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FOREWORD

Thi s report contains the results of em ef for t  to c~~~ludt (~ the

stabil ity and the corrosion rates of fluoride eutectic therma l enerqy

stora ge salts. The work was performed in the Enerqy Conver ’ i In Branch

of the A ir Force Aero -Propulsion Laboratory , Air Force Wright Ae rIln uti c al

La borato ri es , A ir Force Systems Command, Wr ight-Patterson A FB , Oh i o I J ! Vj €~ r

Project 3145, Task 19 and Work Un it 49. The effort was cond ui t~~ d by

Jerry Beam during the period October 1975 to June 1976.

I

iii

-, - ~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~ 

- — --



AFAPL-TR-75-92
Part II

TABLE OF CONTENTS

SECTION PAGE

I INTRODUCTION 1

1. Directly Heated Clad Test

2. Time-at-Temperature Experiment 2

II CAPSULE DESCRIPTION 3

III TEST RESULTS 4

1. Directly Heated Clad Results 4

2. Post Eva l uation by UDRI 7

3. Results of the Time-at-Temperatu re Test 10

IV CONCLUSIONS 14

V WORK TO BE CONDUCTED 15

— ~~~~~ __________



AFAPL -TR-75-92
Part II

LIST OF ILLUSTRAT IONS

FIGURE PAGE

1 Typi cal Cycl e Curve 4

2 Temperature vs. Time for Heating and Coolinq (Phase I)
17 Nov . 75 T . C .  o7 5

3 Temperature vs .  Time for Heating and Cooling (Phase I)
4 Dec . 75 T.C. #7 6

4 Temperature vs .  Time for Heating and Cooling (Phase II )
12 Mar . 76 16

5 Temperature vs.  Time for Heating and Cooling (Phase II)
6 Apr . 76 17

6 Resistance of Inconel 617 vs . Temperature 18

7 End View of Post-Test D.H.C. End Cap 19

8 Views of Post-Test D.H.C. Salt 20

I U~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I: -



AFAPL-TR-75-92
Part II

LIST OF MBLES

TABLE

Test Matr ix for Eutectic Fli j~ rid~ Compatibility Te~ t 3

2 DTA Test Re sulfr ni DHC Sample (LiF-MqF
2-Na F)

3 T~~t Results for DTA on L 1F-M qF 2 1Q

4 Test Resul ts for DTA on LiF -M qF
2
-N;~

5 Test Results for DTA on LIF-M q[
2-KF 13



AFA PL-TR-75-92
Part II

SECTION I

INTRODUCTION

The use of Therma l Energy Storage for’ I.R. surv eil la , -r ‘~jt l l i te

Vuilleumier (VM) cryocooler application is curr~- rt 1y hf i nq studie t by

AFAPL as an alternative to electrochemic al ener ji 5+I , 7 f  1 cl r ~Irov idin q

eclipse power of 1 KW-HR at l 0OO-l250~’F to the VM (ryOcOOler . ~~~~~ A FA PL

is presentl y sponsoring and conducting research on the ~ystern de~ign and

ma terials selection for this concept. In order to design flight weight ,

long life hardware, corrosion rate data and eutectic salt , temperature

stability needs to be determined. To accompi ish this . two ex tjirime nts

were devised and are described here. Post 2000-hour test sampl e

meta llurgical evaluations are also described ,

1 . DIRE CTLY HEATED CLAD TEST

The purpose of this test is to determine the stability of the
transformation temperature and the feasibility of us inu the containment

material as the heater. Capsules were fabricated and filled with an

eutectic salt and copper blocks attached to the capsule for electrical

connections. This eliminated the need for a separate heater to melt the
salt. The capsules were then instrumented with chrome l-alumel (type K)
thermocouples along the top and bottom lengths of the capsule. To mini-

mize the heat losses 9 two l ayers of high temperature flexible insulation
and two layers of 3-mu stainless steel were wrapped in concentric ,

alterna te layers around the capsule, thermocouples , and copper connectors ,

and secured with Inconel wi res. The insulated capsule was then loaded

— ,~~ in a vacuum chamber and connected to a mu ltichanne l temperature recording

unit and a 300-ampere power supply.

