
Aeromace 1 Research Center 

THERMOCHROMIC DISPLAY MATERIALS FOR USE UNDER WIDE VARIATIONS 
IN AMBIENT ILLUM%NAT ION LEVELS 

Contract NAS 12-89 

First Annual Progress Report 

Prepared for 
National Aeronautics & Space Administration 

GC/Corl;rol and Ififc;mc;ti=n ‘ I  c \ / c + P r n c  -’ - . . I -  I --- nhnrntory - 
Electronic Research Center 

575 Technology Square 
Cambridge, Massachusetts 

January 31, 1967 

Little Falls, New Jersey 

https://ntrs.nasa.gov/search.jsp?R=19670010590 2020-03-16T18:09:25+00:00Z



RESEARCH CENTER 0 GENERAL PRECISION AEROSPACE 

A BST RAC T 

This i s  the first annual technical progress report under Contract NAS 12-89. 

the results obtained on the first phase of our investigation of the feasibil i ty of using 

thermochromic materials i n  display devices 

and revert back to their original color when cooled, The observation of  the color change 

depends on the change i n  reflection and not on the emission of light, as i s  the case i n  

electro I u minescent materials. Thus, displays ut i l iz ing thermochromic materials are 

visible under wide ranges of ambient i I  lumination. 

I t  presents 

These materials change color when heated 

Prototype numeric display devices were constructed i n  which two of the known thermo- 

chromic compounds, silver mercuric iodide (Ag Hgl ) and copper mercuric iodide 

(Cu Hgl ), were used as the display materials. These prototypes gave high contrast 

images and demonstrated the feasibil i ty of using these materials i n  devices of this k ind.  

In addition, a number of  other potential device applications for these materials were 

conceived 

phase of  the program 

luminescent phosphors i n  an hybrid device, and as a substitute for the phosphor i n  a 

cathode ray tube. 

2 4. 

2 4  

Two of these potential applications were considered br ief ly during this 

These included using thermochromic materials along with electro- 

Various new thermochromic materials were synthesized I 

formulations of the known thermochromic ternary iodides and certain ternary chalcogenides. 

Some of the more important properties of these thermochromic materials such as their 

transition temperature, reflectance spectra, thermal stabil ity and electr ical conductivi ty 

were determined 

These included substitutional 

I 
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4DM ! N! ST RAT IVE I N FORMAT ION 

This i s  the first annual technical progress report under Contract NAS 12-89 which was 

sponsored by the NASA-Electronics Research Center, Cambridge, Massachusetts. The 

work reported on herein covers the period December 1, 1965 through November 30, 1966. 

The NASA monitoring scientist was Mr, E. H. Hilborn. The Project Supervisor at the 

General Precision Aerospace Research Center was Dr. Daniel Grafstein. The Principal 

Investigators on this program included Dr. Marvin J .  Kornblau, Dr, Raymond P. Borkowski 

and Dr. Lies N. Finnie. 

aided i n  the vacuum sealing of the quartz ampoules. Mr .  Cl i f ford Whitmore gave technical 

assistance i n  the e lectronic circuitry for the thermochromic-CRT studies. 

Dr. Finnie left  the program as of June, 1966. Mr .  Wi l l iam Benko 
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D INTRODUCTION - 

This stJdy i s  directed foward the design and evaluation of  displays suitable for use under 

wide variations i n  ambient i’lurnination ievels and applicable to  aircraft and space 

vehicles, i n  addition to central command rooms. 

visual displays may be subject to variations i n  i I  turninotron levels encompassing a range 

of f ive orders of magnitude a The more traditiocal displays which iqcorporate mechanical 

movements, such as the dials of meters, are bsable under these extremes of  ambient, but 

they suffer from the disadvantages of moving parts a r d  catastrophic failure. Their more 

modern non -mec hani ca I counterparts 

cathode ray tubes, saturate at brightness ranges far too low to  al low their use i n  high 

ambients. 

but only at the expense of increased power and reduced l i f e .  These are both cr i t ical  

factors i n  aerospace applications. In addition to  the low brTghtness output and poor 

lifetimes, these devices are also limited by the mechanism by whence they are made 

visible.. These devices become visible by emission of l ight (luminescence) rather than 

by selective reflection of the ambient i l lumination 

i l ldrnication can wash out the visibi l i ty of an electroluminescent or cathodoluminescent 

device. O n  the other hand a device which displays informapion by selective ref lect ion 

of l ight  does not suffer from this l imitation and can be ut i l ized i q  conditions of high 

ambient. 

color changes that can easily be seen in  high ambient conditions and which are compatible 

wi th the aerospace environment 

ut i l ized i n  a display device which contaivs no moving parts or elements that can fai l  

catastrophical I y 

In aerospace vehicles particularly, 

for exampl e !e lect rol urn; Descent displays or 

An electroluminescent display car  be operated at the required brightness levels 

Because of this, high ambient 

it i s  the objective of this program to develop new materials that undergo visible 

Furthermore, these materials should be capable of being 

The concept developed at General Precisior, i s  to  display irformatiov using thermochromic 

materials which change color upon activation by heat and revert t o  their original color 

1 
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when cooled 

differential reflection of  the ambiert l ight by the two differen' colored forms. 

The observatior of the color change i n  these materials i s  due to  a 

This study i s  specifically cwcerned with the zynfhesis of  rew theamochromic 

materials, an evalua+;on of  their thermochromic properties and the determination 

of the feasibil i ty o f  usirg these materials i n  display devices, A device based on 

such materials would have no moving parts, would PO+ fa i l  catastrophically and, 

would operate best under a high l ight ambier+. 

1 1 Thermochromisrn 

Thermochromism i s  a change i n  the color o f  a material as a result o f  a change i n  

temperature i n  that material The color response to  the temperature change may 

be slow or fast, sharp or gradual, depending 01 the mechanism that causes the 

color change. Thermochromism has been observed i n  a variety o f  orgaqic and 

inorganic materials, and the mechanism has been found to  vary w i th  the molecular 

structure of the material, 

ac t i v i t y  has inciuded equiiibridm beiween iwo  muleculi lr species, bioadenicg =f G 

near ultraviolet abjorptior, curve, ring opening, thermal achievement of a t r ip let  

state covfiguratiov,, forma*ion of  free iadicals and order-disorder phenomena e 

l i s t  by  no means exhausts the mechanisms by which thermochromism can occur, 

of these mechanisms, however, involve t h e  breaking o f  chemical bonds and/or the 

migration of chemical species, 

temperature of  the material i s  relatively slow 

u t i l i t y  for display devices 

The type of mecharism invoked to  explain the thermochromic 

This 

Many 

in  such systems the rate of the color change w i th  

Thus, such materials would not f ind 

There are other organic materials. particularly cholesterol and its derivatives, 

which were not considered for differert r e e i o x  Recently thew materials have 

2 



~~ ~ 

RESEARCH CEhTER G E N E R A L  P R E C I S I O N  AEROSPACE 

found some uses i n  medical research such as mocitoring the var ia t ior  i n  the skin 

temperature of the body Therrnocbrornism ir these paterials involves the formation 

- r  1 1 1 : -  :^I & - I _ I I  Î _ _  - L t.,,,.,. --. - ” - !  J - l .  : - - -  
V I  l l y u l u  L l y 3 l u l a  u;.u L.> 3 i J C @ t  I I U V C  3 c v c r u  U C I * L ~ C l  L:e5 f r r  d e v i c e  rjse. F i t s ?  of 

0 .  
a l l  these materials are colo(ed over o n l y  a very narrow temperatdre range (5 - 6 C)  

and show extreme sensitivity to change i n  temperature (fracticns of  a degree) i n  this 

range These materials 

also have low refract;ve indices urd as such,observation of the color i s  a cr i t ica l  

function of the viewing angle 

sensitivity to  changes i n  temperature arld dependeqce on viewing angle made these 

materials unsuitable for any display device consideration. Apart from these l iqu id  

crystals, organic materials rarely show sharp transition temperatures ( ’ ) *  

there are inorganic thermochromic materials whose color change depepds on an 

actual chemical reaction equilibrium, jcickr as hydration. 

broad ranges of transition temperatures and t e d  to have very slow response times. 

These types o f  muterials would also be unsuitable for display device application. 

They are colorless above crqd besow this temperature range 

These factors, parrow temperature range, extreme 

AISO, 

Tliese usual l y  display 

For information display applications, the color chavges must be fast and result i n  a 

sharp contrast of one color on another. Since both maintenance and power reauire- 

ments are also important factors :r device considerations, especially i n  aircraft 

and spacecraft, the materials should also show good thermal stabil ity and require 

low power when they are incorporated irlto the device No attempt was made to 

optimize the power requirements during this study since these would depend on the 

actual material selected and tbe device coqfiguratioq used, 

thermochromic materials, which satisfy the above conditions, are those that involve 

a rearrapgement of cations ir a close-packed anior  crystal lat t ice where n o  breaking 

of  chemical bonds occurs- 

rate at which such transitions, often calied order-disorder reactions can occur, Thus, 

these transitions are intrinsically rapid and take place at a definite temperature- 

The most interesting 

Theoretically, there appears to be no upper l imi t  t o  the 

* ( 1 )  References are given at the end of the report. 

3 
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When this program began a l l  of the knowr cornpouqds that exhibited thermochromic 

order-disorder transitions possessed the general formula M M i 

Ag , Cu or T I  and M '  was either Hg and Cd 

are silver mercury iodide and copper mercury iod ide-  The color changes are v iv id  and 

reversible and occur at a specific transition temperature 

where M was either 2 4' 
The two best known examples 

1+ 1+ 1+ 2+ 2+ 

Two possible approaches were available at  the start o f  this program. 

would involvetaking the known ternary mercuric iodides and iqcorporabing them i n  

One approach 

display devices. 

such as power requirements and overall device configuration. 

would be to synthesize new thermochromic materials which undergo this order-disorder 

transformation so that materials w i th  different transition temperatures, different color 

changes and improved stabil ity could possibly be obtained The latter course was chosen 

because the known ternary mercuric iodides were expected to  be reasonably vo lat i le  and 

might possibly be thermally unstable, 

The emphasis would be placed OP optimizing the device characteristics 

The second approach 

1.2 Properties Of Previously Known Inorganic Thermochromic Materials 

Prier tc! the ctnrt of this program a number of thermochrornic iodides were known. As was 

mentioned earlier, they had the general chemical formula M M'I 2 4  
for their thermochromic change was via an  order-disorder reaction. 

compounds and their pertinent properties are presented below 

and the mechanism 

A summary of  these 

Silver Mercuric iodide (Ag2Hg14) 

Silver mercuric iodide was studied by Keteloar (2' 3,4)  

terrperature fofm i s  a bright yellow 

red-orange at 50 5 C 

orange forms were measured i n  our laboratory and are shown i n  

Figure 1 Ketelaar interpreted the phenomepov as follows: The 

The Iow- 

I t s  color changes reversibly to  

Reflectance spectra of both the yel low and 
0 

4 



h 

0 

0 
n 

a 

0 

a 
z a 
0 

2 
I- 

W 
M 

2 
U 
v, 

v 

W 
m 

W 
I- z 
LL 
W 
& 
LL 

0 

- 
v1 

W 
I- 

Z 

Z - 

80% 

70 % 

60 % 

50 Yo 

40 YO 

30 Yo 

20% 

m x 

[ L OW -T EM P- n iRATURE FORM 

I 
I 

I lJ I 

-"" 5nn 550 600 650 730 

WAVELENGTH OF INCIDENT LIGHT (mu) 



latt ice i s  bui l t  up of a cubic close-packed frame of iarge iodide ions. 

Betweer these ions there are eight tetrahedral holes for every four 

iodide i o r i s  

mercury ions. 

confirmed by Hobn et al ‘5’ 

sites i n  each Ag Hgl uqit ,  

and cations are ordered, while i~ the orange ( CY 

distributed among the available tetrahedral posrtions 

of the color chapge can therefore be described as an order-disorder 

movement of catiors i n  a fixed lat t ice of close-packed iodide ions. 

