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CORROSION STUDIES ON TITANIUM AND ZIRCONIUM METALS

L. B, Goldemn, I, R, Lane, Jr., E. V. Rhoderick, J. T. Pons, ¥. R. Acherman
and ¥, Meoe

Semiannual Report for December, 1950

This investigation wes initiated in June, 1947 to obtain quantita-
tive data on the corrosion resistance of titanium and tirconjum metels and
their alloys to acids, bases, salts, and various organic ocompounds, Sinoce,
from the utiiltaricn viewpoint, titanium may become & suocessful replacement
for stainless steel, ons of the most corrosion-resistant varieties, Carpenter
No. 20, has been used in parallel tests to obtain a basis for comparisom,
Also, since for certain purposes, zirconium may become e replacement for the
much less abundant tentalum metal and in addition possesses unique properties
of its own, extensive tests have been made on the corrosion resistance of this
metal.,

During the past six months tests have been made cn the ocorrosion
resistance of zirconium and zirconium alloys in solutions of hydrochleriec
acid (embrittlement tests), sulfuric acid, phosphoric acid, and organic acids,
A comparison was made of the relative corrosion resistance of arc-melted tir-
conium and zirconmlum induction-melted in graphite. Titanium was tested in

sulfuric and nitric acids and in trisodium phosphate and stannic ohloride
solutions., Stainless steel was tested in sulfwric, nitriec, hydrochloric, and
phosphoric acids, in sulfurie-nitric acid mixtures and in aque regia. The
following compounds were used in oarrying out tests on titanium, zirconium,
and stainless ateel: ocupric, mercuric, nickel, manganese, stannioc, aluminum,
oaloium, sodium, and smmonium chlorides. These three metals were also tested
> wmrions ohlerinated hydrocarbon-water mixtures., A series of ziroconium
alloys was tested in various rooket fuels and also subtmitted to thirty day

salt spray tests in 3 peroent sodium chloride solution and in synthetiec ooean
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water, A disoussion of the various tests follows.

Zirconium and ziroconium alloys = hydrochloric acid (embrittlement tests):

Previous tests at 356°C, 60°C, and 100°C in serated hydrochloric
acid solutions from 1 to 20 percent concentration gave negligible corrosion
rates and no signs of embrittlement for ordinary purity siroonium induction

melted in graphite, However, when tested in non-aerated and static ocon-

centrated (37 perceht) acid at 35°C for six days the metal was embrittled
although the corrosion rate was low (3.02 m.p.y.)s 1in order to determine
whether thls embrittlement was typloal of ziroonium in all non-aerated
hydrochloric acid sclutions or whether the susceptibility to this type of
corrosive attack was confined to the perticuler lot of metal tested, a
series of tests was run in non-aerated and static 1, 5, 10, 15, and 20 per-
cent hydrochlorioc acid solutions at 36°C, 60°C, and 100°C for thirty days,
Corrosion rates for these tests were all less than 0,11 m.p.y. and there
wore no signs of embrittlement (Table I)s The test in noneserated and
static concentrated (37 peroent) acid at 35°C was repeated and ran for
thirty days instead of six days using e more recent lot of zirconium metal,
The rate for this thirty day test was only 0,32 m.pey. as compared to 3.02
MePey. for the earlier six day test, and there was no evidence of embrittle-
ment (using & manual bending test),

The difference in behavior of zirconium metal in concentrated
hydrochloric acid in *hese two tests may possibly be attributed to differ-

ences in the purity of the separate lots of metal,

In further investigation of this problem tests were oonducted in
concentrated hydrochloric acid using six lots of zirconium metal, two zir-
conium alloys, and tantalum metal. The lots of zirconium metal designated

4
i
SA 1107, SA 1109, and SA 1110 were hot rolled from aro melted ingots pro-
duced from high purity (Y-12) oxide. Lots 5~1146<C, S<1147-C, and 3-1151<C
*:




were from the same source material induction melted in graphite. The two
ziroonium alloys (W-1060 and W-1071) were also induction melted in graphite

and contained respectively 1,08 percent tantalum and 3,70 peroent columbium.
These alloys were in the cold rolled condition. The tantalum metal used was in
the annealed condition and was obtained from the Fansteel Metallurgical Corpora-
tion.

In concentrated (37 percent) hydrochloric acid at room temperature
for thirty days arc melted zirconium showed no signs of corrosion or embrittle-
ment and corrosion rates were all less than C,0l mils per year. In contrast,
the semples of zirconium melted in grephite were evenly etched showing dendrites
(presumably of zirconium carbide) throughout the samples. (Figures 1 and 2).
Rates for these etohed semples were respeotively 0,38, 0,45, and 0.49 mils per
year and no signs of embrittlement were apparent, The tantalum and columbium
alloys showed no visible signs of corrosion or embrittlement, giving rates of
0.02 and 0,01 mils per year, respectively,

Tests were then conducted in concentrated (37 percent) hydrochlorie
aoid at 60°C for six days. The semples were sealed in glass tubes half filled
with acid (50 ml.) and tested under the pressure developed at this temperature
(about 8 atmospheres)s The arc melted ziroconium samples showed no signs of
ocorrosion or embrittlement with corrosion rates of 0,09 to 0.30 mils per year.
(Table II), However, the zirconium samples melted in graphite were badly
embrittled giving rates ranging from 14,0 to 164 mils per yesr., A ssmple of
oriinary purity giroonium (induction melted in graphite) was completely dis-
irtecrated to a fine powder. The tantalum alloy suffered relatively slight
surface embrittlement, while the columbium alloy showed no signs of embrittle-
ment. The tantalum metal showed no signs of ocorrosion or embrittlement,