To conduct the test, electrical current was passed through the

container clad and the 12R heating of the clad was used to heat the salt.

~ During heat up and cool down , thermocouple data was recorded and compiled

to determine the stability of the transition temperature. At the end of

the test, the capsules were cut apart and eva l uated .

ar I 
-

‘ ‘ 3~~~~.NOI
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2. T IME- AT—TEMPERAT UR L EX PERIMEN~T

The purpose of th is  I .~ p n  i n n t is to detc Ho nt I l000nt If c l a d
materia l needed to c o n t t i n  t P  mol t I f l  sal t ’~ . ~hi nr it r ~‘ eI1  1 t PicH ! ‘‘S

mean l ighter f l ight  ha rdwarr and a l s o  ca se tb’ interf acl’ problem for a

d i r ec t l y  heated c lad  sy stem to the rpacnn ra f t  power bus. For this
e’~ er i otnt , three capsules ot an eutrct ic sa l t  were fabr ica ted and held
at a temperature at or about the eutectic temperature of the sa lt. At
intervals of 3 , 6 , and 12 months , a capsu le w i l l  be removed and cut apart

to deter i~i ne the c orrosi on rat n data .

In the test set up by A FAPL , a tota l of nine capsu les  were

f a b r i c a t e d  ( ‘  ne d if f e r r r ~t eutect ics sa l t s ) .  Each of the capsules were
instr ii r h a chrorr ie l -a l ume l thermocouple and connected to a mu l t i—

-Sc ha ru

ip~~ / the heat , a vacuum , temperature control led , furnace was

used. The temperature p r o f ile of the furnace was measured for different
power settings and the fin i l sett~ni selected such that each capsule could
be positioned in the 0-i n at a temperature at or about the needed tran-
sition temperature . The capsules were then positioned in the oven , vacuum
applied, and heated to their transition temperatures.

2
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SECTION II

CAPSULE DES(PTPT ION

capsules for the e two experiments were f i b r i c a t e d  by t h -  l) rt i vnr’~i t j

of Dayton Research Institute (UDRI ) and the compl ete fabri cati on procc~
is covered in AFAP L-T R-75- 92 , Part I, ‘ Eva luat ion of Eutect i c Fl uori de
The rma l Energy Storage u nit  Compatibility . Briefly , all capsules were

fabricated ft- otu  Inconel 617 with Inconel end caps [-beam vacuum welded.

The eutectic fluoride compositions used to j il l the capsules are listed

in Table 1.

TABLE 1

TEST MATRIX FOR EUTECT IC FLUORIDE COMPATIBILITY TEST

Ca psule No. Eutectic Material Eutectic Temp (C) Test

I L i F-M qF2 725 T8T

2 L iF-MgF 2 725 T@T

3 LiF-M g F 2 725

4 LiF- MqF 2 -Na F 686 T @T

5 LiF- MgF 2-NaF 686 T@T

6 L iF-MgF 2 -NaF 686 T @T

7 LiF -MqF 2-KF 705 T@T

8 LiF- MqF 2 —KF 705 T@T

9 LiF-N1 9F 2-KF 705 T@T

p 10 LiF-MgF 2-NaF 686 DHC

11 LiF-MgF 2-KF 705 DHC

Notes:

1. The Time-at-Temperature (T@T) capsules are 1” 0.D. x 3” long.
2. The Directly Heated Clad (DHC) capsules are 1” O.D. x 12’ long.
3. All clad thicknesses are 64 nu il s.

