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ABSTRACT 

A comprehensive investigation of hydrogen in 
carried out. Tests were conducted to gain an insight into1 th rnech^i 
the slow-strain embrittlement of titanium alloys by hydrogen, «¿nd a t< 
tneory is presented. Eighty titanium alloys were examined in the ¿ví.abilizeff' 
condition to determine the effect of composition on the tendency toward hydro¬ 
gen embrittlement. The effect of microstructural variations on the lender, v 
toward embrittlement was also studied. In addition to studying the effects o.\ 
hydrogen on the properties of titanium, factors affecting hydrogen pickup b> 
titanium and methods of removing hydrogen from titanium were investigated. 
Included were investigations of low pressure solubility, degassing methods, 

and the pickup of hydrogen from • anous atmospheres. 
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HY DROGO I CONTA* IfeATtON If TITANIUM AND TlfAKlUM ALLOU 
P*rt (Y : Th« Cf oc• ot Mféf *§+m om ikm M«c *i Fro^rrti«* 

• nd Co Urol ai My^rof#« •• T ifruum Alloy* 

PHASE 1, MECh AH ISM OF SLOW-STRAIN EMBRITTLEMENT 
OF T TAN1UM ALLOYS BY HYDROGEN 

Summary 

A number oí investigations were undertaken in an effort to gain a 
belt«* under standi/, g o' the mechanism of slow-strain embrittlement of 
titanium alloys by 1. ydi ogen. A complete picture of this mechanism was not 
obtained. However! a tentative explanation was possible from these 
investigations. 

Slow-strain embrittlement is believed to be caused by precipitation 
under strain of titanii<n hydride at a suitable interface leading to nonductile 
failure. Thus, slow - ; train embrittlement is a form of strain aging. This 
condition requires that a nonequilibrium condition exist in the alloy, such 
that precipitation will >ccur under strain. From tentative equilibrium re¬ 
lationships, either alp i s. or beta could develop a supersaturated condition 
leading to embrittlement on straining. It is believed that both phases can 
contribute to embrittlerr ent when suitably alloyed. 

Since precipitation s controlled by the diffusion rate of hydrogen, 
embrittlement of a supersaturated alloy at a given hydrogen level and strain 
rate would be expectec to decreare as the temperature is lowered. Similarly, 
changes in the equilibxium solubility of hydrogen in alpha and beta titanium 
such that the supersaturate d condition is removed result in an absence of em¬ 
brittlement at elevatec temperature (about 200 to 300 F in one alloy examined 
thoroughly). This leads to *\ij development of a minimum in the ductility 
curve when ductility is plotted versus test temperature. Unfortunately, this 
minimum occurs quite close to room temperature in most titanium alloys. 

Considerable control oi the hydrogen level necessary to cause em¬ 
brittlement can be .xercised .by alloying and by heat treatment. This con¬ 
trol is probably due to changes brought about in hydrogen solubility and 
mobility, ability to de /elop a supersaturated condition, and distribution of 
hydrogen among ¡.he piases present in the alloy, 

fr • 

kíánu*cript teleakoi by auuwun 7 jus»,; i*¡»' tot p ¿licmuon as s WADC Technical Report. 
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Lui f odv* U o* 

TI., oble«Uve ol lh,e pb.ee ol lhe uive.t.-btioo ... «o ob«.l» . more 
complete under.<..<•.o, •< the mech.m.m of .lo.-.lr.i» oí 

i«K. b«ta titanium alloy» by hydrogen. Embrittlement oí alpha-beta alloy» 
r. .tr.m-r.te .en.it.ve in th»l the tendency tow.rd embrittlement Income, 
more .evere with decre..ed .tr.in rbte. Thi. immedmtely .ojge.t. ■ 
di ff «i. ion»* ont rolled proce... 1« i. now g.aer.l.y believed ,h.t hydrogen 
diffu.es to preferred .ites, prob.bly .lph.-b*t. mterf.ce., on. -r the 
presence of pU.tic str.in. The hydrogen then precipitates .. hydride .nd 
Embrittlement occurs. Several questions arise concerning this brief de- 
scription of the mechanism. For example, does the hydrogen precipítate 

> v as a hydride, or does it build up slowly during straining, finally 
;r"g cat.XH.’.Uy to cause f.Uure? Also, ^ 
diffuse rather homogeneously to preferred sites throughout the maten 1 
unaer stress, or does it diffuse only at localized highly stressed areas . 

In this phase of the research program, several investigations were 
« • n-A-r to answer the above questions and to determine more 

positively the nature of the mechanism of embrittlement. In seve'al ca8eS, 
the re.ults obtained were inconclusive. In others, the resu ts e" * 
improve one theory bu, gave no concrete .upport to . <-omp«tmg theory 
For the most part, these Umited investigations were preliminary in nature 
Ld were intended to give qualitative r.ther than quantiutiv. information. 
However .everal of the method, of approaching thi. prpOiem .howe 
promue,’ and i, .. hoped that th... can be further inve.tig.t.d ,n future 

work. 

Results 

The variou, mve.tig.tion. c.rried out during the .tudy of the mech.- 
ni.m of .low-.train embrittlement .re de.cribed in th. following aection.. 
The conclu.ion. which can be drawn from each inve.tigation are al.o 

indicated. 

Effects of Strain Rate and 
Test Temperature 

Hydrogen embrittlement of alpha-bet. titanium alloy, ha. been found 

t0 me“ ^r«1 »vVre^t lowel".t“‘am“rlu.Tn"“ower te.tlng t.mper.ture.lD. 
C° -»-(Z 5) have shown a recovery in ductility at low tempera- 

.... 

testing speed has also been observedl ). 

WADC TR 54-616 Pt IV 2 



A detailed »lud/ of (entile ductility as a function of temperature and 
etram rate over a range of hydrogen level» wa» undertaken to gain a more 
exact understanding of the effecta of temperature and strain rate on duc¬ 
tility m a hydrogen-containing titanium alloy. Standard 0. 125-inch- 
diameter specimen* of Ti-2Mo-2Fe-2Cr alloy were prepared at three 
hydrogen levels: vacuum annealed (20 ppm), 250 ppm, and 500 ppm. 
Hydrogenation at both hydrogen levels and vacuum annealing were carried 
out after final machining of the tensile specimens using the following ther¬ 
mal cycle: annealing at 1470 F for 1/2 hour; cooling to 1250 F, holding 1 
hour; and cooling to room temperature. 

Specimens were tested at platen speeds of 0.5, 0.05, and inch 
per minute. Temperatures were obtained using the following liquid media: 
300 F, mineral oil; 212 F, boiling water; 32 F, ice and water mixture; 10 F, 
ice and salt water mixture; -58 to -110 F, dry ice and methanol mixture; 
and -320 F, liquid nitrogen. Test results are shown in Table 1 and 
Figures 1, 2, and 3. Vacuum-annealed material tested at temperatures 
from 212 F to -320 F showed a gradual decrease in ductility with decreasing 
temperature, as shown in Figure 1. Specimens at the 250 ppm level tested 
at temperatures in the range of 212 F to -100 F showed progressive em¬ 
brittlement below room temperature at all three testing speeds, as shown 
in Figure 2. At -100 F, specimens tested at all three speeds showed about 
the same degree of embrittlement. Testing at temperatures below -100 F 
y as not carried out. Tensile testing at the 500 ppm level was performed 
over tl e temperature range of 300 to -320 F. Results of testing at this level, 
shown in Figure 3, indicated a ductility minimum at approximately 0 F for 
all tensile-test speeds (platen speeds of 0. 5, 0. 05, and 0. 005 inch per 
minute). Tension-impact tests in the »smperature range of 70 to -100 F 

showed no embrittlement. 

The data obtained in this program are not con.plate enough for a full 
analysis of the effect of temperature and strain rate on the position of the 
ductility minimum. A more complete study in the temperature range from 

F might show the shift in ductility minimum previously 

The time dependency of slow-strain embrittlement is shown by in¬ 
creased embrittlement at slower testing speeds. Tne recovery of ductility 
at faster testing speeds in the low-temperature range indicates that in 
sufficient time is available for diffusion of hydrogen and precipitation of 

hydride. 

The general characteristics of slow-strain embrittlement are shown 

quite clearly by these itudies. These are: 

(1) Hydrogen must be present in the alloy. 

(2) Embrittlement is strain-rate sensitive. Even a highly 
susceptible alloy will appear ductile in impact tests, 

-100 to 100 
reported(^) 
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while th# umperhl*r# rmmg* over •#»»<* •m^ruUrmeol 
tg observed me rettet at the tirai« rtle decrettet. 

(3) A mini mum occurs in the tempertture-ductilily curve 
slightly below room temperature. Ductility it con¬ 
siderably greater at both lower and higher tempera¬ 
tures. 

Effects of Alloying and 
Kept Treatment 

From the invr.Ug.tion» oí th* .Meet of »lloying »nd micro.tructure 
carried out in Pha.e. II .nd III of thi. re.e.rch program, a considerable 
amount oí iniormation pertinent to the investigation of the mechanism o 
.low-strain embrittlement wa. obtained. Thi. information is summarised 
in the following discussion. A complete description of the data may e 
found in the discussion, of the work conducted in Phase II and Phase III. 

The hydrogen level at which slow-.tr.in embrittlement was observed 
was quite dependent on alloy content. In general, alpha-bet. »Uoys in a 
given binary or ternary alloy ay.tem containing greater th» »•»»“O ° 20 
per cent bet. showed a higher embrittlement level as the amount of >*'* 
was increased. Alloy, containing !... th» 10 per cent bet. «te free lrom 
slow-strain embrittlement. An exception to this was ,h* 
which showed .low-strain hydrogen embrittlement even though it contained 

no beta. 

The composition of the alloy, also had considerable effect on the 
hydrogen level at which slow-.tr.in embrittlement wa. observed. On the 
blsi. of the test, conducted, a tentative arrangement of the alloy'"« «•«- 
ment. a. to their effect on the embrittlement level on an alpha-bet. alloy 
having a fixed ratio of alpha to bet. was possible, as follows. 

Al, Mo, Nb, Cr, Mn, V, and Fe (in order of 
decreasing embrittlement level). 

The origin of th’s compositional sensitivity could not be exactly determined. 
However, two possibilities exist: (1) the addition, may aU.r the relative 
solubility of hydrogen in the alpha »d he,, phase, such that "“ «‘''» ^dro- 
.«n level le.» hydrogen i. available in the pha.e contributing mo.t of the 
strain-aging potential to cause embrittlement, »d (2) ‘•'« ■^.t.on. m.y 
alter the*siuggishnea. of the hydride rejection such that either the hydride 
precipitated on cooling or that it is retained so strongly .hat it is no. pre- 

cipitated on .training. 

Oxygen was also found to have a noticeable effect on the embrittlement 
level, 'increased oxygen decreasing the hydrogen level ««...ry .o c.u.e 
embrittlement. Since oxygen is known to be present predomin»tly ir. the 
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•I#*« P*««« i» «a Alloy, Um «fiocl ol osygoo mu»i ko ottkor to 
altor tho kydrogoo solubtlity to olpko ot Um oUbtliumg tempo rature such 
that a greater amount oí hydrogen is present ta the beta phase at a given 
hydrogen level or to alter the Undone y for precipitation oí hydride from 
alpha during straining. 

The studies oí the eííect oí microstructure on hydrogen level at which 
slow.strain rmbrittlement occurred were quite interesting. Strength level 
appeared to have little eííect. The principal observations oí this study were 
that increasing the alpha grain size decreased the hydrogen level necessary 
for embrittlement and that decreasing the final annealing temperature de¬ 
creased the embrittlement level. 

" The effect oí alpha grain size is probably directly related to the 
amount of alpha-beta interfacial area available for nucléation oí hydride. 
A larger grain size would result in a smaller amount of hydrogen being 
capable of embrittling the interfacial area, since the amount of interfacial 
area would be smaller. The effect of alpha grain size was most pronounced 
when increasing the grain size resulted in a change from an alpha to a beta 
matrix. This suggests that precipitation of hydride from the beta phase 
contributes to embrittlement. 

The effect of final annealing temperature on embrittlement level did 
not appear to be related only to the relative amounts of alpha and beta 
present. Presumably, a lower annealing temperature results in a partition 
of the available hydrogen between the alpha and beU phases which is more 
favorable to the precipiUtion of hydride on subsequent straining at room 
temperature. This would also explain why some hydrogen-containing alloys 
which showed no slow-strain embrittlement before exposure show embrittle¬ 
ment following thermal exposure in stability testing(4). 

Occurrence of Hydride in 
Alpha-Beta Alloys 

Metallographie examination of a number of the alloys tested during the 
studies conducted in Phases U and 111 resulted in the observation of a third 
phase tentatively identified as hydride. 

The appearance of the third phase was noted at hydrogen concentrations 
as low as 200 ppm in some alloys. In most cases, this phase occurred at 
the alpha-beta interlace. Figure 4 shows an excellent example of the appear¬ 
ance of this phase which occurred at the interface between the acicular alpha 
needles and the beta. A similar condition was observed for the equiaxed 
Ti-6Mn alloy at 600 ppm (Figure 5) and the Ti-4Fe alloy at 200 ppm 
(Figure 6). In all three alloys, slow-strain embrittlement was first ob¬ 
served at the hydrogen level of the specimens shown in the photomicrographs. 
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500X N27351

FIGURE 4. Ti-2Mo-2Fe-2Cr ALLOY CONTAINING 200 PPM HYDROGEN 

Solution heat treated and aged.

r :L

mm

Ik’ ^ --V•'i ''.4^ •.

5C0X N28655

FIGURE 5. Ti-6Mn ALLOY CONTAINING 600 PPM HYDROGEN 

Stabilised.
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250X N26155

FIGURE 6. Ti-4Fe ALLOY CONTAINING 200 PPM HYDROGEN 

St&bilixed.
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f It# *rp0»r*mc* oi .• • I»-«T* mm 

r y K» • #1109 ••• »«»••*• •mfcr»M,«é, mm rnm<rmwm 
B#n !• »ho»» »ß fig*'* • .F# .now» i» F»*<**• • •i*® ••• 

brittl* »» impact, wteiU ir®® <ro,w •* f . to nolo 

that a Ti-ÄTa alloy ohowod no *1®^ A««aranll¥ tho hydrido pattorn 
Ti-4Fe alloy wao embritllod mt ¿00 "*": n# £ alow-ftraia ombrittlo- 

.hown in Figura 8 la ch*r*c‘"‘*“C ji.¿Fa afloy wa. not «ufíiciant to cau.e 
ment, but the amount preaent in the Ti-¿»a aiioy 

embrittlement. 

.y......... --- 
Th« effect of ..rein in promoting hydride ^ick^m- 

Figure. 11 end 12. Th« »b'e”C* "hydride formed gradually due to 

the maul rather hhan during application of the 

load. 

. .. „f .trained alloy, were examined during this investi- 
Although a number of sir mit, „„mole, of hydride forma- 

gation, resulting in the observ.^.on^ ^ hyd,lde the fracture of brittle 

tion of the type illustra , inadequate metallo- 
m.terial have yet been ob.erved ^Thismay^be ^ ,, 

graphic P”1’"*““ “Jh^ide precipitating in front of a moving crack 

I*.;;:: r.«. Jfo« a Jfici«n«P.mo-n. U formed to be vi.ibl. micro- 

acopically. 

Teata tor Proareaaive Hydride 
Precipitation During Strain 

. „w__ .low-atrain embrittlement waa 

in an «.formed in which .pecimen. were 
cumulative, a aerie» of tea P irmcture and then broken at high 
.tres.ed at const«.. lo^ ° 1 d embri«lem.nt in the high-.peed te.t, 
.«.ting .peed.. « » •» P* damage occurred during .tre..-rupture ex- 
it could be aaaumed that the damag oroareaaively greater atraina 
posure. By teating aamplea remov dPte®mine whether progreaaive 
(.hort of fracture) it should be po.aible to deterem ^ by theie 

hydride precipitation precipitated continuoualy during 
meai.s to determine whether Y P when a .Vicient amount waa 
atra.ning, with embrittlement occurjrmgwhen^a^^ic^ion ^ hydrogen| with 

formed, or whether the time- p concentration waa great enough 
embrittlement occurring when the hydrogen cone 

for precipitation to start. 

The first series of tests was 
containing about 400 ppm hydrogen. 
WADC TR 54-616 Pt IV 
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500X N31439 

FIGURE 7. Ti-4Ta ALLOY CONTAINING 200 PPM HYDROGEN 

Stabilized. 

500X 

FIGURE 8. 

N31430 

Ti-2Fe ALLOY CONTAINING 200 PPM HYDROGEN 

Stabilized. 
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soox 
N31438 

FIGURE 9. Ti-2Mn-2Cr ALLOY CONTAINING 400 PPM HYDROGEN 

Stabilized. 

500X 

figure 10. 
Ti-2Mo-2Fe-2Cr ALLOY CONTAINING 200 PPM HYDROGEN 

Solution heat treated and aged. 
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75X N28249

FIGURE II. HYDRIDE AROUND A NOTCH IN THE SHOULDER OF AN 
UNTESTED Ti-4V ALLOY (HIGH OXYGEN) TENSILE 
SPECIMEN CONTAINING 200 PPM HYDROGEN

^^:ji

lOOX

FIGURE 12. HYDRIDE AROUND A FORMER VICKERS HARDNESS 
IMPRESSION (REMOVED BY POLISHING) IN A 
Ti.4Mn ALLOY CONTAINING 200 PPM HYDROGEN

Stabilised.
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rupf r* tot ummê toot »hört o< omö thon «••*•«* i* «•»•»U 
impact. Tha taat rasai U, Tabla 2, abo» umloim impact propartia» aaitaat. 
int that no hydrida was peasant prior to impact tasting. Unlortunataly, tha 
•trass lava! chnsan for tha strass.ruptura axposura gava a vary short rup¬ 
tura tim-, and avan though ruptura occurred in a brittle manner, an element 
of doubt was introduced into tha results. 

Additional specimens were prepared for stressing at lower loads to 
produce longer times to failure. Rupture time was found to vary so greatly 
that an average rupture life could not be determined. To eliminate this 
problem, it was decided to conduct a similar study using notched stress- 

rupture samples. 

Notched rupture specimens of Ti-2Mo-2Fe-2Cr alloy were prepared in 
the vacuum-annealed and hydrogenated (250 ppm) conditions. Specimens were 
strung in series and held at constant stress until the first specimen failed. 
Failure of the other specimens was considered imminent, and these speci¬ 
mens were then tested as fast tensile specimens (0.5 inch per minute). 
Examination of the test data, given in Table 3, indicated that the hydrogen 
level selected was too low to cause embrittlement, since the stress-rupture 
specimen failed in a ductile manner. Due to a lack of time, this test was not 
rerun. Future work utilising this technique should prove informative. 

Microstructural Path 
of Brittle Fracture 

A number of broken tensile specimens remaining from earlier investi¬ 
gations at Battelle were sectioned longitudinally for examination of the frac¬ 
ture region. The purpose of this examination was to determine whether 
lecture occurred predominantly along the alpha-beta interface in hydrogen- 

emòt.’tied material. 

A striking example of the effect of hydrogen on the fracture mechanism 
is shown in Figure 13. Two photomicrographs are shown, representing the 
structure just beneath the tensile fracture of identical samples of Ti-2Mo- 
2Cr-2Fe alloy strained at two different rates. The properties of the ma¬ 
terial, measured during the tensile test, were: 

Ultimate Tensile 
Strength, 

Strain Rate 1000 P«i 

High 141.8 
Low 138.1 

0. 2% Offset 
Yield Strength, 

1000 psi 

132.9 

Elongation, 
per cent 

in 4P_ 

19.0 
15.5 

Reduction 
in Area, 

pgr cent 
37.2 
15.8 

The principal effect of hydrogen was to decrease the reduction in area in the 
slow strain test. Examination of the structures shown in Figure 13 indicated 
that this was accompanied by a marked change in the fracture mechanism. 
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lOOOX N23755 

Tested With High Strain Rate (0. 2 In. /Min Platen Speed) 

I000X N23756 

Tested With Low Strain Rate (0. 02 In. /Min Platen Speed) 

FIGURE 13. MICROSTRUCTURE OF FRACTURE OF Ti-2Mo-2Fe-2Cr 
ALLOY TENSILE SPECIMENS CONTAINING 
300 PPM HYDROGEN 

WADC TR 54-616 Pt IV 21 

« 



i K..... .p.«.— « - • “f/r £?£ 
“irrr,::;:::::.' :rr:;-r.» - •— 
face. 

Th... resulta .aussi thst hydrogen .nduess br.Ulsn... b, lowsr.ng 
the fracture stress of the slphs-beta boundary regton. No ev.dence 

Hydrid«* was visible at the interfac«. 

Use of Internal Friction 
Measurements to Study 
Hydrogen Concentration* 

Internal frictional measurements have been used to obtain hydrogen 
Internal * j Kir metals and also to measure the prog- 

difiusion data in bo Y-c«1 er t o£ hydrogen from solid solution. 

method of ««sung m.gh, also serve to detect the precipitation of hydrogen 

under stress if .t precipitated from the beta phase. 

, r r a\An n 080 inch in diameter, were prepared and 
W.re 3*mp '* 0'DT' “ h't ti/e. were water quenched from 1400 F to 

hydrogenated to 1180 PP""- Th meaSurements w.re performed in 
retain the beta phase. I i to 2 cycles per second and strain 
a torsion pendulum Bo^ vscu^i annealed and 
levels of the order of 5 ¡„crease in internal friction as the tem- 
hydrogenated specimens rev vacuum-annealed speci- 

peratur. dtC rn.lTrJuon values than the high hydrogen specimen 

mdn rnTodltlon' showed the possible beginning of a peak at -2*0 F, which 
and, in addition, s .. . »u- »nnaratus Additional vacuum- 

.i».™-... ... 
plotted in Figure 14. 

The increase in internal friction at low temperature, may b* attri¬ 

buted to the presence of a hydrogen “Th^pTars to be a 
to martensitic alpha tr-.forma.iom A..Puming that it is 

peak in the vacuum-ann sensitivity of the apparatus is very great 
a hydrogen peak, it appears . . ., ,wj8 ¡s true, the peak in 

to detect a peak in such ‘»«-^"¿bw"!.« oí considerable magnitude. Values 
the high-hydrogen w.re would P*°bably be “ten ^ ^ f ^ w,s 

b000 »"0 «00 calories/mol are obtained, 

•Internal friction tes» performiTby R. E. Maring« of Battelle. 
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both of •fcicli mr* »• clo»* •***• •< *64C • '00 «•lone* 

mol reported bf W««»lew»k* •odKebli**. 

Since lhe completion ol ÜU« work, the low-tempe reture epperetue hee 
been modified, end e tempereture oí ebout -3¿0 F cen now be reeched. Thie 
mey be sufficient to determine whether e true peek exists. 

One of the originel eims of this investigetion wes to meesure hydride 
precipitetion by observing chenges in internei friction brought ebout by e 
decrease in the hydrogen in solution. This eim wes besed on the essumption 
thet hydride precipitetion wes homogeneous. Microstructure studies per¬ 
formed simultaneously indicated the hydride precipitetion wes highly locelixed 
and that diffusion wes nonhomogenr .»us. Consequently, the use of internal 
friction measurements to detect ' ¿anges in hydrogen solubility under stress 
appeared to have little likelihood of success, and work on these internal 

friction studies wes discontinued. 