The above tests were repeated at 100°C at which temperature the
pressure doveloped was calouleted to be about 11,5 atmospherea, This
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inorease in temperature and pressure had no effect on the arc melted zir-
oonium samples since they still showed no visible signs of corrosion or
enbrittlement (Figure S§), However, the ziroconium samples melted in graepnite
were badly embrittled (Figure 4). Sample S-1147-C was not quite as severly
embrittled as samples $S-1145-C end S~1151-C, The two samples representing the
zgirconiun-tantalum alloy (W-1060) were, for the most pert, reduced to a fine
powder, being completely embrittled. The two samples of zirconium-columbium
alloy (%=-1071) showed only a slight darkening of their surfaces and very small
and shallow embrittled areas on their surfaces (Figure 5)s The two tantalum
samples showed no visible signs of corrosion and no signs of embrittlement
(Figure 6). From these results it appears that arc melted zirconium may serve
equally as well as tantalum metal in industrial applications requiring resistuance
to the corrosive action of hydrochloric acid,

Airoc melted zirconium versus zirconium induction melted in graphite and ziroconium
alloys:

Three lots of arc melted zirconium, three of gzirconium induction
melted in graphite and two zirsconium alloys melted in graphite were tested for
comparison purposes in red fuming nitric acid, mixed acid, 80 percent sulfuric
acld, 20 percent ferric chloride solution, concentrated phosphoric acid, and
fuming sulfuric acids The results in hydrochlorioc acid have already been
desoribed in the preceding section and the description of the two types of
zirconium and the two alloys may also be found there,

In red fuming nitric acid at room temperature for 30 days arc melted
zirconiun was superior in ocorrosion resistance to zirconium induction melted

in graphite. Of the three aro melted ziroconium samples tested weight gains

SYPPr

ranged from O.4 to 1.7 milligrams, For the three samples melted in graphite
the figures were from 24,7 to 78+9 milligrams and their surfaces wero covered
with loosely adhering, flaky, gray-black film. Average weight gains for the

tantalum and ocolumbium alloys were 0.4 and 1.5 milligrams, respeotively, and

purma———— TP R Wy g - e [ e O Iy .« 1,0 ‘__‘T L2 X 1?«"’1;;\- st i ol ',E'




-SRI 2 A S cut At S

like the arc melted zirconium seamples showed no sins of corrosion other
then varicolored films on the surfaces of the semples,

Ir mixed acid (84 percent white fuming nitric acid plus 14 percent
frming sulfuric scid) at room temperature for 30 “ays there wms little dif-
ference between the corrosion resistance of arc melted zirconium and ziroconium
nelted in graphite., The average rate for the former was 20.5 mils per year
compared with 23,2 mils per year for the latter. However, rates were much
lower for the tantalum and columbium alloys, being respectively, 1.08 and
4,72 mils per year,

Tests were made in ascrated 80 percent sulfuric acid at 35°C for
six days on the high purity ziroconium samples and the two alloya. At the
sume time tests were run on ordinary purity zirconium (induetion melted in
graphite)s The aro melted high purity zirconium was far superior in corrosion
resistance to both the high purity zirconium induction melted in graphite and
the ordinary purity zirconium. The average corrosion rate for the arc melted
zirconium was 1.20 mils per year, that for the high purity zirconium melted
in graphite was 70,9 mils per year, while that for ordirnary purity zirconium
melted in graphite was 23,5 mils per year. The tantelum and columbium alloys
were not as resistent as the arc melted zirconium, the rates being 25,8 and
5,62 mils per year, rospeotively.

Tests were also made in mserated 20 percent ferriec chloride solution
et 35°C for six days, The urc melted high purity zirconium was far superior
in corrosion resistance to the high purity zirconium induction melted In
graphite and appreoiably better than the ordinary purity zirconlum inductlon
melted in graphite end the average corrosion rates were respectively, 6,83,
107.6, and 11,5 mils per ear. The tantalum and oolumbium alioys were not
as resistant as the arc melted zirconium samples, the rates beinpg 12,6, and

16.3 mils per rear, respectively.
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In contrast to the results obtained in the other solutions dis-

enssed above, high purity ziroonium induction melted in graphite was found

to be superior in corrosion resistance to both high purity arc melted zir-

{ conium and ordinary purity zirconium melted in graphite when tested in aerated,
concentrated (85 percent) phosphoric acid at 100°C for six days. .‘verage

E ; corrosion rates were respectively, 3l.4, 7l.2, and 52,6 mils per year. The

» tantalum and columbium alloys were not as resistant as the high purity zir-

Sin doie

conium melted in graphite, the rates being 41,1 and 44.5 mils per yeer,

respectively. 3
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Tests in funming sulfuric acid at 35°C for six days showed that
i high purity zirconium induction melted in graphite was superior in corrosion

resistance to high purity arc melted zirconium and ordinmary purity ziroconium

el K

melted in graphite. AvVerage corrosion rates were respeotively, 111, 811, and

646 mils per year. The tantalum and columbium alloys were not as resistant as
the high purity zirconium melted in graphite, the rates being 510 and 470 mils
per year, respectively.

