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SUMM,RY

An Ll - 8n coating was investigzated as a protection ageinst oxidation of
tentzlun sheet - o possible noterial for the coubustion chambers of ranjets of
hypersonic aircreft, Coatings containing equel parts by weight of il and Sn
were deposited from acetcne slurries of the two metzls and made impermeable by
heating in vecuun for 4 hr st 1050°C, The cootings, which then consisted of
Ta.ésl5 covered with .1 - 8n clloy, were assessed by oxidation tests, measurements
of sudbstrate hardening and mechanical testse Tantalun wes protected for up to
37% br st 1500°C and 3% hr at 1600°C in ~ix, Some self-healing occurred due to
oxidation of molten L1 — Sn 2lloy at defects in the outer oxide layere Substrate
herdening due to nitrogen penetration occurred in test-pieces where no signs of
failure had been seen cofter heating in eir at 150000. Tensile tests however
showed that costed tentolun could be hested in air at 1500°C for up to 8 hr

without loss of ductility at room tenperaturee
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1 INTRODYCTION

Tantalum hes e meiting point of 300000 put in common with the other
refractory metals it hes poor resistence to cxidation at eleveted temperatures,
This iz because the principel oxide Ta205 is porous and unprotective, Spoiser
end Ste Pierre1 have reviewed the deta availcble on the oxidation of tantalum
end they quote the temperature 2t which the rate of orxridetion becomes lincer
as being 700 - 750°C. The rate of recession of a tantalum surfacc heated in
eir at atmospheric pressure is reported to be 10-2cm/hr at 100000. Tantalum
does however retain a useful strength in vacuum up to comparatively high
temperaturese 4Lt 165000 for example the strength has tzen i‘ound2 to be sbout
3500 lb/in?'. Furthermore this can be improved by 2lloying, the strcngth of
Ta~-10% ¥ olloy being about 42000 1b/in2 at this temporaturez. Tentalum oiso
has the .. vaantages of ductility at room tempercture ond the fact thet it can
be welded more ecsily than tungsten or molybdenume Therefore, although it has
the rother high density of 16,5 gm/cc, it is potontislly useful for high
temperature epplicetions such as ramjet flome tubes, if it can be protected
from oxidatione Attempts to produce oxddetion resistont tontalum alloys for
use et high temperatures have had no succes.s3 so cttention has turned to
developing protective coatings; this field hes been reviewed recently by
Gibcaut and Be.rtlettl" end Levinsteis and T‘:'lodekE.

One of the problems with protective coatings is to avoid feilures due to
thermal expansion mismatch between coating and substrete, an sluminium-tin
cocting has becn <3.¢3v<alope<15 in americe vhich is reported to be self-healing at
elevated temperatures, This coating, which cen be opplied by hot dipping, or by
slurry epplicaticn and heat trectment in vecuum, consists of e layer of tantzlum
ajuminide, covered with cluminivm -~ tin alloy whick in turn hes an outer skin of
oxides 45 the c2luminium ~ tin elloy is liquid at opersting temperatures, any
small defocts in this oxide ars cleimed to be repcired by oxidetion of aluminium
fron the aluminium - tin loyer, The oxidetion tast resulis quoted appeared to be
very promising, for excmple aluminium - 50 wt % {in coctings on tantclum « 10%
tungsten zlloy were protective for 4LO - 120 hr contirc-us testing at 154.0%
in air.‘s ¥hen tnese coatings were subjected to oxidetion tests dome in 1 hr
cycles protection was obtained for ot least 10 hr ot temperstures up to 162100.
Consequently it wes decided thet this type of coating wes worth evalucting as a
part of e programme of work on protective coctingse
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iluminium - 50 wt % tin coatings were cpplied to sheet taontaluc by
slurry application and heat treatmente These coatings were then subjected to
oxidetion tests end were excmined by metallography and X=-ray diffrectione
Chimgé; in hardness and ductiliiy of taontalum substretes were measured cf'ter
various }::ao.t;ing times at 1500°C in air as it is known6 that solid solution
of oxygen or nitrogen couses cmbrittlements Similar tests were done in pure
nitrogen to investigate the permesbility of the coatings to nitrogen in the

assence of oxygen,

2 - EXPERIMENTAL

2e1 }?reparation of test-pieces

Test-pieces were cut from 0,064 inch tentalum sheet obtained from Murox
Limitede Two sizes were used (2) 10 x 1 cm for oxidation end tensile tests and