Use of X-Ray Diffraction to 
Study Hydrogen Concentration» 

X-ray diffraction studies were made in an attempt to detect differences 
in the lattice constants of material near the fracture of Ti-8Mn alloy tensile 
specimens in the vacuum-annealed and hydrogenated (400 ppm) conditions. 
The purpose of this investigation was to determine whether the lattice con¬ 
stants of material near the fracture were changed dueto hydride precipitation 
and to determine whether hydride could be detected in the diffraction 

patterns. 

Two hydrogen and one vacuum-annealed specimen were examined at 
both the fracture surface and in an unstrained portion of the test specimen. 
The polished surfaces of both vacuum-annealed and 400 ppm specimens 
were examined on the X-ray spectrometer for phase identification. Only the 
alpha and beta phases were observed. No hydride was apparent in the hydro¬ 
genated specimen. The same faces were coated with a thin smear of tung¬ 
sten powder standard, and examined again with slow-speed traverse for 
the purpose of determining the lattice constants of the beta and alpha phases. 

The fractured ends were examined using a Debye camera with wedge- 
type mounting of the sample. For these photographs, the sample was held 
stationary, with the edge of the "lip" from the fracture surface at the center 
of the carrera and the X-ray beam striking the 'Hip" from the fracture side. 
With this type of sample, precise determinations of interplanar spacings are 
quite difficult, and the reflections were broad because of the plastic and 
elastic strain in the sample. However, calculations of the lattice constants 
of beta were made from the (211) reflections with as much precision as 

possible under the circumstances. 

*X-rgy teso performed by C. M. Schwsits sod J. R. Dolg of Bertel le. 
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T Ik# r«*«Jla of tw X> roy étUrmttttn •liarfira or* «Koon to T able 4. Il 
!• mppremt thol 400 ppm hydrogen caused little change in the beta lattice, 
ae ahourn by comparing the results of tests on unstrained portions of the two 
samples. However, straining resulted in a noticeable expansion of the 
lattice at the fracture surface (0.016 and 0.011 Angstrom units in the 400 
ppm sample, 0.007 Angstrom units in the 10 ppm sample). This may be 
due to errors in measurement in examining the fracture surface. However, 
it is also possible that the observed change is real, indicating a very pro¬ 
nounced segregation of hydrogen to the beta in the fracture area. Further 
X-ray investigations should be conducted to check these lattice changes. 

TABLE 4. DETERMINATION OF THE LATTICE CONSTANTS 
OF BETA PHASE IN Ti-8Mn ALLOY 

Hydrogen 
Content, 

ppm 

400 

400 

400 

10 

10 

Portion 
Examined 

Method of 
Examination 

Lattice 
Constant 

of Beta, Ã 

Unstrained end Spectrometer 

F racture 

Fracture 

Debye, wedge 
sample 

Debye, wedge 
sample 

Unstrained end Spectrometer 

F racture Debye, wedge 
sample 

3. ¿02 

3.213 

3.218 

3.201 

3.208 

Inter planar 
Spacing (10; 3) 
of Alpha, A 

1.3304 

1.3310 

1.3315 

Permanent Damage From Hydrogen 
Charging and Degassing 

One of the important questions relating to the effects of hydrogen is 
whether a vacuum anneal can truly reclaim high-hydrogen material, with 
no adverse effects remaining. Tensile bars were prepared from Ti-8Mn, 
Ti-2Mo-2Fe-2Cr, and Ti-4Al-4Mn rods which had been swaged in the 
alpha-beta field. These samples were tested after (1) vacuum annealing, 
(2) hydrogenating to about 650 ppm, or (3) hydrogenating to about 650 ppm 
and vacuum annealing. Room-temperature tensile tests were carried out 
using a platen speed of 0.005 inch per minute and the tensile properties 
compared to see whether any residual effects due to hydrogen could be de¬ 
tected. The results of these tests, shown in Table 5, indicate that tensile 
properties are fully restored by vacuum annealing. Hydrogen contents 
given in Table 5 indicated a very effective vacuum anneal. All six samples 
were annealed at one time. Therefore, only one vacuum-annealed sample 
of each alloy was analyzed. 
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Mttatlographi«. •••minAltan ol IK# fractMr« region of »Ampi»« r*- 
• ultcd in the discovery of s« uousuol ollecl no! previously observed in this 
project. The necked portion of the ductile somptes appeared to contain em- 
tensive porosity when examined as polished. This porosity was observed in 
both the charged and degassed and degaesed-only materials. A typical ex¬ 
ample of this structure is shown in Figure 15. Porosity appeared to result 
from tearing around small inclusions tentatively identified as carbides. 
Similar strain»induced porosity has been observed bv Forscher in xirconium 
and was attributed by him to the presence of hydride(^). Subsequent studies 
haVe shown this phenomenon to be common to most ductile metalsV /. 

Effect of Cold Work on 
Embrittlement Tendency 

Sheet tensile specimens of Ti-2Mo-ZFe-¿Cr alloy; containing either 8 
or 650 ppm hydrogen, were fabricated so as to contain, at 0.040-inch thick¬ 
ness, either 0, 5, 10, 15, or 30 per cent reduction in area by cold rolling. 
All samples were forged to bar in the beta field, hydrogenated or vacuum 
annealed, hot rolled to an intermediate thickness in the alpha-beta field, 
given a stabilising heat treatment, and cold rolled as required to 0.040-inch 
sheet. The microstructures showed equiaxed alpha in a beta matrix nth no 

evidence of hydride. 

The results of tensile tests at a platen speed of 0.05 inch per minute 
are shown in Table 6. Also included in this table are bend and hardness 
data. The sample containing no cold work showed similar tensile properties, 
even though a large difference in bend ductility was observed. Cold work 
caused considerable embrittlement in the high-hydrogen samples. With 10 
per cent reduction or greater, this material tended to form delayed cracks 
before testing which led to rapid failure with little ductility. The vacuum- 
annealed material, on the other hand, showed increased strength with in¬ 

creased cold reduction. 

As little as 10 per cent cold reduction was sufficient to cause cracking 
in the high-hydrogen material before testing. The sample with 5 per cent 
reduction failed in a brittle manner during testing. These tests show that 
residual stress present in an alloy is adequate to promote slow-strain 
embrittlement in a susceptible alloy, confirming the identity between delayed 
failure in formed parts and slow-strain embrittlement during testing. The 
similarities between these two types of failure were pointed out shortly 
after the discovery of delayed failure in formed partais). 
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sox A* Polished N25173

FIGURE 15. MICROSTRUCTURE OF THE REDUCED SECTION OF A 
HYDROGEN-CHARGED AND DEGASSED Ti-2Mo-2Fe- 
2Cr ALLOY TENSILE SPECIMEN SHOWING POROSITY 
IN THE NECKED REGION
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Effect oí Cyclic Loading on Slow- 
Strain Embrittlement 

It has been suggested that under conditions of cyclic loading, the damage 
to hydrogen-containing alpha-beta titanium alloys may not be cumulative. 
Delay periods between applications of load may allow removal of the em¬ 
brittling condition by allowing diffusion to occur. In order to determine the 
effect of cyclic delay periods on stress-rupture properties, six 0. 125-inch- 
diameter Ti-8Mn alloy stress-rupture specimens were prepared containing 

370 ppm hydrogen. 

Two of the specimens were tested to failure in a standard stress- 
rupture test at 90 per cent of the ultimate tensile strength. The remaining 
specimens were cyclically loaded with the time per cycle (3. 5 hours) equal¬ 
ing one half of the average stress-rupture life obtained from the first two 
tests. Two of these specimens were given a one-day delay period at no 
stress between load cycles, and the other two were given a one-month no- 
load delay period. Test results are shown in Table 7. Specimens tested 
with no delav failed in 5.4 and 8. 7 hours; those tested with a one-day delay 
period failed in 15.6 and 23.6 hours total time at stress; and those with one- 
month delay period failed in 39. 7 and 45.2 hours total time at stress. All 
specimens failed in a brittle manner and exhibited similar per cent elonga¬ 

tion and reduction in area values. 

The results of these tests appear to substantiate the suggestion that the 
damage under conditions of cyclic loading may not be cumulative and that 
recovery may occur during no-load delay periods. However, to more 
positively confirm this effect, the experiment should be repeated using 

hydrogen-free sample*. 

Use of a Low-Speed Tensile Test to 
Detect Slow-Strain Embrittlement 

Several alloys prepared in the Phase II investigation were found to be 
ductile in a low-speed tensile test and brittle in a stress-rupture test. A 
study was made of the possibility of detecting embrittlement using tensile 
testing speeds considerably lower than 0.005 inch per minute. A 6 per cent 
chromium alloy containing 300 ppm hydrogen was tested in an attempt to 
find the testing speed M which transition from ductile to brittle failure 
occurred. Test results are shown in Table 8. The tensile test at the lowest 

strain rate (0.0003 inch per inch per minute) showed a very sll8^t^reas* 
in ductility, while a stress-rupture test at a higher strain rate (0.0023 inch 
per inch per minute) showed considerable embrittlement. The strain rate 
was controlled in tens le testing by a strain pacer on the test machine which 
permitted head travel to be maintained constant. 

From the data given in Table 8, it is apparent that an alloy is much 
more sensitive to h trogen embrittlement in a stress-rupture test than in a 
tensile test. The reason for this difference is not apparent. 
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oí Slow-3tr*m twbrUlUm—> 
Io Stf« Corrotioa 

1t ho« b««n pointed out by those familiar with ■tress-corrosion failures 
in aluminum alloys that there is a close similarity between this type of fail¬ 
ure and the slow-strain embrittlement in titanium alloys. This similarity 
mggCSta that slow-strain embrittlement in hydrogen-containing titanium 
alloys might be a form of stress corrosion (and thereby preventable by 

proper surface protection). 

In an effort to check this possibility, twelve stress-rupture specimens 
were prepared from Ti-8Mn alloy. Six of the specimens contained 20 ppm 
hydrogen. The remaining six specimens contained 370 ppm hydrogen. These 
specimens were tested at two stress levels (85 and 95 per cent of the ulti¬ 
mate tensile strength) at room temperature and in one of three atmospheres - 
normal, dry, or moist. No control was exercised over the normal atmos¬ 
phere. The dry and moist atmospheres were prepared by enclosing the 
specimens with either a desiccant (Drierite) or water-soaked cotton during 
the test and for 24 hours prior to the test. The results of these stress- 

rupture tests are given in Table 9. 

The high-hydrogen specimens showed embrittlement in all atmos¬ 
pheres, while the low-hydrogen specimens remained ductile in all atmos¬ 
pheres. Differences in rupture time and ductility among similarly stressed 
specimens in the three atmospheres are most probably due to normal varia¬ 

tions in stress-rupture test results. 

As is the case with most tests for stress corrosion, unless the test 
■hows definite evidence for the stress-corrosion mechanism, it is inde¬ 
cisive. The data in Table 9 cannot be interpreted as indicating that stress 
corrosion was not the mechanism causing failure, since it is also possible 

that the test itself was inadequate. 

Discussion of Results 

From the investigations described in the preceding sections, it is 
possible to construct a tentative mechanism to explain the ability of hydro¬ 
gen to cause embrittlement of titanium alloys during low speed testing. 

It has been shown that failure in embrittled material occurs pre¬ 
dominately along alpha-beta interfaces. It has also been shown that hydride 
(not positively identified) precipitates under strain along the alpha-beta 
interface in a number of alloys exhibiting slow-strain embrittlement. 
Therefore, it seems reasonable to assume that the direct cause of brittle¬ 
ness is hydride at the interface. The inability to detect hydride at the frac¬ 
ture surface with either metallographic or X-ray examination is not too 
great a block in accepting this explanation. Metallographic examination of 
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• »amu« r of ollofo sUowod III» III* hydrid* formed »•» * HlgMy »or»l»«>mog*n- 
*oa» menai*r and tended to form in reg.ons of high •tree*. X-roy enomt- 
nctiori «1*0 suggested that a considerable buildup of hydrogen in the bets 
phase had occurred at the fracture surface. It is possible that failure 
followed so rapidly after the initial hydride formation in the fracture region 
that very little growth of hydride occurred. 

Studies of the effect of strain rate and temperature on the slow-strain 
embrittlement tendency suggested that the embrittlement phenomenon is a 
form of strain aging, since a minimum occurred in the temperature- 
ductility curves at constant strain rate. This minimum is probably due to 
the combined effects of two factors; decreased diffusion rate of hydrogen to 
the interfacial region as the testing temperature is decreased and increased 
hydrogen solubility as the testing temperature is increased, with a resulting 
lessening of the tendency toward hydride précipitât jn. The first factor leads 
to decreased embrittlement at low temperature and the second to decreased 
embrittlement at high temperatures. The process is also strain-rate sen¬ 
sitive, suggesting the strain is necessary tc obtain the required diffusion of 
hydrogen. 

A process of this type requires .hat a state of supersaturation exist in 
the alloy. That is, either the alpha or the beta phase or both must contain 
more than the equilibrium amount of hydrogen at room temperature, suth 
that precipitation of hydride is favored. Evidence has been obtained suggest¬ 
ing the supersaturation can exist in both phases when suitably alloyed. If so, 
both alpha and beta alloys, as well as alpha-beta alloys, should be suscep¬ 
tible to strain aging and possibly to embrittlement. Thus far, no evidence 
of strain aging in an all-beta alloy has been reported. However, as far as 
is known, no all-beta alloys have been thoroughly examined for hydrogen 
embrittlement. 

Several of the investigations conducted suggested that precipitation of 
hydride occurs quite late in the straining process, and that the rate con¬ 
trolling process is the diffusion of hydrogen to a site favorable for pre ipi- 
taUon. For example, no damage to impact properties was observed in an 
alloy strained to just short of brittle failure in a stress-rupture test. Also, 
cyclically strained material, when given long intermediate "rest" periods at 
no stress, showed considerably increased life, even though failure ultimately 
occurred in a brittle manner. The recovery process must involve the diffu¬ 
sion of hydrogen away from regions of high concentration since hydride, 
once formed, would be in equilibrium with the surrounding material. The 
highly localized nature of hydride precipitation in strained alpha-beta alloys 
also suggests that the movement of hydrogen occurs quite freely, while the 
formation of hydride occurs only in the most favorable (most highly stressed) 

region. 

The effects of alloying on the hydrogen level at which embrittlement is 
first observed are probably due to one of two factors: their effect on the 
distribution of hydrogen between the alpha and beta phases or their effect on 
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»*• *èUMf ol ÜM «lioy «• rmiMiM r«f«a !• ro»«t» fy c—nr« •• •• io 
d#««lo^ • «M^«r«Alur*««d cMétlAM favorabl* to strota «fiaf. For #0001^10, 
•lunuaum ta olpho tttaaiiim r«d««c•• tko maximum solubility ol hydrogoa al 
clovated temporatur« but apparoatly permito the hydrogen dissolved to bs 
retained to room temperature, where at leaot a part oí it caa precipitate 
under strain. 

Microstructural variations also aifect lhe tendency toward hydrogen 
embrittlement. Decreasing the amount oí alpha-beta interface in an alloy 
results in a smaller amount oí hydrogen being required to produce embrittle¬ 
ment. This is particularly evident if the interface is maintained such that it 
forms an almost continuous path through the alloy. 

I t 

♦ t 

The final annealing or stabilizing temperature can also affect the hydro* 
gen embrittlement level, a lower temperature resulting in less hydrogen 
beinp necessary to cause embrittlement. This effect is also believed due to 
differences in hydrogen distribution between the alpha and beta phases. 
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PHASE U. THE EE EEC T OF Ai.U>T COXPOSI HOW 
— QN HYDEQCEW EMBlU I TLEMEHT 

Summary 

To determine the effect of alloy compoeition on hydrogen embrittle¬ 
ment, eighty binary, ternary, and quaternary titanium alloy* were prewired 
and tested to determine the hydrogen level (up to 800 ppm) necessary to 
cause either slow-strain or impact embrittlement. All alloys were tested 
in the stabilized condition after similar stabi'izing heat treatments. Alloy 
composition was found to have a pronounced effect on the hydrogen embrittle 
ment level. The information gained from this investigation may be sum¬ 

marized as follows: 

1 Increasing amounts of alloy addition in a given alpha-beta alloy 
system increased the resistance to slow-strain embrittlement. This ten¬ 
dency is apparently due to the increased amounts of beta present in the 
alloy. However, a reversal of this trend was observed in some alloy sys¬ 
tems such that an alloy which was predominately alpha, and showed no 
tendency toward slow-strain embrittlement, was made susceptible by fur¬ 

ther alloying. 

2. The presence of beta was not necessary for slow-strain embrittle¬ 
ment to occur. A titanium aluminum-copper alloy containing alpha and a 
compound phase exhibited slow-strain embrittlement. 

3. The hydrogen content necessary to cause slow-strain embrittle¬ 
ment was high in alpha-beta alloys in which aluminum, molybdenum, or 

niobium was the principal alloy addition. 

4. The hydrogen content necessary to cause slow-strain embrittle¬ 
ment was low in alloys in which chromium, manganese, vanadium, or iron 
was the principal addition. At a constant alpha-beta ratio, the embrittle¬ 
ment level decreased approximately in the order shown, with iron being 

the most detrimental. 

5. Increased amounts of oxygen lowered the hydrogen content at 
which slow-strain embrittlement was observed. 

6. The tendency toward impact embrittlement appeared to be re¬ 
duced by the presence of chromium, molybdenum, or vanadium in an alloy. 
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IaI rodai li 

Experience hoe shown conclusively thnt some tilnmum alloys are 
much less sensitive to hydrogen embrittlement than others. This portion 
of the investigation was designed to determine the effects of the common 
alloying elements on the hydrogen embrittlement level of titanium alloys. 
Among the variables to be examined were: 

(1) Type of beta-stabilizing addition 

(2) Amount of addition 

(3) Combinations of beta-stabilizing additions 

(4) Aluminum or tin additions 

(5) Interstitial level. 

Eighty alloys were selected for study. These alloys were first heat treated 
to a fully stabilized condition and then tested using impact, tensile, and 
stress-rupture tests to determine the maximum amount of hydrogen which 
could be tolerated without embrittlement. 

Some data have also been reported which indicate that hydrogen may 
adversely affect thermal stability. Therefore, thirty of the alloys were ex¬ 
posed to thermal stability test conditions at each of two hydrogen levels and 
then tested to determine whether instability was related to hydrogen content. 

The results of these studies are reported in this phase of the report. 
Unfortunately, the hydrogen embrittlement level of all the alloys was not 
completely determined since the unexpectedly high tolerance of some of the 
alloys, as measured with unnotched stress-rupture tests, required an ex¬ 
cessively large number of tests to be run. Time limitations prevented 
completion of all of these tests. 

Preparation of the Alloys 

All alloys were tested in the form of fully stabilized 1/4-inch- 
diameter rod. This rod was prepared as described in the following sec¬ 
tions. 

Alloying and Melting 

All the alloys with the exception of the high-purity iodide-base alloys 
were prepared from 140 BHN sponge. An analysis of the sponge is given 
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ia T a t>i* 10. HigH-purily rmriai >*»»é la maa* ali ai la y a^ëtuaAa «a« *p« 
oayg*nf «Aich w* • added ta pr*oayg*Aal*d »pong*. 

TABLE 10. ANALYSIS OF 140 BHN 
TITANIUM SPONGE 

Element Weight Per Cen|(*) 

C 
H 
N 
O 
Cl 
Fe 
A1 
Cu 
Cr 
Mg 
Mn 
Mo 
Ni 
Pb 
Si 
V 
Zr 

0. 03 
0.009 
0.010 
0. 108(b) 
0.010 
0. 018 
0.018 
0. 001 

<0.005 
0. 004 
0.092 

<0.005 
0.002 

<0.010 
0.004 

<0.002 
0. 110 

« Al ieported by The Dow Chemictl Company. 
(b) From analylii of Ingot K~1 (Tt-4Mo). 

Two-pound ingots were made for all but four of the alloys. These 
ingots were double arc melted with a tungsten electrode in a water-cooled 
copper crucible under a static argon atmosphere of 20 inches of mercury. 
After melting, homogeneity was checked radiographically, and the ingots 
were remelted until the radiograph indicated satisfactory homogeneity. 

Four of the alloys were melted as 20-pound ingots so tnat sufficient 
material would be available for the microstructural studies described under 
Phase Ill. These alloys were Ti-8Mn (K-13), Ti-4Al-4Mn (K-38), Ti-2Mo- 
2Cr-2Fe (K-33), and TÍ-6AI-4V (K-37). 

The Ti-4Al-4Mn alloy was prepared by melting two 10-pound ingots 
with a tungsten electrode in a water-cooled copper crucible under a static 
argon atmosphere of 30 to 50 microns. These ingots were then forged and 
rolled to sheet, descaled, cut into small pieces, mixed, and remelted as 
one 20-pound ingot. A static atmosphere of 25 per cent argon-75 per cent 
helium at 20 microns was used over this melt. 

The other three alloys were consumable-electrode melted. The 
charge was first pressed into an electrode, then melted, the ingot forged to 
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•Ivctrod« êtS0t Furm^c* Aimosphcr** lor th€»e m#lia w#rr 
*• follow»: 

Alloy_Moll 

Ti-éMjB First 
Ti»8Mn Second 
TÍ-6AI-4V First 
Ti-6A1-4V Second 
Ti-2Mo-ZCr-ZFe First 
Ti-2Mo-2Cr-2Fe Second 

Compo^ii.jn_ 

10 per cent orgon-90 per cent helium 
Ditto 

50 per cent helium-50 per cent argon 
Ditto 

50 per cent helium-50 per cent argon 
Ditto 

Pressure 

Atmospheric 
Ditto 

200 microns 
Ditto 

30 microns 
160 microns 

A number of the alloys were analyzed using chips obtained during 
machining of the test specimens to determine the normal recovery. Results 
of the analyses are given in Table 11. Unless otherwise indicated, analyses 
were by standard wet chemical methods. These results show excellent 
agreement oí the actual composition with the intended composition. 

The variation in oxygen content was determined only for the Ti-4Mo 
series of alloys. These results were as follows: 

_Alloy_No. 

Ti-4Mo, iodide base K-46 
Ti-4Mo, sponge base K-l 
Ti-4Mo, oxidized sponge (0. 15 per cent added) K-48 

Oxygen Content, 
wt % 

0.053 
0. 108 
0.278 

Fabrication 

After radiography had indicated suitable homogeneity, the ingots were 
ground to remove surface defects apt to cause laps and forged to 3/4-inch- 
round bars. The bars were then reground and swaged to 5/8-inch rod. 
Before further processing, the 5/8-inch bar was cut into suitable lengths 
for subsequent test requirements and machined to remove all surface scale. 
At this stage, the rods were vacuum annealed and then hydrogenated to the 
desired hydrogen level. 

The microstructure of the rods was controlled by a final swaging 
operation to 1/4-inch tod at a temperature low in the alpha-beta field. 
This treatment insured a fine, equiaxed alpha-beta or alpha-compound 
structure in all two-phase alloys. 