Titanium, zirconium, zirconium alloys, and stainless steel = concentrated :
hvdrogen peroxide: o

Samples of titanium prepared by three different methods (powder

metellurgy, induction melted in graphite, and arc melted), were tested in

i?; concentrated (90 percent) hydrogen peroxide at 35°C, Three types of zir-
i conium (ordinary purity induction melted in graphite, high purity arc melted,

?: and high purity indvetion melted in graphite), four different zirconium-

; titanium alloys, three zirconium=-iron alloys, a ziroconium-tantalum alloy, and
!
: & zirconium-columbium alloy were also tested. All of the zirconium alloys

testod were induction melted in graphite, Ziroonium samples designated as i

S5A-1109 and SA-1110 were high purity aro melted material, while S-1151-C

was hirh purity material induction melted in graphite.
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As seen from the results in table II1 ai. types of titanium were
only slightly resistant to the corrosive aotion of the peroxide with the
arc melted titanium giving the lowest rate. loreover, all three samples
accelerated the oatalytic decomposition of the peroxide with the aro melted

metal having the least effect. From the standpoint of corrosion resistance
and compatibility, arc melted titanium is but little better than either powder
metallurgy titanium or titanium induction melted in graphite.

The attack by the hydrogen peroxide on the titanium metal (all types)
was characterized b& the formation of an amorphous yellow precipitate of
Ti0, which settled out of the solution. This is in direct contrast to
previously reported results (monthly report for April 1948 and semiannual
report, December 1948) where titanium was practically unattacked by conoen-
trated hydrogen peroxide, Further tests will be made to determine whether
titanium can be made compatible with concentrated peroxlde.

All of the zirconium and zirconium alloy samples tested caused less
decomposition of the peroxide than was caused by Carpenter No. 20 stainless
steel (7.40 percent decomposition per month) and corrosion rates were in all
instances either tzero or negligible.

Titanium -« sulfurlec and nitrio acid:

Titanium was tested at 100°C for eix days in serated 1, 2, 3, 4,
and 5 percent sulfurio acid. These tests were also repeated in the same
conoentrations of acid but aerated with oxygen-free nitrogen instead of air,
Titanium was also tested at 60°C for six days in aerated 1, 2, 3, and 4 per-
oent sulfuric acid., Tests at 100°C in various ooncentrations of aerated nitric
aoid were also made. Corrosion rates for these tests are presented in table
1v,

Ziroonium = boiling phosphoric and sulfurio acid solutions:

LZiroonium was tested for six days in boiling phosphoriec acid
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solutions ranging in concentration from 10 to 85 percent and in sulfurio
acid solutions ranging from 60 to 85 percent, Results are recorded in
table V.

Zirconium - sulfuric acid:

Zirconium was tested at 35°C in sulfuric acid solutione ranging
in concentration from 10 to 96.5 percent. These solutions were kept
saturated with oxygen-free nitrogen. In concentrations from 30 to 85 per-
cent rates obtained in nitrogen-aerated solutions were all lower than the
corresponding rates in air-aerated solutions. These differences are most
olearly shown in the 80, 82,5, and 85 percent acid solutions. (Table VI,)

Stainless steel - sulfuric and nitric acid mixtures:

Carpenter No. 20 stainless steel was tested at 35T, 60°C, and
100°C for six days in various mixtures of concentrated sulfuric and nitrie
aclids ranging from 99 percent sulfurio plus 1 percent nitric acid to 1 per-
cent sulfuric plus 99 perocent nitrio acid. kesults of these tests are showm
in table VII,

Stainless steel - inorganioc acids:

Carpenter lo. 20 stainless steel was tested at 35°C, 60°C, and
10¢°C for six days in wurious concentrations of aerated sulfuriec, nitrie,
hydrochloric, and phosphoric acids and in nitrogen aerated (oxygen-free)
golutions of hydrochloric and sulfuric acids. KResults of these tests are
presented in tables VI1I and IX,

Zzirconium and stainless steel - boiling phosphoric acid solutions:

Zirconium and Carpenter No. 20 stainless steel were tested for
six days in boiling phosphoric acid solutions ranging in concentration from
10 to 85 percent, 5s seen in table X ziroonium gave lower corrosion rates

than stainless steel in concentrations of acld up to 50 percent but above

this concentration the steel was far superior,
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Stainless steel =~ aqua regis:

Carventer 0. 20 stainlesg steel was tested in aqua rezia (3 parts
concentrated hydrochloric acid plus 1 part nitric acid) at room temperature.
411 of the samples tested were almost completely dissolved in one hour. ’his
is in contrast to titanium which is completely resistant to attack by this
mixture,

{itanium, zirconium, and staialess steel - inorganic chlorides:

The results of tests on titanium, zirconium, and Carpenter No. 20
stainless steel in twelve different inorganie chloride solutions at 35°C,
60°C, and 100°C are summarirzed in table XI,

Leither zirconium nor stainless steel have adequate corrosion
resistance to cuprioc chloride solutions. Zirconium suffered embrittlement
in these solutions while the steel samples were badly pitted and perforated

with many large holes. lercuric ohloride solutions also badly pitted and

perforated stainless steel while having no effect on either titanium or zir-

conium. Nickel chloride anc manganese chloride solutions both caused pitting

in stainless steel while titanium was unaffected, Titanium and zirconium

wore both unaffected by etannic chloride and aluminum ohloride solutions.

