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Lithium fluoride is an important candidate material for windows on high-power,
short-pulse ultraviolet and visible lasers. Lithium fluoride crystals have t ?n
press forged in one step over the temperature range 300-600 C to obtain fine-
grained polycrystalline material with improved mechanical properties. The
•viormation that can be given to a lithium fluoride crystal during forging is
.united by the formation of internal cloudiness (veiling) with the deformation
limit increasing with increasing forging temperature from about 40% at 400C to
652 at 600 C. To suppress veiling, lithium fluoride crystals were forged in two
steps over the temperature range 300-600 C, to total deformations of 69-76%,
with intermediate annealing at 700 C. This technique yields a material which
has lower scattering with more homogeneous microstructure than that obtained in
one-step forging. The paper will describe the results of characterization of
various optical and mechanical properties of single-crystal and forged lithium
fluoride, including scattering, optical homogeneity, residual absorption, damage
thresholds, environmental stability, and thresholds for microyield.
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1. Introduction

Improved materials for the laser assisted thermonuclear fusion program are needed for
y components to be used in the beam, including windows, lenses and isolators. The
uerials will be exposed to high-power short-duration laser pulses, possibly at short
.iivelengths in the blue or ultraviolet portions of the spectrum. These materials have a
.umber of stringent requirements, including high transmission at ultraviolet wavelengths,
\?sistance to damage by the high-power laser beam, low scattering losses, a low value of
ho nonlinear index of refraction, and high mechanical strength, at least for some applica-
• ions such as windows for gaseous systems operating at pressures of many atmospheres.
•;thium fluoride (LiF) possesses a combination of optical properties which is of interest

">r window application on such lasers. These properties include a large band gap for trans-
ission in the visible and ultraviolet, low refractive index for high damage threshold, and
.ow nonlinear refractive index which minimizes beam break up and self focussing.

Pure LiF single crystals, while they show excellent transmission in the visible and
,,'traviolet, are characterized by low yield strength and low fracture energy. Also, the
•iameter of the largest commercially available LiF crystals is limited. The objective of
sir program is to overcome these shortcomings of LiF crystals without degrading their good

optical properties. For this purpose, we have investigated the response of LiF single
. rystals to press forging, an approach that has been used successfully in the past to
improve mechanical properties and increase the diameter of single crystals of various alkali
i-.alides and alkaline earth fluorides [1,2].' We have characterized the effects of press
inrging on the optical and mechanical properties of LiF. In an earlier paper, it was shown
.hat press forging increases the fracture energy and the compressive yield strength of LiF
•iingle crystals by more than an order of magnitude [3].
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2. Press Forging and Veiling

All LiF crystals were forged isostatically in the presence of a helium atmosphere at
13.8 MN/m2 in a system that has been described elsewhere [3]. The crystals were forged
using a displacement rate of 0.013 cm/min for the top ram. Most of the crystals used for
:urging were of <100> orientation and of dimensions 2.54 cm in height ^M^fk 8 cm in dia-
noter, although crystals of different aspect ratios and i t i t o i Q l p t t i l l
employed, as described below. Tmlf*^

Several LiF crystals were forged in i t ia l l y over a temperature range 300-600°C to
deformations of up to 80%. Deformation is defined as the percentage reduction of the o r i -
fina] height of the starting material. These forged samples were polished and examined
visually and using an optical microscope in transmission for the presence of internal
defects that might have been introduced by press forging. These examinations indicated
•hat excessive deformation at any temperature introduces veils (or internal cloudiness)
..hich act as scattering centers and look like voids or partially healed cracks in an opt i-
cal microscope. The observed l imit for deformation without veiling was about 40 percent
at 300°C. This l imit increased with increasing forging temperature to about 65 percent at
i)00°C (Figure 1). Metallographic examinations indicated that the employment of forging
temperature of 600°C or higher for large scale deformation would be undesirable because i t
produces a coarse-grained material possessing non-uniform grain size.