Fabrication temperatures for all three fabrication steps are included 
in Table 12. 
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f»B^à II kA • ^.4. r« O0 MS Ml Ml 

i ml m m^w 4 

A«4iI.um, All** 
••tgM (Mr ««*« Wo. 

A**>l>*a *• A Ml I ••*. •«•a** V*' ■ 

HB T. "m* ~ r. C < W, Ai 

»»>*** Alloy * 

»a 

Bala I »omof phom, n»n- fcy drida Ixrma >» 

«Mo K-I «I« 
•Mo K-i H. Y* 
¿OMo K-J 1». • 

Bata Itomorphouij hydnda formar» 

«V K-« 
8 V K-S 
¿0V K-6 
«Ta K-7 
8T a K-8 
«Nh K-9 
8 NI) K-10 

i. 9¿ 
7. 57 

19. J 
5. I 
8. 

«. 7(‘) 
9. 0Í») 

Eulatloidj »iuggiah 

«Mn K-Il 
6M n K- 1¿ 
8Mn K- U 

J. 99 
6. 01 

7. il 

Lutaituid, ralativaly activa 

¿Fr 
«Fa 
«Cr 
6C r 
SCr 

K- I« 
K- 15 
K- 16 
K- 17 

K- 18 

3. 51 
5. 78 
7. 08 

2. o(*) 

1. 98 

i.ulailoid, atliv* 

«Cu K-19 
TCu K-20 
«Ni K-6« 

TNi K - 69 

J. «7 
6. «7 

«. 70 
7.2 

Bala MulnpluU* 

¿Mu-2V 

«Mo- «V 
8Mo- • V 
2Mn- 2Fa 
2Mn-2Cr 

2C r-¿Fa 

k-r- »Fa 
¿Mn-¿1. »-¿Fa 
¿Mo- ¿Mn 

¿Mo- ¿C u 
¿Mn- ¿C u 
¿Mo- ¿Fa 

¿V -¿Fa 
¿Mo-2Cr 
¿Mo- ¿Fa- ¿C r 

K ¿I 1.S5 
K-¿¿ ».75 
K-2» 7.7« 

K-2« 
K- 29 

K-24 
K-27 

K-28 
K-29 1.96 

K-7» 2.2» 
K- 70 
K- »0 2.09 

K-»l 
K- »2 1.7» 
K-»» 1.7» 

1. «5 
». 90 

1. 91 

1.9) 

2.0W 
2. ¿.o(») 

».«(•J 
2.7<6) 

2. »(•) ¿.0(6) 

». 72 

».9(6) 

1.87 

1.19 

2.»<«> 

2. »(•> 
J.0(*) 

2.2(6) 

1.69 
1.87 

1.88 
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h aiAii. t » u* irttMis.«* A**!, i »a.* 

AM.it»«, All«« 

**t«M ftt ••M N» Mo V 

«AI-4MO 

6AI-4MO 

4AI-4V 
6AI-4V 

4AI- 4Mn 

bAI - 4Mn 

4AI - ¿V t 
bAI-¿Fe 

4A1-4C r 

6AI-4C r 

4AI-7CU 

4Al-¿Cr-¿Fe 

4AI-1. JMo- 
I iCr- I. JFe 

K- «4 

K- ib 

K- it 

K-S7 

K- 38 

K-J9 

K-4Û 

K-41 

K-4¿ 

K-41 
K-72 

K-44 
K-4S 

4. ¿I») 
4. 0(»i 

4.4l»> 

4.o(*i 

1. 5S(*' 

1 ¿Sn- 4Mo 

1 ¿Sn-4V 

I ¿Sn- 4Mn 

l¿Sn-¿Fe 

USn-4Cr 

USn-7Cu 

K- 73 i. 78 

K- 74 3.¿3 

K-75 
K- 76 

K- 77 

K- 78 

4Mo, iodide base K-46 4.09 

4Mo, sponge plus K-48 3.99 

0. IS o¿ 
¿OMo, iodide base K-47 19.7 

¿OMo, sponge K-49 ¿0.6 

plus 0. IS 0¿ 

4V, iodide base K-SO 

4V, sponge K-S¿ 

plus 0. IS 0¿ 

¿0V, iodide base K-Sl 

¿0V, sponge K-S3 

plus 0. IS 0¿ 

8Mn, iodide base K-S4 

8Mn, sponge K-SS 

plus 0. IS Q¿ 

6Cr, iodide base K-S6 

6C r, sponge K-S7 

p'us 0. IS 0¿ 

?Cu, iodide base K-80 

7Cu, sponge K-79 

plus 0. IS 0¿ 

6AI-4MO, iodide K-S6 4. OS 

base 

6AI-4MO, sponge K-S0 4. OS 

plus 0. 1S 0¿ 

6AI-4V, iodide K-60 

base 

6AI-4V, sponge K-61 

plus 0. IS 0¿ 

4Al-4Mn, iud.de K-6¿ 

base 

4Al-4Mn, sponge K-63 

plus 0. IS 0¿ 

i. 8S 

3.94 

19. 0 
19. 8 

3.71 

4.¿l*> 

_AAAtl.uo »i A««i»«t«. ««.«M «* f » e«i_ 

Mb fa Ma_Ce_f»_C»_Nt_Ai 

Alumiaitin Addition« 

4, 0<*> 
3. 7(»> 

¿. l(«) 

¿.1«*) 

¿.o(“^ ¿.o(«) 
1.4S(*J 1.45Í*) 

6. 3 (») 

3. 7<*) 

S.S(«) 

4. Ol«) 
6. 0(«) 

4. |(«) 
6. 4<«) 

3. 70 

6. S(«) 

4. 0Í*> 

6. 
3. 9<*) 

4. l**) 
3. 9(«) 

Tin Additions 

10. 6 

10, 1 

1.9(a) 13.7(*) 
1.9(*) li.si*) 

3. st“) 13. l<*) 
6. 46 H.) 

Interstitial Level 

7. 39 
7.49 

S. 84 

S. 80 

3. bl*> 

4. Ol“) 

6 49 

6. 47 

S. 88 

5. 93 

6.0 3 

6. l<*» 

3. 9<*) 

4. o(*> 
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TABL£ II. RtSOLTS or CHEMICAL ANALYSES (CoBUBn»<li

Isteniltd 
Addition, 

weight per cent
Alloy Addition br AtiolTOii. vctibi per cea(

No. Mo V Nb Ta Ma Cr re Cu Hi A1 Sd

4AI-4FC, toAidt K-S4 4.0(-) 4.0(h)

b*ie
4A1-4F*, spoot* K-SS 4.S(») j.oth)

plus 0, 1% Oz 
4AU4Cr, iodi4» K.SS

bate
4Al>4Cr, tp«nt* K-S7 i.tI*' 4.0(')

plu> 0. IS 02

(>) By qu*rint»ti»» apfclrotrapluc uialysis.

t;

««ac re 5*-fcifc It IT
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TABLE it. FABRICATION DATA FOR ALLOYS PREPARED FOR THE STUDY OF THE EFFECT 
OF COMPOSITION ON HYDROGEN EMBRITTLEMENT

Intended Forgme SwegiAf Sw>gui|
Addtuon, AUoy Tempereturei Tempe ret are. Temperatur*.

weight per cent No. F to S/t-Lx^h RowmS, F u, t,4-la.h RsuAd. F

BiBerv AUeye

let* Uomorphoue. non-bvdride formere

4Mo K-1 1430 1300 1300
•Mo K-2 1430 1300 1300
20Mo K-3 1400 1700 1400

BeU leomorphb*;*. hrdr&de (ormere

4V K.4 1700 1400 1300
•V K-S uso 1400 1300
23V K.4 1400 1400 1300
4T« K-7 14!0 1300
•Te K.2 1700 1300 1200
4Nb K.4 1430 1300 1300
mb K.IO itoo 1430 1300

Cutectoidf elttiiitb
4Mn K-ll IM)0 1300 1300

6Mn K.I2 1400 1300 1300
•Mb K-ll 1700 1400 1300

Cutectoidj relBtivelv ectivc

2Fe K.14 1*S0 1300 1300

4Te K.15 uso 1600 1300
4Cr K.U ISOO 1300 1300
6Cr K-lt IMO 1430 1300
•Cr K.l^ I4S0 1400 1300

Ewtectoid. Bctiec
4Cu K.14 USO 1400 1300

7C« K.20 ISOO 1430 1400

4Ni K-M isoo 1700 1300
7Ni K-44

B(U Multiplicilr

2MO-2V K-21 1700 1300 1300
4MO-4V K.22 1700 1300 1300
•M0.9V K.23 1400 1700 1300
2Mn-2Fe K.24 1430 1400 1300
2MD.2Cr K.23 1430 1400 1300

2Cr.2Fe K.24 1430 1400 1300

JCf-JFe K-27 1430 1400 1300
2MB-2Cr.2F« K.2« 1430 1400 1300

2M»-2Mb K.29 1400 1430 1300

2Mo-2Cb K.7I 1430 1300 1300

2MB.2CB K.70 1430 1400 1300
2Mo.2Fe K.30 1700 1300 1300

2V-2Fe K.31 1400 1400 1300

2Mo*2Cr K.32 1700 1400 1300

2Mo.2Cr.2Fe K.33 1400 1400 1300

AtvauBun AddiUone

4AU4MO K.34 1400 1700 1400

•A1-4MO K.33 1400 1700 1400

4AU4V K.34 1400 1400 1300
6A1-4V K.37 1400 !700 1400

4A1.4MB K.34 1400 1400 1400

•A1.4MB K-34 1400 1430 1400

4AI.2FC K.40 1400 1430 1400

•Al.2Fe K.41 1400 1430 1400

«*DC n Ft 2Y

. ■-1./



TABLE U f ABAIC AIIO». DATA EC* ALLOT* PBCPAKCO FOB T« »TtDY OT THE ErFCCT 
or C OMPO»ITIUK ON HTOaOCCN CMM1TTL&MKNT (CMimM)

Addition,
««i§M c#1

AlUv
N«.

r orgiMf

r Ro«lM !• I 4-im<k Rotffid, T

AAUACr
AAI*dCr
4AI.K«
AAl'lCr.IF#
AAI.I. »Cr.|.ir#.l.)M#

l/An.AMo
I^Sm-AV
|/S«-4Mn
usm-ir*
liSA.N r 
IdA*. YCti

A.4d
A.4»
R.Ti
K-44
R.44

R.7I
R.T4
R.M
R.H
R.T7
R.7t

ItM
IMO
lAoe
IMO
IMO

Tf AddtU—

lASO
IMO
1000
lOOO
1000
1000

14*0
1040
1040
1000
lOM

1400
1700
1000
1700
1040

«Mo, loAiA* K44 lAOO

«M*, *<••• O' Oi K-40 ITOO

/OMo, >a*iA« haa* R-47 lOOU

tOMo, aporff ploa 0. It A.44 1400

4V, loAiAa baaa K-40 1400

«V, apoMi# pl«a 0. It K-4i 1000

««V, isAiA# haaa R.4I 1000
lOV, apaaga pUa 0. It R-41 1000

•Ma, >o4i<l« toaa R.44 lOOO

•Ma, apoaga plaa 0. It K-44 1 700

r, lagiAa haaa R-44 l#00

gCr, apaaga pUa ft. It R 47 1000

TCa, lOgiAa kaaa R-00 I7^0

K a, apoaga plaa 0. 11 R-74 14>0

kAI-4Ma. lagiAa aaaa R.%0 1000

tAI aaaa, apaaga plua 0. It R-44 1400

aA;-av, laAiJa baaa ROO 1000

aAI-4V, apaaga ploa 0. It U| R-*l 1400

aAI-4Ma, ia4i4a kaaa R-Ai lOOO
4AI' «Mn, apaaga plaa 0. It R-OJ 1000

«AI-«ra. ia4t4a kaaa R-A4 1000

«AI 4Fa. apaaga pUa 0. ItOj R-44 1000

4AI 4Cr, io4>4a kaaa R-A4 lOOO

4AI-4Cr, apaaga plaa 0 ItO^ R-#T 1000

1040
1000
1040
1700
1040
1000
1040
1000
1040
1000
1040
lOOO
1000

1040
1700
1040
1700
1040
1000
1040
1000
1040
1000

1400
1400
1400
1400
IMO

IlOO
1400
1400
1400
1400
1400

IMO
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
I MO 
1400 
1400 
1400

1400

1400

1400

1400

1400

1400

1400

#«ac T» 30-^4 It IV



Al M» ml*rmédiate position m the (nbncntion schedule« lhe rods were 
cnreíulíy denned to remove nil surface scale and vacuum snnealed for o to 
8 hours at 1500 F. This resulted in a uniformly low hydrogen content of 
approximately ¿0 ppm. 

The rods were then hydrogenated to th*. ne*ircd hydrogen level by 
heating at 1470 F for 40 hours in a Sieverts' Apparatus. In general, analysis 
showed good agreement between the intended and actual hydrogen content. 
However, it was observed that when several alloys of different compositions 
were hydrogenated in one batch, some alloys showed selective absorption at 
the expense of the others. This is shown by the data given in Table 13. It 
is apparent that those alloys possessing a high beta content absorbed a 
larger portion of the hydrogen present. This is most easily seen in Batch 
No. 10460-25, where Ti-8Mo gained the most hydrogen, while Ti-7Cu gained 
only a small amount. Aluminum, due to its tendency to raise the beta tran- 
sus and thus decrease the amount of beta present at 1470 F (the hydrogenation 
temperature), caused lowered hydrogen absorption when present in an alloy. 
On the basis of these results, individual hydrogenation was used as much as 
possible, and care w¿ taken when batch hydrogenation was necessary to 
insure that all alloys were of equivalent alloy type to prevent unequal absorp¬ 
tion. Analysis showed that using these precautions, the intended and actual 
hydrogen contents were quite close together. 

Heat Treatment 

Although a number of alloy types were represented, it was felt advis¬ 
able to standardize on a single heat treatment to permit valid comparisons 
to be made between alloys. Therefore, all alloys were stabilized by anneal¬ 
ing the 1/4-inch-round rod for 1 hour at 1300 F, furnace cooling to 1100 F, 
and air cooling. The stabilizing treatment was carried out in air. 

Representative microstructures resulting from the low final fabrica¬ 
tion temperature and the stabilizing treatment given above are shown in 
Figures 16 through 19. Except in those alloys whose compositions were such 
that they were in the all-beta field at 1100 to 1300 F, all alloys exhibited a 
fine-grained structure. 

The heat treatment gave satisfactory results for all alloys except the 
ternary Ti-Al-Cr alloys. These alloys apparently tended to precipitate com¬ 
pound at 1100 F leading to extreme embrittlement which, in most cases, 
prevented the determination of their hydrogen tolerance. 
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TABLE II RELATIVE ABSORPTION OF ALLOYS HYDROGENATED IN A 
BATCH AT THE ¿00 PPM INTENDED HYDROGEN LEVEL 

Alloy Addition, 
weight per cent 

4Nb 
4Mn 
2Fe 
4Fe 
4Cr 
4Cu 
2Mn-2Fe 
2Mn-2C r 
2Cr-2Fe 

4Mo 
8Mo 
6Mn 
8Cr 
7Cu 
3Cr-3F** 
2Mn-2Cr-2Fe 

8Nb 
6Cr 
2Mo-2Mn 
6Al-4Mn 
4AI-4F e 
6A1-2F e 
4AI-4C r 
6A1-4C r 

2Mo-2Cr 
4AI-1. 3Cr-1. 3Fe-1. 3Mo 
8Mn-0. 1502 
4Al-4Mn-0. 1502 
4AU4F e-0. 1502 

2V-2Fe 
4V-0.1502 
bCr-0. 1502 
6AI-4V-0. 1502 

Alloy 
Number 

Botch No. 10460-24 

K-9 
K-ll 
K-14 
K-15 
K-16 
K-19 
K-24 
K-25 
K-26 

Botch No. 10460-25 

K-1 
K-2 
K-12 
K-18 
K-20 
K-27 
K-28 

Botch No. 10460-34 

K- 10 
K-17 
K-29 
K-39 
K-40 
K-41 
K-42 
K-43 

Botch No. 10460-37 

K-32 
K-45 
K-55 
K-63 
K*65 

Botch No. 10460-45 

K-31 
K-52 
K-57 
K-61 

(*) Hydrogen anal yd i by warm extraction method. 

Hydrogen 
Content, ppm(*) 

194 
209 
196 
229 
230 
139 
230 
214 
232 

184 
233 
212 
229 
129 
229 
216 

299 
331 
304 
150 
177 
152 
205 
171 

332 
198 
323 
202 
195 

274 
260 
296 
140 

WADC TR 54-616 Pt IV 48 



500X N32179

FIGURE 16. MICROSTRUCTURE OF VACUUM-ANNEALED Ti-6AU4V (K-37) 
SHOWING SMALL PARTICLES OF BETA IN AN ALPHA 
MATRIX

500X N31440

FIGURE 17. MICROSTRUCTURE OF VACUUM-ANNEALED Ti-2Cr-2Fe 
(K-26) SHOWING A MIXTURE OF APPROXIMATE 50 PER 
CENT ALPHA (WHITE) AND BETA (GRAY)

WADC TR 54-616 Pt IV
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N31434 
500X 

FIGURE 18. 

OF COARSE GRAINED BETA 

500X 
OF VACUUM-ANNEALED Ti-4Cu 

FlGURE ‘9- m-l“sHOWlNO PARTICLES OF COMPOUND 

(Ti¿Cu) IN AN ALPHA MATRIX 
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T»>« Pro*9éur9» lor 

Alloys wer« tested ;n notched impact) fast tension« slow tension« and 
unnotched stress rupture. Tests were run in the vacuum-annealed condi¬ 
tion, and at hydrogen levels selected within 200, 300, 400, 600, and 800 ppm 
in order to bracket the range i.i which embrittlement occurred. Two types 
oí embrittlement due to hydrogen were encountered - impact embrittlement 
and slow-strain embrittlement. Occasionally, both types of embrittlement 
were observed in the same alloy. 

Impact Testing 

Impact tests were conducted using the microsample illustrated in 
Figure 20. This specimen has been shown by extensive comparative tests 
to give numerical results, in in.-lb, equivalent to those from the standard 
charpy test, in ft-lb(9). Impact tests were conducted at 77 F and -40 F 
using a Tinius-Olsen machine with an impact velocity of 11.37 feet per 
second. Single-specimen tests were run at each ».emperature. 

Tensile Testing 

Tensile tests were conducted using the standard specimen shown in 
Figure 20. Two strain rates were used, with head-travel velocities of 
0. 005 inch per minute and 0. 5 inch per minute. Yield strengths were de¬ 
termined during testing at the lower speed by means of strain gages and a 
strain recorder. Two measurements of elongation were made; the conven¬ 
tional elongation between 1/2-inch gage marks was determined. In addition, 

were placed on the shoulder and an elongation measured from these 
points. This figure is reported as the "extension" and was used to esti¬ 
mate elongation when failure occurred outside the gage marks on the 

specimen. 

Stress-Rupture Testing 

Constant-load stress-rupture tests were carried out using the tensile 
specimen shown in Figure 20. Three specimens were prepared for testing 
and were loaded at a measured percentage of the ultimate strength as 
determined in the slow tensile test. If failure did not occur in 250 hours, 
the specimen was removed from test. Stress, time to failure, elongation, 
extension (measured as described under "Tensile Testing"), and reduction 
¿jj were determined. If a sample failed in 10 or more hours, it was 
assumed to give a valid indication of rupture behavior. In most cases, 
attempts were made to induce failures in about 150 hours. A ductile failure 
ojider these conditions was assumed to indicate an absence of slow-strain 
embrittlement tendencies at this hydrogen level. Similarly, a runout 
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‘»août* 

o. Ttftfilt Sptcimtn 

b. Netehtd-Btnd Iwpoct Sptcint« 

FIGURE 20. SPECIFICATIONS FOR TEST SPECIMENS 
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(>¿M) koufl i* mtmk ilM éuruk§ •»< ««4« 4 % p#r < »•« ••• 
lo i »ai col« Uoi IW ollot •«• ao< •tMc^pCtbl« lo •loo-Mroio «m- * 

brittl«m«nl ol Ib« l«v«l m qu«»uoo. 

Other T««ti«i 

The broken ende oí the impact specimens were used for chemical 
analysis and microstructural examination. Selected tensile and stress, 
rupture specimens were also sectioned for microstructural examination 

after failure. 

Test Procedures for Thermal Stability 

Thirty of the alloys were exposed to elevated temperatures at two 
hydrogen levels to determine the effect of hydrogen on thermal stability. 
The alloys tested are shown in Table 14. 

Four tensile specimens of each alloy were prepared, two containing 20 
ppm and two containing 200 ppm. All were prepared in the same manner as 
the alloys described in the previous section, except that the specimens were 
machined to 0. 187.inch diameter. One specimen at each level was exposed 
in an air atmosphere for 200 hours at 800 F. The other two specimens were 
given identical exposures while stressed at 25,000 psi. No elongation 
occurred during exposure. After exposure, the specimens were ground to 
0. 125-inch diameter and tested in tension at room temperature using a test 
speed of 0.005 inch per minute. The results of these tests were then com¬ 
pared with those from unexposed specimens tested in the broad survey of 
effect of composition on embrittlement. A marked loss in ductility, 
especially of reduction in area, was assumed to indicate thermal instability. 

Results 

Hydrogen Embrittlement Level of 
Stabilised Titanium Alloys 

Results of all tests conducted on the stabilised alloy* are given in the 
Appendix in Tables 33 through 112. Each table completely describes one 
alloy, giving the results of impact, tensile, and stress-rupture tests, a 
concise description of the microstructure, and a conclusion regarding the 
hydrogen tolerance of the alloy. The tables have been arranged in order of 
increasing alloy designation number of the alloy being described for ease of 

location. 
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r able 14. ALLOYS TESTED TO 
THE EFFECTS OF HY DROGEN ON 
'▼"ljc'd kj a î. «taBILITY 

4Mo 
8Mo 
4V 
4Mn 
8Mn 
4F e 
6Cr 
4Cu 
7Cu 
2Cr-2Fe 
3Cr-3Fe 
2Mo-2Cu 
2Mn-2Cu 
2Mo-2Fe 
2Mo-2Cr 
2Mo-2Fe-2Cr 
4A1-4MO 
ÒA1-4MO 
4A1-4V 
6AI-4V 
4AU4Mn 
6Al-4Mn 
4A1-1. 3Cr- 1. 3Fe-1.3Mo 
12Sn-4Mo 
12Sn-4Mn 
12Sn-4Cr 
8Mn-sponge plus 0. 15 02 
7Cu-sponge plus 0. 15 02 
6AI-4V-sponge plus 0. 15 02 
AAU4Mn-sponge plus 0. 15 02 

K-1 , 
K-2A<*) 
K-4 
K-ll 
K-13 
K-15 
K-17 
K-19 
K-20 
K-26 
K-27 
K-71 
K-70 
K-30 
K-32 
K-33 
K-34 
K-35 
K-36 
K-37 
K-38 
K-39 
K-45a(*) 
K-73 
K-75 
K-77 
K-55 
K-79 
K-61 
K-63 
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I» MM* ftltof •« H ••• •• 
19^1 IfMn Um»« !••«•. T— tff— * 9m+rtnà9m—â wr* •»••• 
•lr*tA «mbr>ttUm«itf, «.•«•Hr ob*#r«r«^ Mir »• »Ir«««-r^««r€ «••!•, mmé 
impftet embriuUmftftt. Ucoacl»»»*« w«r* <!«• •Ubftr to tmcomplet* 
testing or to gonorftl owbrittloinoftt of too ftlloro. Erobrittlofnont ««•• 
•pparcntly produced in oovoral ftlloyo •• • rooult of • •tftbiliftiftg treatment 
at 1100 F. Thio wao particularly troublooomo in chromium-containing 
alloys, and was apparently a result of eutectoid decomposition of the beta 

phase. 