Hlowever, stainless steel was ocrroded in alumimuu clkloride soluticns of high

concentration, especlally at elewvated temperatures, Corrosion was uniform

with no pitting, Zirconium showed no signs of corrosion in calcium chloride

solutions. Vhen tested in § percent caloium chloride solution at 100°C
several small blisters formed on the surface of the titanium metal. These
solutions caused pitting in the stainless steel samprles., Zirconium and

stainless steel showed no signs of corrosion in 3 percent sodium ohloride

solutions. & few amall blisters were pres nt on the titanium samples %ested
at 100°C. One of the stainless steel samples tested at 35°C in 10 percemt

ammoniun ohloride solution developed & small, elongated pit on its surface.

ey
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Titanium - trisodium phosphate:

Tests at 100°C for six days in 5 percent and saturateu solutions
of trisodium phosvhate gave zero corrosion rates,

Titanium, zirconium, and stainless steel - organic oompounds:

Titanium, ziroconium, and Carpenter llo. 20 stainless steel were
tosted in various organic compounds, The results of these tests are recorded
in tatle ¥II, The only appreciable corrosion rates were those obtained for
circonium in boiling dichloro- and trichloro- acetic ecids,

Titanium, zirconium, end stainless steel - chlorinated hydrocarbon - water
mixture:

Titanium, zirconiwr, and Carpenter No. 20 stainless steel were
vested in six different chlorinated hydrocarbon-water mixtures boiling under
reflux for six days. Each metal had a pair of samples exposed with half of
their arees in the hydrocarbon leyer end the other helf in the water layer,
while another pair of sanples was suspended ;bove the water layer and exposed
to the vaporse. 4 blank was run at the some time.

In the carbon tetrachloride-water mixture avereage corrosion rates
for titanium and ziroonium were very low while that for the stainless steel
was much higher (table XIII)s Corrosion rates in the vapor gone were less
for titanium and zirconium then in the liquid zone, while the opposite was
true for the stainless steel ssarples. :Also the steel samples showed
staining and pitting where tne carbon tetrachloride-water interface was in
contact with the sample surfece. The titanium and tirconium samples showed
no visible signs of corrosion,

Furthrrmore, these two samples had no catalytic effeoct upon the
decompocition of carbon tetrachloride sinoe the acidity developed in the

water layer durlinp the test was no preater than that developed in the blank,

The stainless steel, however, did catalyze the decomposition of the carbon
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Zircorium allovs = rocket fuels:

Three zirconium-iron alloys conteining respectivel: 2.7, /.7, and
1,2 percont iron were testod ir the following soluticns: red fumin- nitrie

acid, v:iite fuminz nitric acid, mixed acid (84 percent white funir - nitric

2cid plus 14 percent funin-s sulfuric aeid), -~.eth 1, eth 1, and rvrifur:l

ulechwels, ~necline (-oth white nnd loadel), x-1lidire, & mixture ¢f 70

i 17c¢ine and 30 percert -usoline, « nixbure of €5 percent aniliro urnd 386 per-

cent furfurrl aleohel, =nt 100 peresant anilire. [hese tests werc mide ot

roomn Lemperature for 30 das. In red Juming nitric acid chisge three ullo:s

all showed rains in wei bt (up to 3.5 mms.) ceused b~ the formation of &

Yowvever, ir white fuminp nitric weid

~reo~bleck [ilm on thewr surfacec,

{rose sanples showed no visible sins of corrosion. in :ixed ucid %hese

+1lo: s vere covered with o« yrey [ilm and geave corrosinn r ses of 1.11,

1.3, nnd 1,10 nils por .ear, res-ectivel:. In the orpanic solutions listed
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cinve T cf these nllns ghowed any sizns of corrasiorv,

R R T VO

Forty-ore of the eiprty-ei-ht zirconium alloys furnisledl b

Yoote . in-ral Soapan; were tesved in wliite fw.ins ritriec ueid at reom e era-

ture for thirtc dars,  She resilts of these tests are s imarized in tctle Y

the conpositior of <hese allo.s, Jecsuze of the irre—1'r

te -nthor i

shanes of :mceth of e ganples tocumed vnd bYecrnuse ~alrs in wel ht vere en-

o

emntered as offer re lossnc, resul“s were exmressod in wel-ht eirn or lass

deserivtia 3 le cpeerunce of the swiples ood

ye-

v M8 6 cet..er




ks " ¢
U U U PP S

any chenges in physical properties noted.

Eighty-five of these alloys were tested in xylidine, 82 in air-

oraft fuel (JP=3), 76 in aniline, 38 in a mixture of 65 percent aniline
plus 35 percent furfuryl aloohol, 36 in methyl alcohol, and 25 in leaded
(ethyl) gasoline. None of these organic solutions had any effect on the
alloys which were tested at room temperature for 30 days,

Ziroconium and zirconium alloys -~ salt spray tests:

Samples of ziroonium, four rirconium-titanium alloys conteining
respectively 10,3, 32,9, 46.4, and 71.8 peroent titanium sand three zirconium-
iron alloys containing respectively 2.6, 4.0, and 1.2 percent iron were
exposed to 3 peroent sodium chloride spray and alsoc to s substitute oceen
water spray (A.S.T.¥, designation D 1141-50 T) in a salt spray cabinet at
room temperature for thirty days. Except for very slight gairs and loeses
in welght the tests had no effeot whatsoever on any of the samples,

Eighty-four of the zirconium alloys furnished by the Foote Mineral
Company were exposed to 3 percent sodium chloride spray and also to sub-
stitute ocean water epray in a salt sprey cabinet at room temperature for
thirty days., With the exception of eight samples in the 3 percent sodium
chloride spray test the test had no effect whatsoever on the samples tested
other than very slight gains and losses in weight., Weight losses smong
these eight ssmples ranged from 5.0 to 33,8 milligreams and were caused by
pit formations.