This mechanism i s  favorable for fast. response since the iodide latt ice 

stays unaltered and only the smaller and more mobile cations change 

their positions. In order to  prove t h i s  hypothesis, Ketelaar measured 

the specific heat (3‘ and the electrolytic conductivity (4’ of Ag2Hgl 

The data he obtained are useful for device cpplications 

The specific heat at 20°C i s  0 05 cal/gm; above 37OC i t  rises abnormally 

and reaches three times i t s  normal value at 50 C (see Figure 2).  

erperimentnl V C I I L I P S  nre g ive r  by the equatiom. 

1+ Or l y  i l l l ee  of  thebe !io!eb u ie  occupied b y  b i l v e i  aiid 
2+ . The crystal stt-ucture of the yelIGw forw has been 

There are f ive cvai lable vacant cation 

In the yellow ( p  , fcrm the vacancies 2 4  
form they are randomly 

The phenomenon 

4‘ 
of the phenomenon. 

0 
The 

Cp (e, orange) = 0 0509 + 0.00021 (t-501 
0 

( t  = temp C) 
Cp (~ i j l  yellow! = 0.0454 + 0.00024 t 

From these values the total transition energy has been calculated t o  be 

1.43 K ~ a I / m o l e ( ~ ’ ,  or 5 - 9  x 10 BTU/in (for a 0,001-inch-thick 

specimen). These numbers are for the pure chemicals only and do not 

include the effects of the binder and the substcate 

along with heat losses are needed before actual power requirements of  

a device can be determined. The electr ical corduct iv i ty of  CY (orange) 

-4 2 

The latter data 

6 
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Ag Hgi, i s  about a thousand times better than that of any other ionicai ly 

conducting solid substance i n  !he temperature range of 51 - 14OoC. The 

maior resrraint To free movemen: of caiions is r i l e  u'i;vui;url ertelgy. te  

surmount the potential barriers separating the dif ferert points o f  the latt ice 

In the (Y structure both Ag  and Hg are mobile, but only 6 percent of  

the charge i s  transferred by Hg 

is given by K = Ce 

Figure 3). 

2 4  

t ++ 
++ . 

ions, The conductivity of Q! -Agj+g14 
2 

where C = 4 x 10 a r d  A = 8600 cal jatom (see 
-A/RT 

Copper Mercuric iodide (Cu Hgl j 2 4  
~~ 

Tammann and Veszi (6' studied the copper avalog of silver mercuric iodide. 

. Copper mercuric iodide (Cu Hgl 1 turns from red to black at 69.50Cf wi th 2 4  
a fast response. The mechanism appears to be the same as for Ag Hgl 

other thermodynamic data have been reported on this compound e 

No 2 4 "  

Mixed Copper and Silver Mercuric Iodides 

Suchow and Keck (7j prepared solid solutions of Ag Hgl and Cu HgI4, 

They found that a compourd Ag 

went a transition from orange to red at 34OC. 

diagram for the Ag Hgl 

change i s  presumed to be the same as for the pure ternary compounds. 

2 4  2 
Hgl was formed which under- 

Figure 4 gives the phase 

The mechan7ism for the color 

1,14cu0,86 4 

- Cu2HgI system. 2 4  4 

Thallium Mercuric iodide ( T I  Hg! 1 2 4  
~~ ~~ 

Another compound of  the M2M'14 type, TI2Hgl 

change from orange to  red at 11Q,5°C by Asmdssen and Anderson 

However, i t  decomposes a i  1 3 0 ' ~  I 

ture i s  so close to  the color transition temperature and also because of  

the toxic i ty of thall ium compounds, the uses for this cornpound would 

appear to  be mirlimal I 

has been found to  

is) 4 
. 

Because the deCGGpOSitiC3fi tempera- 

8 
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Copper Cadmium sodide (Cu Cdl ) 2 4  

The compound copper cadmium iodide was prepared i n  this laboratory. 

It undergoes a color change from pale yeIXow fo rust brown at approxi- 

mately 14OoC. The color change i s  gradual rather than sharp. 

Other Measurements 

Asmussen and Anderson'*' measured reflectance as a function of temperature 

for Cu Hg14fl Ag2Hg14t and TI2Hgll The results are illustrated i n  Figure 5 

The temperature at which the slope of the curve i s  greatest represents the 

transition temperature for each material. have 

a rather narrow temperature region over which the sharp reflectance change 

occurs, whereas the transition region i s  much broader i n  the case of T I  Hgl 2 4 '  
The Cu HgI 

2 4 "  

Both Ag Hgi4, and Cu Hgl 2 2 4  

had the color change wi th  the greatest contrast. 2 4  

1 1  
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2.0 DlSCUSSlON 

2 - 1  The Approach 

The results of some early studies in  our laboratory on the thermal stabil ity of Ag Hgl 

and Cu Hgl 

o f f  Hg12. Thus, i t  might be expected that any display device, which ut i l ized any of 

the tervary mercuric iodides discussed previously, would have l imited l ifetime i f  i t  

were maintained at elevated temperatures for too long a duration. The results of these 

thermal stabi l i ty experiments therefore necessitated a search for new thermochromic 

materials, These new materials would be expected to  undergo an order-disorder transition 

involving the migration of cations i n  a f ixed anion crystalline latt ice at a specific 

temperature, such as occurs wi th +he ternary mercuric iodides, 

also be more thermally stable above their transitior temperature than the ternary mercuric 

i od ides. 

2 4  
at 110 C had showr that these compounds decomposed presumably giving 

0 

2 4  

These new materials should 

The first characteristic i s  necessary i n  order that the mechanism of the thermochromic change 

i s  not the l imi t ing factor for the rate of  display of ivformation o f  the device. 

characteristic i s  necessary i n  order that the device have an appreciable l i fet ime. 

The second 

2.2 Basis For Selection Of Substitutional Iodides 

The selection of substitutional iodides as systems for study was based on the results of some 

experiments i n  which new compounds similar to Ag Hgr and Cu Hgl were prepared, In 

these compounds a l l  or part of the mercury ions were replaced by cadmium ions. These 

new compounds were thermochromic bu t  appeared to  have a gradual rather than a sharp 

color change. The compodvd Cu Cdi 

pale yellow to a rust brown at approximately 140 C.  The expected product from the 

thermal decompositiov of Cu Cdl Cdl2, has a lower vapor pressure at 150°C than H s ! ~  

has at 8OoC. This latter temperature i s  approximately 10 C above the transition tempera- 

ture for Cu2Hgl (69OC). Thus,  Cu Cd$ would be expected to be more thermally stable 

2 4  2 4  

which was mentioned earlier, changes color from 
0 

2 4' 

0 
2 4' 

4 2 4  

13 
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at 150°C thcrn Cu2Hg14 i s  at 8OoC. It seemed l ike ly  therefore that the thermal 

stabi l i ty could be improved and the transition temperature be changed i n  ternary mercuric 

iodides by appropriate ionic sdbstitution. 

2.3 Basis For Selection Of Ternary Chalcogenides 

The selection of chalcogenides as candidates for investigation i s  based on the 

similarity between their crystal structure and the crystal structure of the ternary 

mercuric iodides. It was pointed out by Hahn et .Ii9) that i n  the group of 27 compounds 

of  the formula MM' X where M = Zn, Cd or Hg, M' = AI, G a  or In, and X = S, Se 

or Te, marly had the crystal structure S and D' l ike Ag Hg I and Cu Hgl The S ,  

Se or Te anions were placed i n  exactly the same positions as the iodide anions, while 

the metal cations had similar arrangements as the Ag, CLI, and Hg cations i n  the known 

thermochromic compounds I 

chalcogenides would exhibit  an order-disorder reaction involving the mobil i ty of the 

cations at some particular transition temperature and that such a reaction would be 

accompanied by a change i n  color of the compound. 

also usually more thermally stable than the corresponding iodides. 

2 
4 2d 2 2 4  2 4 '  

2 4' 

It seemed very I i kel  y therefore i hat some of these ternary 

In addition, chalcogenides are 

2 .4  Thermochromic Property Measurements 

In addition to  the material preparation phase of the program, i t  was necessary to  perform 

some physical property measurements on those which exhibited thermochromic act iv i ty .  

Each material that was prepared was subjected t o  a qual i tat ive test for thermochromism, 

which consisted i n  heating +he material on a hot plate. 

on heating which reverted to the original color on cooling, the material was considered 

for further study. 

were the refleciance spectra, the co!or trars;+inn iemperatures, the electr ical conductivity, 

the heat capacity and thermal conductivity. 

I f  a change i n  color was observed 

Otherwise, i t  was discarded. The physical properties chosen for study 

14 
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The reflectance spectrum provides information about the color of the material which 

may be followed as a function of  temperature From a comparison of  the reflectance 

spectra of the high and iow temperature forms of the maieriai, some i r i J i i u t n O h  about 

the contrast could be obtained, 

which the largest change i n  color takes place, 

The transition temperature i s  the temperature af 

Since Ag Hgl 

a t  their respective transition temperatures, the electrical conductivity o f  the most 

promising thermochromics was determined 

duct iv i ty  could possibly be ut i l ized i n  a switching operation. 

and Cu Hgl showed large increases i n  their electrical conductivity 2 4  2 4  

T h i s  large increase i n  the electrical con- 

Since the thermochromic change depends on heat i t  i s  important t o  determine the 

thermal properties of the material such as heat capacity and thermal conductivity, 

i n  order t o  assess the power requirements of a particular device configuration, 

should be emphasized, however, that the importance o f  these data depends on the 

actual device configuration i n  which they w i l l  be ut i l ized.  

that one can visualize would necessarily have the thermochromic material supported 

ani u substrate. 

to the heat requirements of  the device, a knowledge o f  the thermal properties of the 

thermochromic materials themselves would not appear to  be as important as the thermal 

properties of the composites. 

conductivity were not performed during this study. 

It 

Any device configuration 

S;r;ce ~ n d z :  these c z n d i t i c ? ~ ~  the sl-lhstrnte wotild contribute importantly 

Thus, measurements of the heat capacity and thermal 

Another important property o f  the thermochromic i s  i t s  thermal stabil ity because the 

l i fet ime of  operation of  a r y  device i n  which i t  would be incorporated i s  dependent 

on i t ,  

In  the static test the material was maintained at 10 C above its transition temperature. 

The weight loss  o f  the material was followed as a function of  time. 

the thermochromic was continuously cycled above and below i t s  transition temperature 

Two types of stabil ity tests were conducted: a static test and a cycl ing test, 
n 

In the cyc l ing tests 

15 
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at a constant rate. 

fatigue associated with the color change 

sented, howeve, I thz p ~ t e n t i a !  dev ice  aFplirations for thermochromics that were 

considered on this program and the prototype numeric display device which was 

constructed using some of the known ternary mercuric iodides, w i l l  be discussed 

first e 

The purpose of this test WGS to  cletemine whether there was any 

Before the experimental results are pre- 

16 
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3 , O  POTENTIAL APPLKATPONS OF THERMOCHROMICS 

n P  Berore disLu5h;rrg specific d c ~ ~ I c e  area5 i t  w n l ~ l d  he worthwhile to point out generally 

the advar*tages which thermochromics offer i n  display. 

would be the absence of moving parts. Secondly, and more importantly, since 

observation of the color change depends on reflected rather than emitted light, i t  

i s  possible to display information under high ambient i l lum;nafiono The vis ib i l i ty  of  

the display w i l l  not be washed out under high ambient i l lumination as i s  the case 

w i th  electroluminescent devices. A third advantage i s  the inherent persistence of 

this type of material 

t i ve ly  such as a cathode ray tube. Thus, a fl icker-free display i s  possible, even 

w i th  low repetit ion rates. A standard phosphor, even one having so-called long 

persistence, reaches peak brightness almost immediately after being pulsed, and 

then gradually decreases i n  brightness. 

necessary, i f  objectionable f l icker i s  to be avoided I Phermochromics are essentially 

two state materials. 

change i n  the color ever if the temperature i s  carried appreciably higher. 

repeti t ively driven display . ,  then, i t  i s  necessary merely to  repeat the signal before 

the material has cooled down t o  the transition temperoture i n  order to obtain a com- 

pletely fl icker-free display. 

and configuration. 

i s  being derived from a computer, s i rce  i t  permits the use of a slower, cheaper com- 

puter and reduces the size of the computer memory which might be required. The 

fourth advantage i s  that the persistence of the display which uses thermochromics 

can be readily controlled by a combination of three methods: ( 1  1 selection of a 

thermochromic wi th a given transition temperature, (2; dedermination of how far 

above the transition temperature the thermocbromic w i l l  be carried when heated 

and (3) selection of  the mass and thermal conductivity of the substrate on which 

the material i s  applied. Wi th other display media there i s  either no persistence, 

O r e  of the first advantages 

This advantage i s  important for display media driven repeti- 

Thus, fa i r ly  rapid repetit ion rates are 

I f  raised above the color transition temperature there i s  l i t t l e  

For a 

This  could be quite slow with appropriate materials 

This becomes important part icularly when the displayed information 

17 
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or i n  the case of phosphors, a persistence which i s  sbrictly a functior of the chemical 

compositior of the display medium, Fifthly, since thermochromics do not emit light, 

but rather di f fereqt ia l ly  reflect incident light, we are rot  iimiteci by rhe usual eriergy 

transfer relationships where emission occurs at longer wabelengths than the energy 

which produced i t ,  With thermochromics for example, a change i n  color from 

yel low to  orange can be produced by irfra-red stimulation. 

difference i n  electrical conductivity between the Righ-temperature and Iow-temperature 

forms an added storage mecharism i s  available particularly i f  they could be combined 

w i th  electroluminescert materials 

Finally because of  the 

The main disadvantage of  thermochromics i s  that the color change depends on heat. 