A few crystals of <110> and <111> orientations were forged to determine the effect of
in i t ia l orientation on veiling in press-forged LiF. After these samples were forged to 502
Reformation at 500°C, veils were observed in the b i l le t of <111> orientation, but not in
ihat of <110>orientation. A sample of <110> orientation forged at 600 C to 69% reduction
in height was observed to be nearly free of veils. All press-forged LiF samples of <110>
orientation were el l ipt ical in cross section with the length of the minor diagonal equal to
;he length of the diameter of the starting single crystal.

In order to suppress veiling in samples forged to large reductions and to produce a
iaterial possessing more uniform microstructure, several LiF crystals were forged in two
:,teps. The forging b i l le t is f i r s t given X% reduction at some temperature T-] (step 1) and
lotor yiven an additional H% reduction at some temperature T2 (step 2). Between steps, the
forging b i l le t is annealed at some temperature J3 > T, and To to induce recovery. The
.iVIets for various two-step forgings were obtained by cutting Harshaw crystals (3.8 cm
.Ha. x 2.54 cm ht.) of <100> orientation either along the (100) plane into two sections of
'•qual heights or along the (010) and (001) planes into identical quarters. In one case,
•,.i!itpk' H-32, t.he forging b i l le t was an uncut Harshaw crystal.

All two-step forgings were examined visually for the presence of veils and were class-
ified as veiled or unveiled. The results of this examination and the forging parameters of
/arious two-step forgings are summarized in table 1. The data in table 1 indicate that the
two-step forging approach permits a large scale deformation (amounting to 69-75% reduction
•in height) of LiF without introducing veils. Samples classified in table 1 as unveiled may
contain a very few internal defects which are d i f f icu l t to detect either visually or micro-
scopically. Metallographic examinations of two-step forgings have revealed the presence of
fine, and fair ly uniform, grains of size in the range 15-30um.

3. Optical Properties

3.1. Scattering Profiles

We have measured scattering profiles of several single-crystal and press-forged LiF
samples with a laser flying spot scanner, which uses a helium-neon laser as a l ight source
and galvanometer deflectors, and a photo diode positioned such that i t detects scattered
light at 90° from the forward direction* Figure 2 il lustrates the scattering profile
obtained by scanning over a 5 mm x 5 mm area of a sample of forged LiF which contained veils
because of excessive deformation.

Scattering profiles of t*.« otep forgings which appeared unveiled in a visual examina-



ro f i les of single crystals or single crystals forged to low reductions. Since such scat-
i-ring centers arc. f ine and their density low, i t Is f e l t that a f ine adjustment of the
<.-step forging parameters would enable us to prevent veils in LiF crystals press forged

.) a total reduction of ^ 75%.

3.2. Optical Homogeneity

Measurements of the optical inhornogeneity of several LiF crystals at 633 nm have been
doe, both before and after forging, using the technique described by Bennett et a l . [ 4 ] .
!.o optical inhomogeneity is defined by An/rw where An is the variation in the index of
r.fraction n of the sample averaged over i t s thickness. A description of the experimental
rocedures employed in the present work has appeared elsewhere [3 ] . Table 2 summarizes the
w:sured optical inhomogeneities of various LiF samples, along with thei r forging para-
eters. The data indicate that the Harshaw LiF single crystals possess very good optical

orjeneity (An/n in the range 7 x 10~' - 3 x 10~6), and that the LiF single crystals can
•• press forged without seriously degrading thei r optical homogeneities. In the worst
^•,e, sample H - <110> - 2, the observed increase in An/n is by about a factor of e ight ,
; L in four out of the remaining six-samples, II - <111> - 4, H-28 Q-2, H-32 and H-36
- J , the observed increase in An/n is less than a factor of two. Samples press forged in
..'. steps can retain an optical inhomogeneity in the range of a few parts in 10.6.