The oompositions of these alloys and the weight gains or losses

in grams are recorded in table XV, Results were expressed in this manner
becauvse of the irregular shapes of ;ost of the semples tested. A description

of the samples effected by the 3 peroent sodium chloride spray follows:

Sample 51 had several small pits filled with salt., Sample 50 had large sreas
covered with rust spots. There were several large pits filled with gre-black
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powder underneath the rust spots. This powder was probably unalloyed
siliocon and the rust was probably derived from iron in the silicon. Sample
63 had two large pits or cracks filled with salt. Samples 54 and 56 had
small pits on one edge. Sample 330 had large areas on one side covered
with ruste This coating appesred to be superficial and not derived from the
sample. Semple 408, although having an appreciable weight loss, showed no
visible signs of corrosion. Sample 4235 had one large shallow pit, All
other samples showsd no visible signs of corrosion.

Future program:

The progrem for the immediate future will include a continuation of
tests on titanium and tirconium metals and their elloys with inorganioc and
organic compounds at different concentrations and temperatures, Tests will
be made on a series of arc-melted ziroconium alloys in concentrated hydro-
chloric acid at elevated temperatures under pressure (embrittlement tests).
& comparison of the relative corrosion resistance of arc-melted metals (both
titanium and girconium) and metals induction-melted in graphite will be con-
tinued, Zirconium alloys will be tested in materials used for rocket fuels
and in similated marine atmosphere (salt spray) tests,

However, the greatest portion of time and effort for the immediate
future will be spent in oonducting galvanic corrosion research on titanium

and zirconium and their alloys.
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Table I.
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Ziroonium ~ Hydroohlorio Acld

o e e Yy T

Test solution %*

Xverage oorrosion rate, 6-day

run, mils per ysar

(peroent by weight) ¥5°C E%gf 100°C
1 0.02 0,04 0.03
b < 0.01 0.07 0.01
£ 10 0.06 0.10 0,08
' 16 0.08 0.11 0,06
20 0.07 0,10 0.05

37 0.32 -

*A11 solutions non-serated and statioc.
Specimen configuration - 1/2" x 2" x 0,040".

o g v
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# Bmbrittled and disintegrated.
Ordinary purity ziroonium.
Specimen configuration - 1/2" x 2" x 0.040".

Table II, Hydroshloric Acid Embrittlement Tests
AVer&ge Sofrosion Fate,
Sample Canposition mils
Numbeyr (percent by weight) 80°C I&%’
8A-1107 100 Zr (arc melted) 0.30 0.13
SA=1109 100 Zr (arc melted) 0.09 0.08
- SA=1110 100 Zr (arc melted) 0.17 0.11
o §«11456=C 100 Zr {induction melted) 164 386
3 §«1147=C 100 2r (induction melted) 14,0 65,2
- S«1161=C 100 Zr (induction melted) 68.8 199
! W-1060 1.08 Ts - rem. Zr. 8.15
i W-1071 3,70 Cb - rem. 2r. 0.64 2.47
4 C1-37 100 Zr * (induotion melted) # -
g TA 100 Te 0.03 0,06
-
;)
!




Table I1I., Titanium, Zirconium, Ziroconium Allo and Stainless
Stee] - Conoentrated {90 percent ogen Pero
(L)

tp

Lower rate than blank.

P.M. = Powder metallurgy.

I, = Induotion melted in graphite.

AMs = Arc melted,

O.P. = Ordinary purity induction melted in graphite.
Specimen configuration - 1" x 1" x 0,050

Average sition
Semple Composition Carrosion rate of 90X HoOg
No. (percent by weight) {mils per year) (X per wmomth)
4 (P ) 100 T4 163 45.44
b £ (I.l.g 100 24 218 61.6¢
T (A.M. 100 T4 108 32.1¢
2r(0.P.) 100 2r 0,00 2,16
20 8.8, 20 Cr-29 Ni-2 Mo=-3 Cu 0.00 7«40
1001 B 10.3 74 - bal 2r 0.04 2.79
1002 A 329 T4 = ba) 2r 0.08 4,48
1008 B 4.¢ T ~ bal 2r 0,08 Se67
1004 A N8 Ti « ba) Er 0.01 6.11
W 1009 A 26 Po = da)l 2»r 0,01 3.11
W1l01l A 4,0 Fo -~ bal Zr 0.01 2,39
w1012 1.2 Fo - ba) Zr 0.08 2:14
8A 1109 100 2r 0.08 2.18
s$1181 C 100 Zr 0.18 0.60
W 1060 1.08 Ta - bal Zr 0,08 0,008,
wion 3,70 Cb « bal Zr 0.11 0.14
# Peroent decomposition per week.
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Teble IV, Titanium - Sulfurio and Nitrio Acids

Average Corrosion Rate

Solution Mils per year
(percent by weight) s0*ct/ 100°cY/ 100°c2/

1 HeS0, 0.52 0.19 282
2 HgS0, 0.30 736 664
3 H,80 0.64 920 830
4 80, 69.5 840 929
5 HgS04 - 1 1066

10 HNO 0,92

20 HNO, 1.51

40 HNO 2,34

50 HNOg, 7.40

60 Hi0, 1.91

69.5 HNOg 0.74

¥ Aerated with air - rate 260 m)/min.