This implies possibly high power consumption and relat ively low rates of  display of  

information. 

available to  remain wi th in  the realm of "instantaneous" display. Furthermore, the 

amount o f  "written" information to  be displayed i s  a small proportion o f  the display 

area, so that an analytical study i s  necessary for true assessment of  the power require- 

ment. 

study requires i ha i  orie twve Q pai:ici;!c;; dzvice cenflgurnticn i n  mind 

concentrate on a particular device i t  was decided to  look in to  the feasibil i ty of 

using thermochromics for a number of differeqt applications. 

applications included a numeric display device 

hybrid device and a cathode ray tube device i q  which a thermochromic was substituted 

for the phosphor 

paragraphs. 

However, the time response o f  the eye i s  such that milliseconds are 

No such analytical study was performed on this program. Such an analytical 

Rather than 

O n  this program these 

an electroluminescent thermochromic 

Each of these porticular applications are discussed i n  succeeding 

First o f  a l l  the concept of a rurneric display device i s  presented. 

3 .1  Concept Of A Thermochromic Display Device 

In perhaps its simplest form a therrnochromic display could consist of a panel 00 which 

i s  applied a th in layer of the thermochromic compound encapsulated i n  a transparent 

18 
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medium. 

of thin res;stance wires that can be heated i n  selected separate sections, such 

as i n  an alphanumeric arrangement, a reference map, or a sei of :;xed dial 

positions. The heated wire w i l l  produce a l ine of  the high-temperature color 

o f  the thermochromic material against a background of  the Iow-temperature 

color of  that same material e 

be followed by a rapid fading o f  the contrasting l ine. 

of such a device would be a function of the level of ambient illumination; i .e.  

the higher the l ight level, the better the contrast. 

generating the hot color form could also be considered. 

external energy source such as an electron beam or a laser may be used t o  heat 

the thermochromic, 

u t i l ized exclusively. 

the known thermochromics, silver mercury iodide or copper mercury iodide, were 

constructed and successful l y  demonstrated. A description of  these devices i s  

presented i n  the next section of  this report. 

command room 

Eehind the  thermochromic layer there may be a certain configuration 

Switching of f  the power to  the heating wire w i l l  

In principle, the v is ib i l i ty  

Other techniques for 

For example, an 

However, for the in i t ia l  study, the hot wire technique was 

Numeric display devices, which incorporated either of 

Such a device could be used i n  a 

The type of device configuration described above could not be placed i n  an a i r -  

craft, i f  silver mercury iodide or copper mercury iodide were used as the thermo- 

chromic materials, since the present mil i tary specifications for materials used i n  

aircraft include a "useful l i fe "  over a temperature range o f  approximately - 55OC 

t o  + 110 C. 

iodide changes color at 69OC 

rate at a temperature of 10 C above their respective transition temperatures. 

i f  the above device configuratioq were to  be uti l ized, the thermochromic material 

should be stable and unaltered over the temperature range required by the mil i tary 

specifications and have i t s  cclor transition temperature around 125 + 10 C .  

0 0 
Silver mercury iodide changes color at 50.5 C and copper mercury 

Both of these materials decompose at  an appreciable 

Thus, 
0 

0 

- 
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Besides the device configuration previously described, i t  may also be possibie t o  

design a device for situations i n  which the ambient temperature exceeds the 

transition temperature of  the thermochromic materiai 

t ion the temperature of the material could be decreased by thermoelectric cooling 

of  the wires. 

device would be l imited also by the thermal stabil ity o f  the material at tempera- 

tures above its transition temperature. A device which incorporates both the 

heating as well  as the thermoelectric cooling characteristics could possibly be 

operated over almost the entire temperature range required by the mi l i tary specifi- 

cations. The apparent disadvantages of thermoelectric cooling are the additional 

power requirement for the device and the more complex configurations required. 

in order to display inforrria- 

This  would result i n  "cold" wr i t ing on a "hot" background. This  

3.2 Prototype Display Fabrication and Evaluation 

Three simple devices have been bui l t  to  demonstrate the application of  thermochromics 

to display units. The schematics for these single manual Iy-switched display devices 

are shown i n  Figure 6.  A photograph of each of the devices i s  shown i n  Figure 7. The 

numeric figure was bui l t  from 9 segments of  50 m i l  nichrome wire woven on a laminated 

insulated board. 

to  each segment, as supplied by a step down transformer, i s  0.5 V, 1 watt at 60 cycles . 
The segments on the board were sprayed with a suspension of  barium titanate i n  a 

thinned clear plastic matrix (Rohm and Haas A29+U233). 

with a suspension of the thermochromic in the same thinned plastic and again allowed 

to cure. The panel was then covered with a pyrex disc used as a protective cover. 

In order to  prevent accidental overheating of the thermochromic and its subsequent 

decomposition, a t ime delay tube WCIS p!=ced info the c i rcui t ,  

off  the power to  the heater after a set time i t  w i l l  not al low the unit t o  be turned on 

again unt i l  the thermochromic has had time to  cool suff iciently. 

Each of the segments had a resistance of about 1/4 ohms. The power 

After curing this was sprayed 

In addit ion to  switching 

20 
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In the devices, as constructed, both the write and eiasiire time: are cpproxlrnate!y 

one second i n  duration, 

o i  mole rapid Jleutels ;I-, the wr i t ing mode ~ R C !  by the LISP of n heat sink of some type 

to absorb heat i n  the erasing mode. 

objective of  this program, no work along these lines was attempted 

16 would appear that t h i s  could be improved by the use 

Since optimization o f  the device was not an 

A demonstration device was delivered to the contract administrator, M r .  E.  Hilborn, 

NASA/ERC. The other two devices have been used t o  demonstrate the use of the 

known thermochromics Ag Hgt and Cu Hgl 2 4  2 4' 

3.3 Thermochromic-Electrolurni nescent Device 

Although a display device using a thermochromic alone works very well  under high 

ambient illumination, i t s  u t i l i t y  vanishes at "zero" ambient because observation o f  

the display depends on reflected l ight 

low or ' 'zero'' ambient illumination, one possible solbtion i s  to combine the thermo- 

chromic material w i th  an electroluminescent (el) material i n  a single un i t .  

possible configurations for such a device ace illustrated i n  Figures 8 and 9 .  

In  order to  OF rate such a device under very 

Two 

in  Figure 8 a transparent th in  f i l m  of  e l  material i s  deposited on conducting glass. 

The transparent th in  f i lm electrodes are deposited on the e l  material i n  the configura- 

t ion of the display arrangement (numeric and/or alpha-numeric) 

layers i s  a ccmplete coat of thermochromic material after which resistance heating 

elements are attached i n  the same configuration as the electrodes. 

Painted over these 

At high 

ambient i l lumination the heaters are activated and the thermochromic material i s  

transformed in to i t s  high-temperature cola-; at !GW Gmbient i ! l vv ina t ion  the c i rcui t  

to the el panel i s  used. 



H YBRl D TH ERMOC H ROMIC ELECTROLUMI N ESC E N T  
DISPLAY DEVICE ( I  1) 

a 

a 

FIGURE 8 

1 .  - t r a n s p a r e n t  c o n d u c t i n g  glass 

2.  - t r a n s p a r e n t  el p h o s p h o r  f i l m  

3. - t r a n s p a r e n t  e l e c t r o d e s  

4. - o p a q u e  t h e r m o c h r o m i c  

5. - r e s i s t a n c e  h e a t i n g  e l e m e n t s  

HYBRID THERMOC HROMlC ELECTROLUMINESCENT 
D!CPLAY DEVICE ( # 2 )  

FIf .  G R E  9 

1 .  - 
2 .  - 
3 .  - 
4. - 
5. - 

t r a n s p a r e n t  c o n d u c t i n g  glass 

el p o w d e r  s t r i p s  

e l e c t r o d e  s t r i p s  

t h e r m  oc h rom i c 

r e s i s t a n c e  h e a t i n g  e l e m e n t s  
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Figure 9 illustrates a second method of effecting a combined el and thermochromic 

display, A configuration (romeric or alpha-numeric) of el phosphor powder i s  

-L--rnLm- 
0 I v y #  I", deposited on conducting glass and electrodes are appiied only coverirlg the 

strips. A complete coat o f  thermochromic material i s  pa i r ted over the entire panel. 

Heater strips, i n  the same configuration as the e l  display, are mounted on top o f  the 

thermochromic but offset from the phosphor strips, 

color o f  the phosphor strips must match the low-temperature color o f  the thermochromic 

In order to be useful, the body 

material 

In both of  the above configurations two circuits are needed, one to  activate the el 

layer and the second to  heat the thermochromic layer. 

power requirements necessary to  activate high f ie ld e l  materials, moterials which 

can electroluminesce by a mechanism of carrier inject ion would be used. Carrier 

inject ion luminescence has been demonstrated i n  th in  films o f  GaAs and GaP at  room 

temperature using a d .c ,  bias voltage of only a few volts 

In  order to  reduce the large 

(10) 

It i s  known that there i s  a large increase i n  the electrical Conductivity o f  a thermo- 

chromic at i t s  transition temperature 

electr ical  conductivity has been reported (4f 1 1 '  to  increase by a factor of about 

100.. 

thousand times larger than that of other solids which conddct by ion mobil i ty over 

the temperature range 51 - 145 C -  

c i rcui t ry further by using the thermochromic material as an electrical switch a 

11-1 the cc;;e cf A m  Hni for example, the 
' '"2' "'4' 

In  addition, the electrical conductivity o f  the high temperature form i s  a 

0 
It therefore may be possible to  simplify the 

3'4 Thermochromics In A Cathode Ray Tube (CRT) 

The feasibil i ty of substituting a thermochromic material for the phosphor i n  a cathode 

ray tube has been considered also. In this regard a simple calculation was made of  

26 
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the temperature change expected when a thermochromic material i s  bombarded 

w i th  electrons produced by the electron gun, 

certain assumptions had to be made and certain values of the eiectron beam currerit, 

the accelerating voltage, the beam diameter and the surface density of the thermo- 

chromic had to be chosen. 

electrons was converted into heat and a l l  of  this heat went into raising the tempera- 

ture of the material * 

In order t o  make this calculation, 

It was assumed that a l l  of the k inet ic energy of the 

The fol lowing values of  the parameters mentioned before were chosen: 

-4 
beam current = 1x10 ampere 

beam diameter = O . l  cm 

accelerating voltage = 10,000 volt 

= 10 mg/crn 2 
surface density 

These represent the usual values encountered i n  an ordinary CRT, although large 

variations i n  the beam current and accelerutir-ig v ~ 1 k g c  =re pnssih!~ 

the electron beam (A), assurnivg a circular cross section, i s  7.85 x 10 

i s  also equivalent to  the area of the thermochromic irradiated. 

on this area per second (Q/t) i s  given by Q/t = I V, where I f  the beam current i s  

The area of 
-3 2 

cm . This 

The energy incident 

4 
ampere, and V, the accelerating voltage i s  10 volfs. Therefore: 

-2 cal Q -  1 volt-coulomb 
t se c se c 

ture i s  given by the following expression: P T = - 

= 24.2 x 10 . The increase i n  tempera- - -  

Q 

c P  

where m - mass of materia) irradiated (grarils) = SxA, 

ca I - 
!3 g-deg 

for Ag2Hgl and 4, C = specific heat = 0,05 

27 
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-2 2 
S = surface density = 10 g lcm 

-5 
Therefore the amount of material irradiuied i s  7.85 x 10 

-2 
irradiat ion Q i s  24.4 x 10 calories. 