A new phase, tentatively identified as hydride, was observed in a num¬ 
ber of alloys. The hydrogen level at which this phase was observed (when 
found) and an estimate of the amount of alpha present in the vacuum-annealed 
and stabilized conditions is given in the microstructural section of the tables. 

In the absence oi notched-stress-rupture testing, the results reported 
should not be used to fix a hydrogen tolerance for slow-strain embrittlement. 
The hydrogen tolerance of these alloys may be 100 to 200 ppm lower in the 
presence of a severe notch. Notch-stress-rupture testing will be conducted 

in an extension of this research. 

Thermal Stability of 
Titanium Alloys 

The results of low-speed (0.005 inch per minute) tensile tests carried 
out on thirty of the alloys after thermal exposure at 800 F for 200 hours are 
given in the Appendix in Table 113. Properties of the unexposed material 
may be found in the slow-tensile section in the appropriate tables describing 
the results of the tests to determine the hydrogen embrittlement level. One 
of the two alloys which were recast to obtain sufficient material for the ther¬ 
mal stability tests, K-45A, appeared to be considerably different from the 
original ingot, K-45. Analysis for aluminum, iron, and chromium showed 
no major differences. Presumably, the difference was due to oxygen. No 

analysis w~% made, however. 

Discussion of Results 

Hydrogen Embrittlement Level of 
Stabilized Titanium Alloys 

In order to permit comparison of the effects of hydrogen on the various 
titanium alloys, the data given in the Appendix in Tables 33 through 112 
have been summarized in Tables 15 through 18. Two types of embrittlement 
were observed in these alloys. The first, slow-strain embrittlement, was 
generally observed in stress-rupture testing, although it was noticed 
occasionally in slow tensile testing, also. The hydrogen level at which 

I 
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4M o 
8Mo 

¿OMo 

4V 
8V 

20V 

4Ta 
8Ta 

4Nb 
8Nb 

4Mn 
6Mn 
8Mn 

4Cr 
6Cr 
8Cr 

2F« 
4Fc 

4Cu 
7Cu 

4Ni 
7Ni 

Bcta-Uonriorphoua Addition» 

94.8 
103.4 
136.4 

103. 7 
113.9 
124.5 

86.3 
90.8 

89.6 
91.0 

28 
(29) 

16 

(33) 
30 
11 

26 
27 

31 
(31) 

80 
60-70 

20 

80 
60-70 

30 

90 
80-90 

80 
60-70 

800 
>800 
>800 

200 
200 

>800 

(>400) 
>800 

>800 
600 

SluRgiab Eutectoid Additions 

104. 3 
118.0 
126.5 

108. 3 
123.2 
117.2 

83.8 
104. 3 

(36) 
28 
26 

33 
25 
31 

38 
32 

70 
60 
50 

70-80 
60-70 
60-70 

70 
60 

200 
600 
300 

200 
300 
600 

>600 
200 

Active Eutectoid Additio*** 

> 800 
Progressive 
Alloy brittle 

>200 
Progressive 
Alloy brittle 

200 
200 

200 
Progressive 

>400 
200 
200(d> 

>200 
>300 
>600 

200 
Alloy brittle 

(a) As ^11 'd tn cutan 
(b) Eiongstum %sl , ven in ^ 

<c, “—In, ,. P—— ““ 
(d) Impact ductility recovered at 300 ppm. 
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TABLA U. EFFECT OF ALUMINUM ANO TIN ON THE HYDROGEN 
EMBRITTLEMENT LEVEL OF TITANIUM ALLOYS 

Composition 
(Balance Ti), 

per cent 

4Mo 
4A1-4MO 
6A1-4MO 
12Sn-4Mo 

Tensile Propertied*) Hydrogen Embrittlement 
UTS, Elongation Volume %_Level, ppm(c)_ 

1000 psi % in 4p(b) Alpha(*) Slow-Strain Impact 

94.8 28 
140.5 16 
167.5 18 
140.7 15 

80 
70-80 

80 

800 
>800 
>800 
(800) 

>800 
200 
200 

>800 

4V 
4A1-4V 
6AI-4V 
12Sn-4V 

103.7 (33) 
141.6 18 
145.0 13 
151.5 23 

80 200 
90 200 
90 > 800 

70-80 (>300) 

>200 
> 600 
>800 

(< 300) 

4Mn 104.3 
4AU4Mn 150.0 
6Al-4Mn 172.3 
12Sn-4Mn 150.2 

(36) 
20 
18 
26 

70 
60-70 

80 
80 

200 200 
(400) 200 

>800 Alloy brittle 
300 (> 300) 

4Cr 
4A1-4C r 
6A1-4C r 
12Sn-4Cr 

108.3 33 
141.6 (10) 
166.7 (7) 
149.5 22 

70-80 
80 
80 
80 

200 
600 

Alloy brittle 
(> 200) 

>200 
Alloy brittle 
Alloy brittle 

(>200) 

2Fe 83.8 
4A1-2FC 127.8 
6Al-2Fe 159.7 
12Sn-2Fe 144.0 

38 
20 
17 
17 

70 > 600 
80-90 200 
80-90 600 

80 200 

200 
200 

Alloy brittle 
200 

2Cr-2Fe 101.0 (29) 
4AL2Cr-2Fe 163.4 (21) 

80 
70 

200 
600 

200 
>600 

2Cr-2Fe-2Mo 112.8 31 
4A1-1. 3Cr- 

1. 3Fe- 
1.3MO 171.5 21 

50 (> 300) > 300 

80 (400-600) Alloy brittle 

7Cu 92.4 23 
4A1-7CU 141.0 15 
12Sn-7Cu 149.7 9 

80 - (< 400) 
80 (300-800) Alloy brittle 
-- (>200)_Alloy brittle 

(f ) A* mcAtured ia vacum anneakd, lUbiUzed alloy*. Teotik tea* at 0.006 Inch pel minute. 
(b) ««-y!««» value* given in parenthcM* ertimated from the meansed exumion between the dioulder* of 

tne tenuie (peekmen. 
(c) Hydrogen embrtnkment level* given in parentheaei ettimated from incomplete tea result*. 
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T * ni §■ 17 crrECT or combination* or alxoy aointions on th» 
TABUt ' • hÍmOGÍN EMBRlTILIUtNT IXVtL OF TITANIUM ALLOT* 

20Mo 136.4 
8MO-3V 133.4 
20V 124.5 

8Mo 103.4 
4MO-4V HI. 2 
8V 113.9 

4Mo 94.8 
2MO-2V 96. 1 
4V 103.7 

16 
(19) 

11 

(29) 
34 
30 

28 
33 

(33) 

20 
30-40 

30 

60-70 
60-70 
60-70 

80 
80 
80 

>800 
>800 
>800 

>800 
800 
200 

800 
(>400) 

200 

Bct*-UomorPhou*:Sluggi*h‘EuCtCC^^- 

4Mo 94.8 
2Mo-2Mn 105.4 
4Mn 104.3 

4Mo 94.8 
2Mo-2Cr 112.5 
4Cr 108.3 

4Mo 94.8 
2Mo-2Fe 116.8 
4F e 104.3 

4V 103.7 
2V-2F« 102.7 
4F« 104.3 

4Mo 94.8 
4Fe 109.3 
6Cr 123.2 
2Mo-2Fe-2Cr 112.8 

28 
27 

(36) 

28 
28 
33 

28 
31 
32 

(33) 
(30) 
32 

28 
28 
25 
31 

80 
60 
70 

80 
60-70 
70-80 

80 
70 
60 

80 
75 
60 

80 
60 

60-70 

800 
300 
200 

800 
300 
200 

800 
300 
200 

200 
300 
200 

800 
200 
300 

(> 300) 

Sli>«»Uh-Emecto*d:S*ttaaUh-Ettfctoi4 

4Mn l04«3 
2Mn-2Cr 103.2 
4Cr 108.3 
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Alloy brittle 
(< 800) 

Alloy brittle 

Progressive 
Progressive 
Progressive 

>800 
>400 
>200 

>800 
>300 

200 

>800 
> 300 
> 200 

>800 
300 

Alloy brittle 

>200 
> 300 

Alloy brittle 

> 800 
Alloy brittle 

> 300 
> 300 



l AtU.* 17. Lt I I.C1 O* COMBINAIION5 O» ALLOY ADDITIONS OK THE 
HYDNOOLN LMBM1T TLfMKNf LFV'LL C* 1 Î7 AM UM ALLOYS 
(Continued) 

Composition TsnsiJ" Proportiss^*) Hydrogen Embrittlement 
(Balance Ti), UTS, Elongation Volume %_Level, ppm(c) 

per cent 1000 psi % in 4P(b) Alpha(*) Slow-Strain Impact 

4Mn 
2Mn-2Fe 
4Fe 

104.3 (36) 
102.9 (31) 
104.3 32 

70 
90 
60 

200 
200 
200 

4Cr 
2Cr-2Fe 
4Fe 

108.3 33 70-80 
101.0 (29) 80 
104.3 32 60 

200 
200 
200 

6Cr 
3Cr-3Fe 
4F e 

123. 2 25 
118.5 (33) 
104.3 32 

60-70 300 
50-60 200 

60 200 

4F e 
6Mn 
6Cr 
2Fe-2Mn-2Cr 

104.3 32 
118.0 28 
123.2 25 
119.5 (40) 

60 
60 

60-70 
60 

200 
600 
300 
200 

4Mo 
2Mo-2Cu 
4Cu 

Beta-lsomorphous:Active-Eutectoid 

94.8 28 
97.4 26 
82.2 (33) 

80 800 
90 (> 200) 
90 

Sluggish-EutectoidiActive-Eutectoid 

200 
200 

Alloy brittle 

>200 
200 

Alloy brittle 

>300 
200 

Alloy brittle 

Alloy brittle 
200 

>300 
200 

>800 
(> 200) 

200 

4Mn 104.3 (36) 70 200 200 
2Mn-2Cu 97.0 (29) 80-90 (800) (300-800) 
4Cu_82.2 (33)_90_--_200 

(a) A» measured m vacuum annealed, stabilized alloys. Tensile tests at U.00& inch per minute. 
(b) Elongation values given in parentheses estimated from the measured extension between the shoulders of 

the tensile specimen. 

(c) Hydrogen embrmlement levels give- in parentheses estimated from incomplete tea results. 
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TABLE It EFFECT OF BASE METAL PUBITY OH THE HYDAOCEW 
TABLE It. juTTIXMäNT tXVEL OF TITANIUM ALLOYS 

Composition Tensile Proportfi*) 

(Balance Ti), UTS, 
per cent 1000 pai % in 4D<b) AlphaM 

4Mo 
lodidi* 
Sponge 
0¿ added 

79.0 
94.8 

118. 6 

29 
28 

(28) 

80 
80 
80 

>800 
800 

(300-400) 

>800 
>800 

Progressive 

20Mo 
Iodide 
Sponge 
C>2 added 

109.5 
136.4 
145.4 

30 
16 

(12) 

<5 
20 
30 

>800 
>800 

600(e) 

>800 
Alloy brittle 
Alloy brittle 

4V 
Iodide 
Sponge 
Q¿ added 

76.4 
103.7 
113.8 

26 
(33) 
24 

80 
80 
80 

>400 
200 
100 

(200-400) 
>200 
> 200 

20V 
Iodide 
Sponge 
0¿ added 

125.0 
124.5 
130.8 

(10) 

11 
(9) 

<5 
30 
10 

>800 
>800 

(> 800) 

>800 
Alloy brittle 
Alloy brittle 

8Mn 
Iodide 
Sponge 
0¿ added 

117.8 
126. 5 
153.8 

22 
26 

(31) 

50 
50 
60 

400 
300 
300 

400 
200(d) 
200 

6Cr 
Iodide 
Sponge 
0¿ added 

97.9 
123.2 
136.4 

23 
25 

U«) 

60-70 
60-70 
60-70 

>400 
300 
300 

>400 
>300 

200 

7Cu 
Iodide 
Sponge 
0¿ added 

75.0 
92.4 

110.2 

32 
23 
27 

80 
80 
80 

> 800 200 
(< 400) 

> 800 Alloy brittle 

6A1-4MO 
Iodide 
Sponge 
Q¿ added 

144.3 
167.5 
174.0 

12 
18 

(14) 

80 
80 
80 

>800 
>800 
>800 

>800 
200 

Alloy brittle 
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table is. crrcc r or base metal puait y on the mydaocek em- 
BM1TTLEMENT LEVEL Of TITANIUM ALLOYS (Contiita«d) 

ComposiKtoa T«—tU ProprUttU) Hydro*«» Embrittlement 
(Bnlnncc Ti), UTS, Elongation Volume % _L«v«l, ppm(c) 

per cent 1000 pel % in 4P(b) Alphn(a) Str«««-Strnin Impact 

6A1-4V 
Iodide 139.5 8 
Sponge 145.0 13 
02 added 178.2 (16) 

90 
85.90 

90 

(> 600) > 600 
>800 >800 

600 Alloy brittle 

4Al-4Mn 
Iodide 144.3 18 
Sponge 150.0 20 
02 added 161.0 20 

70 
60-70 

80 

(>400) (< 400) 
(400) 200 
300 Alloy brittle 

SAl-CFe 
Iodide 139.4 15 
02 added 172.5 20 

70 (300-400) 200 
70-80 300 Alloy brittle 

4A1-4C r 
Iodide 127.8 15 
Sponge 141.6 (10) 
02 added 171.5 2 

80 (400) Alloy brittle 
80 600 Alloy brittle 

60-70 Alloy brittle Alloy brittle 

(a) A* measured in vacuum annealer, stabilized alloys. Tensile tests at 0.005 inch pet minute. 
(b) Elongation valuet given in parentheses estimated from the measured extension between the thouldcrt of 

the tensile specimen. 
(c) Hydrogen embrittlement levels given in parentheses estimated from incomplete test results. 

(d) Impact ductility recovered at 300 ppm. 
(e) This value may be in ¿«sor. See Table 81. 
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...OI Wl- .O»—. ~ • «*• - .-'»'•»i—-. «* 
•bow aha»»! aatanai*« ombr.ltlomoa« boll* *• •■••-•••••l« •• 
rwplurv tMM. Tb. ..««vi i.P« «< .mbr.lll.m.«. .mp.«« .mbr.lU.m.«. 
•«mor. d.lí.cal« I. lor.W. Thr.. Irp.. ol .mpact .mbr.ltUm.ol -.,. ob- 
a.rv.d: a d.limt. drop m .mpact prop.«... al o .p.c.í.c hydrog.n . 
gradual Io« m impact prop.«... Uh .ocr.a.iit« hydro*.« cont.nl, and 
compl.t. impact .mbr.ttl.m.nt at all l.v.L, including th. ..cuum-.nn..l.d 
condition. Embrittlement •.. ...um.d to h.v. occurred wh.n.v.r th. alloy 
lo.t more than 50 per cent of th. impact propertie. .xh.bit.d by the vacuum 
annealed material or when th. impact propertie. at room temperatur. 
dropped below 10 inch-pound.. Th. three type, oí embrittlement are be- 
lieved to be due to hydride precipitation, hydrogen in solution, and general 

alloy brittleness, respectively. 

In addition to designating the hydrogen level at which .low-strain em¬ 
brittlement and impact embrittlement were observed, the tabulation indicate, 
the tensile properties oí the alloys (ultimate strength and elongation) and the 
amount oí alpha present in the alloys. The values given refer to vacuum- 

annealed material. 

The hydrogen embrittlement levels oí binary titanium alloys containing 
molybdenum, vanadium, tantalum, niobium, manganese, iron, chromium, 

copper, and nickel are shown in Table 15. 

Two of the beta-i.omorphous alloy additions, molybdenum and niobium, 
formed alloy, which did not show slow-.tr.in embrittlement until large 
amount, of hydrogen were present. Titanium-vanadium alloys, on ‘he other 
hand, showed embrittlement at 200 ppm in the alloy, containing 4 and 8 per 

cent vanadium. No slow-.tr.in embrittlement wa. ob*ertv^‘nJ"“*1?": 
containing alloys. Impact embrittlement was observed at 200 PP"? ^ h 
tantalum-containing alloy, and in the 4 per cent niobium alloy. Three of the 
alloys showed progressive embrittlement in impact with increasing hydrogen 
content, 8 per cent molyb.enum, 8 per cent vanadium, and 8 per cent nio¬ 
bium This effect is p- ubably due to solution of hydrogen in the beta phase. 
Ïhe 20 per cent molybdenum and vanadium alloys were brittle in impact at 

all levels, including the vacuum-annealed condition. 

It is apparent that th. beta-isomorphous addition, showed three quite 
different behavior pattern, with respect to hydrogen tolerance. Tantalum 
addition, in th. amount, studied resulted in alloy, prone to tmptct 'rn- 
brittlement but apparently free from tendencies toward slow-strain em- 
brittlement It is possible that tantalum in greater amounts would result in 
an alloy susceptible to slow-strain embrittlement. Both of the alloys tested 

were predominately alpha. Molybdenum and niobium alloys to‘*r***^ ' 
siderable amounts of hydrogen before showing slow-, rain embrittlement 
but did ultimately become embrittled. Vanadium-containing «Uoy, showed 
slow-strain embrittlement at quite low hydrogen levels. These latter three 
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•**«*• •pF*»!** »*» M Ir** Irwin la«» of tm^oci tfotliltif from 
fttdritfo »ormoito«. 

The Ihre« «luggish-eutectoid addition», manganc»r, iron, and 
chromium, also showed somewhat different resistance to hydrogen em¬ 
brittlement. increasing chromium additions resulted in progressively in- 
c ased resistance to slow-strain embrittlement, while no impact embrittle¬ 
ment was observed. The manganese-containing alloys, however, showed a 
quite different trend. The maximum resistance to slow-strain embrittle¬ 
ment was observed at 6 per cent manganese, with both 4 and 8 per cent 
manganese alloys showing embrittlement at a lower hydrogen level. The 
two higher manganese alloys showed impact embrittlement at a low hydrogen 
level. The 8 per cent alloy recovered impact ductility when the hydrogen 
content was increased, however. Both iron-containing alloys showed impact 
embrittlement, and slow-strain embrittlement was observed at a low level 
in the 4 per cent iron alloy. Except for the low hydrogen level at which 
slow-strain embrittlement occurred, the behavior of the iron-containing 
alloys was quite similar to that of the niobium-containing alloys. 

Three quite different types of behavior were developed in the sluggish- 
eutectoid alloys as the hydrogen content was increased. The most difficult 
to understand is the variation of hydrogen tolerance with composition occur¬ 
ring in the manganese alloys. This effect should probably be considered with 
some skepticism until confirmed by further work. 

The active eutectoid additions, copper and nickel, behaved in a similar 
manner. Both showed impact embrittlement at lo\ ■ hydrogen levels while 
being free from slow-strain embrittlement. This is similar to the behavior 
of pure titanium( 10). 

Examination of the data given in Table 15 indicates that the hydrogen 
level at which slow-strain embrittlement is observed in a given alloy system 
increases as the amount of beta present in the alloy increases. However, if 
very little beta is present, the tendency toward slow-strain embrittlement 
may be absent, as shown by the 4 and 8 per cent tantalum, the 4 per cent 
niobium alloys, the 2 per cent iron alloy, the 4 and 7 per cent copper alloys, 
and the 4 and 7 per cent nickel alloys. Also, it is apparent that some com¬ 
positions can retain considerably more hydrogen without ill effects than 
others. For example, a 4 per cent molybdenum alloy can contain upto 800 
ppm hydrogen before embrittlement is observed, while a 4 per cent vanadium 
alloy shows embrittlement at 200 ppm. Both alloys contained approximately 
20 per cent beta. This suggests that slow-strain embrittlement is affected 
both the composition and the amount of the phases present. 

The hydrogen embrittlement level of ternary alloys containing the 
alpha-strengthening additions aluminum and tin is shown in Table 16. The 
addition of aluminum caused the slow-strain embrittlement level to increase 
in every case. This effect was most apparent when 6 per cent aluminum was 
added. Presumably, this is due to the increased solubility of hydrogen in 
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nom. 

The addition ol 1 ¿ per cent tin to the alloys, roughly equivalent to 4 
per rent aluminum in strengthening effect, was less effective than 4 per 
cent aluminum in increasing the hydrogen tolerance of the alloys. However, 
& slight improvement was observed in several cases. It seems likely that 
a larger addition of tin might have resulted in more definite improvement in 
the hydrogen tolerance of the alloys. 

The changes in the hydrogen embrittlement level brought about by the 
addition of aluminum appear to be of considerable significance. As men¬ 
tioned above, aluminum is known to promote the retention of hydrogen in 
binary titanium-aluminum alpha alloys. The addition of aluminum to these 
alloys, with the resulting formation of a high-aluminum alpha phase (it should 
be noted that aluminum did not result in any significant increase in the 
amount of beta phase present in any of the alloys) would be expected to pro¬ 
mote increased tolerance to hydrogen. However, the effect of aluminum on 
the copper-containing alloy was quite unexpected. Previous theories of the 
mechanism of slow-strain embrittlement in titanium alloys have assumed 
that embrittlement was due largely to changes in the hydrogen distribution in 
the beta phase. The fact that the 4 aluminum-7 copper alloy is susceptible 
to slow-strain embrittlement indicates that the source of embrittlement, at 
least in this alloy, is hydrogen in the alpha phase, since no beta was present 

in the alloy. 

The results of combining t'vo or more alloy additions on the hydrogen 
embrittlement level are shown it. Table 17. As might be expected, the em¬ 
brittlement level of a ternary or quaternary aHoy fell at an intermediate 
level between the embrittlement levels of the component alloy additions. In 
most cases, the embrittlement level was closer to that of the lower of the 
parent additions, as shown, for example, in the 2Mo-2Fe alloy. 

The results of the investigation of the effect of base-metal purity on 
the hydrogen embrittlement level are shown in Table 18. In every case, in¬ 
creasing the metal purity raised the hydrogen level at which slow-strain em¬ 
brittlement was observed. Since oxygen is known to partition chiefly to the 
alpha phase, these data also suggest, as did the results obtained from the 
alloys containing aluminum, that slow-strain embrittlement can oe quite 
strongly affected by the composition of the alpha phase. 