(b) 1 x 1 cm for experiments involving microhardness measuremenis, The edges
were 'rounded, the test-pieces were shot-blasted and then pickled in dilute
hydrochloric acid,

2¢2 Coating procedure

A slurry was rade conteining equal weights of aluminium ond tin powders
in ecetone; in addition 2% of 2 mitrocelliulcse binder was 2lso sddede
Cootings were then applied to the test-pieces cither by painting or by dippinze
Lfter dxyving in air, the coatings were then heat-treated to 1050°C for {,— hr in
s vaouurn {1 - 3 x 107> nolg pressure), The aluminium and tin melted and thus
formed uniforn non-porous metallic coatings up to about 0,003 inch in thicknesse

-Thicker coatings werc obtcined by repeating the processe It was found to be

necessary to keep the furnsce pressure below 3 x ‘10"3 mtge higher pressures
resulted mly in loose powdery deposits due to surfece contamination of the

aluminiun and tin povderse

2,3 Oxidation tests

The first series of oxidation tests were done at temperstures between
1200 - 1600°C using resistance heceting, tie ends of the test-picces being
clamped in weter-cooled copper blockss The lower of the two blocks was free
to move, being counterpoised, so es to allow expansicn and contrection to.
occure Testing wes usuelly done in 2 hr eycles; the heating and cooling
operations were controlled so as it tokes a total time of 5 minutes y 1eCe
% minutes heating end 2} mimtes coolinge Tenperatures were measured with
an optical pyrometer, no corrcetions for emissivity being msde as the necessary

information was not eveileblee Coatings were considered o hove failed whon

growths of Te.205 became visible, (see Figel)e
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The second series of test-pieces were oxidized in a horizontal platinun-
wound tube furnace at 1500°C. This nethod was adopted 235 the snall specicens
used for the microhardness nmeasurcments could not readily be resistance heated
and temperature gradients were to be avoided in the tensile test specimens.
Tenperatures were measured by means of a Pt/Pt - 13% Rh thermocouple. These
tests, which were also done in 2 hr cycles, were continued for pre-determined
periods of time and were then followed by tensile tests or hardness neasurenents,
to see if eubrittlement of the substrate had occurred. Several test-pieces
were also héated at 1500°C in pure nitrogen to investigate nitrogen penetration
of the coatings in the ebsence of oxygen. This was done using hardness

neasurcnonents,

24+ Examinations of costings and substrates

Test-pieces, both before and after oxidation testing, were investigated by
netallography, X-ray diffraction and analysis for oxygen and nitrogen. The
conposition of the coatings after deposition and heat treatment was also

determined by chemical analysiss

Microhardness neasurencnts werc also nade on the polished sections
previously exanined by netzllographye A 41 gn load was used for all measure-
nments, precducing an indentation diagonal of about 25 nmicrons for the tantalun
sheet as receivede The najority of the mcasurencnts were made 25 -~ 50 nicrons
below the coating/metal interfaces. Mechaniczl tests were done using 2 inch

gouge lengths, the tensile strengths and the elongations being reasurede.
3 RESULTS

Bright netallic coatings wore obtained with thicknesses ranging between
0,00k - 0,01 inch 2s neasured by micrometer. However as the coating heat
ircatments resulted in some formation of tantaluz 2luminide within the coating,
the truc thicknesses werce slightly greater than those obtained by nicroncters
Mctallographic exanminations showed that en sddition of 0.004 inch was neccssary.
Thus the thicknesses gucied have been corrected by this amount, Fig.2(a) end (b)
show a section through 2 cozting after deposition, the coating comsisting of
Ta Al3 covered with Al - Sn alloy.