'j Fnr 1 second 

- - 24.4 x cal 
The temperature increase i s  then LL T = 0.05 cal/g - deg x 7.85 x 10-5 g 

5 
24.4 x 10 

M 62,000 degrees, Decomposition and ablation of the material would 39.2 

be expected at these temperatures. In order to reduce the temperature increase, a 

faster sweep rate of the electron beam would have t o  be used. Theoretically for a 

millisecond duration of incidence the temperature of  the material would rise 62 C.  

It would appear that this would l imi t  the sweep rates available. 

possible to  vary the beam current, accelerating voltage and the beam area sufficiently 

so that a wider range of  sweep rates may be available. 

calculat ion "writ ing" on a thermochromic material wi th electrons generated i n  a 

cathode ray tube appears t o  be feasible. 

0 

However, i t  i s  

O n  the basis of the above 

In  order to  design an experiment which w i i i  provide a defin;tive c;n;:':e: tc! the 

feasibi l i ty of using thermochromics i n  a CRT the fol lowing approach i s  suggested. 

A tungsten filament CRT electron gun, which can be repeatedly exposed to air  

without deterioration, i s  installed in  a bel l  iar .  The associated electronics 

are connected to the gun through an electr ical feed through. The thermochromics 

are 

scan rates. 

the feasibil i ty of using thermochromics i n  a CRT can be obtained 

placed on a moving target i n  front of the electron gun t o  simulate various 

experimevtal evidevce on In this way i t  i s  expected that definit ive 
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4.0 EXPERlMENTAL RESGLTS 

A summary of the materials studied and their thermochromic properties are now 

presented . (a ) 

(a) A detailed description of the methods used to  synthesize these materials and the 

techniques used to  measure their transition temperatures, reflectance spectra, 

thermal stabi I ity, 

given i n  the Appendix. 

electr ical conductivity and other miscellaneous observations are 

4. 1 Partial Ionic Substitution Compositions 

An analysis of  the mechanism for thermochromism i n  silver and copper mercuric 

iodides, that i s  the disordering of the cations i n  an unchanged iodide anion lattice, 

gave rise t o  the idea that substitution of small amounts of some other elements i n  

the lat t ice could cause sufficient change i n  ihe c i y t c i !  f i z ld  tc! hrins clbout a change 

i n  color. that, depending upon the size and type of the 

ion being substituted, a change i n  t h e  transition temperature might be observed. This 

change i n  transition temperature would result from a different mobi l i ty  i n  cases where 

a different cation was substituted, 

expected that substitution by a smaller anion would lower the transition temperature 

because larger holes i n  the anion lattice would result. 

In addition, i t  was thought 

In the case of anion replacement, i t  would be 

4. 1 .  1 Partial Anionic Substitution 

TO test the idea of  partial anion substitution, the systems, Ag HglqmxBr , where x 2 X 
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3 ,  75Br0. 25 and 
varied from 0.17 to  1.40, Ag2Hgl -CI Cu2HgI 

were prepared. A l l  of the silver containing formulations 
Cu2HgI 3. 75Br0. 25 

3.7s 0.25' 

underwent a thermochromic change from yeiiow to  orange and the coppe~ ccii- 

taining formulations changed color from red to black. The transition temperatures 

for each of these systems are shown i n  Table 1 i n  column 2, and compared with 

those o f  Ag HgI4 and Cu Hgl 

measured by the melting point capil lary method. 

either Br or CI caused a lowering i n  the transition temperature from 50.5 C to 

42 + 2OC for the Ag2Hgl and from 69OC t o  5OoC for Cu Hg14. 

relat ion between the amount of bromide ion substituted and the transition temperature. 

Optimum thermochromic properties for the bromine substituted formulations occurred 

at four percent Br ion. 

thermochromic color change became more gradual wi th temperature. 

cations can begin wandering at a lower temperature because of the irregularities i n  

the iodide lat t ice.  This may be due to the disruption of the latt ice by the smaller 

bromide ion, and no exact amount of energy i s  required to  start them a l l  to  move, 

as i s  the case i n  Ag Hgl 

The transition temperatures of  these systems were 2 2 4 '  
Partial anionic substitution by 

0 

There was no linear - 4 2 

As the bromide content was increased above four percent the 

Possibly the 

2 4 '  

In order t o  obtain some measure of the color change produced when the materials 

were heated, the reflectance spectra of many of them were determined. 

spectra were measured at room temperature and at 90 + 10 C .  

had a characteristic shape (see Figure 1 ) .  

small and relat ively independent of wavelength. 

reflectance increased with increasing wavelength. 

was large and also relat ively independent of wavelength. 

length region a shift occurred between the low and high temperature forms toward 

longer wavelengths. 

mercuric iodides are given i n  Table I .  

The reflectance 
0 The reflectance curves - 

At short wavelengths the reflectance was 

At  intermediate wavelengths the 

At long wavelengths reflectance 

In  the intermediate wave- 

The pert inrot data from the reflectance spectra for the ternary 

The maximum shifts between the reflectance 
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curves for the high and low temperature forms are given In c o l m n  3. The ~ c g n i t u d e  

of these ref lect iv i ty shiftsvas i n  the 820 - 1080x range, 

columns the waveiengths a i  whi'h the ceflectzd intensity !le: hslfway between its long 

wavelength maximum value (% 

given for the "cold" ( x c )  and "hot" ( A h  ) forms respectively. The largest change 

i n  ref lect iv i ty occurred at the wavelength ( 

between x c and 1 h. The rat io of the reflected intensities for the "cold" and "hot" 

forms at was then calculated. These values are given i n  column 6.  In the last 

column the rat io of the reflected intensities for the "cold" and "hot" forms were 

calculated at 5500g Note that for the copper mercuric iodides this rat io at 5500% 

i s  uni ty indicating that the reflected intensities for both forms are equal at this wave- 

2 
length. The ratios of  the reflected intensities at 

been used as a measure of the contrast between the low and high temperature colors 

of  these materials. These ratios are i n  no way t o  be interpreted as a measure of true 

contrast. The concept of contrast involves, aside from the psychological factors, the 

differential sensitivity of the eye to increments of wavelength. Changes i n  hue dis- 

crimination are not equal for equal increments of  wavelength. Thus, the abi l i ty  of 

i l ie eye 6 0  dlstingcish between two colors would not only depend on the magnitude of 

the shift between the respective reflectance spectra but also on the region of the 

spectrum i n  which the shift takes place. This would necessarily include also the 

slopes of the reflectance spectra for each form. 

would be amenable to improvement i n  contrast by overlap of a sharp cut f i l ter .  

order t o  determine an absolute value for contrast an expressiov, which would include 

a l l  of the factors mentioned above, would have to  be determined, 

appropriate measure for contrast exists and no attempt, other than the use of the 

rat io of  reflected intensities at a particular wavelength, 

of the color change, 

Iq the fourth and f i f th 

) and i ts short wavelength minimcrm value (I 
red blue 

) are 

) which was located at the midpoint 

or at 55008. have 
xc+ xh 

Materials which have steep cut slopes 

In 

At present no 

was made t o  show the extent 
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4. 1.2 Partial Cationic Substitution 

i n  order i o  i e 5 i  tl-,e influence nf rn t ion substitution a series of compounds i n  which the 

mercuric cation was part ial ly replaced by cadmium were prepared, This series 

x varied from 0.0 t o  0.25. Their transition temperatures were measured by the melting 

point capi l lary method and the Dennis melting point method. Cadmium was selected 

to replace Hg because the compound Cu Cdl 2 4  
Al l  of  the silver-containing formulations undergo a thermochromic change from yellow 

to orange, which i s  similar t o  the change observed i n  Ag Hgl 

formulations a l l  went from red t o  black as i s  the case with Cu Hgi 

the effect on the transition temperature of Cd substitution for Hg determined by the 

melting point capil lary methods. 

wi th increasing Cd content 

transition occurred i n  a melting point capil lary which was immersed i n  a stirred o i l  

bath heated at a rate of about 3°C/minute. 

for the double substitution formulation Ag Hg 

;YCS hented n t  a rate of about 3 /minute. The effect i s  similar to that i n  Ag Hg 

i n  that there i s  a general increase in  the transition temperature wi th ivcreasing Cd content. 

However, since the transition temperature of the Br substituted material i s  or iginal ly lower 

than the one without Br, and the transition temperatures of the materials having x = 0.25 

are about the same, the slope of  the curve for Ag Hg 

greater. Figure 12 shows the same data for Cu Hg 

The broadening of the temperature interval over which the transitions occur i s  greater i n  

this case than i n  the previous two cases. 

prepared by us earlier was thermochromic. 

The copper containing 
2 4 '  

Figure 10 shows 2 4 '  

In general, there i s  a rise i n  transition temperature 

The vertical lines indicate the range over which the 

Figure 1 1  shows the same parameters plotted 

Again the o i l  bath 
2 l - ~ ~ ~ x ' 3 . 8 4 ~ ~ 0 . 1 6 '  

0 

2 1-xCdx'4 

i s  generally 
0 

2 l - ~ ~ ~ x ' 3 . 8 4 ~ ~ 0 . 1 6  
at a heating rate of 1 C/minute. 

2 1-xCdx14 

The transition temperatures of comme:cia!!y purchased Ag,Hgl" and of  the substitutional 
L 4  

and Cu Hg were formulations Ag 2 Hg 1-x CdxS4, Ag2Hgl -xCdxi3.84Br0. 16, 2 1-xCdx14 
also measured on the temperature gradient stage. These data are shown i n  Table 2. The 
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TABLE 2 

Transition Temperature of Ag Hg CdxI4 2 1-x 

.. X Variable Temperature Stage M e  Iti ng Point Capi 1 lary 
~~ 

0 47 - 5loC 49 - 55OC 
0.05 47 - 55OC 50 - 56OC 
0.10 48 - 58OC 51 - 57OC 
0.15 52 - 63OC 59 - 62OC 
0.20 51 - 65OC 58 - 62OC 
0.25 56 - 67'C 53 -61OC 

Transition Temperature of Ag g 
1 -,Cd?3. 88'0.16 

--- 
0 41 - 48OC 41 -44OC 

0.05 41 - 51°C 41 - 49OC 

0.10 40 - 48'C 48 - 5ooc 
0.15 43 - 56OC 48 - 52OC 
0.20 48 - 59OC 52 - 60°C 

0.25 53 -61OC 53 - bloc 

Transition Temperatures of Cu Hg 2 1-xCdx'4 

- - 
63 - 7loC 66 - 7OoC 0 

0.05 

0.10 

0.15 

0.20 

0.25 

55 - 69OC 
66 - 72OC 
72 - 8OoC 

76 - 87OC 

80 - 90°C 

67 - 7OoC 

64 -74OC 

71 - 82OC 
73 - 23OC 

75 - 92OC 
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data as determined by the melting point capi l lary method are shown for comparison. 

The value for the transition temperature of Ag Hgl 

but on the stage a definite color gradation was observed i n  the temperature range of 

47 C to 51 C. There was indication of some color change below 47 C but i t  was 

di f f icul t  to measure. The largest change seems to occur at 49.5 C. 

i s  generally given as 50.5nC 2 4  

0 0 0 

0 

The agreement i n  the data 

i f  the highest points of  the range are compared. The greatest difference evidently l ies  

i n  distinguishing the various shades of yellow or yellow-orange that are found i n  the 

silver containing preparation. 

materials which undergo a red to  black transition. 

as determined by the two methods i s  not too bad, especially 

The agreement i s  generally better with the copper 

Analysis of the reasons underlying the broadening of the transition regions w i l l  have to 

wait unti l  the results of an x-ray diffraction analysis of the rat io of the materials formed 

are available. 

present. 