Although it is difficult to compare all the additions since such things as 
amount of alpha and beta, strength level, and microstructural variations 
(alpha grain sise, etc.) would be expected to have an important effect, it is 
apparent that the slow-strain embrittlement level is high when aluminum, 
molybdenum, and niobium are added. Chromium beta phase in sufficient 
amounts is ben-ficial. Alloys containing vanadium and iron showed quite low em¬ 
brittlement levels, while manganese appeared intermediate between chromium 
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*nd vAMdium ta il» «liad oa «low. si rata ambriUUmaat. Ttn ta tita •moiAnt» 
added had little effect jn slow.»trata embrittlement level. No sloa.atraía 
embrittlement was observed ta copper, nickel, or .anialum-coniaitung alloy*. 
However, larger amount* of tantalum might have resulted tn alloy* suscep¬ 
tible to slow.strain embrittlement. > 

By examining the data in Tables 15 through 18, it is possible to rsnk 
the various additions as to their effect on slow-strain embrittlement level 
in alpha-beta alloys somewhat as follows: 

Additions which result in high level (decreasing tolerance) Al, Mo, Nb 
Additions which result in lower level (decreasing tolerance) Cr, Mn, Fe, V 
Additions which showed no slow-strain embrittlement Cu, Ni 
Additions for which results were inclusive Ta, Sn 

Oxygen, which is not included in the tabulation, lowered the slow-straxn 
embrittlement level in all alloys tested. 

A further ranking of the additions can be made by comparing the re¬ 
sults ir the more complex alloys, as, for example, T1-4A1-4V, Ti-4Al-4Cr, 
Ti-4Al-4Mn, and Ti-4Al-2Fe, which suggest that the four beta stabilizing 
additions might be arranged, in order of decreasing embrittlement level, as 
follows: chromium, manganese, vanadium, and iron. 

The effect of alloy addition on impact properties is also of interest. 
Binary alloys containing tantalum, niobium, manganese, iron, copper, and 
nickel showed definite impact embrittlement due to hydride formation. 
Binary alloys containing molybdenum, vanadium, and chromium did not 
show impact embrittlement. Ternary alloys containing these three additions 
also appeared to have greater resistance to impact embrittlement, as shown 
by comparing Ti-2Cr-2Fe with Ti-¿Mn-¿Fe or Ti-2Mo-2Cu with Ti-2Mn- 
2Cu. 

The data which has been summarized in Tables 15 through 18 should be 
used only to compare the effects of the various alloy additions. The use of 
these data to set hydrogen tolerance levels for various alloys would, in 
most esses, result in the selection of a tolerance level from 100 to 200 ppm 
too high since no notched-stress-rupture tests were run. Notched testing of 
these alloys will be carried out in additional work with these alloys in order 
that the hydrogen tolerance may be determined. 

The Effect of Hydrogen on 
Thermal Stability 

The effect of 200 ppm hydrogen on the ability of thirty of the alloys to 
withstand exposure at 800 F without damage to room-temperature tensile 
properties was determined. The results of this investigation are given in 
the Appendix in Table 113. These data are summarized in Table 19. 

( 
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TABLX It. Err ACT OW HTDEOOEW ON THE THERMAL STABILITY 
Or TITANIUM ALLOYS 

Composition 
_(Balance Ti) 

4Mo 

8Mo(d) 

4V 

4Mn 

8Mn 

8Mn, 0¿ added 

4Fe 

6Cr 

4Cu 

7Cu 

Room Temperature Tensile 
Propertiesic) 

¿0 ppm ¿00 ppm 
UTSlbJ % RA UTSlbl %RA 

Exposure 
Condition(*^ 

None 
Unstressed 
Stressed 

None 
Unstressed 
Stressed 

94.8 61 
101.1 55 
99.2 43 

103.4 58 
104.9 56 
104.5 54 

95.6 64 
103.2 56 
102.2 49 

103.7 76 
109.0 39 
109.0 52 

None 103.7 
Unstressed 110.8 
Stressed 109.7 

None 104.3 
Unstressed 104.5 
Stressed 105.4 

56 105.1 57 
50 111.2 48 
42 110.2 47 

59 109.8 25 
42 104.7 41 
42 104.2 41 

None 126.5 
Unstressed 121.7 
Stressed 125.8 

None 153.8 
Unstressed 154.2 
Stressed 155.8 

None 104.3 
Unstressed 106.0 
Stressed 108.5 

None 123.2 
Unstressed 141.2 
Stressed 142.3 

None 82.2 
Unstressed 77.8 
Stressed 77.3 

None 92.4 
Unstressed 91.6 
Stressed 90.0 

37 130.0 44 
47 136.3 18 
41 126.5 30 

49 155.8 50 
44 150.5 11 
42 155.5 15 

44 111.1 18 
25 110.0 24 
15 101.2 23 

33 122.2 61 
5 139.7 5 
8 138.7 6 

45 87.2 38 
37 79.5 39 
37 84.5 36 

40 93.7 48 
28 91.4 43 
42 91.6 48 
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l A BLL I*. CrrCCT Of HfOAOGCM O* 1HL THCMMAL > f AftiLJ T V 
_Of TITAMIUX ALLOYS _ 

Boom Temperatur« Teanle 
Prope rtiee(g) 

Composition Exposure ¿0 ppm ¿00 ppm 
(Balance Ti) Condition^) UTSÏ^ * RA ÜTST^T*RÃ 

7Cu, 0¿ added 

2Cr-2Fe 

3Cr-3Fe 

2Mo- 2Cu 

2Mn-2Cu 

2Mo-2Fe 

2Mo- 2Cr 

2Mo-2F e-2Cr 

4A1-4MO 

6AL-4MO 

4AU4V 

None 110.2 
Untfressed 109.5 
Stressed 110.3 

None 101.0 
Unstressed 106. 1 
Stressed 107. 1 

None 118. 5 
Unstressed 127.5 
Stressed 128.9 

None 97.4 
Unstressed 97.3 
Stressed 96.9 

None 97.0 
Unstressed 93.2 
Stressed 94.9 

None 116.8 
Unstressed 115.8 
Stressed 113.8 

None 112.5 
Unstressed 108.7 
Stressed 109.3 

None 112.8 
Unstressed 110.7 
Stressed 111.7 

None 140.5 
Unstressed 144.0 
Stressed 141.2 

None 167.5 
Unstressed 168.0 
Stressed 169.5 

N one 141.6 
Unstressed 135.0 
Stressed 134.3 

36 110.6 37 
34 109.6 39 
36 109.9 27 

39 106.5 50 
17 108.5 36 
34 108.3 25 

55 123.6 43 
23 130.0 25 
46 130.7 16 

54 98.0 50 
53 95.1 47 
53 96.2 48 

38 96. 7 38 
45 92.8 28 
35 97.4 35 

54 117.1 45 
48 115.2 24 
45 115.8 22 

60 107.0 61 
50 108.0 45 
50 108.5 41 

51 114.2 53 
48 115.0 42 
44 116.4 34 

50 148.3 50 
49 139.3 48 
49 138.5 50 

49 180.0 37 
45 167.5 50 
44 169.0 49 

43 139.2 48 
51 139.9 33 
46 137.8 36 
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table i«. orcei or hydboge* on tmc them mal mtabiuty 
or TITANIUM ALLOTS (CmMim**) 

Composition 
(Bslancc Ti) 

Exposure 
Condi tion(*) 

Room Tempe roture Tensile 
Props rties(c) 

ppm 
UTSÍD) % RA 

¿00 ppm 
UTS(*>Í % RA 

6A1-4V 

6AU4V, 0¿ added 

4Al-4Mn 

4Al-4Mn, 0¿ added 

6Al-4Mn 

4A1-1. 3Mo-1. 3Fe- 1. 3Cr 

12Sn-4Mo 

12Sn-4Mn 

12Sn-4Cr 

None 145.0 
Unstressed 147. 1 
Stressed 146.8 

None 178.2 
Unstressed 174.9 
Stressed 174.1 

None 150.0 
Unstressed 151.5 
Stressed 151.6 

None 161.0 
Unstressed 163. 1 
Stressed 162.4 

None 172.3 
Unstressed 173.9 
Stressed 175.0 

None 171.5 
Unstressed 142.8 
Stressed 143.4 

None 140.7 
Unstressed 146.5 
Stressed 146.2 

None 150.2 
Unstressed 150.7 
Stressed 151.3 

None 149.5 
Unstressed 158.8 
Stressed 158.0 

40 150. 1 48 
45 157.0 35 
42 154.7 37 

23 180.5 39 
35 182.7 35 
39 183.7 38 

43 154.0 43 
25 152.9 42 
26 153.5 40 

51 171.7 30 
35 171.5 36 
41 171.7 46 

26 179.0 46 
30 176.3 45 
41 177.2 30 

46 172. 1 47 
47 145.7 42 
43 147.6 44 

53 139.6 60 
44 145.0 50 
53 144.8 47 

48 149.5 50 
46 150.0 42 
42 150.6 12 

55 147.9 59 
13 150.6 1 
16 156.4 6 

(a) r.xpoture coodltioaa used were as follows: 
Unstressed: 200 hours at 800 F, in ak 
Stressed: 200 hours at 800 F stressed to 25,000 pal. in air. 

(b) Ultimate tensile strength given in 1000 pal. 
(c) Tested at 0.005 inch per minute bead travel. One-ha If* Inch gage length. 
(d) These materials recast to obtain sufficient material for testing. The samples exposed at 800 F came from 

a different heat than the unexpoaed samples. 
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Pr« »to*« «•«* àM ak««« Ite« -tmmfrtmr* «a^o««r« ai kférfm. 
tumatmtag aiiof ia* ra»mit ta »•< raa»aé êuMjUhlitf lo «lo».•traio «m. 
brittlern«n< with a r««olUnt *••• to alow.«peed toastie propertioa alter es. 
poaurot 

Uaing the cntorton that a 50 per cent loaa in reduction tn area ta in¬ 
dicative of thermal matability, it ta seen that only nine of the thirty alloya 
•bowed inatability. Of these, only lour alloys showed instability at 200 ppm 
while being stable at the vacuum-annealed hydrogen level. These alloys 
were Ti-8Mn (both sponge base and alloyed with oxygen), Ti-12Sn-4Mn, and 
Ti-2Mo-2Fe. The remaining five unstable alloys showed a loss in ductility 
in both the vacuum-annealed and 200 ppm samples. These alloys were 
Ti-6Cr, Ti-3Cr-3Fe, Ti-2Cr-2Fe, Ti-12Sn-4Cr, and Ti-4Fe. It is in¬ 
teresting to note that four of the five alloys contained chromium. Previous 
work has indicated that alloys containing chromium are particularly sus¬ 
ceptible to instability due to eutectoid decomposition of the beta phase(13)( 
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Summary 

tent nece.e.ry to cuse slow-stretn embrittlement. 

Micrestructurai variation, .ppe.r.^r, a 
slow-strain embrittlement level in alpha-beta alloy 

Th« following trends were observed: 

1. increasing the alpha grain si« 

which slow-strain embrittlement was o resent, but may have been 
related to the amount of alpha-beta l” e* ®C alpha to a beta matrix as the 
affected, at least in part, by change, from an alpha 

alpha grain size increased. 

2. Increasing the probaWy was 

^tVuû^an'X;:».- "of bet. «<. «o a ch„g. m the distribution 

of hydrogen in the alloy. 

3. Acicularity did not appear *“ hyd«X toUrnnc. 
slow-strain embrittlement was o •erv^ , to ^ due primarily to 
between acicular and equianed *Pf lf rUce). since acicular struc- 
differences in alpha grain siae (amo -trueture is probably undesirable 
ture, tend to be quite coarse, an acicular structure is p 
in an alloy from the standpoint of hydrogen tolerance. 

4 Strength level appeared to have little effect on the hydrogen level a. 

which slow-strain embrittlement was observed. 

in contras, to the «fleet, of 
men,, only slight changes in impact embrittlement level 
result from changes in microstructure. 

Introduction 

Since the tendency toward .,ow-.tr.in hydrogen^mbrUtlem«««:. 

believed to be dependent upon the precipi d considerable effect on 
interfaces, micro.tructura van. mn ,uoy which was embrittled 

^VoTpXXmU ducuui the grain sine was decreased (which would 



MKihm »moMffl ol av%iUM« u**rUc0, mmé, •• • 4*- 
CT0000 roAiinutiy ol hr4rtö« procipuotto«). OU^r nueroolroclvral vonoiton», 
•uch oi1 alpha grota shape (acicular or cguiaaed), relative amounts o< alpha 
and beta, and continuity ol the matrin phase (alpha or beta), would also be 
expect*«! to exert an influence on hydrogen tolerance. 

The effect of microstructure was examined by comparing the effects of 
the following microstructural variables on the hydrogen tolerance of four 

alloys : 

(1) Alpha configuration - equiaxed or acicular 

(2) Alpha grain size (three alloys only) 

(3) Amount and composition of beta — stabilized, solution 
heat treated, or solution heat treated and aged. 

None of these variables was checked independently of the others. In 
addition, the further variable of different strength level was necessarily in¬ 
troduced. However, several consistent trends could be observed from the 

test results. 

The results of the microstructural study are described in this report. 
Unfortunately, as was the case in the survey of the effect of composition, not 
all the work was completed. However, sufficient data are available for fairly 

definite conclusions to be drawn. 

Preparation of the Alloys 

Four alloys were used in this investigation: Ti-8Mn, Ti-2Mo-2Cr~2Fe, 
TÍ-6A1-4V, and Ti-4Al-4Mn. The melting and fabrication of these alloys 
were described in the sections on alloying and melting, fabrication, and 
vacuum annealing and hydrogenation in the description of work conducted in 
Phase II (see alloys K-13, K-33, K-37, and K-38). The final heat treatment 
was varied, however, to give the desired microstructuial conditions. 

Heat Treatment 

Since the fabrication of the alloys was carried out low in the alpha- 
betx field, the alloys contained equiaxed alpha-beta structures unless heated 
into the beta field. Also, the grain size was initially quite fine and could be 
controlled either by length of annealing treatment in the alpha-beta field, or 
by cooling rate from an anneal in the beta field. Nine microstructural con¬ 
ditions were examined for three of the alloys (Ti-8Mn, T1-6AI-4V, Ti-4A1- 

4Mn). These were: 
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tqiuAJM d alpk* 
SiabiliMd, Ur*« d»lf*r««l «Ipà* grata 
Solution heat treated 
Solution heat treated and aged. 

Acicular alpha 
Stabilised, two different alpha grain eine» 
Solution heat treated 
Solution heat treated and aged. 

Only »ix microstructural condition, were .tudied for the fourth alloy (Ti- 
üMo-ZCr-ZFe). In this case, only two stabilised .pecimen. were prepared, 
one equiaxed and one acicular. A complete de.cription of the heat treat- 
ment» used in preparing the alloy, i. given in Table ZO. 

jest Procedures for Hydrogen Embrittlement 

With the exception of the addition of one new hydrogen level, 100 ppm, 
the test procedures used in the study of the effects of microstructure on 
hydrogen embrittlement were identical withthose used in the previously de¬ 

scribed study of the effect of composition on hydrogen embrittlement. 

Results 

Th« heat treatment, .elected were found to give a wide variation in 
microstructure. Photomicrograph, .houug the .tructure ». it appeared in 
vacuum-annealed material are given in Figures Z1 througl. ¿4. 

Both the Ti-8Mn alloy (Figure Zl) and the Ti-ZMo-ZFe-ZCr alloy 
(Figure ZZ) »eemedto.how a tendency toward alpha grain-boundary pre¬ 
cipitation. The other two alloy, .howed little evidence of thi. tendency (an 
exception i. aeen in Ti-4Al-4Mn in one condition, Figur« Z4 i). 

Although all ..ripie, were etched in a 1-l/Z HF-J-l/ZHNO}-HzO re¬ 
agent, con.ider.ble variation in etch attack occurred. For «“"'P1«* >" the 
Ti-ZMo-2Cr-ZFe alloy .hown in Figur« ZZ, the alpha phase «“‘‘«d l.ghter 
than the bet. pha.e in c and f, darker than the bet. pha.e in b, «id about the 
..me a. the £t. pha.e in a, d, and e. Thi. difference in etched appearance 
cause, no difficulty, however, .ince alpha i. ea.ily di.Ungui.hed by it. 
mode of precipitation. Difference, in matrix pha.e are al.o apparent in 
these alloy.. All Ti-8Mn and Ti-ZMo-ZCr-ZMn alloy. po..e..ed a beta 
matrix. The matrix pha.e wa. different in the variou, condition, in the 
TÍ-6AI-4V and Ti-4Al-4Mn alloy», however. For example, Figure ZÎ a and 
g .how an alpha matrix, while Figure Z3 h ha. a bet. matrix A .im.l.r 
difference i. apparent in comparing Figure 24 a and f igure Z4 g and h. 
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(Aftlg .* Nt A T r«*ATW»Nf% U* At' IM Nit •iMfai" rt'NAL » U H«»» 

(.«•AiUmi 

No. Ti.AM» (K-H) 

1. Aqtuaard alpha beta, l hour* al I Ï00 F, 
• labtliaadW luimac* tool to 

1100 F , hold I 

hour 

_Ha— |r»at«oo 
Tt-iMo-dCr-AA* 

it)_ 
¿ hour* at l >u0 T, 

fumara rool lo 

1100 r, hold I 

hour 

t, F.qui»»*d alfha-bata 

solution heti treated 

l hour* at 1300 F, 

water quench 

2 hour* at 1300 F , 

water quench 

i. Equiaxed alpha-beta, 2 hour* at 1300 F 
• oiution heat treated water quench, 16 

and aged hour* at 900 F 

2 hour* at I 300 F, 
water quench, 16 

hours at 900 F 

4. Acicular alpha-beta, 

»tabilixed 

1 hour M 1620 F, 

furnace cool to 

1100 F, hold 1/2 

hour, air cool 

in argon 

1 hour at 1660 F, 

furnace cool to 

1100 F, hold 1/2 

hour, air cool 

in argon 

6. Acicular alpha-beta, 

■ oiution heat treated 

I hour at 1620 F, 

furnace cool to 

1300 F, hold I 
hour, water quench 

in argon 

1 hour at 1660 F, 
furnace cool to 

1300 F, hold 1 
hour, water quench 

in argon 

6. Acicular alpha-beta, 
• oiution heat treated 
and aged 

I Hour at 1620 F, 
furnace cool to 
1300 F, hold 1 
hour, water quench, 
age 16 hoar* at 
000 F, in argon 

I hour at 1660 F, 
furnace cool to 
1300 F, hold 1 
hour, water quench, 
age 16 hour* at 
900 F, in argon 

7. Fine or medium equianed (Fine) 6 hour* — 
alpha-beta, etabtli—d 1200 F, furnace 

c ool to 1100 F, 
hold I hour 

A* hods ____ 

ri-6AI-0V (*-»*> TI-4AI.4-0 (K-30) 

2 hove* at 1100 F 

furnace cool to 

I 100 F , ho.d I 

hour 

2 hour* at 1300 F . 

water quench 

2 hour* at 1300 F, 
water quench, 16 

hour* at 900 F 

1 hour at 1900 F , 
furnace cool to 

1300 F, bold 1 

hour, furnace 

c ool to 1100 F, 

hold 1 hour, air 

cool m argon 

1 hour at 1900 F, 
furnace cool to 

1300 F, hold 1 
hour, water quench 

in argon 

1 hour at 1900 F, 

f urnac e cool to 

1300 F, hold 1 

hour, water quench 

age 16 hour* at 

909 F, m atgun 

(Medium) I hour at 
1600 F, furnace 
c ool lo I 300 F, 
hold I hour, 
turn—e cool to 
1100 F 

2 hour* al I 300 F . 
1 urna< e cool lo 
1100 F, hold I 

hour 

2 hour* at 1 300 F , 

water quench 

2 hour* at I 300 F, 
water quench, 16 

hour* at 900 F 

I hour at I 790 F , 
furnace cool tu 

1100 F, hold 1/2 

hour, air cool 

in argon 

1 hour at I 7*0 F , 

furnace c • lo 
1300 F, hold I 
hour, water quench 

in argon 

I hour at 1790 F, 

furnace cool to 

1300 F, ’old I 
hour, water quench, 

age 16 hour* at 
900 F, tn argon 

(Medium) 2 hour* at 
1700 F, furnace 
cool to 1300 F, hold 

I hour, furnace cool 
to 1100 F, hold 1 
hour tn argon 

A, Coarae equianed alpha- 
beta, »tabiliaed 

4 hour* al I 340 F, 
furnace cool lo 
1100 F, hold I 
hour 

16 hour* at 1700 F, 
furnace too, to 
1300 F, hold I 
hour, furaace co¬ 
to 1100 F, hold I 
hour, in argon 

16 hour* at 1700 F, 
furnace cool to 

1300 F, hold 1 
hour, furnace • ool 
to 1100 F , hold I 

9. Fine acicular alpha- 
beta, «tabiliaed 

I hour at 1420 F, 
furnace quench to 
1200 F, hold I 
hour, furnace cool 
to 1100 3 , in argon 

1 hour at 1900 F , 
furnace quem h to 
1300 F, höh. 1/2 
hour, furnace > ool 
to 1100 F , hold 1/2 
hour, in argon 

I hour at 1790 F, 
furnace quench to 
1300 F, hold 1/2 
hour, furnace cool 
to 1100 F, hold 1/2 
hour, in argon 

(a! Unie** otherwise indicated, all treat me—■ were ta air and were concluded by an air cool from the final temperature, 
(b) This condition need m comparing the lour alloy, with the other alloy* prepared in Pha.s U lo .lady the ellect - com¬ 

position on hydrogen embrittlement. 
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In gmnmrmi, huit thangm u> 11m ritto oi oipbo to bots w oboomé i» 
Ch# mil ro»t rue turc. However« U con be oeeumed on the boeie ol known phase 
relationship« that the solution he at-tre ate i material contained a larger pro¬ 
portion oí beta than either the stabilised or solution heat-treated and aged ma¬ 
terial. Whether the stabilised material contains a greater or lesser propor¬ 
tion oí beta than the solution heat-treated and aged material is difficult to 
predict, since the approach to equilibrium at the aging temperature is slow. 

The results of mechanical tests to determine the hydrogen embrittle¬ 
ment level of these materials are given in the Appendix in Table 114 through 
146. Each table also includes a brief statement of the conclusions reached 
on the basis of the tests reported. 

Discussion of Results 

The information contained in the Appendix in Tables 114 through 
146 relating to the effect of alpha grain size on the hydrogen embrittlement 
level is shown in Table 21. This table includes a description of the alloy, 
the tensile properties as vacuum annealed, and the observed hydrogen em¬ 
brittlement level. 