The results of the first series of oxidation tests are given in Teble 1.
It can be scen that protection was obtcined for 22 hr at 1200°C, 3% - 37% hr at
1500°C and } - 3% hr at 1600°C. A typisal coating failurc at 1500°C is shown in
Figeis TFailures at 150000 were localized ond tended to start at sheet edges. On
the other hand failures at 160000 were nore widesprcad, and ofter the coatings
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had failed, tentalum oxidation occurred more repidlys Thesc results are less
promising then those of Lewthers and Sza.ma.5 who cleirmed that L1 ~ 50% Sn coatings
were protective for at least ten 1 hr cycles ot temperetures up to 1621°C in
furnace testse They elso yoported that the coatings survived 100 cycles to
temperatures in the range 1200 - 1 54000 using resistance hectinge In these
tests rapid cooling wes achieved by means of an air blc_xst. The substrete
naterial in these tests was Ta - 10% W alloy. However Lawthers and Se.ma.5
meintoined thet there wes little difference between results with tantalum end

Ta = 10% W elloy test~piecese

Teble 2 shows the tensile ";est results and Teble 3 gives details of the
microhardness measurenontse It was fow.i that substrate herdening could occur
after heating coated test-pieces in air at 150000 even though the coatinrgs hed
appeared tc be setisfactorys For example after one test lesting 6 hr the
aversge hardness below the coating was approximately doudleds (See Teble 3,

Ncse 2 and 5)e Similor tests done in nitrogen also resulted in herdened
substrates, (see Teble 3, Nose 8 and 9)e Soze of the substrotes were anelysed

to determine the oxygen and nitrogen contents, the results being given in Table 4,
Substrate hardening was caused by nitrogen penetration of the coatings at 1 SOOOC ’
wtether the atmosphere wos air or nitrogen, This is discussed in more deteail in
ths next sectione

4  DISCUSSION

X-ray diffraction indicated thet a coating after heat-treatment contained
tin and tentelun aluminide, Ta.s';lB. No eluminium was deteccted, However, chemical

anelysis of a similar coeting using hydrochloric ecid to rcrove eny eluminium end
tin did show aluminium to be present, the 4l - Sn ratio being 0622 Ly weighte

‘This retio was less than one beceause the hydrochloric acid had not removed the

aluminide leyere & -second onalysis involving the removel of the coating with
hot aque regia end concentrated sulphuric ecid resulited in & ratio of 1.04.
This is in good agreement with the slurry ratio of 4.00 for A41/Sn.

The cﬁangea that took place in the coatings during the oxidation tests were
investigated by X-ray diffraction, Photomicrographs of coctings efter
deposition and after 8 hr in oir et 1500°C are shown in Fig8e2, 3 ond 4e It
was found thet after 6 hr in air &% 1500°C a coating contained an outer leyer
of oxide, some tin and the o (Ta - Al) puase, The oxide contained e-i1,0; end
another unidentified naterial, By analogy with the 0" phase in the Nb - il
systam7 the o phase found in the coating probably consisted cf TaZJJ.. Thus it

eppeared that all the Cl‘aAZl.3 hed been converted to Tazzll during the teste This
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is in agreement with Lawthers and Sana” who found the phase Tazhl in an

41 ~ 506 Sn ceating on Ta - 10% W alloy after 10 hr st 148200.

During the heating-up periods to the testing temperatures small beads of
nolten Al -~ Sn elloy, usually up to about 1 nn diometer wiere seen to exude fron
the coatings. These were quickly oxidized with small pieces of oxide sometines
felling from the test-vieces, The eventual coacting failures did not seem to be
directly associated with the points where Leads of molten alloy had been seene
However the formation of these beads did result in losses of Al - Sn alloy from
the coatings and it was noted that less alloy exuded during the heating-up
periods the longer tne tests haed been runninge Thus coating failures becene
nore lik:ly as the anounts of Al -~ Sn 2lloy avoilable for the repair of defects in
the oxide were reduced. In addition to this the concentretion of aluwdniun in
the 4l - Sn leyers was reduced during testing by reaction with the substratese
Lawthers and Samas neinteined thet it wes important that o protective oxide weas
formed on &1 -~ Sn cootings vefore the concentration of froe aluminiun was reduced
by reaction with the substrates However, they suggested that after the TaL13 hed
been converted to Tazhl, the concentration of elunminiun in the A1 - Sn zlloy layers