3.3. Optical Absorption

We are currently investigating the residual u l t rav io le t and v is ib le absorption in LiF
..-ing absorption calorimetry with a line-tunable argon ion laser. The laser is a Spectra-
-rsics Model 171-19 which operates single l ine at nine wavelengths in the v is ib le (454.5-
,.S n;n) at power levels in the range 0.7-6.5 watts, and mult i l ine in the u l t rav io le t at a
wor level of 2 watts which is distr ibuted % 45%, 45% and 10% among three lines of wave-

..ngths 364, 351 and 339 nin, respectively. Most of our measurements were made at three

..velengths in the v is ib le , 514.5, 488 and 457.9 nm, and using mult i l ine operation in the
; i rav io le t . Some single-l ine data were obtained in the u l t rav io le t using an external prism.
!•£ loser calorimetric data that have been obtained are summarized in Figure 3. The data
i.dicate that the forging of sample H-31 at 525°C to 61% reduction raises i t s absorption
. approximately a factor of two. llof- that the residual absorption in the u l t rav io le t and
isible in sample H-41, and in the ul aviolet in sample H-42, is a factor of four or more
v.pr than the absorption of an Optovac LiF crystal reported by Harrington et. a l . [ 5 ] .

3.4. Damage Thresholds

Dr. D. Mil am of the Lawrence Livermore Laboratory has measured bulk and rear surface
.-age thresholds of both single-crystal and press-forged LiF for 1-ns, 1064-nm laser
..Ises. The samples used in this work were forged at Honeywell and polished at either
H.vence Livermore Laboratory or at Honeywell Ceramics Center. Table 3 summarizes the
.•La obtained.by Dr. Milam. Within the l imi ts of the errors, the rear surface damage
.ieshold is not s igni f icant ly changed by the forging process. Also the polishing proce-
::-e used does not seem to change the surface threshold s igni f icant ly . The bulk damage
•resholds remain high after forging, in fact higher than the values for the single cry-
:;-ls. The bulk damage threshold for one single-crystal sample does seem anomolously low.

Front surface damage thresholds of single-crystal and press-forged LiF for 700-ps,
'.V.-HIII laser pulses have been measured by Drs. T. F. Deaton and W. L. Smith, Lawrence
:vi>rmore Laboratory.aif.ulo1?Wswe&* Their data are given in table 4. Doth sample? wsed in
is study were polished at Honeywell. Under these i r radiat ion conditions the re lat ively
qh value of damage threshold does not appear to be reduced by the forging operation.

4. Environmental Stab i l i ty

Press-forged crystals of many pure a lkal i halides may undergo grain growth or second-
: / recrystal l izat ion when aged at room) temperature for a long period of time [6 ] . These
•iuiesses are accelerated i f the relat ive humidity of the surrounding atmosphere is high.
•ch samples often show internal ^ t i d i n e s s , which is not present in the as-forged crystals.
iidies of the micro^.tnietur-os aiiv, -.-.^boring prof i les of press-forged LiF crystals before

.-.I after exposure «-6 a relat ive iumridiky of 94% at 39°C for periods up to f ive days show



'.w increase in either grain size or optical scattering due to the exposure. Simi lar ly.
, eriodic examinations of the microstructures of several press-forged LiF crystals exposed
to ambient conditions of room temperature and relat ive humidity for periods up to one year
•i;>ve not shown a signif icant increase in grain size. Thus press forged LiF is stable under
•-easoriable environmental conditions.

5. Threshold for Microyield

Strengths of a lka l i halides are usually measured in compression at offset strains of
;.•" or 0.2%, or in 3- or 4-point bending. In bending experiments, one measures the pro-
:ortional l im i t which corresponds to the stress at which the stress-strain curve deviates
•roin l inear i ty . Our measurements of the conventional y ie ld strengths indicate that the ?
vi-ess forging increases the strength of LiF crystals to values in the range 20.7-55,2 MN/m
;3000-8000 ps i ) . For comparison the start ing single crystals have values around 2.4 MN/m2

'./SO psi ) .

The fact that many materials can undergo plastic deformation at a small f ract ion of
. mir conventional y ie ld strengths is of concern in precision design. We have studied the

croyield behavior of LiF. The samples for these studies were mechanically polished bars
; \5 mm x 6.5 mm in cross section and 2.5 cm or more in length. These samples were sub-

. r.ted to a series of load-unload cycles in 4-point bending with a distance of l . - l cm
•i i.ween the supporting pins and 0.79 cm between the loading pins. The load on the sample
.>.:; increased incrementally in successive cycles. After each cycle the permanent strain was

• oured by a bonded wire resistance strain gage which was attached to the sample face
;-"-tea to maximum tensi le stresses. Figure 4 i l lus t ra tes the microyield behavior of one

mjic-crystal (H-31) and two press-forged (H-31 and H-42) LiF samples. The measured
.resholds for microyield were 1.37 MN/m2 (200 psi) for the single-crystal sample and
;\"; MN/nr (1500 psi) and 13.8 MN/m2 (2000 psi) for the forged samples H-31 and H-42,

pectively. A conventional proportional l im i t of 55.1 MN/m^ was measured for a sample
epared from forging H-42. These results indicate that press forging also signf icant ly
creases the microyield strength of LiF.