— — .—~ ~~~~~~~ ~~~~ —.-—-~~ 
— .wo~~~~r,

._ -, —~~~~~~~“ ~~~“‘~~ ‘ “~~ — — _____________________
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SECTT PN III

T EST RESULTS

DIRE~ T L Y  HEATED CLAD RESULTS

The directly heated clad experiment was conducted vJth two d i’ fn r e r u t

a~ i~r1)ar h S. 1 be fir st 1000 hours  of tests were co ndu cted w it h a co nsta nt

current flow through t b  clad. To m el t  the salt, 250 amps of D.C. cucrnrl t

were uas—J ci throun h be clad. The temperature profile was monitored ar u i

when evi I I ’fuce 0! a sel f occurred , as indicated in Figure 1 , the current

was redu~ ”d ~ 200-225 amps and held there for up to three hours. After

the idle ceriod , tfe current was reduced to 150 amps and left for the

nex t day ’ s cycle .

POWER ON POW ER OFF

MELT

4

‘Ua-

‘U
I.-

TI ME

Figure 1. Typical Cycle Curve

T h is  cycling was conducted 40 times with no apparent degradation of

the mater ial. Figures 2 and 3 show the typical temperature profiles of

the capsule. No degradation of the eutectic composition is evident. At

the end of this cycling (better than 1 000 hours of testing ) the chamber

4
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was opened and the cap~ ii e unwrapped III e v e  1 u~at ~~~~ ~ i c,ual exa nui nat inn
u t  tu e capsule indicat e d sonic coppic e di ffu siciru i I f n  tb ! I nconel cla d I

to power connectur. I tue d i ffus ion bond wa s weak and the wo were cep~ rated

by hand. With no other apparen t defects , the capsule was subjected to

radioqr aphs and a d ie penetrant tes t .  Both t e st ’ S indicated no def ects in

the clad material.

Then the capsule was re-instrumented with thermocouples and insulated

as before and put back on t st. The test procedure for this phase if the

test was modified to allow continuous, unattended cyc l ing of the dev ice.
To allow continu ous cyc l inq,  severa l  of the thermocouples were connected

to relay circuits to cycle the powe r suppl y automatically. The powe r

supply remained on until the salt content had melted completel y and was

a l l o w e d  to ra i se 55~C (lOO F) above the melt temoerature . At this time ,

the power supply was automatically shut off and the capsule allowed to

cool below the melt temperature . This new set up allowed continuous

operation and acquired data on up to 12 complete cycles per day.

The test was con ti nued for 500 cycles at wh i ch time the ca psu le was
again removed for evaluation ; approximatel y 2000 hours at elevated

tempe rature had been accumulated. No visual defects were evident, and

the capsule was cut apart in radial sections for examination. The only

v isible defect was a very minute amount of pitting on the clad walls.

The capsules were then packa ged , and sent to UDRI for post-test evaluation.

2. POST EVALUATION BY UDRI

This material was characterized through a combination of tests that

included Differential Thermal Analysis (DTA), arid X-ray diffraction analysis.

These tests are ful ly explained in AFAPL-TR-7 5-92, Part I , “Eva l uation of
Eutectic Fluoride Therma l Energy Storage Unit Compatibilit y . The 12—inch

capsule from this experiment was sectioned into seven senments with one
sample selected from each end and the other five at two-inch increments
along the length of the sample. The DTA test on these samples resulted

in one extra therma l event on two of the seven samples. This extra event
occurred on the end of the capsule in which the instrument leads and the
power leads were fed through the insulation bundle. This cooled the one

7
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end faster than the other and it is speculated that this resulted in a
preci oitation-soh~tion reaction at this cooler end. (The pro -eutectic
constituents will precipitate from the liquid phase prior to the solid-
i f i ca t io n  of the eutect ic composi t ion. )  The observed tempera tures of
the temperature events are listed in Table 2.