wes still sufficient to provide self-healing of defects in the oxide layerse

The foregoing di.scussion suggests that better protection should be
obtained with thicker coatings. In this work it wes found that coatings up to
04012 inch could be deposited on 1 x 1 cn sheet test-picces, In the case of
10 x 1 co test-pileces, the dripping of nolten i1 -~ Sn 2lloy from the substreotes
during heat-treatment made it difficult to apply uriform coatings thicker then
04009 inche 4 recent epproach to the problem of obteining thick unilorm
coatings involved the addition of refractory metal powders to the Al - Sn
slurries#. During heat~treatment the refracicry metal powder reected with sone
of the aluminium to form aluninide perticlese This ﬁaé intended to prevent the
nolten 4l - Sn layer dripping from the substrate by increasing the viscositye
Several compositions were tricd, zn exanple being the addition of tantalun
powder to a slurry of sl - 50% Sn powderse The cnmount of tantalum used was
sufficient to produce 10% of T3A13 particies in the coatingz. The protection this
coating gave to Ta ~ 10 W alloy test-picces was 6 ~ 7 hr ot 1540°C, when tested
in 1 hr cycless The coating thickness-s obteined were only 04006 inch however,

ie.ce they were not as thick as some of those copplied here,

The suggestion that thicker coatings are more protective is supported
experimentaily by the nicrohprdness measurements, TFor example the aversge
substrate herdncss below a 04007 inch coating wes opproxinmetely doubled after
6 hr et 150000 in oir wheress the everage herdness beneath a 04012 inch coating
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was virtually unchanged after 10 hr et 1500 C, (sec Table 3 Noss 5 ond 7)e

Vhen the microhardness measuremonts were being made, it was moticed that
substratc hardening tended to be more pronounced nsar the sheet edgess This nay
be due to the formetion of fissures in the coctings, es showm in Figes, which was
token from a section through o test-piecce after 8 hr ¢t 150000 in eir, It can be
seen that at a point where the subsirate hardness wes 235 V.HlNe fissures were
present although they did not gy pear to penetrate right through to the subsirate,
For comparison Fige3 shows anoiher region of tne same secticn where 10 hardening
had occurred, These fissures were probebly caused by themeal expansion nismateh,
the expension coefficients (¢) of ths various components involved, being es

followsse~-

a(Ta) = 76 x 1o’§/°c (20 - 1500%)°
a{hl) = 2743 x 1o'§/°c (20 - 500%)°
of Sn)

a(AlQOS) = 947 x 1o’€/°c (20 - 1500%)° ]

]

tt

%2 x 10°/% (20 - 200%)°

The expansior; coefficients of ’.l‘aétl3 and Tazld, although not known, ore probebly

greater then that of tontalum,e
Thus, on cooling, fissures or cracks ere likely to cccur due to tensile

stresses resulting from the lerger contractions of the coatingss

Another feature of the hoardness meesurements was that heating in nitregen
at 1500°C caused nore substrate hardening than sinmilar exposures an eir, For
exampie, 6 hr in nitrogen resulted in an average hordness below tlp coating of
L78 VG Holl, as compared with 286 VeH,N, after 6 hr in air, (see Table 3 Nose 5 and 9)e
It wes found, by determining the oxygen and nitrogen 'contents of sorme herdened
substrates, that the hardening was due to nitrogen penatration whether the test-
pieces had been heated in nitrogen or air, (sce Table 4)e TFor example, 6 hr in
nitrogen #t 1 500°C resulted in a nitrogen increase from ebout C4003 ctat to 0,401
atofe Jnc.ner test-piece heated for 6% hr in oir ot 150000 vwias found to have o
nitrogen content of 0e142 ctef but with no significant increase in oxygen conteut.
The herdness variation across this test—piece is shown in Fige.5 The ncin reason
vhy hardening was more pronounced in nitrogan wes that en eppreciable olunminium
oxide sidin had not been formed,

Variations of hardness with distance below the ccetings cre shown in Fige6
end 7 after heeting to 1500°C in air end nitrogen respectivelye Ths foact that
hardening could occur 600 microns, or 04,024 inch bolow the coatings indiceated
that the tensile strength and ductility of the matoriel could alsc be affected.




Tensile tests were therefore done after heating test-pieces in eir at 150000.