Asrated with O -free Ng - rate 100 ml/min,
Specimen oonfiguration - 1" x 1" x 0,050",

Table V. Ziroonium - Boil Phosphoric and Sulfurio Acid

0iutions

Average Corrosion Rate

Solution ¥ils per
(percent by weight) Boiling HgPO Boilggg Hg304

10 0.16
20 - 04382
30 0,88
40 1.19
50 2467
60 Te29
70 23.4
76 48.6
80 229

82,6 350

85 1096

0.88
0.56
30.3
270

670
-

*Completely dissolved in less than one hour,
Specimen oconfiguration - 1/2" x 2" x 0.,040".
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20 Codl 5.3
22,5 11.6 242

5 303 864

920 >14501/ 15202
a5 m 752

WO O
>y

Leter "isrocen - 17 rl, per ninuie,
Ar - 250 1, ver minuce.
_1_/ sompleboly dies-lved in loss Lhun b da s,
2/ Tiraa uv war,

. Toble VI bicinless cteel - oull ric rnd o iirie seil izt ircs

——— s - Tt = e - e 1 B s -

ir e S.reosion r.te, G- 3
Tes scliti n- rur, nils uer cenr
(perser s b weiht) BN T St
DU EgEN, ¢+ 1 T, 0,19 .73 1.
U5 1580, + 5 IO, Coll 1.38 Fe®
G0 TTg80, + 10 H 04 C., 4 245 SEL7
0 8T, 20 U, n,48 P .33 4.8
7O 1580, + 50 LD, A 1. 3¢ 13,7
CO "SI, + 40 100y, 0.28 1.13 12.3
50 Hg8n, + 50 10, 0,19 1.00 .2
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Table VII1, Stainless Steel - Sulfurie Aoid

Test solution Average sorrosion rate, 6-day ru mils per
(percest by weight)  gg* ss°c?/ _eo'cy/ 100°Y/ Botling

10 0.9 0.08 - - 41.2
20 0,99 0.18 - - 48,6
30 0,68 0.13 - - 62,1
36 - - - - 76.2
40 0,57 O0.24 - - 1138
46 - - - - 186
50 0.46 0.62 - 43,2 117
60 0.34 $.70 1.3 2670
1] - - - - 180
70 0,45 4.50 10.20 48,3 2670
76 0.36 2.72 7.4 43.2 15,700
80 2.14 4.72 6.15 42,5 16,200
82,6 - 3.T0 6.59 - 19,5600
86 1,66 4.72 6480 - 22,800
90 1.78 17.680 6.42 - -
9645 3.67 16,70 11.30 - -

- ../ Aerated with Og-free Ng - rate 100 ml/min.
_/ Aerated with air - rate 250 ml/ min,

Speoimen configuration - 1" x 1" x 0.067" (1/2" x 2" x 0,067" for

boiling tests).
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Table IX, Stainless Steel - Inorganic Acids

Average corrosion rate, 6-day run,
Test solution

11
(peroent by weight) —38°¢C == %@N —100°C

10 HNO g, 0.06 0.04 0,12
20 HNO, 0.12 0.05 0.29
30 HNO, 0,18 0.08 0.81
40 HNO, 0,09 0.14 0.90
50 HNO, 0,02 0.18 1.26
60 HNO, 0,03 0.22 1,87
69.4 HNO, 0,08 0,28 1.96
0.5 HCL - - 20,4
1.0 KL 3.27 4,41 9645
1.6 HCL - - 108
2,0 KL - 67.8 167
3.0 KL 51,0 93.6 -
4.0 HCL - 5248 -
540 HCL 60,0 103 -
6.0 KL B2.1 - -
1.0 ICL# 1.83 - -
3.0 L# 4,12 - -
500 HGL# 4096 - -
6.0 HCL'# 5061 - -
100 HaPO‘ - - 0.09
5.0 Hapo‘ - - 0012 i
5.0 HaPO, - - 0,09
10  HyPO, 0,01 - 016
16 HgaPO, - - 0.21
20 H,PO, 0,00 - 0,26
S0  HaPO, 0,00 - 0.24
40 HDPO‘ 0005 - -
60 HgPO, 0.08 0404 0,34
80 H,PO, 0,05 0.08 -
70  H,PO, 0,03 - -
75 HSPO‘ - 0.07 -
80 HOPO‘ 0005 - -
86 HuyPO, 0,08 0407 -

Aerated with Og-fres Ng - rate 100 ml/min,
A1l other samples aersted with air -~ rate 260 ml/min,
Specimen configuration - 1" x 1" x 0,082" ,

-
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Table X. Ziroonium end Steinless Steel -

olling Phosphorle Solutions .

E Solution Average corrosion rate, mils per year
- (ercent by weight) 2ry/ 20 8.8.2/
3 10 0.16 10,1

20 0,52 18,7
3 30 0.68 Te21

40 1.19 1.18
{ $0 2.67 6e45
3 60 7.29 5002

70 23.4 2,03
;H‘ 76 48,68 -
1 } 80 229 21.3
2 82.6 380 -
3 86 1096 54.0

- %/VZireoniun.

i : .J/ Carpenter No. 20 stainless steel.

Specimen Configuration - Zircomium - 1/2" x 2" x 0,040".
Stainless steel - 1/2" x 2" x 0.082",

TRy
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Table XI, Titanium, Ziroconium, and Stainless Steel -~
Inorganic Chlorides (with aeration) ;

Average corrosion rete, G-day run, mils per year !