It i s  possible that new compounds or mixtures of compounds could be 

2+ 2+ 
for Hg 

2+ 
Thus, partial cationic substitution by Cd 

the transition temperature wi th increasing Cd 

was more gradual for the cadmium substituted iodides than for the bromine substituted 

iodides. 

generally caused an increase i n  

content The color change on heating 

2t 
The reflectance spectra of these Cd 

this study. 

substituted iodides were not determined during 
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4.2 Ternary Cha I coge nides 

There are twerty-seven possibie iernury cho!eecjazide; cf  tbe fnrmLlln MMLX , where 

M = Zn, Cd, or Hg, M'=AI, Ga or Sn and X = S, Se or Te as shown i n  Table 3. An 

attempt was made t o  prepare each of the compounds listed i n  Table 3. A tabulation of 

their room temperature color, x-ray data and ref lect iv i ty shift are also given. Twenty: 

two o f  the twenty-seven ternary chalcogenides were successfully prepared. The five 

compoulads which were not successfully synthesized are designated wi th  a dashed l ine 

i n  the x-ray column of Table 3. These particular f ive compounds were a l l  reported i n  

the l iterature t o  be dark-colored, and no further attempts to synthesize them were made. 

Any thermochromic change they might undergo would not occur i n  the visible region of  

the spectrum. 

analysis. 

patterns and comparison with the published data. 

pound i s  indicated i n  the x-ray column. 

structures similar to  the ternary mercuric iodides discussed earlier, those that are 

tetragonal represent the 

the 

have the spinel structure and as such have different crystal structures than the iodides. 

L 4  

Compound veri f icat ion in the other twenty-two was obtained by x-ray 

This was accomplished by analysis of the Debye-Scherrer powder dif fract ion 

The crystal structure for each c m -  

For those compounds which have crystal 

or low temperature form and those that are cubic represent 

a- or high tei i iperaf~rz fc:m. ! t  shcxuld also be noted that some o f  these compounds 

The ref lect iv i ty shift indicated i n  Table 3 refers to  the change i n  the position of the 

absorption edge of the reflectance curve when the sample was heated t o  about 90 C .  0 

This absorption edge shifted to longer wavelengths on heating for almost a l l  of the 

materials examined on this program - A few compounds showed 

on heating. This i s  indicated by ''vane'' i n  the last column of Table 3. 

EO ref lect iv i ty shift 

The only reliable transition temperature determined for the colored ternary chalcogenides 

listed i n  Table 3 was for Cdln S which was i n  the 95 - 100 2 4  
0 

range. The color changes 
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Compound 

ZnGa-S L 4  
ZnGa2Se4 

Zr! Ga2Te4 

CdGa2S4 

Cd Ga2Se4 

CdGa2Te4 

HgGa2S4 

Hg Ga Se4 

HgGa Te 2 4  
Znln2S4 

Zn In2Se4 

Znln Te 2 4  
Cd ln2S4 

Cdln Se 2 4  
Cz In2Te4 

Hgln S 2 4  
H5!r12Se4 

Hgln Te 

ZnA12S4 

ZnAI2Se4 

ZnAI2Te4 

CdAl2S4 

CoAI2Se4 

CcA12Te4 

2 4  

HsAI 254 

HgAl Se 

HsAl Te 

ZnGa2 S3Se 

2 4  

2 4  

Color 

pale green 

ol ive green 

black 

tan 

,rust brown 

black 

ye1 low 

purple black 

black 

ye1 low 

biack 

black 

duI I ish orange 

black 
black 

black 

black 

black 

l ight grey 

purple black (a ) 

brown 

brown 

(a ) black 

black 

black 

black 

biack 

(a ) 

(a 1 

ye1 iow-green 

X-ray 

Te t ragona I 

Tetragonal 

Cubic 

Tetragonal 

Tetragona I 

Tetragonal 

Te t ragona I 

tetragonal 

Cubic 

unknown structure 

Tet rag ona I 
-------- 

Cubic Spinel 

Cubic 
Tetragona I 
Cubic Spinel 

Tetragona I 

Tetragonal 

Spi ne I 
_-_-____ 

Tetragonal 

Tetragona I 
-------_ 
Cubic 

Tetragona I 
-------- 
-------- 

Tetragonal 

n. J. no; aeterrii: lied 

(ai 
--- Atter,qpts to  prepare these compounds were unsucce~sful 

~ color obtained <-om i i teraxre 

Refieci ivi ty sliift(8 1 

100 

100 

None 

40 

80 

2 50 

n.d. 

200 

1 50 

120 

n.d. 

---- 

500 

n.d. 
n.d. 

n.d. 

n.d. 

n.d. 

None 

---- 

None 

n.d. 

---- 
n.d. 

n.d. 

---- 
---- 

7 5  
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for the other colored compounds i n  this family occurred over too broad a temperature 

range, Thus, i t  wus not possible to  specify a definite transition temperature region 

for them I 

The reflectance spectra of the most promising ternary chalcogenide, Cdin2S4, which 

turned from a dul l  orange to a reddish-orange at 95 - 105 C i s  shown i n  Figure 13. The 

color change i n  white l ight i s  not spectacular and occurs over a fa i r ly  broad temperature 

range. The ref lect iv i ty shift , however, was quite substantial and suggests that this 

material might prove of practical use, particularly i n  coniunction wi th an appropriate 

set of filters. 

to  Cdln S 

0 

I t  also would appear worthwhile t o  investigate other materials similar 

but containing varying ratios of CdS to In S 
2 4  2 3' 

Other colored ternary chalcogenides such as ZnGa S 

CdGa Se and Znin S 

However, the color changes under normal i l lumination were slight. 

a scjbstitution formulation, ZnGa S Se, was prepared. 

a l i t t l e  worse. than the others. 

ZnGa2Se4, CdGa2S4, 2 4f 
listed i n  Table 3 also showed changes i n  hue on heating. 

19 addition, 
2 4  2 4  

It was no better, and perhaps 2 3  

The ref lect ion spectra i n  the visible region of these colo,ed ternary gallium chalco- 

genides and Znio2S4 showed very small shifts at high temperatures with respect to  

the Sow temperature forms. The curves were of the same general shape as those of 

the silver and copper mercury iodides but the shift was usually of the order of only 

1008 . 
slight shift could develop gradually upon heating because of latt ice expansion, 

rather than by a disordering of cations. O n l y  high-temperature x-ray data could 

ascertain whether or not the compounds were i n  a "high-temperature" cubic form 

at 90 + 10°C. To the eye there was no 

temperature forms. 

ternary chalcogenides are given i n  Table 4. 

i t  i s  not at a l l  certain that the  two forms are different i n  structure. The 

striking conirast between iow-and high- 

The ref lect iv i ty sh i f t s  and the contrast number for the colored 

- 

41 



I 
1 

70 

60 

50 

40 

30 

20 

10 

0 

REFLECTANCE CURVES FOR ti- Cd in2 S4 

DULLISH ORAWGE REDDISH-ORANGE 

I 
400 

I 

50a 006 

WAVELENGTH (mu) 

p - C d  I n 2  s4 

/I 
/ 

I 
I 
i 

/ 
B 

f o- Cd In2 S4 

700 

I FIGURE i 3  

I 42 



v) 

Q, 
-0 
S 
.- 
a, cn 
0 
V - 
P 

-L 

U 
x 
L 
U 

Q, 
I- 

f 

0 
7 

0 
\o 
CY 
'0 

0 

0 
-0 

- 

0 
Ir) 
h( 
rl 

0 s 0 
c\1 
hl 
tr) 

c?cI 
r-. '0 OQ 

0 
OD 

43 



Reflection spectra i n  the visible regiop for the three zinc and aiuminum-containing 

ternary chalcogevides ZrAl  S ZvAI Se , and ZnAl Te were measured at room - 2 - 4# 2 4  2 4  
temperature and at 90" + 1O'C, The spectrum of the heated grey Zr~hf ...-- 

- 2'4 "vu' 

sl ightly brighter than that of  cold material at a l l  wavelengths. 

i s  no  evidence of a transition i n  this material between 20 

of cold and hot ZnAl Te were identical. 

This possibility was not examined because i t  was concluded that such a shift was due 

to a lat t ice expansion and we were interested only i n  color changes that occurred 

i n  the visible region of the spectrum. 

However, there 
0 0 

and 100 C .  The spectra 

Possibly a shift occurs i n  the near infrared. 2 4  

The near infrared reflectance spectrum of several black ternary chalcogenides 

ZnGa2Te4, CdGa2Te4, HgGa2Se4/ and HgGa Te were measured at room tempera- 

ture and at 9OoC. 
2 4  

The results are shown i n  Table 5. 

were gradual and cannot be called absorption "edges" I 

of these curves i s  indeed the same as the curves of the colored compounds i n  the 

visibie region" 

lepgths. Both ZnGa Te and HgGa Te were found to  be i n  their cubic or high- 

temperature form at room temperature, yet the absorption edges for the HgGa Te 2 4  
shifted to longer wavelergths when i t  was heated. 

musf be due to a latt ice expansion rather than a disordering of cations. 

The slopes of  the intensity versus wavelength curves 

However, the basic shape 

* .  
Their reileLiior-1 ;ntenjitic; c~:advc!!y incrense w i th  increasing wave- 

2 4  2 4  

Thus, this shift i n  absorption edge 

Two black cubic ternary chalcogenides, HgGa Te 

thermochromic act iv i ty  at lower temperatures 

high temperatbre forms at room temperature i t  was thought they might revert to  a 

colored form at some lower temperature. 

glass melting pcirrt capi l lary and placed i n  an ice bath for 2 hours. 

color was observed- The capil lary was +hen lowered to  "dry ice"  temperature (-78 C) 

and ZnGa l e  were tested for 2 4  2 4, 
Since these materials were i n  their 

Samples of  each were piaced i n  a sealed 

N o  change i n  
0 
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for about ore hour. 

that a low temperature colored form could exist but the rate of i t s  formation i s  

probably very slow. 

Again na cha-rge i n  color was observed, it i s  stis! possib!e 

At the time that the reflection spectra of the variobs materials were taken we 

were not aware of some earlier work on the reflectance spectra o f  thermochromic 

compounds. 

are a function of the temperature This effect i s  shown i n  Figure 14. Further 

shifts i n  the absorption edge occur above the transition temperature. This  effect 

3.84Br0. 16" 
has been confirmed i n  this laboratory on both 

As a result, some of the conclusions drawn from these spectra concerning contrast 

are only part ia l ly  correct as the exact form of the reflectance curve should have 

been determined a6 carefully controlled temperatures above the transition tempera- 

ture, 

be bui l t  and used i n  any future work i n  this area, 

I t  was pointed out that the reflectance spectrum of these materials 

Ag2Hg14 and Ag2Hgl 

It i s  expected that a thermostatic attachment to the reflectance unit w i l l  

4.3 Thermal Stabil itv Studies 

Thermal stabil ity studies were conducted on silver mercuric iodide, copper 

mercuric iodide and two of the most promising thermochromics prepared on this 

and Cdin S program namely Ag Hgi 

i n  order to  determine how well  these materials could stand up under actual device 

operation. Two types of  tests were conducted: a static test and a cycl ing test. 

In the static test the muterials were maintaired approximately 10 C above their 

respective transition temperatwres- 

alternately heated above and cooled below their transition temperatures. 

These studies were performed 2 4"  2 3.84Br0.16 

0 

% n  the cycl ing tests the materials were 

The results for the powdered Ag2Hgl and Cu Hgl are given i n  Figure 15. 

Silver mercuric iodide decomposes at a linear rate, 
4 2 4  

A total weight loss of ten 
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percent over a 130 day period was measured 

presclrnably Hgl  

The observation of  a red depcsit, 

i n  the cooler parts of the apparatus ;.rdicated that the decom- 

4 

2 . .  
posi;Iuri appurelit!y fo!!~;;; th2 :escti=?. ,A,g2!+s! (crnngp; = 2A.gb + Hgl,- 

L 
[r, 

0 
tcle case o f  Cu Hgl 

The 54 percent weight loss accoun+s for a l l  o f  the Hgl 

position reaction i s  probably Cu Hgl 

vo lat i l izat ion o f  Hgl 

total decomposition was observed after 55 days at 80 C .  2 4  
i n  Cu2Hgl 2 4 

(black) = 2Cu' (brown) + Hgi2 (red) w i th  

The decom- 

2 4  

2 "  

A few encapsulation studies were corducted on A g  Hgl 

i n  order to  determine whether encapsulation would impede the loss of  the volat i le 

Hgl 2 
Figure 16 2 4  
the first week of  the test, 

change occurred. The area showing decomposition was at  both o f  the short ends 

o f  the slide. 

and Cu Hgl respectively 2 4  2 4  

thereby improving the l ifetime of these materials. The results are shown i n  

The A g  Hgl showed a loss i n  "act ivearea"of about four percent i n  

For the remaining four weeks no significant additional 

N o  changes were observed i n  the  blank plastic coated slides. 