It was found thet the coatings were capable of preventing loss of ductility for
up to 8 hr although reduction in strength occurredes This strength reducticn was
considered tv be partly due to the conversion of tantalum to tantalum aluminidese
It was found that after 8 hr at 1500°C the sutstrate thickness had been reduced
to about 0,056 inche The thickness after the cocting hald been epplied was about
06062 inch, A4nother cause of the loss in strength was that eppreciable grain
growth hed occurrede

Llthough none of the oxidation tests described here were dons at reduced
pressures, it should be mentioned thet eluminium-tin coatings have been found to
fail more rapidly when *ested under certain high temperature/low pressure
conditionsl". For exanple, about 70 wt % of & coating wes found to have been
lost after & hr at 1427°C in =ir et 1.5 mHg pressuree This was considered to
be due to eveporation of the liquid Al —~ Sn phasee On the other hand however
t'ie coatings were found to be stable when tested at 3 mmHg air pressure at
1427°C and also at 6 mmHg pressure at 1538°C.

5 CONCLUSIONS

{1) Metallic, non-porous coatings up to 0,012 inct : obtained on
tantalun sheet by epplying slurries containing equal weigi. 5 ¢f cluminiun end
tin powders in acetone, followed by drying in eir and vacuum hest-treatment for
% hr at 1050°Cs

(2) ZX-ray diffraction and chemical anelysis showed that the freshly formed
cootings consisted of tantalum aluminide Tghl, covered with an aluripiun~tin allay

3
(3) The coatings were found to protect tantelum sheet test-pisces,
04054 inch in thickness, for up to 373 hr at 1500°C ond 3% hr at 1600°C in eire
The eaverege lifetimes at 1500°¢ and 1600°C were 1 3% hr end 1% hr rospectivelye

(&) During the oxidetion tests the tantalum aluminide Teidl, wes converted

3
to the lower aluminide Tazf.l by rcaction with the substraote

(5) The oxidetion resistance of the coatings wes o consequence of the
formation of an outer oxide layer which conteined aluminae Ths coatings were
self-heaiing due to oxidation of molten eluminium-tin alloy ot defects iz this
oxide layer,

(6) Hardening of the substrate sometimes ocour:ed in test—pieces when no
8igns of failare had been seen aftor heating in air at 150000. It was found
that the thickex coatings wore more effective ir preventing hardening,
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(1) Estimation of the nitrogen content of o hardened subsircte after en
Yo 4o 3

P ® ™ e .. s . s e . s & _ * s em o o -
oxidation test lasting 6% hr at 4500°C s

to nitrogen permeatione

howed ir was due

(8) It was confirmed that the coetings were sligntly permesble +o nitrogen
at .1a500°0: in that heeting for 6 hr in a pure nitrogen stmosphere caused substrote

hailoning due to an increase in nitrogen contents

(9) Tensile tests done on coated test-pieces showed that the coatings wero
capable of preventing loss of ductility at room tempercture for up to 8 hr heating
in air et 1500 C,
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FIG 1 FAILURE OF AN ALUMINIUM-50% TIN COATING ON TANTALLM AFTER
3§ HR AT 1500°C IN AIR (X !.5)

FiG.2(a) SECTION THROUGH A TANTALWM TEST-PIECE AFTER APPLYING
TWO COATINGS OF ALUMINIUM-50% TIN (X 250)
{p) SAME FIELD OF VIEW SEEN THROUGH PARTIALLY CROSSED
NICOLS (X 250}
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Neg. No, CI573 Fig.3&4

F1G.3 FIELD OF VIEW WHERE NO SUBSTRATE HARDENING HAD OCCURRED:
MICROHARDNESS WAS 132 VH N (X 150)

Fissures

« Mount

F1G.4 FIELD OF VIEW SHOWING AN EDGE WHERE LOCALIZED HARDENING
CF THE SUBSTRATE HAD OCCURRED: MICROHARDNESS
WAS 235 V.H.N. (X 150}

F1G.3. & 4 SECTION THROUGH A TANTALUM TEST-PIECE COATED WITH
ALUMINIUM-50% TIN AND HEATED IN AIR FOR 8 HR
AT 1500°C WITHOUT FAILURE
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