Test sclution Titanium Stainless Steel Ziroconium
(percent by weight) 35°C 60°C 100°C 35%C 60°C 100°C 35°C 60°C  100°C

1,0 CuCl, - - - - - 58,3 - - 17.5 1
2.5 CuCly - - - - 163 368 - 41,8 149
Se0 CuCly - - - - 13656 - 18.2 167 -
20.0 CuCl, 0.04 - - - - - - - -
£40 HiC1lg 0.07 0.13 0el? - - 0.16 - - -
20.0 les - 0.16 Ve 11 - - 2.13 - -
30.0 FeCly .02 0,13 0,08 - - - - -
10 NaCl+d FeCly C.04 0,00 0.4 - - - -
100 chln - 0002 Cool - 0002 0.33 -
te0 HgClg - - 0.42 - - 625 -
10.0 HzCl - - - - - - -
£.0 MnCl, - - 0.00 - - 0.14 -
20,0 L!nClz - - 0.00 - - 1,79 -
.0 SnClg - 0.20  0.12 - - - -
!400 SnC].‘ - 0.16 0041 - - - -
€.0 ALCY, - 0.18 - 0,08 0,15 2.80 -
£.0 AlC1, 0,04 - - 5000 1t.6 - 0.0
5,0 CaClg - 0.10 &2 .03 0,08 7470
25,0 Callgy - - - - 0413 -
3.0 NaCl - (VY VN . 0.04 0.04 0.08 -
500 Bwlg - - 0.00 - - 0'10 -
20.0 Btﬂlg - - 0.01 - - Oo 23 -
1.0 NH,C1 0,08 - - Ow0b - 0.03
10.0 “MH,C1 0.05 - - 0.10 - - 0.01

Tivanium - 1" x 1" x 0.062"
Specimen configuration - Zirconium - 1" x 1" x 0.040"
Stainless Steel - 1" x 1" x 0.,082"




Table

¥I1I., Titaniuw, Ziroonium and Stainless Steel = Orgaenic Compounds

Test solution
(percent by weisht)

10
25
50
20
50
80
S0
90
50
90
10
50
85
25
50
50

5
20

100

fornic aoid
formio acid
fornioc acid
formic acid
formic aoid %/
formioc acid’/
formic acid I/
formic acid _//
formic acid %/
formio acid ../
lactic acid
lactioc acid
lactic acid
citrio acid
citric acid
tertaric acid
aniline ¢ HCL
aniline . HCL

100 dichleroacetic necid Boiling
trichloroacetioc acid Boiling

Average ocorrosion rate, 6-day run,
mils per year

Tenpe. Stainless
*C Titanium Ziroonium Steel
35 0.08 0.04 0.13
35 0.08 0.06 0.13
35 0.10 0,08 0.15
36 0.02 0,04 0,13
35 0.25 0.17 0.19
36 - 0.24 -
60 0,27 0,07 0.13
60 0.00 0.00 0.87
100 0010 - -
100 0.00 - -
100 - 0003 -
100 - 0.056
100 - 0.07
100 0.93 - -
100 0.05 - -
100 0049 - -
100 0.20 -
100 C.00 - -
0029 8.45 -
- 455 -

l/'“on-nerated and static.

Titanium - 1" x 1" x 0.062"

Specimen confiruration: - Zirconium - 1" x 1" x 0,040"

Stainless Steel - 1" x 1" x 0,032"
(1/2" x 2" x 0.040" for boiling teste)

i
i
i
1
1




———— e+ et - —ae

rd

Table XIII. Titanium, 7Zirconium and Stainless Steel -

Chlorinated hydrooarbon -~ water Mixture

Avera.o sorrosion rate, G-day run,

mils per year

—

Stainless

Chlorinated hydrooarhon 71tanium Zirconium Steeal
Carbon tetrachloride .18 0.18 2,08
Chloroform C.71 0.03 C.34
Ethylene dichloride J.18 C.ll 0.12
Trichloroethylene .04 .03 0.01
Tetrachloroethylens C..2 C.02 0.02
{etrachloroethane 0.02 Cedl 0.05

Titaniwm - 1/2" x 2" x .062"

Specimer confizuration: - irconiun - 1/2" x 2" x ¢, 40"
Stainless tteel -~ 1/2" x 2" x C,082"
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Table XV. Ziroonium Alloys - Salt Spray Test (3 laCl and
Substitute Ocean Water)

Loss or Gain

Sample Composition 'leight of sample (+) in wgte (ms.)
Hos (peroent by weirht) in erams (3 raCl) (Subst. “c, hater)