An examination of the data obtained from the nine tests on equiaxed 
material (as stabilized) shows some difference in effect of grain size on the 
various alloys, the Ti-8Mn apparently being unaffected by grain size varia¬ 
tions« while TÍ-6AI-4V and Ti-4Al-4Mn show definitely lowered resistance 
to slow-atrain embrittlement as the alpha particle size increases. This 
difference might be due to the fact that the Ti-8Mn did not develop an alpha 
grain size comparable in coarseness to the other two alloys, or to the fact 
that increasing alpha grain size resulted in a change from an alpha to a 
beta matrix .n TÍ-6AI-4V and Ti-4Al-4Mn. The absence of pronounced em¬ 
brittlement in the medium alpha grain size Ti-8Mn, which also showed a 
beta matrix, suggests the first explanation is probably correct. Comparison 
of the effect of alpha grain size of acicular material also suggests that alpha 
grain size may have an effect on slow-strain embrittlement level. Although 
no difference due to alpha grain size was observed in Ti-8Mn, and the Ti- 
&A1-4V data is not sufficiently complete to permit comparison, Ti-4Al-4Mn 
alloy showed a definite increase in hydrogen embrittlement level as the 
acicular alpha grain size decreased. 

On the basis of the data given in Table 21, it can be concluded that 
decreasing the alpha grain size will raise the slow-strainembrittlement level. 
The most probable explanation of this effect on the basis of the available 
data is that decreasing the alpha grain size increased the amount of alpha- 
beta interface, which would increase the available area for hydride pre¬ 
cipitation and thus decrease the amount of interface which a fixed amount of 
hydrogen could embrittle. 
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300X NS2167 300X N32168 300X N32169

«. Medium Equiaxr4 Alpha, 
Subllized

b. Medium Equiaxcd Alpha, 
Solution Heat Treated

c. Medium Equiaxcd Alpha, 
Solution Heat Treated and Aged

300X N32170 300X N32171 300X N32172

d. Coane Adculat Alpha, 
Stabillxed

-'‘-r V i

- ••' i.’ 'f.*. ^

if’ssra

e. Coarae Adcular Alpha, 
Solution ileal Treated

b‘

f. Coane Adcular Alpha, 
Solution Heat Treated and Aged

*>!>•

300X N321S3 300X N321S8 300X N32162

g. Fine Equiaxed Alpha, 
StabUized

h. Coanc Eqmaxcd Alpha, 
Stabilized

1. Medium Adcular Alpha, 
SubiUzed

FIGURE 21. MICROSTRUCTURES OF Ti-8Mn AUEIT (K-13) IN VARIOUS CONDITIONS 

Nominal hy^ogen content 20 ppm.
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«. Medium Equi»xed Alplu. 
SubUXxed

>-■. ■ V } ■' : ' •;

300X N32175

c. Meitium EijuUxed Alpha, 
SoluttoQ Heal Treated And Aged

V ■ •• jVfv

300X NS2177

e. Medium Aciculai Alpha. 
Soluuon tieat Treated

^ C' \

/
■-

/' i--
I-

300X N32174

b. Medium Equiaxed Alpha, 
Solution Heat Treated

TS'-. • -’

300X NS2176

d. Medium Aclcular Alpha. 
SubiUxed

..• V '■ A ' i

SOOX N32178

f. Medium Aciculai Alpha. 
Solution Heat Treated and Aged

figure 22. MICWSTRUCTURES OF T.-2Mo-2Fe-2Cr ALUJT (K-33) IN VARIOUS CONDITIONS 

Nominal hyAogen content 20 ppm.
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soox N32179 900X

a. Fine BqoUxed’Alpha, 
SUblUscd

.4 -ffv- ./i'

Mv'"
■life

b. FiDc EqiUaxul Alpha, 
Soludoo Heat Treated

aoox

d. Coane A dollar Alpha, 
StablUzed

e. Ccanc Ad -alar Alpha, 
Solution Heat Treated

* ‘ ■ . . • a

N32180 300X N32181

c. Fine Eqolaxed Alpha, 
Solution Heat Treated and Aged

■fev,N

i'f-' */ '

N39336

f. Coarae Adculat Alpha, 
Soluuoo Heat Treated and Aged

90CIX N32U7 SOOX N321S9 300X N321S4

g. Medium Eoulaxcd Alpha, 
Slabtlized

h. Coanc Equiaxed Alpha. 1. Medium A ocular Alpha.
Stabllixed Stabilized

(Some Areai Very Coane Adcular Alpha)

FIGURE 23. MlCROSTmCTURES OF T1-SA1-4V ALLOT (K-37) IN VARBUS CONDTriONS 

Nominal hydrogen oomeiu 20 ppm.
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TABLX 21. EFFECT OF AEPHA CRAIN SIZE ON THE HYDROGEN EMBRITTEEUENT LEVEE OF THREE 
ALPHA-BETA TITANIL'M ALLOYS AS STABILIZED AT HOC F

Dfirripcion ol Alpha 
C-aiB Trp«

Fm» (V) »qa*»»d 
Medium (h.) equiaeeo 
Coarar (Ri) rquiaacd 
Medium aclcular 
Coarae acicular

Fine (RiJ equiaxed 
Medium (I2u) equiaard 
Coarae (2V) equiaxed**’ 
Medium aocular 
Coarae acicular

Fine (4ii) equiaaed 
Medium (I6u) equiaxed 
Coarae (24m) equiaaed 
Fine acicular 
Coarae acicular

Tenaile Propertiea(**)
UTS, 

1000 pal

1}0.0
126.S
122.4
12J.9
120.7

E Ions all on, 
% in 4D

Volume % 
AIptia(‘>)

Hydrogeo EmbriUlemeM 
Eevelj

Slow Str*An'

Tttomum>i M>og»oe«*

M
26
M
20
SO

60
SO
SO
so
so

T>tommn«6 AlumiPttm»4 Voo^dium

(> 200) 
500 
)00 
500 
500

Imppc

>300
> 300
> 300

143.0 15 90 >800 >000

130.9 (»n 90 (>400) (>400)

149.9 9 90 200 > 200

139.4 15 93 (>400) (>200)

139.0 12

Titamum*4 Alomioume

90

-4 Manianeae

(800) (> 600)

I» .0 20 60.70 600 >600

134.3 24 60 (> 300) (> 500)

132.8 U>) 60 (100-200) (>200)

148.7 13 .. (>300) (> 500)

14J.3 IG 60.70 200 >200

(a) Crain diameter, in microna, §iven lor equiaxed alpha.
(b) Tenaile properliea and per cent alpha determined Irom vacuum annealed material. Lou aperd (0. OOS inch per 

minute) tenaile teat. ElongaUon valuea in parentheaea eatimated from eztrnaion between abouldera of vpecimen.
(c) Valuea in parentheaea Irom incompleted teata.
(d) Impact ductility recovered at 300 ppm.
(e) Some regiona tn Una material ahowed very coarae acicular alpha.

ahOC « nr



T Im iftJormatto» ***•• i» ifc# Affétm km TaM«* IU »»ro«4fc 14* r*- 
lAitng U> Um •ilccl oi »moxt «atf com^©«iUo« ol bel«, •uh bo«h *qu**»»d aad 
•ocular alpha grain «hapea, ta aummanaad tn Tabla A pronounced 
tendency for the solution heat-treated material to ahow the greatest resist¬ 
ance to slow-strain embrittlement, while the solution heat treated and aged 
showed the least, was observed in all the alloys. The impact embrittlement 
also appeared to be slightly sensitive to heat treatment, with the solution 
heat treated and aged material showing impact embrittlement at a lower 
hydrogen level than the other material. 

The tendency toward slow-*tiain embrittlement apparently increases 
as the final annealing temperature is decreased. This suggests that heat 
treatment affects embrittlement either by altering the alpha-beta ratio or by 
altering the hydrogen distribution between alpha and beta. The high tolerance 
of the solution heat-treated material is probably due chiefly to the increased 
amount of beta present. However, it is unlikely that the same reasoning 
would apply to the difference between fully stabilized and solution heat- 
treated and aged materials. This difference may be due to a tendency 
toward an increasingly unfavorable distribution of hydrogen between alpha and 

beta as the final annealing temperature is decreased or to a tendency toward 
microsegregation of hydrogen as the temperature is decreased. Thermal 
exposure at moderately low temperatures is also capable of altering the 

susceptibility to slow-strain embrittlement. 

With the exception of the equiaxed Ti-2Mo-2Fe-2Cr samples, the 
strength variations showed the expected trend, with the solution heat-treated 
and aged material being strongest and the stabilized material weakest. No 
consistent eifect of strength level on embrittlement tendencies is apparent. 
However, it is possible that the difference in slow-strain embrittlement level 
between stabilized and solution heat-treated and aged material is due at least 

in part to the difference in tensile properties. 

A comparison of the embrittlement level of acicular material with that 
of equiaxed material in equivalent conditions suggests that acicularity lowers 
the hydrogen tolerance of these alloys. However, this is probably an m- 
correct interpretation of the data, since in every case the acicular material 
had a considerably coarser alpha grain size than the corresponding equiaxed 
material. Comparison of the acicular with the coarse equiaxed material in 
the stabilized condition (see Table 21) shows that acicularity in itself is 
probably not detrimental except insofar as it tends to result in a coarser 

alpha structure. 

As was pointed out in the previous discussion of the Phase II work, 
data included in this report should not be used to set hydrogen tolerance 
levels for the various heat-treated conditions. Notch stress-rupture testing 
will be carried cut to determine the hydrogen tolerance of all materials. 
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IMMJ 1 fl iMCttT LA » a*. 
44 tf rtc i or oarf rma*»*«»» oo vw «t 

or roc« «crw« Mf* nf«iwuM cvxovt 

T *r* 

T «mU« 

UTS, ClM^Mtc 

1000 fi » f 40 

Vol 
AIpKa1 

Mr*«»*»* I»fc#U*l••••*■ 
r % L» ■ **«w_ 

Solution h*»« tronUd 
Stabilised 
Solution bast treated aad aged 
Solution beat treated 
Stabilised 
Solution heat treated and aged 

Solution heat treated 
Stabilised 
Solution heat treated and aged 
Solution heat treated 
Stabilised 
Solution heat treated and aged 

1)00 Cguiaaed 140.4 14 40 
1100 Egiuaaed 144.4 44 40 
400 Equiased 144.4 (10) 40 

1)00 Acicular 144.4 44 )0 
1100 Acicular 14).9 40 40 
900 Acicular 144.4 (19) )0 

Titaniutn-4 Molrbdenum-4 lion-4 Chromium 

1 too 
1100 
900 

1)00 
HOC 
900 

Equiased 149. 4 40 
Equiased 114.8 ()1) 
Equiased 143. 4 44 
Acicular 144. 4 (44) 
Acicular 107.4 (30) 
Acicular 1)1.8 (14) 

40 
40 
30 
40 
60 
40 

(400.400) 

300 
400 

(>400) 
300 
100 

400 , 

40©*‘ ) 

Alloy bnule 
400 

> 300 

Alloy brittle 

(300-600) 
(> 300) 

300 
400 
400 
400 

(< 600) 
(> )00) 

400 
> 400 
>400 

100 

Solution heat treated 
Stabilised 
Solution best treated and aged 
Solution heat treated 
Stabil sed 
Solution heat treated and aged 

Titanium-b A1 uminum-4 Vanadium 

1300 Equiased 
1100 Equiased 
900 Equiased 

1300 Acicular 
1100 Acicular 
900 Acicular 

144.4 14 
144.0 13 
144.7 (14) 
1)3.) (14) 
1)9.0 14 
1)4.4td) 41<dJ 

90 800 
$5-90 >800 

90 (>400) 
90 800 
90 (800) 
90 (300-400) 

800 
>800 

(>400) 
>800 

(> 600) 
(> 400) 

Titanium-4 Alunrunuin-4 Manganese 

Solution heat treated 
Stabilised 
Solution heat treated and aged 
Solution heat treated 
Stabilised 
Solution heat treated and aged 

1)00 Equiased 144.0 
1100 Equiased 140.0 
900 Equiased 164. 1 

1)00 Acicular 148.8 
1100 Acicular 14).4 
900 Acicular 149.) 

(41) 60 (>800) 
40 bO-70 600 

(16) -. 400 
14 60 > 800 
10 60-70 400 
10 40 400 

> 800 
> 600 

Alloy brittle 
> 800 
>400 

100 

(a) Ten.ile propertie. andpercent alpha from vacuum annealed material. Low »peed tensile tests. Elongation values in 

parentheses estimated Irom estension between shoulders ol specimen. 
(b) Values -n parentheses Irom incomplete tests. 
(c) Impact ductility recovered at 300 ppm. 
(d) Tensile properties Irom sample showing equiased structure (sec Tsble I )4). 
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I'HASE IV. 
Kf ^/iWAl.or HVDWOGEN TITANIUM 

AM ITAÎ ,fM ALI 

Summary 

Th. de.. ‘ 

\\ZÎ:Z"ZmZM. ¡or Hydro*«. Pro^“j d**°7'gM.tngVd 

the m«tai ouríac» .. ^ZltZV.Tol ^ Z^ lt l\*0 SS.870 K 
surface effects are neg ig» fficients are in good agreement. De- 

were iess than thosc for 

titanium. 

Factors »HicH were found 

its alloys are (1) specimen S1* t j titanium (high interstitial) with 
at 1290 F of specimens of comme ^ variJ digrectly vith the diameter 

diameters equal to or leS while degassing rates of specimens greater 
(pro* ably desorption controlle ) * a8 ^ 8quare 0f the diameter 
than 0. 12 inch m diame^r vari ^ inch thick decrease the 

degasVing ^a^e'at^ 129*0 F of iodide and commercial titanium (high interstitial) 

and Ti- 8Mn alloy. 

The solubility of ^'“**" '"¿’“““”,*01 mercury8follows the8square 
to 1830 F at pressure, of 0 ium alloy, the solubility increase, with 

.rrr.«inge»mÒuM of beu phM. pre.ent from alloy to alloy .t the s.™ 

temperature and pressure. 

The removal of hydrogen «”™“fn":.oarw.?«rh.,Í,U1> 

„ 1290 F using »n *rgon ”,2“ !. Therefore, the technique is not 

-rar:«. of—b.c.u.e of -.... 

volume of argon required. 

Introduction 

The presence o, hydrogen in titanium and UUmurn .11^. detri¬ 

mental effect, on the méchame» Pr®P*^ ^ o£ten of ,he order of 200 ppm 
hydrogen contett »1 commerc. 1 iUon. As a consequence, ti- 

*n* *• ’z'zîzriïôt 
- — ine riW oi 
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r«mo«*J At * gl««« »»»»• 4#«#r•»»••• «W 4wr««»«** *i «k# 
rrcni r*^ur*4 to ottoi« « Um hr^rogoo U»#l. Th# p-rt»ol 
orosour« of hydrogon u* tho •y»»#!** aarmg thi» trootmo»« dolormi»»#« ih# 
lowest hydrogen «.ornent that con be obtoined *t equilibrium at the given 

tempe rature. 

The present investigation was made to determine the rates of de¬ 
gassing and the low-pressure, equilibrium solubility of hydrogen in ti¬ 
tanium and its alloys. The temperature range 1110 to 1832 F was 

investigated. 

Consideration was also given to an inert gas sweep method for the 

removal of hydrogen. 

Materials 

Materials used in this investigation were annealed 5/8-inch-diameter 
rods of commercial titanium and various commercial titanium alloys, and 
a 3/8-inch-diameter rod of arc-melted iodide titanium. A list of the ma¬ 
terials is given in Table 23 along with the producer's analysis. 

Rods 3/8 and 3/16 inch in diameter were swaged from some of the 
stock material. The rods were machined to remove any oxide film and 
then cut into specimens 1 inch (2. 5 cm) long. All specimens were given a 
final dry abrasion with 240-grit silicon carbide paper and washed in ACS 

Reagent-grade acetone. 

Degassing Rates 

Method 

The method to measure degassing rates has been previously de- 
scribed^17). Essentially it consists of heating a cylindrical specimen in a 
vacuum furnace attached to a gas-analysis apparatus. The nydrogen 
evolved is collected, measured, and analyzed periodically. Degassing is 
continued until the gas evolution ceases. The residual hydrogen content 
amounts to about three parts per million (ppm) or one to two per cent of 

the initial hydrogen content. 

Degassing rate data were used to calculate the degassing coefficient 
of hydrogen in the specimen under specific degassing conditions. The 
method is based upon the general solution of Tick's diffusion law for round 
wires<18V From the general solution, an equation was derived for the 
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condition* «k*r* tW t*ditt* **d i#aftli oi • wir* *r* mm **«*1 r*r ,0^ 
tim** of d*g***HH| m v*cu«un tW «olutio* m*y b* *iir.pltfi*d to 

where 

C/C = fraction of initial hydrogen content, (C0), remaining 
at any time, t 

= time in seconds 

£ = length, cm 

D = degassing coefficient, cm^/sec. 

The logarithm of C/C0, the fraction of hydrogen remaining, was 
plotted against t, time. The slope of this plot is (4. 28/1 + 2. 52/R ) D 
from which D, the degassing coefficient, can be calculated. 

Results and Discussion 

Iodide Titanium. Initial studies were made with iodide titanium. Th< 
degassing rates for this material were to serve as reference points to de¬ 
termine the effect of alloy composition on the degassing rates of the alloys. 
Cylindrical specimens 0. 36 inch (0. 92 cm) in diameter were used. Data 
for alpha iodide titanium were obtained in th* range 1110 to 1560 F. De¬ 
gassing coefficient* for beta iodide titanium were determined at 1650 and 
1870 F. The result* are given in Table 24. The diffusion r e efficients ob¬ 
tained from concentration gradients by ¥^*ilewski and Kehl are also 

The degassing coefficient of hydrogen in alpha iodide titanium varied 
with temperature in the range from 1200 to 1560 F according to the equation 
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TABU ¿4. OCCASBU4G AND DIFFUSION COEFFICIENTS 
FOB HYDBOCEN IN ALPHA AND BETA 
IODIDE TITANIUM 

Tenripe rature, 
F Phase 

1200 Alpha 
1290 Alpha 
1380 Alpha 
1470 Alpha 
1560 Alpha 
1650 Beta 
1870 Beta 

Degassing Coefficient, 
10" 5 cm^/sec 

1. 3 
2. 0 
2. 7 
3. 5 
4. 8 

10. 
14. 

Diffusion Coefficient , 
10"^ cm^/ser 

2. 0 
3. 0 
4. 0 
5. 2 
7. 0 

11. 
15. 

(j) From work of Wasilewski and Kehl 

At temperatures below about 1200 F, the experimental degassing rates were 
slower than those calculated from an extrapolation of Equation (2). The 
degassing rates determined at 1110 and 1150 F and the extrapolated value. 

are compared below. 

Temperature, Denaeaing Coefficient, IQ'5 cmz/ae£ 
F Experimental Calculated 

1110 
1150 

0. 4 0. 9 
0.7 

In addition, all the degassing coefficient, are somewhat lower than 
the diffusion coefficients obtained by Wasilewski and Kehl. Theoretically, 
the degassing ^nd diffusion coefficients should be the same unless a 
boundary condition existing at the metal surface slow, removal of hydrogen. 
In other studies it was found that very thin oxide films inhibited certain 
surface reactions. Resulting induction periods for reaction were eliminated 
by dissolving the film, in the specimen at 1470 F. To determine the effect 
of extremely thin invisible oxide films on degassing, a clean abraded »P«cl- 
men was heated to 1470 F in less than two minutes and held there ior ™re9 
minute, which time should have been sufficient to dissolve any o»de film 
which may have formed subsequent to abrasion. The specimen then was 
cooled to 1112 F and the degassing rate determined at that temperature. 
The rate was found to be the same as that for similar specimen, heated to 
1110 F only. These data suggest that the slow degassing was not caused by 
an extremely thin surface oxide film. However, the probability remAin* 
that other surface effect, regulate the degassing process. Thus, desorption 
of hydrogen from the metal surface may be the controlling step and not 
diffusion in the metal. As an example, very little or no hydrogen can be 
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•ssr*ct*4 tr+m m «»rcoüHMt» c yliwWr *i 1 * •* 
• ur«« o# iW order of I O’* mm of morcory* orfcilo it »• fc^oro tàoi kydrogoo 
coa diffuoo i ato «ho mo toi at lower temperatures ae ia ahowa by the gradient 

metbodCW. 

It ta aaan in Table 24, that the degassing and diffusion c ©officiant* of 
hydrogen in beta-iodide titanium determined by the two methods are in good 
agreement. It is likely that surface effects are negligible in the degassing 
of iodide titanium at temperatures in the beta range. 

Commercial Titanium and Alloys. The degassing coefficients of 
hydrogen in the commercial titanium frigh interstitial), Ti-8Mn, and 
Ti-4Mn-4Al alloys were determined in the range 1110 to 1470 F. Coef¬ 
ficients were obtained for the commercial titanium (low interstitial), 
TÍ-5A1-2. 5Sn, Ti-2Fe-2Mo-2Cr, and Ti-3Al-5Cr alloys at 1290 F. The 
results are given in Table 25. For comparison, the degassing coefficients 

of iodide titanium are included. 

TABLE 25. DEGASSING COEFFICIENTS OF 
HYDROGEN IN TITANIUM ALLOYS 

Alloy 
Designation 

Degassing Coefficient, 10“5 cm2/secJ 
_at Indicated Temperature_ 

1110 F 1290 F <») 1470 F 1650 F 

Iodide titanium 
Commercial titanium 

(high interstitial) 
Ti-4Mn-4Al 
Ti-5Al-2. 5Sn 
Ti- 8Mn 
Commercial titanium 

(low interstitial) 
Ti- 2Fe- 2Mo- 2Cr 
Ti- 3Al-5Cr 

0.4 
0.7 

1.0 
0. 8 
0.7 

2. 0 
1.4 

1.6 
1.7 
0. 9 
1.0 

1.2 
1.0 

3.5 
2. 6 

2. 6 

1. 5 

10 
7. 2 

(•) 
Duplícate òctcrmUuiiom at 12S0 F agrar to abois *0.2 « 10 4 cmfyrac. 

It is seen that all of the commercial titanium and titanium alloys 
degas more slowly than does iodide titanium, except at 1110 F where iodide 
titanium has an abnormally low degassing rat*. Since all of the alloys in¬ 
vestigated were solid solutions, equiaxed alpha-beta type, the alloying 
constituents would be expected to block interstitial sites in the titanium 
structure. This slows the movement of the interstitial hydrogen atoms 
through the lattice which in turn decreases the degassing rate. 
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1 hm »qiêãUomm lor iW variAtio« cJ 4«gA««>Mg co«<licI*M «Hk 
«iur# for ih« alloy« cov«r*ni «W rang» 1110 to 1470 F «or« calculat«4 fey 
tha malhod of l«aa( «qaaraa. Tha aquation« for dagasaing coafticiani, D, in 

t m^/«at ara: 

for commercial titanium (high interstitial) 

log D « - 2700/TCK) - 2. 03, (3) 

for Ti-8Mn alloy, 

log D = 1510/7( K) - 3. 44, (4) 

and for Ti-4Mn-4Al alloy, 

log D = 1970/7( °K)- 2. 74. (5) 

To determine if microatructure affected the degassing rate, a speci¬ 
men of Ti-8Mn alloy was heat treated to produce an acicular microstructure 
and then degassed. The degassing rate of this specimen at 1290 F was the 
same as that of specimens of the same alloy having an equiaxed alpha-beta 
structure. Thus, microstructure had no observable effect on the rate of 
removal of hydrogen from titanium. This would be expected since volume 
diffusion is dependent only upon temperature and the phase constitution of 
the material. Concentration of one phase in the grain boundaries may, of 

course, lead to different results. 