TABLE 2

DTA TEST RESULTS OF DHC SAMPLE (LiF-MgF 2-NaF)

Sam”le 4o. Temp . (°C) Event Cyc le

1 (cool end ) 657 (solvus) Heating

688 eutectic Heating

728—732 liquidus Cooli!,g

684 eutectic Cooling

650 (solvus) Cooling

2 657 (solvus) Heating

688 eutectic Heating

713—722 liquidus Cooling

686 eutectic Cooling

654 (solvus) Cooling

3 657 (solvus) Heating

681k eutectic Heating

686 eutectic Cooling
----
p

653 (solvus) Cooling

4 659 (solvus) Heating

686 eutectic Heating

686 eutectic Cooling

655 (solvus) Cooling

H 8
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TABLE 2 (CONTINUED )

Samp le No . Temp . (°C) Event Cvele

5 660 (solvus) Heating

685 eutect lc Heating

6~Th eutectic Cooling

654 (solvus) Cooling

659 (solvus) Heating

688 eutectic Heating

6~33 eutectic Cooling

u54 (solvus) Cooling

7 654 (solvus) Heating

693 eutectic Heating

693 eutectic Cooling

650 (solvus) Cooling

The major event in every sample was the eutectic transformation which
occurred at a temperature of 688+5°C. The minor transformation was observed

-‘ 
in the range of 6500 to 660°C and is attributed to the precipitation -
solution reaction in the solid state as the solvus boundary is crossed.

The X-ray diffract ion analysis on this capsule resulted in diffraction
peaks that are in a one-to-one correspondence with the pre-exposure test.
In conclusion, the test conducted on this sample indicated that the salt ,
in its liquid state , could be contained in the Inconel 617 alloy without any
signif icant change in its transformation temperature .

9
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3. RESULTS OF THE TIME- A T-TEMPERATURE TEST

One ca psule of each type eutectic was removed from the furnace.

After 2000 hours of testing, no visu a l defects were present and the

capsules were sent to UDRI for post test analysis. The UDRI sub jec ted

each of these capsules to the following three tests: (1) Differential
Therma l Analysis (DTA ) to determine the transition temperature; (2) X-ray
diffraction analysis to det-ermine the crystal structure of the salts;
and (3) Scanning electron microprobe analysis to determine the location

of the chemica l components of the eutect ic .  The results of these tests
are as follows .

a. L1F—MgF 2 Results

Two different areas were identified within the material , one
w i th a darkened appearance whil e the other remained as the pre-tested
salt. Two individual DTA’s were conducted in each of these areas. The
results of this test are tabulated in Table 3.

TABLE 3

TEST RESULTS FOR DTA ON LiF-MgF 2

Sample Temp . °C Event Cycle

Pre—Test 725 Eutectic Heating

735 Liquidus Cooling

722 Eutectic Cooling

Post—Tcst 1 649—662 Hr~ating
Dark Salt

P 726 Eutectic Heating

654—659 Cooling

722 Cooling

742 Cooling

I

10
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TABLE 3 (CONTINUED)

Sampl e Temp . °C Event Cycle

64 9— b 6 ~ H e a t i n g
i ) i r k  -~i I t

720  I , t O e L  io  Heat  i ng

65 1—6 57  Coo l ing

7 2 3  E u t € - c t i c  C o o l i n g

739 Liquidus Cooling

Pos t—Tes t  1 664 H e a t i n g

Clean  Wh~~L~ Sal t  727 E u t e c t i c  H e a t i n g

655—659 Cooling

722 E u t e c t i c  Cooling

742 L iqu idus  Cool ing

Post— Test  2 659— 664 h e a t i n g

C lean W h i t e  Salt 727 E u t e c t i c  H e a t i n g

653— 657 Cool ing

722 Eu t e c t i c  Cooling

742 L i q u i d u s  Cooling

The results indicate that eutectic temperatures have rema i ned stable.

• The increase in the liq uidus transition temperature indicates tha t the
composition is slightly off of the eutectic composition and the 653-’ to
659°C event is probably a solid state precipitation phase . The X-ray
analysis for both of these samples are the same for the pre- and the post-

evaluation and the microprobe result confirm the DTA and X-ray analysis.
From these results , it is concluded that the two areas of the salt are
only different in crystal structure and do not represent a contamination
of the salt.

i t  11
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b. L1F-M gF2 
- NaF Results

No degradation of this crystal composition was visually indicated.

The two DTA results are listed in Table 4.