27 50 T4 27,3251 0.2004 +040001

29 574 - 15V 11.9109 0.2008 C4 000

31 5Ti - 15 Cr 34,5313 €.0053 €4 X000

32 STL - 15 Ta 16,350 Ce 0005 {42001

33 5 T4 17,1326 . 012 o 4002

42 5 Al 14. 1395 0.2010 -+ 3001

46 5 41 n. 9828 0. 0002 Lo 2603

47 5 Be 20,5608 0.0003 +0, 7002

48 5 Pt 20.4730 €.2020 +0. 03

49 5V 17,5321 ".0014 o006

50 5 54 12,9485 4085 {200

51 1Al 4480 7,010 4040002

52 100 Zr . 5041 022 +..003

53 2.25 0, 12.9547 £.048 « 4 2006

54 10 Ia 12,5775 Led084 C. 001

55 20 Te "o 3425 +7, 001 C. 2001

56 5 Cb 12,1163 e 2066 <+ X000

115 35 Ti 1. 437 .. 3002 +C.0002

116 1Al -35Ti 1.9C78 . X001 Ue JOC0

117 50 Ti 3.3823 . 002 +.42001

112 1 Al - 50 Ti 1.1667 Lou2 242000

120 1Al -65T1 1.3527 L. 2002 0. 1000

121 66 Ti 7.2426 0.2004 24 2000

136 2.5 Cb 1. 530 042002 0.0001

168 2.0 Al 1+, 3825 0.000) 0. 000

1€9 4.0 A 17,5315 0.7002 C. 2000

1 170 6 Al 25,5370 ¢.N003 40003

i 180 3 20,5691 0.0011 +0 42006

4 181 5 Al 13,7¢27 £.0001 247003

o 186 4.1 £.4930 €.+ 3000 40003

o 187 2 Al 1.2723 +C. 2001 £40001

b 191 6.25 Ta = 6,26 Cb 1. 437 0.0002 €001

bt 192 €.75 Ta - 2,75 Chb £,1341 €4 0000 042001

- 193 12.5 Cb 1.7%42 04 2000 42000

: ' 194 17.5Cb 243467 0.0006 0+ 0000

195 22.5 Cb 2.1600 00000 0, 3002

v 196 27.5 Cb 1.7515 0.2002 040003

. 197 245 Cb 3.1332 0.0004 Cs 3000

- 216 17.5 Ta 4,0398 0. 7000 42003

ki 217 17.5 Ta 1.53564 0.0001 +C4 004

- 218 17.5 Ta 2.0117 €. 0001 +0,.2004

t‘,’ 219 50 T4 1.1654 0.2001 +U, 0006

- 220 1A -50Ti 1.1120 042000 +0,Q004

| | 222 3A1 - 50714 0.98£1 0.0001 +0,0006

:: 297A 510 1.5016 0.0001 +0,0004
A

W T TR Y
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Table XV. Zirconium Alloys ~ Salt Spray Test (37 NaCl and

'27-

Substitute Oceen Water) (Cont.)

Loss or Gein

Semple Composition Weight of semples (+) in wgt. (zms.)
No. (percent by weight) in grems (8 ¥aCl) (Subst, Oc, Water)
298A 5W 1.7752 0,0002 +0,0004
299A 5Ni 2.7302 0.0005 +0,0006
200 5 Ta 2.7205 0.0002 +0,0007
302 6 Al 2,1621 0.0000 +0,0007
304A 4 £1 - 50 Ti 1.1792 0.0002 +0,0007
306A 6 Al - 50 Ti 4,2773 0.0002 +0,0012
318 245 Mo 1,4506 0.0002 +0.,0007
319 2.6 ¥ 2.7691 0.00038 +0,0012
320 2.5 14 1.6166 0,0001 +0,0005
321 2.5 Ta 2.4838 0.,0002 +0,0010
324 1% 2.4026 0.0002 +0,0006
325 1X 3.95873 0,0003 +0.,0013
326 1 Ta 1.9617 00000 +0,0009
327 10 Yo 4,6462 +C,0001 +0,0008
328 10 W 4,0939 0.0004 +0,0010
329 10 Ni 3.2025 0.0006 +0,0009
330 10 Te 4,002¢ +0.0003 +0,0008
403 0.5 Cu 42,9606 0,0000 +0,0004
404 0.5 ¥g 18,0387 +0,0001 +0,0002
405 0.5 N4 29,5819 +0,0003 +0,0002
407 C.5 84 38,4095 +0,0004 +0,0003
408 1,0 54 37,0578 040050 +0,0003
409 0.5B 47,1957 0.0002 0.0002
414 0.26 S1 24,1016 +0,0002 0.0000
415 1.0 My 12,0733 040000 0.0004
416 2e5 N 19,6402 0.0002 0.0000
4117 1.0 Cu 9,4048 0.0002 0.0003
418 2.5 Cu 1€,8314 0.0014 0.0048
420 0.6 Fe 34,9446 +0,0002 +0,0002
421 1.0 Fe 20,4866 0.0000 0.0002
422 0.5 Be 11.6490 40,0009 0.0009
428 1,0 Be 21,2388 0.0338 +0,0013
424 1.0 B 16,4369 00,0000 0.0000
425 0.5 V 23.6863 040009 040000
426 1,0V 20,5614 +0,0001 +0,0002
427 0.5 Cr 13,0943 0.0001 0.,0000
428 l.0Cr 18,6535 +0,0002 +0,0002
429 0.5 Mn 18,1078 0,0000 +0,0005
430 1.0 M¥n 20,3328 +0,0003 +0,0001

Kotesn:

(1) Compositions listed are intended compositions.,

vury somewhat from those listed,
(2) Alloys numbered 27-222 were prepared in rraphite crucibles (induction

nelted). Alloys numbered 297A-430 were prepared in water cooled copper

orucibles (arc melted in inert atmosphers).

Actual ocompositions may

N
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High purity arc melted zirconium
after 30 days immersion in concentrated
(37%) nydrochloric acid. Solution non-

agrated and statlec,

Fig.2 X 25
High purity zirconium induction

melted in graphlite after 30 days immersion
in concentrated (375) hydrochloric acid.

Solution non-aerated and static,




Fig. 3 X1
Hish surity arc melted zirconiun
aftqr € deys immersion in concentr ted
(37.2) hvurocnlorlc acid at 100°C (under

“ressure). Solution non-sersted and

alrtlic,

'lte 4 A1l

lilzh purity zirconium induction melted
in graphite after &€ days immersion in
concentrated (37%) hydrochloric acid at
100°C (under pressure). Solution non-
aerated and static.
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Fig. § X1

Zirconium-columbium alloy (3.70% Cb)
induction melted in graphite after 6 days
immersion in concentrated (37%) hydro-
chloric acid at 100°C (under pressure).

Solution non-aerated and static.

Fig. 6 X1

"entalum metal after 6 days lmmersion
in concentrated (37%4) hydrochloric acid
at 100°C (under pressure). Solution

non-asrated and static.
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