6. Summary

Studies of the response of LiF crystals to press forging indicate that they are sus-
•uiible to vei l ing at large deformation. Using a two-step forging approach, a s igni f icant

v.vjclion in the degree of ve i l ing has been achieved in crystals forged to reductions of
..-75/;. Forged LiF crystals have been shown to possess stable microstructure which is not
••,anged by aging in ordinary ambient environments or after exposure to an atmosphere of
:-ti relat ive humidity. Studios of the microyield behavior indicate that the threshold for
.croyiold of LiF single crystals can be increased by an order of magnitude by press forg-
".). Results of optical characterization indicate that the LiF single crystals can be
•Us forged without seriously degrading their optical homogeneity, transmission in the
•traviolet and v i s ib le , and thresholds for damage by short laser pulses of 266 nm and
• •'A mi! wave leng th .

Table 1. Forging parameters fo r various two-step forgings.

% Reduction (Forging Temp., °C)
_s_le_ILi. Overall Reduction Comment

H-27
H-28
11-28
11-32
11-34
H-34
H-34
Section
Quarter

(s*
(q*
(q

(q
(q
(q

ID
I)
ID

0
ID
HI)

45
55
43
•12
28
28
72

(500)
(600)
(400)
(400)
(300)
(300)
(525)

45
45
56
52
58
62

(500)
(500)
(500)
(525)
(500)
(525)

70
76
75
73
69
72

Unveiled
Veiled
Unveiled
Veiled
Unveiled
Unveiled
Veiled
(0neiStep
Forging)

two-step forgings were ar. ;d at 700°C for 1-4 hrs. between steps.



Table 2. Optical inhomogeneity, before and after forging, of various LiF samples.

Forging Parameters Inhomogeneity (An/n)
(% Reduction - Forging Temperature) Before Forging After Forging

H-28 Q-l
H-28 Q-2
H-32
H-36 Q-4

50%-500"c
69%-600°C
50%-500°C
55%-600°C +
43%-400°C +
422-400°C +
37%-350°C +

500°C

45%
562
52%
30%

600°C
500°C
525°C
360°C + 50% -

7.1
1.5 x
3 x

x 10
10
10

x 10
x 10
x 10

3.0 x 10

-7
-6
-6
-6
-6
-6
-6

5.4 x 10
8.1 x 10
1.7 x 10
7.0 x 10
2.6 x 10
2.3 x 10
5.5 x 10

-6

i
-6
-6

Table 3. Damage thresholds for 1-ns, 1064 nm laser pulses for single-crystal
and press-forged LiF.

Sample

Single Crystal
Press Forged
Single Crystal
Press Forged

Polish

Lawrence Livermore Laboratory
Lawrence Livermore Laboratory
Honeywell
Honeywell

Damage Threshold (J/cm )

Rear Surface Bulk

1 0 + 1 . 0
8 ± 1.5

7.3 ± 0.7
8.5 ± 1.4

24 ± 4
> 24
9 ± 1.3

% 20

Table 4. Damage thresholds for 700-ps, 266-nm laser pulses for single-crystal
and press-forged LiF.

Single-Crystal
Press-forged

Polish.

Honeywel1
Honeywell

Front Surface Damage Threshold (J/cm )

14.3 ± 2.5
14.4 ± 2.5
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Figure 1. Excessive deformation at any
temperature introduces veils in
LiF. This figures shows the
approximate deformation limits at
various forging temperatures.

Figure 2. Scattering profile of a 5 mm x
5 mm area of a veiled LiF sample.

Figure 3. Residual ultraviolet and visible
absorption in various LiF samples.

Figure 4. Microyieid behavior of single-
crystal and press-forged LiF.
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