Further experiments were made with commercial titanium (high 
interstitial) to determine whether there is an effect of specimen dimension 
on the degassing coefficient. Coefficients were obtained from cylinders of 
various diameters at 1290 F. The results are given in Table 26. Degassing 
coefficients for specimens having diameters of 0. 36 inch (0. 92 cm) and 
0. 24 inch (0. 61 cm) are the same. Also the degassing rates varied in¬ 
versely with the square of the diameter. These results indicate that the 
degassing is diffusion controlled for specimens in this siae range. How¬ 
ever, it is seen from Table 26 that the degassing coefficients for small- 
diameter specimens decrease with decreasing specimen diameter. The 
degassing coefficient appears to vary directly with the diameter of the 
specimen. Since the diameter of a long cylinder (thereby the degassing 
coefficient) varies inversely with the surface area to mass ratio, it appears 
that surface effects (probably desorption) are important in controlling de¬ 
gassing. Apparently for specimens with diameters equal to or less than 
0. 12 inch (0. 30 cm), diffusion in the metal is not rate controlling. This 
result is not unique. Studies of the diffusion ol hydrogen in iron summarized 
by Johnson and Hill<21) showed that the controlling step in degassing was a 
function of diameter. Reactions occurring at the surface of iron are rate 
controlling for diameters of less than 3/8 inch but a true diffusion process 
is rate controlling for diameters larger than 3/8 inch. It is likely that the 
degassing of titanium and its alloys is a similar phenomenon. 
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T ab .Jr /4 irrrcT or spicimi« («ami im on occamino 
corrncitnts or commi »cia'. îiiamum 
(MI Gif IN TC AS T ITt ALI AT l/N) F 

Specimen Diameter, 
inch (cm) 

0. 36 (0. 92) 
0. 24 (0. 61) 
0. 12 (0. 30) 
0. 059 (0. 15) 

Dcsaesine Coefficient*. 
10’ 5 cm^/sec 

1. 4 
1. 3 
0. 60 
0. 33 

The presence of an oxide film on titanium alloys could also hinder 
the rate of removal of hydrogen from the metal. It was shown above that 
extremely thin invisible oxide films which may be present on clean abraded 
specimens did not affect the degassing rate of alpha-iodide titanium at 
1110 F. However, it was suspected that thick visible oxide films might 
decrease the degassing rate. Therefore, the effects of such films on the 
degassing of iodide titanium, commercial titanium (high interstitial), and 
Ti-8Mn alloys were investigated. Specimens were heated in air under 
various conditions to form surface films of different thicknesses. Actual 
thicknesses of some of the films were not determined since they were too 
thin to be measured by the usual metallographic techniques. 

The degassing rates at 1290 F were determined. It is seen from 
Table 27 that the degassing coefficients for iodide titanium and commercial 
titanium (high interstitial) specimens having no oxide film, are not signifi¬ 
cantly different from those for similar specimens with thin films. How¬ 
ever, for specimens having thick films, the degassing coefficient is 
appreciably smaller, in fact, no measurable degassing was observed for 
iodide titanium having a thick oxide film. On the basis of these results, it 
appears that only comparatively thick films, 0. 0001 inch (0. 0003 cm) or 
greater, appreciably decrease the degassing rate. 

Practical Degassing Curves 

As an aid to the solution of practical degassing problems of titanium 
and titanium alloys, families of curves applicable to the degassing of 
cylinders and sheets are given in Figures 25 and 26, respectively, a he 
fraction of hydrogen remaining, C/C , is plotted versus time. Each line 
represents a value of the parameter D/aZ where D is the degassing co¬ 
efficient in cm2/sec and "a" is the radius or half-thickness of a cylinder 

or sheet, respectively. 
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HGUIUC 25. VARIATION OF FRACTION OF HYDROGEN REMAINING 
WITH TIME FOR CYLINDERS OF VARIOUS RADII 

Th« number« on the Un«« ar« valu«« of D/a2 . 
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FIGURE 26. VARIATION OF FRACTION OF HYDROGEN REMAINING 
tfITH TIME FOR PLATES OF VARIOUS HALF-THICK¬ 
NESSES, a 

Th« number« on tb« lin«« are valu«« oí D/a2. 
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TW err*« •» Tit»" li wn 4trt"4 l'om C«»uw fV 
ot cyliMter*. for cyUafer« wtk i«a«tW U Uw« •'"■ “V ^ 

dianwur*, tW «rror ia pradictad valuaa ol C/C# i» oaa par ta o 
Shorter lengths require shorter degassing times. 

TW curva, in Figur. 26 «ar. darivad from IW following (appro»mala) 
equation for vacuum degassing of sheets : 

log (1-f) * log (¾ 
IT*" 

4x2. Í05 
Dt 

2 
(6) 

where 

Í * fraction of initial hydrogen removed at any time 

(1-f) = C/C0 = fraction of initial hydrogen content (CQ) 
remaining at any time 

t = time, seconds 

D = degassing coefficient, cm^/sec 

a * half thickness of sheet, cm 

Th. daahad portion, of th. lina, yi.ld valu., of C/C0 ^ “'TL 
. “ , o, mor. Thi. raaulta from th. u.« of th. apprommat. duga..tng 

rqLttom TW rang, of daga..!», coafficiant. ua.d to calcul... valu., of 
Dim was that obtained from this study. 

To ua. than, curva., th. valu, of D/.2 ia c.lculatad from th. d.- 

g...inT.0co.ffici.n, for . gív.n mataria. "rr-.pond. 
valúa of "a" which i. baing conaidarad. From tW curv. . 
to tW valu, of D/.2, th. fraction, CIC0 remaining a. any g.v." t.m. 

determined. 

Low- Pressure Hydrogen Solubility 

Method 

Studies of low-pressure hydrogen solubility were c*rrl*^ ^0^111100 
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For iW pr«9»mi work, iW maai fold oi tW »pptrmtnm ma» mods ft «d to 
ronnart four •pocimon chamb#ra, aack kavtug its own furaaca. Witk tkis 
changa, apacimana could ba run atmultanaoualy al tha a am a praaaura but at 
four diffarant tamparaturaa. 

Tha praaaura in tha apparatua could ba ragulatad to any daairad valúa 
in tha ranga 0. 01 to 10 micron» of mercury praaaura and maintained 
within ±5 par cent of the value for aavaral houra. Specimen tamparaturaa 
ware controlled to a ±10 F. 

Specimena 1/8 inch in diameter by 1/2«inch long were uaed. Theae 
were abraded with 240-grit ailicon carbide paper, waahed with ACS 
Reagent-grade acetone, and placed in the furnace tube of the apparatua. 

All aolubility determinations were carried out for a period of six 
hours at constant temperature and pressure. This time apparently was 
adequate to obtain equilibrium since specimens heated for twelve houra did 
not show significantly different results. At the end of an experiment, the 
furnace tubes containing the specimens were quenched in cold water. The 
specimena were then analyzed for their hydrogen contents by the vacuum- 
fusion method. 

Results and Discussions 

The low-pressure solubilities of hydrogen in commercial titanium and 
several titanium alloys were determined at 1110, 1290, 1470, and 1830 F in 
the pressure range 0. 05 to 10 microns of mercury pressure. A rather ex¬ 
tensive study was made of the hydrogen solubility in Ti-8Mn, Ti-4Mn-4Al, 
and Ti-SAl-2. 5Sn alloys and commercial titanium (high interstitial). Single 
values only (at 1290 F and 10 microns of mercury pressure) were obtained 
to determine the order of magnitude of solubilities for Ti-3Al-5Cr and 
Ti-2Fe-2Mo-2Cr alloys. A summary of the experimental results is given 
in Table 28. Included are the hydrogen solubilities for iodide titanium and 
commercial titanium (low interstitial) which were derived from extrapolation 
of previous Batte He work using the same method^ 

Metallographie examination of the specimens after heat treatment 
indicated that, in general, hydrogen solubility increased with increasing 
amount of beta phase present (at the same temperature and pressure). For 
example, the Ti-8Mn alloy, which is, predominantly beta phase in the low 
temperature range, has the greatest equilibrium hydrogen solubilities of all 
aUoys investigated. For alloys predominantly alpha phase at lower temper¬ 
atures, an abrupt break to higher solubilities is noted in going above the 
temperature where the alpha to beta transformation occurs. The experi¬ 
mental data at 1830 F represents alloys which were entirely beta phase. 
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Il m louÄd (IM* IM <U‘« loao»«4 «w ^ or u* 

lor • d»A.om.c CM. 5 . kp1'1. -*~r. S »• «•»* P •• 
•nd k ï* (h* proportionality con*tant or Siavrria ronaiam m ttJU 
S/p1'*. In Figuro 2?, lho aolubiliiy of hydrogon i» P«rtS ^ 
plotted voraus tho square root of prossuro for the Ti- n a oy. 
that straight-line isotherms are obtained which pass throug * 
Similar plot, for the Ti-4Mn-4Al and Ti-5Al-2. 5Sn alloy, and commercial 
titanium (high interstitial) also follow Sieverts' law. 

The variation of Sieverts' constant K with temperature in degrees 

Kelvin is given by the equation, 

log K = log (S/p1/2) = A/T + B, (7) 

where T is absolute temperature and A and B are constant. ^ Figure 28 
r. logarithm of K i. plotted v.r.u. the reciprocal of “'« «-P-atur* 
for all the materials used in this investigation and for iodide titanium an 
commercial titanium (low inter.titial). Equation, for the b«' »'^lght 1 

SÄÄ rç 
mercial titanium (high interstitial), 

log K = 2020/T “ 0. 723, (8) 

for Ti-4Mn-4Al, 

log K = 1880/T - 0. 674, (9) 

and for Ti 5AI-2. SSn, 

log K * 2000/T - 0. 895. 
(10) 

The equation of the Ti-8Mn alloy in the range 1110 to 1832 F i. 

log K * 1640/T - 0. 209. <ll> 

S.nc« Sievert.' plot, go through the origin, the con.tant, K, may be e.ti- 
m^ed from , .ingle determination. Thu., only .ingle po.nt. are given for 

the Ti-3Al-5Cr and Ti-2Fe-2Mo-2Cr alloy, in Figure 28. 

It i. .«en from the data that optimum VÔs m'u“» of 
ob.erved for the titanium alloy, were obtained a pre.aure 
mercury. Therefore, treatment of tttamum ‘‘‘Y*1*'^^"'uld ll the 
that can be obtained and at the highe.t prac tc .hould be 
best for lowering the hydrogen content of the material. oJ 
noted that the .olubilitie. given in thi. paper are ba.ed on the pre.eure 
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FIGURE 27. SIEVERT'S PLOT FOR HYDROGEN SOLUBILITY IN 
Ti-SMn ALLOY 
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hydrogen »• tW Coa««q«**Milyt in Applying tto«« 4nin lo nctuni 
vacuum lurnaca condiciona. Cha partial praaaura oí bydrogaa in tba • vacam 
muac ba uaad and not tha total praaaura oí cha a ya tarn. 

Hydrogan Ramoval by Inart Gaa Sweep 

In addition to vacuum heating, a method employing an inert gaa s weep 
ha a been inveatigated for hydrogen removal from titanium and titanium 
alloya. As shown in the section on low-pressure hydrogen solubility, the 
equilibrium solubility of hydrogen in titanium and its alloys is dependent 
upon the partial pressure of hydrogen above the sample. If the partial 
pressure of hydrogen is lower than the equilibrium solubility pressure, 
hydrogen diffuses from the specimen. A low partial pressure of hydrogen 
may be maintained either with a vacuum or with an inert gas sweep main¬ 
tained at a proper flow rate. 

Calculations were made to determine the order of magnitude of flow 
rates required. The calculations were based on the low-pressure equilib¬ 
rium solubility and the degassing rate at 1290 F of commercial titanium 
(low interstitial) for a 100-gram sample (3/8 inch in diameter by 1 inch 
long) with an initial hydrogen concentration of 300 ppm by weight. From 
Equation (1 ), the fraction of hydrogen remaining at a given time was calcu¬ 
lated. Then the instantaneous rate of hydrogen removal into a vacuum was 
determined. The minimum flow rate of argon to permit maximum hydrogen 
removal was calculated from the rate of removal of hydrogen and the low- 
pressure equilibrium solubility for the fraction oi hydrogen remaining at the 
given time. A summary of the calculations is given in Table 29. 

TABLE 29. SUMMARY OF CALCULATIONS TO DETERMINE 
ARGON FLOW FOR DEGASSING COMMERCIAL 
TITANIUM (LOW INTERSTITIAL)^ 

Time, Fraction of Ü2 
minutes Remaining 

Rate of Removal, 
ml (STP)/m»n liters (STP)/min 

20 
60 

120 
240 

0. 39 
0. 18 
0. 060 

0. 17 
0. 083 
0. 026 
0. 0028 

6 
13 
36 

0. 0065 1800 

(a) Calculations based on a geeinten 3/8 inch in diameter by 1 inch long. 
(b) Instantaneous flow rate at time indicated. 
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Il t« •••• UmI UM no« r«to o4 *rgom mnmi incr«««« #• IrmtUom ol 
hydrofvn r«mAifiii»f i* «Im *p«c»»»•»» ë#cr«A**«. Tfc*« »• koc«»M# **• 
•quilibnum |Mrti*i pr«*«ar* ol hydrofoil doer#«»«» •• lb* »olubiiily *• 
low«rod. Thervfor«, « Urg«r •mount (How) of «rgon is n«c«ss«ry to m*»n- 
Uin • sufficiently low psrttsl pressure of hydrogen for degassing. 

The above calculations of flow rates are based upon the assumption 
that there is instantaneous mixing of the carrier gas, argon, with the 
evolved hydrogen. This condition can be approximated by the use of narrow 
furnace tubes where the carrier gas passes directly over the specimen and 
where turbulent mixing of the gases occurs. 

Several experiments were made in an apparatus which consisted 
essentially of a Vycor tube heated by a resistance furnace. A Flowrator 
was used to meter tank-grade argon through the apparatus. A narrow exit 
tube was used to minimise back diffusion of air into the apparatus. Tem¬ 
perature was measured by means of a thermocouple spot-welded to the 

■ample. 

Results and Discussion 

Specimens (3/8 inch in diameter by 1 inch long) of commercial ti¬ 
tanium (low interstitial) having an initial hydrogen concentration of 300 ppm 
were heated at 1290 F for 1 and 4 hours in an argon atmosphere. Argon 
flow rates from 10 to 35 liters per minute were used. Hydrogen analyses 
of experimental specimens were made by the vacuum-fusion method. 

The results of the experiments are shown in Table 30. It is seen that 
the amount of hydrogen remaining at any given time is a function of the flow 
rate. For the size of sample used, 3/8 inch in diameter by 1 inch long, 
flow rates of 22 and 35 liters per minute were adequate to reduce the 
hydrogen content to a reasonable level. However, for samples of different 
geometric dimensions and weight, other flow rates would be required. For 
example, for a cylinder 1 inch in diameter and 3 feet long, the minimum 
required argon flow would be 150 liters per minute to remove one-half the 
hydrogen content in one hour at 1290 F. If a constant flow rate is maintained 
and the diameter and/or length of specimen is increased, longer times 
would be required to remove one-half of the hydrogen. Since large quan¬ 
tities of argon are required, it appears that the method would not be feasible 

to degas large amounts of titanium. 
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TABLX JO. BCMOV AL OF HVOBOCCN FBOM COMMERCIAL 
TITANIUM (NIGH 1NTCBSTIT1AL)*** AT WOO F 
IN FLOWING ARGON ATMOSPHERES 

Time, Argon Flow, Romnimng, 
hour* litera (STP)/min PPm 

1 
4 
1 
1 
4 

10 
10 
22 
35 
35 

132 
67 
87 
67 
40 

(a) Data were obtained on specimens 3/8 inch in diameter by 1 inch long. 
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PHASE V. FACTORS AfTECTING PICKUP OF HYDROGEN 

Sumntary 

The effect, of .urf.ce film., »Iloy compo.ition »nd furn*ce atmo.- 
phere. on the pickup of hydrogen by titanium were .tudied. An ox.de film on 
Titanium wa. found, in .ufficient thickne.ee., to be an effective barrier 
hydrogen ab.orp.ion at 1290 F provided the film wa. not cooled to room 
temperature before expo.ur. to hydrogen. The rate of ab.orpt.on of hy¬ 
drogen by four titanium alloy, a. 1290 F and 100 mm Hg prc-ure wa. found 
to vary in roughly the .ame order a. their low pre».ure •olub‘‘1,y !dr'f 
mined in Pha.e IV). The maximum .olubility at 1290 J” 
al.o found to vary, but not in the .ame order. The pickup of hy * V 
commercial-purity titanium a. 1290 F in an oxidi..ng a mo.phere (a.r) and 
in a gas-fired furnace neutral atmo.phere wa. negligible in four hour.. In 
a reducing atmo.phere having a partial pressure of hydrogen of about 15 m 

of Hg significant pickup occurred. 

Introduction 

An investigation of the factor, affecting the pickup of hydrogen by 
titanium and titanium alloy, ha. been made. The effect, of .urf.ce film., 
alloy composition and furnace atmospheres were studied. 

Results and Discussion 

The Effect of Surface Films 

The rates 
having films of 
specimens in ai 

of absorption of hydrogen were obtained with iodide titanium 
various thicknesses. The films were prepared by heating 
r at 1290 F for various lengths of time as follows: 

Time, 
hours Description of Film_ 

1/4 Very thin, black 
1 Thin, grayish-blue 
3 Thick <0. 0003 cm), pearl gray 

Rate measurements for the ab.orption of hydrogen were made at 
1290 F and 100 mm mercury pressure. Data for the rate o a sorp ion 
hydrogen by iodide titanium having no film were al.o obtained at the .»me 
Temperature and Pr«,.ur. a. a .tandard of comp.ri.on. Rate, were obtained 
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lor »pocimoM with film« that •»iWr war* cooUd or woro mot roolod boforo 
roactton. Th# result* are eummariaed in Figures l* a«*d JO. 

Figure 2V is a plot of hydrogen consumed, ml fSTP) per cm^ oí 
surface area, versus time for specimens cooled to room temperature after 
forming oxide films and reheated to 1290 F for reaction with hydrogen. The 
initial rates of absorption decreased with increasing film thickness; how¬ 
ever, at the end of the initial reactions, the rates approached that of iodide 
titanium having no oxide film. 

Figure 30 is a plot of hydrogen consumed versus time for the reaction 
of hydrogen with specimens having oxide films which were not cooled to 
room temperature prior to reaction. Again the initial rates of absorption 
generally were slower for thicker films. After an initial slower reaction, 
the rate of absorption of hydrogen by the specimen with the very thin film 
approached that of iodide titanium having no oxide film. The rate for the 
specimen with the thin film was rapid initially but did not approach the rate 
for iodide titanium in 8000 seconds. No absorption of hydrogen by the 
specimen with the thick film occurred in 11, 000 seconds. 

A comparison of Figures 29 and 30 shows that the over-all rate of 
absorption is faster for titanium which was oxidised and cooled before 
hydrogenation than for titanium which was oxidised and reacted with hydrogen 
isothermally. Presumably this is the result of cracking of the oxide skin 

during cooling. 

The Effect of Alloy Composition 

A study was made of the effect of alloy composition upon the rate of 
absorption of hydrogen by titanium and titanium alloys. The reaction of 
hydrogen with high-purity titanium and the alloys Ti-8Mn, commercial 
titanium (low interstitial), and Ti-4Al-4Mn was studied at 1290 F and 
100 mm of mercury pressure. The results are given in Figure 31, which 
is a plot of hydrogen consumed versus time. The initial reaction of hydrogen 
with the alloys follows the same trend as the low-pressure hydrogen solu¬ 
bility. The Ti- 8Mn alloy has the fastest initial reaction rate and the 
greatest low-pressure hydrogen solubility. 

It is seen from Figure 31, that the amount of hydrogen absorbed 
reaches a plateau, indicating that the rate of absorption has become nearly 
zero. These plateaus represent the maximum solubilities of hydrogen for 
the alloys and iodide titanium at 1290 F and 100 mm of mercury pressure. 
Since all specimen weights are approximately the same, the relative 
position of the plateaus represents the order of solubilities. Solubilities 
calculated from the total amount of hydrogen absorbed are summarized in 

Table 31. 
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_ >r*^Nikjc rates AT 1290 F AND 100 MM Hg PRESSURE 
FIGURE Z». Í HIGH-PURITY titanium having 

VARIOUS OXIDE FILM THICKNESSES 

Specimen, cooled before reaction. 
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Sp«cim«nt not coolod before reaction. 
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TABU II. SOLUBiUTT Of HTOftOGfN IN TITANIUM 
ANO TITANIUM ALIjOYS AT 11*0 f AND 
loo mm or MmcuiiY pKissunr 

Nominal Composition, 
weight per cent 

Hydrogen Content, 
weight per cent 

Iodide Ti 1. 3,*, 
Commercial titanium 1.2 

(high interstitial) 
Ti-8Mn 0. 93 
Ti-4Al-4Mn 0.81 

(a) This is in good agreement wish the solubility, 1.2 weight per cent interpolated 
from the work of McQuillan 

The Effect of Furnace Atmospheres 

A study was made of the effect of oxidizing and reducing furnace 
atmospheres upon the pickup of hydrogen by commercial titanium (low 
interstitial). Oxidizing conditions are normally used in commercial heat 
treatment of titanium and its alloys. In this work, the effect of reducing 
atmospheres was investigated also. Both cylinders and plates were used. 

Specimens with clean surfaces were heated at 1290 F for various 
times in electric muffle furnaces having either an oxidizing or a reducing 
atmosphere. The oxidizing atmosphere was air and the reducing mixture 
was a gas mixture having a typical composition as follows: 

Nominal Composition, 
Constituent volume per cent 

CO, 1.0 
CO 32.0 

H2 2*0 
CH4 0. 5 
N 64.5 

100.0 

The results for 3/8-in. cylinders and 2 in. by 2 in. by 0. 060 in. 
sheet are listed in Table 32. After treatment, the samples were analyzed 
for hydrogen by the vacuum-fusion method. 
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T Aft l J U HVDftuGf N COMIC NT Of COMME ftClAL TITANIUM (LOW 

IM TE US Tl Tl ALI CTUNOEAS AMO SHEET HE A1 Eli AT 
I¿40 F IN OXIDIZING AND IlEDUCING ATMOSPHERES 

Sample Time, Heat Treating Hydrogen Content, 
Geometry hour* Atmoephere_ppm by weight 

Cylinder 0 
» 1 
•• 2 
'• 4 
" 1 

2 
4 

None (control) 
Oxidizing 

II 

II 

Reducing 
it 

•i 

10 
11 
¡0 
10 
11 
13 
26 

Sheet 
•i 
II 

ft 

II 

0 None (control) 
1 Oxidizing 
4 " 
1 Reducing 

8 
8 
8 

30 
60 

The results show that there was no pickup of hydrogen by samples 
heated in the oxidizing atmosphere for four hours. However, there was 
significant pickup in specimens heated in the reducing atmosphere. This is 
to be expected in view of the fact that the reducing atmosphere contains a 
partial pressure of hydrogen of about 15 mm of mercury (2 volume per cent). 
There was a much greater pickup of hydrogen in the sheet material than in 
the cylindrical specimens. Since sheet material has a higher surface to 
mass ratio, a greater initial hydrogen pickup would be expected. 

