimize grain growth and
subsequent strength loss in the lens. However, internal deformation becomes more
difficult as temperature decreases, hence the strain increase.

Table 2 shows the past and present second stage forging parameters. In summary, the
process stands as follows:

1. Water polish and methonal polish first stage forging blanks to 83 grams.

2. Load blanks into sleeve and die assemblies with convex dies in lower positions, flat
sides of blank against convex die. The rams and sleeves have been sprayed with
lubricant and everything is blown off with dry nitrogen.

y 1
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Figure 10. Strain Photographs of Second Stage Forging Numbers 084 through
089

3. Assemblies are placed in a preheated oven and ramped to 225°C.

-

. Three assemblies are loaded into the press with aluminum plates top and bottom
and a 0.040-in teflon sheet between the top of the assemblies and the top aluminum
i plate.

(1)

. The forging is done at 0.012in/min to 93.000 pounds total pressure (31.000 pounds
per assembly).

6. The assemblies are removed and allowed to cool in air. The next set is then
transferred into the press and forged.

1.2.3 Final Processing ]

After forging, the lens must be machined to final dimensions. The lens is optically
aligned on a lathe and machined to size around the optic axis. An experienced operator
can align and machine a lens in about 10 minutes. It is a simple process to determine the
diameter and flange dimensions using standard contact measuring equipment. However,
the center thickness measurement should not be determined using a contact device once
the lens has been removed from the forging dies. Therefore, this measurement is best
done before removal of the lens from the dies. The height of the dies with the lens can !
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Table 2. Second Stage Forging Parameters Past and Present

Parameters

Present

Past

[nherited

Examinea

[sostatic

End Forging Load
Temperature
Pre-machining

Water Polish

Methonal Polish

Die Lubrication

Sleeve and Ram Lubrication
Die Material

Sleeve Material

Series, Parallel Forging

Forging Speed

1 Atmosphere Air

31,000 1b/3-in lense
225°C

None

Remove tluorcarbon and
4g ot material

Removal of surface haze
None

MS-122

Pyrex

Steel

2 high/3 parallel

0.006 in/min/lense in series

tK psi He

533000 {h:3-in lense
.1.)33(‘

Machine to conical shape
Remove damage trom
machining and vy

of material

Removal of surface haze

None

Pyrex
Steel
1 high/1 parallel

0,006 in/min, lense

2K psi He.
1 sy He

Remove luor-
carbon ana 1vg
of material

10.012 inymin tor 2 high X 3 paralleD)

be measured by a contact device and the known height of the dies subtracted to find the
thinnest dimension of the torging.

1.3 OPTICAL EVALUATION TECHNIQUES

Much consideration has been given to the area of optical evaluation of the lenses. The
surtace figure, transmission distortion, and ‘¢ MTF are the desirable parameters 