TABLE 4

TEST RESULTS FOR DTA ON LiF-M gF2-Na F

Sample Temp °C E’~ent Cycle

Pre—Test 686 Eutectic Heating

703 Liquidus Cooling

687 Eutectic Cooling

Post—Test 1 620 Eutectic Heating

620 Li q u i d u s  Coo l ing

616 Eutectic Cooling

Post—Test 2 620 Eutectic Heating

622 Liquidus Cooling

616 Eutectic Cooling

There is a definite change in this particular eutectic temper-

ature . X-ray analysis also indicates a change in constituents present in
the post-test sample. Pre-test samples indicated the presence of LiF ,

MgF2, and MqF 2.Na F while post-test samples show LiF , NaF , and MgF 2~NaF.
The microprobe also confirms the presence of NaF in the microstructure .

Further testing conducted to analyze this chanqe in eutectic temperature
and composition indicated that the salts fabricated for this test were
mixed at the wrong eutectic compositions. Replacement capsules have since

been fabricated and are now on test.

C. L1F-MgF 2-KF Test Results

Again , no visual defects were observed in the salts. The two

DTA results are tabulated in Table 5.

12
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TABLE 5

TEST RESULTS FOR DTA ON LIF-Mg F
2

-KF

Samp le Temp °C Event C;clc-

Pre—Test 750 Eutecti c hei t lng

710 l iquldus ( u , ! i n k ’ ,

701 Eut t-~ t ic- Cool  ing

Pc’st—Test 1 648—655 Heat i nj

708 Eutect i Heating

645—647 Cooling

713 Liquidus Cooling

703 Eutecti c Cooling

Post—Test 2 648—655 Heating

710 Eutectic Heating

645—647 Cooling

712 Liquidus Cooling

703 Eutectic Cooling

These results indicate no significan t chanqe in the eutectic
temperatures . The new event from 645° to 655°C observed here is again
probably related to a solid state precipitation phase. The X-ray
analysis of the post-test sample shows the same results as the pre-test

samples and the microprobe analysis confirms the DTA and X-ray analysis.
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~l 
( n I b  I V

( ONC LI ] , IONS

No Si qr i f i ía nt l ine: nt of corros i ii u of the ci ud material s has

resulted from the first ?000 hours of t est inq . Therefrt-e , the n e i t  set
of capsules will not be evaluated for another yea r (10 ,000 hours).

2. The eutectic temperatures have rema i ned ‘table .

3. The initial test has proven successful from a compatibility

standpoint and follow-on work is to he conducted to improve and verif y

the app li cat ion for WI coolers .
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SECT IO N V

WORK TO BE CONDUCTED

1 . Ca psule 12 , d i r e c t l y  heated c l a d  sam p le , will continue to be

tested by Arizona State Un iversity . At end of life , the ca ps u le w i ll be
returned to AFAPL for evaluation.

2. The time-at-temperature capsules will continue to be held at

temperature . Since the 2000-hour results showed such an insignificant

amount  of corros i on , the second set of capsules w ill not be removed until

10 ,000 hours of testing have been accomplished.

3. An oxide program has just been initiated to study the possi-

bilities of substituting oxide eutectic compositions for the current

fluor ides. Materials are to be investigated for their thermal conduc-

tivity, density , heat of fus ion , and volume expansion . Candidate mater ials

will then be fabricated in capsules and sent to AFAPL for life testing .

4. Six new directly heated clad samples have been obtained . The
wall thickness of the new capsules is only 32 mi ls which will ease the
heat ing problem. These capsules will be connected in series and life

tested from a systems approach.

5. A demonstration is being planned to couple a TES unit to a VM
cryocooler. The VM cryocooler is presently on test with an electrically

heated hot cyl i nder and plans are to remove the hot cylinder and replace
it with a specially designed heat pipe-TES integra l cylinder.

_ _  
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Figure 7. End View of Post-Test D.H.C. End Cap
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F i gure 8. Views of Post - l e s t  D. H.C.  ~d l t
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