More severe decomposition was noted irl the cose of the plastic encapsulated 

Cii HsI 
- - 2 .  4 
weeks at 80 C eighty percent of the "active area" was lost 

evident along the edges of the microscope slide. 

powder, presumably Hgl 

apparatus. 

data shown ir Figure 16" 

w i th  the plastic binder alone 

(prepared in  the save way as the Ag,HgI, sample!. At the end of  f ive 

The loss was most 
L 4  

0 

addition, a cooting of a red 

was noted i n  the cooler parts of the Abderhalden 
2' 

A slight leveling off of the decornposition rate i s  indicated by the 

No change was observed ir the blank slide coated 

These differences can be explained i n  several ways 

jess stabie at its test temperature of 80°Cihan ;he Ag Hgl 

of  60 C .  

unencapsulated powders. 

The CJ Hgi4 i s  inherently 

2 4  

2 
G+ Its test temperature 

0 T h i s  i s  indicated by the data presented above for the tests on the 

Diffusion constants usually are stroogly increasing functions 
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of temperatiire. Thus, the rate of diffusion of  the volat i le decomposition product 

(Hgl 'I through the ercapsulant would be corsiderably higher at the higher test 

temperature of  the encapsulated Cu Hgr Another possible contributing factor 
2 4" 

i s  that the part icle size of the Cu Hgl I f  i t  i s  

of smaller parficle size. the resulting iqcreased specific surface area could also 

coptribute to the higher decomposition rate, 

t ion of the Cu Hgl 2 4  
the nature of the encapsulation used 

(xylene) that must evaporate during the curing process- lt i s  possible that porosity i s  

introduced into the plastic as a resulf of  this evaporation? This ,  of course, would 

be added to the innate permeability of the plastics. 

system that does not involve solvent evaporation during the curing process I It 

would be best to  choose a plast;c thclt has a low permeability value i n  order to  

minimize the diffusion of thermochromic decomposition products out of  the plastic 

Saran and Mylar have been reported 

In i t ia l ly  i t  was expected to form a laminate of these plastic f i lms wi th the thermo- 

chromics placed between layers. 

were made using Sarar and Myiar bur these were U ~ S U C C ~ M ~ U I  

attempts using water glass as the encapsulant were made, 

2 

i s  smaller than that of Ag Hgl 
2 4  2 4 '  

Due fo  the large amount of  deccmposi- 

i n  the encapsulated sample- an attempt was made to change 

The particular plastic used contains a solvent 

I f  would be better to use a 

(131 to  have very low permeability values. 

A few attempts to encapsulate the thermochromics 

L;kewise, Q few 

These atbempts also fai led, 

A powdered sample of Ag Hgl 

The test temperature was 50 C maintained by using t-butyl chloride as the boi l ing 

l iquid, 

experiment on pure Ag Hgl 

same length of  time. 

was also subjected fo  u static l i fe  test ~ 2 3 84Br0 16 
0 

The weight loss after 60 days was determined t o  be six percent, An earlier 

at 60 C showed a weighr loss of f ive percent after the 
0 

2 4  

If the data are correct, there i s  an indication that the argument employed in i t ia l ly ,  

that lowering the ttarrsition temperature and the subsequent Iewerirg of the test 

temperature would cause a decrease i n  the decomposition rate, i s  incorrect. This 
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could be explained i n  a: least two way;. 

higher than that of Hgl If a high percentage of  HgBr 

i f i i t lc ; !  de-,=mnnc;ticp r--** prnrjllcts this explanation would be val id,  Secord, the 

bromide ions may occupy the same positions as the iodide ions i n  the lat t ice.  

Since the bromide ion i s  smaller than the iodide ion there i s  more room available 

for the metal ions to diffuse through the lat t ice.  This increase i n  the ease of 

diffusion might more than compensate for the lowered temperature. 

argument i s  correct the in i t ia l  decomposition products should contain a relat ively 

small amount of HgBr 

First, the vapor pressure of HgBr, 

i s  observed i n  the 

i s  
L 

2 '  2 

If this 

2 -  

0 
A similar experiment was performed on CdAn S 

maintained by using toluene as the boi l ing l iquid, 

weight loss  i s  0.11 perceot. T h i s  value corresponds within experimental error 

t o  approximately no decomposition. 

from its composition as a heavy metal sulfide, does not exhibit  the thermal 

instabi l i ty problems associated with the iodides. 

The test temperature was 110 C, 2 4 "  
At the end of 60 days the 

It would appear that Cdln S as expected 2 4 f  

in the cycl ing tests conducted on Ag,HgI, a r d  Cu7Hgi 

some thermochromic act iv i ty after 475,000 cycles ( 1  1 months) while the Cu Hgl 

was almost total ly decomposed after 153,000 cycles ( 3 1/2 months), 

samples of  Ag Hgl 

i n  that portion of the slide that no longer showed thermochromic act iv i ty .  In the 

samples of  Cu Hgl a black-browr, residue, probably Cut., remained on the slide. 

The results of the cycl ing tests indicate strongly that the decrease i n  the thermo- 

chromic act iv i ty  i s  due t o  thermal decorriposition rather than fatigue of the material s 

the Ag Hgl s t i l l  showed 
L - 4" 2 4  

2 4  
In the 

generally a yellowish residue, probably Agl, was present 
2 4  

2 4  

Mi sce I I aneous 

In addition to  the properties that have been discussed, some rniscel laneous behavior 
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was observed particularly wi th the iodides. These observations included encapsu- 

lat ion studies, the l ight sensitivity of some silver-cortaining thermochromics, and 

some computability studies. These observations are summarized i n  i h e  Appendix 

section 7.4.1 and 7,4,2, 

4 "  4 Electrical Conductivity 

I t  has beer1 reported '' ) that the electrical conductivities of Ag Hgl and 

Cu2Hgl 

transition temperatures. We have measured the electr ical conductivity of 

above and below its t ramit ion temperature i n  order to  Ag2Hg'3. 84Br0. 16 
determine the magnitude of  its increase and compare i t  wi th the increase 

observed with Ag Hgl 2 4"  
Measurements were performed also on Ag Hgl 2 4  
the l iterature values. 

2 4  
undergo very arge increases at their respective thermochromic 4 

A suvmary of  the data i s  presented i n  Table 6 .  

ir: order to compare with 

TABLE 6 

Electrical Conductivities As A Function Of Temperature 

Tem pe ra t u re 

23OC 

54OC 

Ag2Hg13. 84Br0 16 
Ag2Hg14 (literature value) 

- 

5 5 5 3.5 x 10 ohm-cm 5..OxlO ohm-cm 8,5x10 ohm-cm 
4 4 2 

2 . 3 ~  10 ohm-cm 2,5x10 ohm-cm 7 . 2 ~ 1 0  ohm-cm 

0 
,At 23 C ;  the agreement between the value of the specific resistance of  Ag Hgl 

as determined i n  this laboratory and that reported i n  the literature i s  reasonable. 

T h i s  especially i s  true when i t  i s  realized that the actual values obtained depend 

2 4  
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upon the manner of preparariov of t h e  sanple Perfect a g i e e ~ e n t  i s  net exFec2e.j" 

The Jalue for the bromine substitdted rratexral i s  a l i t t le  lower but s t i l l  of the same 

Order 0: iiiogi;;tcjde 

4 
At  54OC the value of 2,5 x 10 

i s  considerably higher than the value reported i n  the l iterature. The value for the 

bromine substituted material i s  about the same as for Ag Hgl A possible explana- 

t ion for this discrepancy may be i n  the rnanrer i n  which the resistivity measurements 

were made. The literature values were obtained w i t h  a clamping arrangemew on 

the pellet and the force exerted would pot be expected to be easily reproducible 

under those circumstawes In the method employed by us the force exerted on 

the pel let i s  reproducible" Another possibility i s  that the pellets tend to discolor 

during pressing. Suchow and Pond were able to  eliminate this by working at very 

I ow pressures 

o h - c m  obtained i n  this laboratory for Ag Hgl 
2 4  

2 4' 

4 - 5  Other Thermochrom i cs 

In addition to  the compourds described above a contirual search of the scientif ic 

literature for other thermochromic materials was maintained Two otber materials 

which change color v ia  a phase transition were voted,namely thallous iodide (T/L 1: 

and mercuric iodide [Hgl Nothing was reported concerving the i r  tkrermochromic 

act iv i ty .  

stabil ity. 

volat i lazation rather than thermal deccmposition T I i s  extremely involat i le.  

I t s  boi l ing point i s  824 C .  

point i s  354 C.  Some experimental work was performed on B 4 and it i s  

described below 

2'" 
Both of these mater'?als looked attractive from the standpoint of thermal 

Any loss of  thermochromic act iv i ty  should result from loss of material by 

0 
Mercuric iodide i s  much more \rolati le. its boi l ing 

0 

54 



R E S E A R C H  C E N T E R  0 G E N E R A L  PRECISION A E R O S P A C E  

4 , 5  e 1 Thallous lodide 

i t  wus  17oted (14 )  thc;t t t . .c!!xs id;& ( T 1- I1 undergoes a thermochrornic phase transi- 

t ion at 170 C from an orthorhombic yellow form t o  a cubic red form. 

of these materials are not of the same symmetry classes as the copper and silver 

mercuric iodides and i t  was expected that the thermochromic phase transition would 

be sluggish. 

0 
The structure 

Experiments to  reproduce the trapsition temperature of thallous iodide were performed, 

Using the melting point apparatus a color change was noted at about 191 C .  

this change was slow and not easily reversible; i t  was possible to cool the virgin 

material to  about 140 C before noting a change from the red high temperature phase 

t o  the pale-yellow low temperature phase. The rate of a solid state phase transition 

often can be increased i f  the material i s  cycled several times through the trarlsition 

temperature region. T h i s  i s  probably due bo the formation of nucleation centers for 

the two phases. 

expected, the thermochromic change began to take place sharply and reversibly at a 

lower temperature (178 C ) .  

insofar 

and 823 C respectively) suggest that this material could be useful i n  some applica- 

tions where its high transition temperature and toxic i ty would not be deleterious. 

0 
Ini t ial ly, 

0 

The thallous iodide was cycled about a half  dozen t'mes and, as 

0 
The contrast of this system appears t o  be good at least 

0 
as i t  can be estimated visually. I t s  high rneltivg and boi l ipg points (440 C 

0 

4.5.2 Mercuric lodide 

(15) with Mercuric iodide has been reported to urdergo a pbase transifion at 126 C 

an accompanying change i n  color from red to yel low. If was r;ot stddied because its 

high vo lat i l i ty  i n  the region of the color transition would require that i t  be encapsu- 

lated i n  some medium i n  order for i t  to be applicable i n  a device, 
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5 - 0  ANALYSIS 

A few simple numeric display devices in  wh 

and Cu Hgl were used to display the rume 2 4  

ch the known therrnochromics Ag K y i  

als were fabricated on this program. 
2 4  

These devices performed very satisfactorily although no attempt was made to optimize 

their operating characteristics. The rrumerals displayed oq the panel could be observed 

very readily under bright room il lumination Certainly these devices demonstrated that 

thermochromics could be satisfactorily ut i l ized i? such devices, Although i f  has been 

demonstrated that thermochromics have potential appl icabi l i ty  i n  display devices 

which can be used under conditions o f  high ambient iIIuminat;on, thermal studies on 

Ag2HgI4 and Cu Hgi showed that these devices would have a l imited l i fe .  2 4  

0 
Both of these compounds were found to decompose at a temperature of o r l y  10 C 

above their respective transition temperatures. 

involves the formation of the relatively volat i le mercuric iodide, some preliminary 

ercapsulation techniques were attempted io impede the loss  of  thermochromic activi t ;  

Since the decomposition presumably 

nl inough A I  I ;Cle,e prel;ii-,;nai-j effort; t+c;e ~ = t  =\vre:!\, Cllr~pccfIII they d;d indicate that 1 -.---I-.-..- 

encapsulants should have very low permeability i f  they are to impede the 1 3 5 s  of 

mercuric iodide. 

namely Rohm & Haas iA29 + F233) uses xylene as a solvent I 

orl evaporatior creates "holes" i n  the piastic when i t  hardens. 

emphasized again, however, that proper encapsulation could preveqt the loss  of  Hgl 

and probably maintain the thermochromic act iv i ty  of  these ternary iodides, 

search for other thermochranics was made since only four therrnochrowics were knowq 

The plastic medium which was used throughout most of this work, 

Xylec7e i s  volat i le and 

It should be 

2 
The 

at  the start of this program namely Ag Hgr 2 4' 
T L2HgI4. 
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The preparation of the thermochromic, Cu CdI 

that av ior ic  or catior)ic substikution i n  Ag2Hg14 or Cu2Hgl 

change i n  the therrnochromic propetties of  these materiols 

i p  this laboratory led to the idea 2 4  
could lead t o  o 4 

T + i s  idea was substar*iiaied 

3 ,, X B ' O .  55 by the preparation of formulatiom such as: Ag2Hg14-xBrx, Cu2Hgi 

Ag2Hg13,75C 4 0,25' Cu2Hg'3.75C '0.25" A g 2 H g l - ~ C d ~ ' 4 *  Ag2Hg1-~Cdx'3,84B10. 16 
and Cu2Hgl -xCdx14" 

transition temperature was lowered to a fixed value 

In the case of partial an ior ic  substitution by Br or C 4 the 

For a l l  the values of x thot were 

used i n  this study the transitior temperature was lowered from 50.5OC to  42 + 2OC - 
for Ag Hgl and was lowered from 69OC to 5OoC for Cu Hgl The cortrast -umber 

2 4  2 4  
between the high u r d  low temperuture forms for the formulation Ag Hgt 

was higher than for Ag Hgl 

ever, made the color change become more gradual wi th  temperatJre 

2 3.84Br0p16 
Addition of more than four percect Br (x = 0 161, how- 

2 4  
The thermal 

0 
stabi l i ty of Ag Hgi 

Ag2HgI4 at 60 C,which was 

a? 50 C was found to  be somewhat poorer thap 2 3.84Br0.16 
0 

contrary to o Q r  earlier expecfation- Thus, i f  these 

bromide substitutioral formulations are to  be used, ewapsulat ion w i l  I be required also. 

Partial substitution of Cd+2 for Hg+2 led t o  a r  increase ir the trorsit ion temperature 

wi th increasipg cadmium contert 

anionic substitutior where transition temperutclre was corls'art wi th varying bromide 

ion cortent,  

phase diagrom for  each of  these system< would be pecessary 

studies were not performed or) any of the cadmium substitlJted formulations, because 

the color change occurred over a wider temperature rarge t h a n  i n  the case of the 

parent compourds or the bromide substituted terrlaay iodides 

and Pond the eutectoid Ag 

was 34OC. Thus, substitution o f  the mono*Jalent o n d  divoleqt catiov as well  as anion 

substitutiop i n  the ternory iodides are possible, thereby expanding greatly the number 

of thermochromic formulations avaiiabie. Tne substitution concept 0150 ircreoses the 

This was uni ice the resuli obiairled wi th  partic:! 

Br, order to  better explair these results a comprehensive study of the 

Thermal stabi l i ty 

Ir earlier work by Suchow 

was prepaced ond i t s  trarsit ion temperature 
1 14CuO-QCHg'4 

57 



R E S E A R C H  C E N T E R  0 G E N E R A L  PRECISIOIK A E R O S P A C E  

number of trarsitiorl temperatures possible. 

ac t i v i t y  o f  ternary chalcogenides was examined 

pounds were to  be prepared 

22 were successfully synthesized. The remaining 5 compounds were reported to  

be black. 

In addition the thermochromic 

Or ig ina i iy  27 of itrebe coiii- 

An attempt was made to  prepare al  I 27 but only 

sma 

latt  

la t t  

The most promising ternary chalcogenide w i th  regard to  thermochromic act iv i ty  

was Cdln S It changed color from dull orange to  orange-red at 95 - 100 C 

but the change i n  color was gradual. The Cdln S was found t o  be very stable 

thermally at 100°C. The material has been reported i n  the literature as being 

a cubic crystal w i th  the spinel structure which i s  a different structure than the 

ternary iodides. 

i t s  existence suggests that thermochromic might occur i n  other spinel materials. 

The compound Caln S has been reported to be a colored cubic spinel and 

would be a good system for future study. 

observed i t  may be possible to  optimize its properties by variation i n  stoichio- 

metry or by partial substitution of some other ions i n  the crystai ia t t ice.  Aii of  

the other colored ternary chalcogenides studied on this program showed very 

0 

2 4 '  

2 4  

While the thermochromic color change i s  not very dramatic 

2 4  
If uny thermochromic act iv i ty  i s  

hese shifts may be due simply to  

ng of the cations i n  the anionic crystalline 

I ref lect iv i ty shifts on heating and 

ce expansion rather than a disorder 

ce . 
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Experience with the sirvple display device described above has il7dica'ed the 

feasibi l i ty of  thermochromics i n  a display medium. This concept, however, i s  

fa i r ly  simple and i t  i s  d i f f icul t  t o  see too many applications of i t  i n  i t s  present 

configuration. There are, however, two other applications that are worthy of 

further consideration. 

The first of  these involves the use of thermochromics as the imaging material i n  

a cathode ray tube, 

energy available i n  the electron beam of available CRT's to  bring about the 

thermochromic color change 

advantage of  being visible under conditions of high ambient iIIumination. 

Present l ight emitting systems tend to wash out under these conditions. A 

potential ly serious d i f f icu l ty  that may arise i s  the decomposition of the thermo- 

chromic (especially the iodides) under electron impact. This subject should be 

investigated at any early stage i n  future studies, In addition, there are other 

problems with regard to the feasibility of forming thin fiims of thermochromics 

and their stabi l i ty under vacuum conditions that exist i n  a CRT 

Preliminary calculations indicate that there i s  sufficiept 

This type of system would have the significant 

The second application that appears most worthy of further study i s  the use of 

a thermochromic-electroluminescent display Th is  would have the significant 

advantage of high v is ib i l i ty  over a large range of ambient i l luminat ior  levels. 

Possible configurations for these devices are discussed i n  the report 

that may arise are related to the sevsitivity of many phosphors to contaminants 

As a result compatibil i ty studies with standard EL materials should be in i t iated 

Both time apd temperature studies should also be done 

Diff icult ies 
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7,O APPENDRX 

The System Ag HgI4 Br 2 -x x 

The reactants clsed for these preparatiom were Hgl Askf and AgBr. In the case of 

the compositions containing chlorine calculated amourts of AgCl were used :n place 
2 '  

0 
of the AgBr. 

The samples formed oravge melts of very uniform appearance, 

They were sealed ir evacuated Pyrex test tubes a-d f:red at 300 - 400 C -  

Two sets o f  Ag Hgl 

0.60, 0.80, 1-00 and Series ' 1  where x = 0.16, On60, 1 .OO, 1 40. Series E was 

fired 54 hours at 350OC and slowly cooled 

24 hours at  400 C a d  rapidly quenched to room temperature 

were uniform and orange i n  colorn 

appearance" 

was the most greenish yellow. the others were more orar@ge-yel!ow 

Br samples were prepared, Series ' where x = 0 "  16, 0.40, 
2 4-x x 

0 
Series XI was fired 2 days at 220 C, then 

0 
Tbe quenched melts 

The forrnuiatiors i n  Series I were less unifortv i n  

After grinding, a l l  samples were yel low. The compound Ag  Hgr 2 3.84B'0316 

The systems Ag Hg 

Fifteen substitution formulat;ons were prepared 

five of  composition Ag Hg 

In a l l  cases x was given the values 0 05, 0. 10, 0. 15, 0.20, arld 0,25 

were also prepared by sealiqg caseful ly weighed amounts of The appropriate binary 

C d x 1 4 P  Ag2HgI -xCdx'3 84Bf0, 15 and Cu2Hg, -xCdx14. 

five were of compositior Ag Hg 
2 l - x  

Cdx14p 2 l -x  
ard  fyve of cornposition Cu Hg CdxI4. 2 l - x  

These materials 
2 1 - ~ ~ ~ ~ ~ 3 , 8 4 ~ ~ 0 . 1 6  

iodides i n  evaccrated quartz ampoules? I -  the cuse of the compositions cortoiv ing 

biGmiper ca!cu!o+ecl arnourts of AgBr were used in place of some of the Agl 

materials were a l l  f i red at 400 C.. 

The 
0 

At'er grinding each powder to a homogeneous mass, 

the transition temperature of each was determired, 
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7 , 2  P r e pa rot i o r  of T e r qa r y C ha I cog e n i de j 

f l  
Y oe simplebi arid i-i-ioj: rpp;cp*I=fe +ec_hr;nll- 1-- fer  the yeparat ioq of  these ternary 

compounds consisted i n  heating a mixture o f  s+ar+ing materials irl an evacuated 

sealed quartz ampoule E 

being placed i n  the quartz ampoules. The ampoules were evacuated wi th  a 

mechar,ical pump which reduced the p,essure to  about 0, I mn7 o f  Hg, Aa acetylene- 

oxygen flame was used to  seal o f f  the ampoules, 

sisted of the appropriate bi-ary compo~Jndsn that i s  M X  + M2X3. Sometimes however, 

the elements were used. The reaction m;xture was then subjecred to  a f i r ing schedule 

which usually consisted of a preheat period of  about 24 hours a+ 400 - 6OO0C, 

followed by a fir ing period of CI few days at  900 C 

from 2 - 3 days followed the f i r i r g  period. 

The starting materials were mixed intimately before 

The s t c i r t i r g  materials ~ s v a l l y  con- 

0 0 
An aqnealing period at 600 C 

In the course of preparing HgAl Se 

Cdln2SSe 

containing ampoules of  mixtures of chemicals leading to  +he above compositions after 

fC?e t e m p e r n h i r e  was raised i o  900 C 

contevts scattered. 

HgAI2Te4# CdAI2S4, HgAI2S4, Cdin2S3Se, 2 4’ 
CdlnGaS4, and Cdln S an explosion occurred in  the furnace 3’ 2 4‘ 

0 
The quartz ampoules were broke? and their 

It was difficcrlt ! o  ascertcin the exact cause of the explosion- 

On another occasion url explosion occurred when mixtbres of  materials leading to  

the following ternary chalcogeqides were fired: CdA12S4t HgA12S4, HgAI2Te4, 

Hgln2Te4. and HgA12Se40 This  t;ve the explosion occurred when the temperature 

was lowered from 900 C t o  600 2 .  

Hg,n2Te4 were it-toct indicating neither of these t w o  mrxtures were explos;ve 

uqder the experiverital cordit iors, 

Later efforts resulted ir ihe  successful s y ~ ~ i h e s i s  of HgAl S 2 4’ 
C d % n  S accordirg to the experimental procedure outl ined earlier. Thus, mixtures 

o f  materials leading t o  these covpcsitions are not explosive uvder these experimental 

0 0 
The ampoules c o ~ t c s i r j ~ g  HgAl Te and 2 4  

The ccIuse of  this explosion was not understood. 

CclA,12S4. and 

2 4  
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conditions, No further attempts were made to syctheslze HgAX Se n r  any of 

The substitutional cadmium ind i i lm sdlfides. Since we were not able to  ascertain 

the cGu;C of these expIcSinrg eny future clttempt to synthesize HgAI-Se 

2 4  

L 4  

Cd!n S Se, Cdln22Se2, Cd!n2SSe or CdlnGaS should be undertaken 
2 3  3! 4 

wi th  extreme precaution. 

7 , 3  The rm och rom i c Proper t y Meas u re me r ~ t  s 

For the purpose of evaluating the thermochromic properties of the materials pre- 

pared on this program, the foIIowing physical measurements were conducted I 

7.3.1 Transition TemDerature 

The transition temperatures of the muterials studied on this program were determined 

by  the melting point capil lary method and the Dennis Mel t ing Point Method. 

In  the melting point capi l lary method the thermochromic i s  placed i n  a gloss 

capi l lary w;-l;c!-l I s  ;he;; Im;.;ie;;~d i:: c t : = rspn i~~+  ei l  Rcth The o i l  bath 

i s  heated and st irred to  maintair a constant temperature around the capi l lary. 

The temperature at which the color of the thermochromic moterio! changes. 

is recorded as the transition temperature. 

The melting point capil Rary method of determinrrg transition temperatures i s  

not reproducible because a continuous comparison of the color as the sample 

temperature i s  raised or lowered i s  necessary. This compar;son method requires 

that one sample be heated (oc cooled: a r d  the temperature (therefore the color) 

of the other be maintained cons fa^+. Such a reqiJiremePf cannot be conveniently 

achieved by the melting po;nt capil lary method. 

samples at different temperatures be viewed simultaneously- 

This requires that the two 

Xn order to 
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eIIiTijnate !his nop-rep(odvcibiIit;. G Dennis Me l t ing  Point apparatvs was obtgil-red. 

The heated stage of rhe device consists o f  a l o rg  s;lver picted copper bor with a r  

e lec t r ;c  hen+er gt m e  end which produces a femperatuie gradient alonq the leqqth 

o f  the bur In this way i t  i s  easier to 

compare color at various temperatures as they are a l l  visible at the same time. 

temperature at any poirt  i s  determined by touching the bar at that point wi th  a 

constantan wire pointer, thereby formirg a copper-constantan thermocouple- Gempera- 

tu le calibration was checked wi th  USP mel t i rg  poipt s'ardords and agreement was 

with;n the range giver, with the samples 

The color ca r  be observed at eoch po'vt 

The 

7.3.2 Reflectance Spectra Measurements 

The technique of  measuring the reflectance curves o f  low and high temperature 

forms of the thermochromic materials synthesized on this program i s  described. 

typical sketch of  a reflectarce spectra i s  given i n  Figures4 and 7. The Beckman 

DK-2A spectrophotometer was adopted for the measurement of ief lect ion spectra 

by  install ing and a1ignir.g the reflection attachment to  this instrument. 

spectra were taken i n  the visible ror'ge, 4000 - 7000 8 ,  at room temperatclre and 

at  90 + 10°C. 

the powders with a thinned clear plastic [Rohm and Haas A 29 + F 233;  and curing 

them i n  a 60°C oveq for 65 hours ir the form of  1 I' diameter paipted spots o n  the 

slides. 

the detector was o phototube 

samples 5 degrees away from the vei i ical  ~ 

roughness of  the samples on the in tens i ty  o f  the reflected l ight .  

samples was accomplished wi th  a heoting element 

against the glass side of the sample slide. 

i n  the sample without di5turbing i t s  ,eflection spectra, so the temperature i s  

A 

Reflection 

The samples were vounted on Pyrex microscope slides by mi  Xing - 

The light source i n  the spectrometer was a gIowi.rg tungsten filament and 

The "total reflection" was recorded by  t i l t i ng  the 

This t i l t  avoids ony effect o f  surface 

Heating of  the 

The heater was clamped 

i t  wus d i f f icu l t  to insert a thermocouple 
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known oniy to approximately -t - 10°C. 

TI . -  - c I - - L -  - - -  n C  rnrncr n C  t L o  LlmcL P n r n n n l I n A c  z \ , n + h ~ c i 7 ~ A  np t h i s  IIlt: I c l l c L I u ~  LC > p L ,  ' U  "I I)"(*.- V I  I I  u U I U I I .  - - I .  t,--.,-.. I .-- .--- 

program were obtained i n  the 6000 to  14,0008 spectral region by using the 

same spectrophotometer described above, except a lead sulfide detector, which 

i s  sensitive between 5500 and 27,0008 I replaced the 1 P-28 phototube. 

7.3.3 Thermal Stabil ity Tests 

7.3.3.1 Static L i fe  Tests 

These tests were conducted i n  an "Abderhalden" drying apparatus 

shown i n  Figure 17. A l iquid of suitable boi l ing point i s  placed 

i n  the flask and maintained at its boi l ing point. The condensing 

vapors surround the sample chamber and keep i t  at a constant 

temperature equal to the boil ing point of the l iquid.  

material a stable organic l iquid wi th a boi i ing point as close as 

possible to  10 C above the transition temperature o f  the material 

was chosen as the constant boi l ing l iquid.  

each material was followed as a function o f  time. 

For each 

0 

The weight toss of 

The covtinuous l i f e  test of the high temperature form Ag2HgI4[ 

the transition temperature of which lies at 50.5 C ,  was run i n  

one "Abderhalden" apparotus, for almost f ive months. Boiling 

1 I 2-dichloroethylene kept a powdered sample of  Ag Hgl at a 

constaqt 60 C .  

0 

2 4  
0 

A continuous high temperature l i fe  test on Cu Hgl was per- 

formed i n  another "Abderhalden" apparatus. Cu Hg14 has its 
2 4  

2 
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FIGURE 17 

ABDERHALDEN C 0 h ST A N T-T EM P E RAT U R E  APPARATUS 
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transitior point (red to black) at 69.5OC. 

holds the sample a+ a cons+ar~t 80 C 

Boiliqg benzene 
0 

The same procedure was used for Ag Hgl 

they were encapsulated i n  a plastic binder. 

chloride (52OCj and boil ir ig toluene (1 10 C) maintained 

Ag2Hg'3. 84Br0. 16 2 4  
t ra ns i t i on tem pe rat u res 

at.d Cu2HgI4 when 

Boiling t-butyl 
2 4  

0 

a*Td Cdir: S 10°C above their  respective 

7.3.3.2 Cycl ing Life Tests 

Figure 18 illustrates the device used i n  a l l  cycl ing l i fe  experi- 

ments. The sample i s  placed OP a cardboard sheet which i s  

rotated at one cycle per mirute over an infrared lamp. The 

heat from the lamp was adjusted so as t o  be just sufficient tu 

cause the thermochromic change to occur. The sample i s  able 

:e i n  tt;c c=u::e cf 5 s ing ip  rpvnlijtion to coal below the thermo- 

chromic transition tempera+ure before i t  agarn i s  heated by the 

lamp 

Tests of powdefed A 

indicated that chemical reaction could occur with these 

meta I s  

Hg! or/ both brass a r d  aluminum foi l  4 4  

Because of  this chevical reactivity, aluminum substrates were 

replaced by glass, 

available glassl microscope slide cover glasses, was obtained 

for this purpose. The therrnochromic powder was mixed i n  

For best heat conductivity, the thinnest 
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FIGURE 18 

SET-UP FOR CYCLING TESTS 
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benzene so that one drop of this suspension on a 1 inch square 

cover glass would leave a very th in layer of the thermochromic 

powder after the solvent had evaporated. A second cover glass 

was used t o  protect the sample from dust or ai r  currents. 

samples of Cu Hgl 

for a total of 153,000 cycles (3 1/2 months), 

Four 

prepared this way were allowed to  cycle 2 4  

Encamulation Studies 

i fe tests were completed on samples of  Cu Hgl and Ag Hgl dispersed i n  a 

c binder. The object of  these tests was to determine whether encapsulation 
2 4  2 4  

of  the thermochromic would improve its therrnal stabil ity. Two 1" x 3" microscope 

slides were placed i n  the 6OoC "Abderhalden" apparatus. One slide was sprayed 

with Ag Hgl i n  plastic, the ofher just wi th the plastic, Rohm and Haas (A29+F233). 2 4  
The quantity of  Ag Hgl 

be estimated by periodical ly observing the area which ceases t o  be thermochromic. 

i s  estimated as 0 -04  grams. The extent of  decomposition can 
2 4  

A few preliminary experiments OD the use of Saran f i lm and Mylar f i lm as encapsulating 

media were performed. Using a Teflon coated iron the Saran and Mylar were each 

heated t o  fusion. When this was done the material shrunk drastically, 

temperatures they would not adhere to themselves. This indicates that i f  Saran or 

Mylar i s  to be used the method of  preparation w i l l  hove to  be more elaborate and 

probably capnot start with the prepared f i lm. 

At lower 

Samples of Ag Hgl 

(40°Be, S i 0 2 / N a 2 0  = 3,2tS), The viscous mixtures were spread on microscope slides 

and aIIowed tc  air dry. The Cu HgI4 %aterial discolored to  a greenish color, but the 

Ag Hgl did cot, Both samples showed thermochromic act iv i ty .  The surface of the 

and Cu Hgl were each mixed with equal weights o f  water glass 2 4  2 4  

2 

2 4  
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dried mixture iooked much too porous for any practical use as an encapsulaiing 

material,  I t  may be possible to get around this diff;cuIty by al lowipg the mixture 

rlull l lu u ~ l l ~ u > ~ l l c l c ~  r ~ ~ c l c u y  > l " " r r " y  " " " " l d  I I L L  IU Ik  "I I I I V I . , , " , ~  I-_)., 
iu d r y  i r n  a r r lO,e 1- --'-I - L - - - . - L - - -  L L - v - L . ,  An,.,, +LA ,--to A$ m r \ : r t s ~ r n  I m c C  

and decreasing the resulting porosity. 

7.4.1 Light Sensitivity of Some Ag Cot-tainivg Thermochromics 

A sample of powdered Ag Hgi 

glass and was allowed to lay on a lab bench for a few hours. The portion that was 

not covered by glass had darkeped i n  that time. This i s  probably due to the ultra- 

v io let  radiatiop coming from the fluorescent lights i n  the room. In  the case of Br 

and CI substituted Ag Hgll 

turned orange on exposure to fluorescent I ight - 
pounds of silver (and also many of  mercury) are sensitive t o  l ight and that this effect 

i s  in  no way unusual, 

be sure that these thermochromics are shielded from ultraviolet l ight .  

U.V. absorbing cover glass would probabiy be sufficient for this purpose. 

was part ial ly covered by a t h i i  microscope cover 2 4  

the effect was noted i n  a soft-glass v ia l  These materials 2 4  
It should be noted that many com- 

It would probably be necessary i n  any device application t o  

A suitable 

7 - 4 e 2 Com pat i bi I i t  y T est s 

X-ray analysis of  mixtures of Ag Hgl 2 4  
room temperature and at 62 C for 192 hours showed no evidence for chemical 

reaction. This test was performed i n  order to determine i f  Ag Hgl 

wi th the t i n  oxide coatings which i s  used on conducting glass. 

and Sn02 which were allowed t o  stand at 
0 

would react 2 4  

A visual examination revealed that Ag Hgl and its substitutional formulations 
2 4  

can react wi th brass, aluritinijm and silver. Cu HgI4 and i t s  substitiltional formu- 

lations also reacted with silver 
2 
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Another undesirable effect was noted with the bromine substituted formulations. The 

plastic (Rohm and Haas, A 29 + F233) and its solvent (xylene), which was used 

successfully to  encapsulate the parent compound Ag Hgl 

samples to orange at room temperature. This chemical color change cannot be 

reversed by heating and subsequent cooling and was increasingly more pronounced 

with increasing Br content. 

discolored the yellow 2 4 '  

I t  was also observed that Cu Hgl 

discolors upon exposure to  air for long periods of t ime. The "red" form looks dul l  

wi th a brownish cast presumably due to  CUI. 

discoloration i n  the form of a low-intensity ref lect ion over a very wide band 

(4200 - 5700x) thus, diminishing the contrast upon transition. When viewed 

through the glass slide, this low intensity ref lect ion does not occur and intensities 

of both hot and cold forms stay low until they approach their respective absorption 

edges. 

i n  the same plastic matrix described above 2 4  

The reflectance spectra show this 

7.5 Electrical Conductivity 

One gram samples of Ag Hgl 

pel let press having a cross sectional area of 1.47 cm 

per square centimeter. 

of  graphite. 

or four times i n  order to  bui ld up a layer of graphite that was sufficiently th ick.  

a l l  measurements the pellet was placed on a f lat massive stainless steel surface and a 

flat stainless steel cylinder weighing 1.5 pounds was placed on top of the pel let.  

Leads were attached to  the steel pieces wi th  al l igator clamps and the resistance values 

were measured with an Industrial Instrument Conductivity Bridge, Model RC 16B2. 

and Ag2HgI4 were compressed i n  a 
2 2 3.84Br0.16 

at a total load of 310 pounds 

Each face of the pel let was painted wi th  an alcohol suspension 

For good electrical contact i t  was necessary to paint the surfaces three 

In 
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