An additional experiment was carried out in a typical gas-fired 
furnace having a neutral atmosphere. In normal operation the atmosphere 
of this furnace fluctuates between a slightly oxidizing and a slightly reducing 
composition. There was no hydrogen pickup in a 3/8-in. diameter cylinder 
of commercial titanium (low interstitial) after four hours at 1290 F. 

From these experiments, it is concluded that there is no hydrogen 
pickup by commercial titanium (low interstitial) which is heat treated in an 
electric muffle furnace having an oxidizing atmosphere and a gas-fired 
furnace having a neutral atmosphere. However, there is hydrogen pickup 
in electric muffle furnaces having a reducing atmosphere. 

Reference 

24. McQuillan, A. D., Proc. Royal Soc. , 204, 309 (1950). 
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PHASr VI. MtSCf LLAKirOUi SF* VI Cf S 

Th« M«t«n«l« Laboratory, W ADC, r«qu«at«d that vanou« a moon ta of 
titanium alloy« b« hydrog«nat«d lor Armour R«««arch Foundation for u«# 
under th«ir contract No. AF 33(6 1 6)- 206 with WADC. The material« were 
submitted oy Armour to Batte lie for hydrogenation. 

Ten, one-pound lot« of Ti-SAJ, two, one-pound lot« of Ti-7AJ-3Mo, 
two, one-pound lot« oí TÍ-25V, and eleven, one-pound lots of TÍ-6A1-4V 
were hydrogenated. The proceseed materials were returned to Armour. 

One-half the lota of each of the alloys, Ti-5A1 and Ti-7Al-3Mo, were 
hydrogenated to 100 ppm and the other half to 200 ppm. Since the initial 
hydrogen content, 100 ppm of the Ti-7Al-3Mo alloy was the «ame as one of 
the desired levels, no hydrogen wa« added to one lot of this alloy. This 
batch was heated in an evacuated sealed chamber using the «ame heating 
cycle a« that used for the other lots after hydrogenation. Thus, all lots 
should be in the same heat-treated condition. 

Before hydrogenation, the othe** lots were vacuum degassed at 1300 F. 
Hydrogen was added at 1300 F and tl.c specimens held at this temperature 
for 20 hours in the residual gases in the sealed off hydrogenation chamber. 

Eleven, one-pound lots of Ti-6A1-4V were hydrogenated to 150 ppm. 
One lot of TÍ-25V was hydrogenated to a level of 100 ppm and one lot to a 
level of 200 ppm. The procedure for adding hydrogen was the same as 
described above. 

Two lots of TÍ-6A1-4V alloy and two lots of iodide titanium were 
hydrogenated to 350 ppm for the Materials Laboratory, WADC. The lots 
weighed in the range of 12 to 25 grams. Hydrogen was added at 1560 F and 
all lots were homogenised at 1560 F for 4 to 8 hours. 

The data given in this report may be found in the following ¿attelle 
Memorial Institute laboratory record books: No. 9818, pages 1 through 100; 
No. 10447, pages 1 through 57; No. 10720, pages 1 through 23. No. 8868, 
pages 75 through 81; No. 10316, pages 1 through 100; No. 10465, pages 1 
through 100; No. 10562, pages 1 through 100; No. 10785, pages 7 through 
17; No. 10805, pages 1 through 100; No. 10980, pages 1 through 21; and 
No. 11172, pages 1 through 40. 
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APPENDIX I 

COMPLETE TEST DATA FROM PHASES II AND HI 

WADC TR 54-616 Pt IV 110 



.'O 
.‘OC 

bOO 
«00 

Nomina] 

Hydrogen 

1 **4-* **• »»*1 ir»«»* I La I« ru o« r f Hg 
it ?mc ). aat. aii^>t «•■o 

• • « »% »a«»» 

«t^riaaa C—«an« 

3f Am*ij*7* 

¿0 
¿0 
10 

200 
200 

600 

600 
800 

UTir. 
*HM (!«.«« I***, 

*• C «MOM 

22 
l«0 

Pai 

20 
200 

t>00 
«00 

~VJj* 

21» 
2IT 

212 

212 

»tnxinra /« 

biriMiure: rq..a>r^ 4./i 
Tbird ph4«e .. 
Vol % a; «o 
a «r«in «Ke 2 

Unnotcfcad Styx-Ruptur« T>»t. U.ing 0. |2S-|n. Round Sample. 

90,000 
85, j00 

8 5, 300 

8b, 000 

Jb,000 
89, b00 

8b,800 
87, 600 

Applied Sire««_ 

% of Ultimate 

Ten.il» Strength 

9S 

90 

90 

90 
90 

93 
90 

93 

Rupture 
Time, 
hour. 

14. 4 

2b4<») 

1 S3 

24b 

2 40 

14. 4 

54. 2 

80. 9 

Eaten, ion, % 

Between 

Shoulder. 

24 

10 
19 

20 
1 9 

20 

1 7 

1 8 

Elonga¬ 
tion, 

% in 4P 

28(c) 

I 3 
--(c) 

--(c) 
--(c) 

3b 

28 
I 9 

Reduction 
in Area. 

% 

S9 

12 
S 9 

65 

62 

52 
54 

11 

(.) Te.t discontinued betöre ta,lure; (b) B-oh. out.ide ,.,. mark; (c, Broke on mark. 

Unnotched Ten.ile Te.t, Vtia* 0. 125-ln, Ro.md Sample. 

Nominal 
Hydrogen 

20 

200 

600 

800 

20 

200 

600 
«on 

Ultimate 

Ten.ile 

Strength. 

P*» 

94 . 8 00 

95. »00 

••b. 400 

94. 2 00 

9«. «00 

100.000 

102.400 

99. 200 

Propor- 
- Yield Strength, p., l(ona) 

n * ü 1* 0 01* Limit. 
Oifaet 

7 3. 400 
75. 200 

64.400 
6 1.900 

Offset Offset 

Eaten.ion, % 

Between 

Shoulder. 

Low Te.ting Speed . 0. 005 U. /Min 

69. 400 

70. 700 

57. 700 

“ . 400 

»2.400 

62.000 

42. 900 

41.700 

59. «00 

59. )t 1 

16. 400 

»7. 200 

H***1 ~e»tin| Speed - 0 > In. /Vim 

(a) Brik« un ,.,, mark. |b) Broke out.ide ,a«e mark 

Sot, b-h>6d I,T I,.,. u.,„. M,t ru 

Nominal Hydrogen 
Energy Absorbed, in-lb 

At M l 

20 

200 
600 

«00 

Energ 
rrrrr 

54 

44 
51 

65 

I« 

I « 

1« 

4) 

16 

40 
17 

I 9 

19 

I 7 

I 7 

Elonga¬ 
tion, 

% in 40 

2« 
I 5lb| 

10 

II 

II 

IS 

11 

12 

Com lu.ion 

K edm lion 

in A re., 

% 

6 1 

64 

i7 
55 

5» 

67 

61 

61 

Slo*• .1 rein embrittlement »I 600 ppi. .no .n,p.( , 
embrittlement 

«.-jC in rt IV 
111 

N 



• L t» t —*• io »m« *»»o»Ofc«» »»»iti*»»» 
Of IMS f. Mft« *tux>t a-4< 

Hj 4> 

• » AÜii ÑJ^TÜ 

jo 
¿00 
»00 
•00 

I« 
4 >0 

7MN llO-Bfl 
VW 

40 
40« 
400 
•00 

¿4) TiMrO 
/40 Voi % «.' »O-TO 

• grMM »i«*: 4 M 

Nominal 
Hydrc-g«n 

40 
40 

400 
400 
600 
600 
800 

0—Straaa-RnptnF« Taata Ualnj 0.14>-In. Konnd Sampla« 

P«i 

Apollad Strata_ 
^ % o7 Ultimata 

Tantila Stranitli 

Ruptur» 
Tima, 
hour» 

Estant ion, % Eloaga- 
Batwaan ti on, 

Should»rt % in SD 

98,400 95 
96,000 9J 
98,500 95 
96, iOO 9Î 

100,900 95 
98,600 91 

104,400 95 

7. 9 
15.6 I* 
95.4 1« 

456. 1<*> >» 
6.6 1* 

70.7 16 
15.4 16 

~(c) 
II 
17 

"(c) 
-(c) 

Raduction 
la Araa, 
*_ 

69 
64 
71 

69 
61 
51 

(a) Tctt ditcontinued bcíora lailura; <b> Broka outtida gaga mark; (c) Broka on gaga mark 

Nominal 
Hydrotan 

40 
400 
600 
■00 

Ultímate 
Tantila 
Strongtk, 

P“_ 

101, 400 
101. 700 
106,100 
109,600 

Unnotchad Tantila Taata Uaing 0.14»-ln. Round Sdmplat 

Propor- 

Yiald Strength, pai ti onal 
"OI-Õ. iC Ô.ÓÍC Limit, 
OMtat Oiítat Off tat P»* 

Extantion, % 
Batwoon 

Shouldar t 

Low Taatinn »paad - 0. OOS In. /Min 

91,000 
99. 100 

100,000 
97.100 

Bl, 700 
•9, 600 
90,400 
•5,600 

71,100 
'4,000 
61,600 
65,000 

70,500 
67.400 
61.400 
56,100 

17 
17 
18 
1 1 

Elonga¬ 
tion, 

» in 4P 

,*(•> 

47 
11 
16^* 

Reduction 
in Area, 

% 

51 
76 
69 
60 

High Tettian Spaed - 0. 5 In. /Min 

40 I0B.900 
400 111,500 
600 110,600 
800 115,100 

15 29 6« 
14 41 67 
15 11 T9 
14 27 69 

(a) Broke on gage mark; (b) Broka outtida gaga mark. 

Notch-Bend Impact Tetta Uting Micro Sample 

Nominal Hydrogen 

Energy Abeorbed. In-lb xmr— —At -M T 
20 

400 
600 
•00 

66 
54 
40 
17 

47 
15 
26 
21 

Concluaion 

No elow-atrain embrittlamant; progreaaiee lott 
of impact propertiea at tha hydrogen contant 
inc reatad 

1X2 «UDC TR ¿4-616 Pt IV 



»« • «A tit >• 09 *fc»r» io l«* «tMObA» »•*»!!•!'• 
O» ÎMt Att^>« 

c——< *•»■«»»•■ <• rr~ 

10 — ¿0 
¿o« ¿oo ¿0« 
600 «01 *00 
«00 -- ooo 

JOf Sirw*i«r«: f • lut« •|t»»r4»«0«i i 
l%i ThirO ?*•••. •• 
¿•4 Vol % si ¿0 

a «r»jn ¿ ^ 

Nominal 
Hydrogen 

¿0 
¿00 

600 
600 

800 
800 

n—*»tchod Streee-Rnyture Teaf Uatng 0. 1¿>-In. Ronnd Samylee 

_Applied Stree»_ Rupture 
% oí ültimate Time, 

Pei TeneUe Strength l>our« 

126, 800 93 
128,800 9) 
128,300 95 
126,900 94 
132.600 97 
130,000 95 

¿56. 3(,) 
216. 4 

15.6 
263. 0<») 

3. 3 
257. 0<*) 

Esten*ion, % Elonge- 
Betereen tion, 

Shoulder« % in 4P 

2.2 3 
10 It 
9 15 
6 8 

I 1 18 
4 0 

Reduction 
in Area, 

% 

■10 
15 

39 

(a) Teil discontinued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Unnotched Tensile Tests Using 0.125-ln. Round Samples 

Nominal 
Hydrogen 

Ultimate 
Tensile 
Strength, 

Pfi_ 

Propor- 
Tield Strength, psi_tional 

0. 0. 1% 0.01¾ Limit, 
Offset Offset Offset psi 

Extension, % 
Between 

Shoulders 

Low Testing Speed - 0.005 In. /hfin 

20 
200 
600 
800 

136,400 12 9,300 
135,000 128,400 
135,000 132.700 
<36,800 135,800 

128.800 124.900 
127,700 121,500 
132,200 125,000 
135,600 130,600 

1 19,500 8 
114.500 II 
122.500 10 
12 5, 800 8 

Elonga¬ 
tion, 

% in 4P 

16 
16<*> 
18 
io(b> 

Reduction 
in A res, 

% 

37 
2 1 
35 
36 

High Testing Speeú - 0. 5 In. /Win 

20 142,100 
200 140,800 
600 145,*00 
800 143,400 

8 20 43 
7 13 36 
8 18 34 
7 10 38 

(a) Broke on gage mark; (b! Broke outside gage mark. 

Notch-Bend Impact Test* Using Micro Sample 

Energy Absorbed, in-lb 
Nominal Hydrogen At 77 T At -40 I* Conclusion 

20 
200 
600 
800 

8 
3 
5 
6 

6 No slow-stratn embrittlement; alloy brittle in 
5 impact testing 
4 
6 

A-DC Tn 54-£l£ ft IV 113 



*•4.4 ■» M*U+ M,êM »t fl»*l» • t* 4 »• f *4 t» tu *<• r **•••>• tu* 
• rti« ». •* *»ti** • •I 

Hy«« 
>i—.‘iil T» A*«if 

/0 

¿00 ¿00 

/* ¿*i 
¿00 ¿I* 

O • lut« roi4«. f 

fhtrO p*M«i *• 

Vol % «s oo 
a groin ) 

Nomin-él 
Hydrogon 

20 
200 
200 

U—otclHd Stro»«-Ruptur» T«»t» U»U>* 0. Ui-lm. 4owd .r*mpU» 

_Applird Strorr_ Ruptur* 
% aí Ultimat* Tim*, 

P*i T*n*U* Str*ngth hour* 

Cst*ii*toa, % E long* - 
B«tw**u tlOB, 

Shoulder* % im 4P 

96,400 9t 
97,700 93 
99, 700 91 

149. 8 19 20 
41.0 II l*'b) 
49. 9 9 8(b> 

Reduction 
in Aren, 

% 

97 
1 1 
1 1 

1,) Tr»t discontinued before fnilure; (b) Broke outeide gnge mark; (c) Broke on gage mark. 

Unnotched T*p»il* Teef Jeing 0.12>-In. Round Sample* 

Ultimate 
Tenaile 

Nominal Strength. 
Hydrogen P»i 

20 103,700 
200 109, 100 

Propor- 
Yield Strength, p*i tional Cxtenaion, % 

0.2% 0.1% Ò.OiV Limit, Between 
Offaet Off*et Off*et pei Shoulder* 

Low T**ting Speed - 0, ¢0¾ I*. /Min 

87,200 89,900 77,400 73,100 19 
89,600 88.400 80,400 79,900 19 

Elonga¬ 
tion, 

% in 4P 

24(») 
34 

Reduction 
in Area, 

% 

96 
97 

High Te»ting Speed - 0. 9 in. /Min 

20 107,900 
200 108,000 

19 28 99 
16 30 62 

(a) Broke on gag* mark; (h) Broke outaide gage mark. 

Notch-Bend Impact Te»t* U«ini Micro Sample 

Nominal Hydrogen 

Energy Absorbed, m-lb 
At 77 F At -40 F 

20 
200 

90 
47 

42 
38 

Conclusion 

Slow-strain embrittlement at 200 ppm; no impact 
embrittlement 

«aflC TR >¡,-616 Ft IT 1U 



>*•4.« I* ••»uir«u# (•»i* tu IM« aro».«.«» »»•«• ri«if • 
í>t i Mt t »iuu* m-*i 

l—O_ 
Hy4»«W VlW 

m«l«<.»g«—* ■ 
r> yy» 

/9 
.*00 
«00 
600 

k'r«*i»r*i • am*é « * # 
I*>ire r*1*»»! ** 
Val % J ! »O-TO 
a gram «ir#: I » 

Nominal 
Hydrogtn 

J00 
¿00 
¿00 

400 

600 

U«nu»ic»ag Stra««-Ruptura Taata Oaing 0. 1¿>-In. RounO Sam»la» 

_Appliad Straaa 
% of Ultimate 

Pai Tanaile Strangth 

Ruptura Catanaion, % Rlonga- 
Tima Batwaan tion, 
hour* Shouldara % ia 4P 

1U.600 <»7 

111,100 95 
111,100 95 
1 17,400 97 
120,800 97 

2, 7 13 

¿02.1 10 
471,8 8 

1.9 9 

2. 1 4 

..(c> 

14 

12 
9 

6 

Reduction 

in Araa, 
% 

56 
18 

12 

I 1 
7 

(a) Teat diacontinued before failure; (b) Broke outaida gage mark; (c) Broke on gaga mark. 

Nominal 
Hydrogen 

20 

200 

400 

600 

Ultimate 
Tenaile 
Strength, 

_£11_ 

I 11. 900 

117,100 

121,000 
12 4. 500 

Unnotchad Tanaile Taata Uaing O.US-ln. Round Samplea 

Vlaid Strangth, pai 
THE-ói< o.oif 
Offact Offaet Offaet 

Propor¬ 
tional 
Limit, 

_Eii_ 

Eatenaion, % 
Between 

Shoulder a 

Low Taatmg Spaed - 0.005 la. /Min 

100,200 

102,400 

I 10. 000 

112,600 

99.500 

100. 100 
108,000 

108.700 

89, 600 

91, 100 

99, 100 

94,600 

81, 200 

89. 000 

91. 100 
75.200 

17 

16 

11 
7 

Elonga¬ 
tion, 

% in 40 

10 
26 

16 
10 

Rrduc tior. 

in Area, 
% 

66 
54 

26 

21 

High Taatmg Spaed - 0. 5 In. /Min 

20 114,800 

200 118,600 

400 119,000 

600 126,800 

14 2« 64 

II 24 62 

II 18 57 

8 14 «6 

(a) Broke on gage mark; (b! Broke outaida gag* mark. 

Notch-Bend Impact Tr»t» U » mg M ic r o aampir 

Nominal Hydrogen 

Energy Abaorbad, in-lb 
At J? F- At -4'0'T 

20 
200 
400 
600 

44 
16 
14 
28 

12 
24 
22 
14 

Cone lu* i on 

Slow-atrain embrittlement at 200 ppm; progrra- 
aive lo»a of impact propertiea aa the hydrogen 
content increaaed 

<UUC in 34-616 Pt IV U5 

s 



r f nrtf t • t« . 4 '• • * 4J * » t«* 

» ■ »4 t. . *« •. 4.,. « •* 

Mf4 1 TSB 

¿— M ■> 
t«0 
•«0 

•«r<a4iar«: I • lia« • 

Third ph«a«i •• 

Val «ai IO 
a •ram ais«: ¿ »• 

Nominal 
Hydrogrn 

20 
20 

200 
200 

200 
600 
600 
800 
800 
800 

UMWichad >«raa»-Ka»iara Taaf Uainj 0, l2S«la. Koood Sambia» 

_Appliad Straaa 
% of Ultimata 

Pal Tanalla Stranf th 

Ruptura 
Tima, 
hour a 

Cstanaloa, % 
Batwaan 

Should# r a 

118,)00 96 
116,800 9) 
116,000 97 
"î,Tn0 96 
111,200 9) 
121,000 96 
118,600 9) 
122.600 99 
120,000 97 
117.600 95 

262. 1(“> J 
257. 4^*) 2 

On loading 9 
26). 7<») ) 
264. 5^) 2 

0. 1 b 
261.7(*> 2 
250. r/*) J 
262. 7 2 
257. 0 2 

Elonga¬ 
tion, 

% in 4D 

) 

16 
4 

15 
2 

2 
2 

(a) Tart discontinuad bafore failure; (b) Broke outaida gaga mark; (c) Broke on gaga mark. 

Nominal 
Hydrogen 

20 
200 
600 
800 

Ultimata 

Tenetle 
Strangth, 

P** 

124, 500 
119, 700 
127,400 
12), 800 

Unnotchad Tanalla Taata Ueing 0.125-la. Round Sample » 

Yiald Strength, pai 
XI«-0.1« ' 0.01« 
Offaet Offaet Offaet 

Propor¬ 
tional Eetenaion, % 
Limit, Between 

_£ai_^_ Shouldera 

Low Taating Spaed - 0,006 In. /Min 

105,700 99,100 96,)00 6 
98,000 91,100 88,200 7 

11),800 110,000 96,600 84,)00 9 
111,900 108,400 97,600 91,400 8 

Elonga¬ 
tion, 

% in 40 

b(b) 

10<*> 

14 
10 

High Taating Speed -0.5 In./Min 

20 116,400 
200 11),800 
600 119,800 
800 118,500 

) 
9 
8 
7 

10 
16 
14 
I ) 

(a) Broke on gage mark; (b) Broke euteide gage mark. 

Reduction 
in Area, 

% 

4) 

)7 

Reduction 
in Area. 

% 

18 
2 4 
)5 
)6 

)4 
49 

)7 
)5 

Notch-Bend Impact T 

Energy Abeorbed, in-lb 
Nominal Hydrogen At 77 T At -40 F Conclusion 

20 

200 

600 
800 

II 

1) 
6 
8 

5 No slow strain embrittlement; alloy brittle in 
7 impact testing 

10 
) 

if«i>C In ¿4-616 Pt IV 116 



I ABL* »« ma*VL n u# run iu ocTUMWt ?— mwjc— 
o# rMt ri-«r« *lu>* m-r» 

H, 
C 

W 1A*J 
y ./rm_ 

r««#« Cmmêmmã Hr4'*? •»»»»«it»«. « y»«» 

¿0 
¿00 

«00 

Slr«(i«r*: • » Iim f 
TlkirO H*«**: o«t»*rri«g •« /00 
Vol * «; «0 

«» grain «ta#; 4 p 

Nominal 
Hydrogen 

200 
200 
«00 

Unnotchad Stra»»-Ruptura Taa» Uaing 0. 12>-ln. Roond Samp!«« 

Appliad Strcaa 
Tto? Ültimat* 

Pa« Tanaila Strangth 

” optare 
Tima, 
hour* 

Estanaion, %_ 
Batwaan 

Shoulda r • 

Elonfa* 
Mon, 

% in «P 

83,100 95 
81,«00 93 
85,200 95 

3.9 14 16 
1.1 13 --(•>) 
«.2 15 --(c> 

Reduction 
in Area, 

% 

47 

48 
52 

(a) Tot discontinuad bafora failure; (b) Broke outside gage mark; (c) Broke on gaga mark. 

Nominal 
Hydrogen 

20 
200 

400 

Ultimáis 
Tensile 
Strength, 
_£Si_ 

86. 100 
87, 900 
«1.600 

Unnotched Tensile Tests Using 0.12>-Ia. Round Samples 

Prooor- 
_Tleid Str* natk. pat _ tional Eateasion, % 

0. ¿% 0.1¾ 0.01¾ Limit, Baturaen 
Offset Offset Offset pai Shoulders 

Lou Testing Spaed - 0. 005 In. /tain 

68,000 67.000 61,000 51.200 16 
69,800 62,800 94,800 «6.790 14 
69.400 64,000 44,000 37.000 16 

E longa- 
tien, 

« in «O 

26 
I6<*> 
26 

Reduction 
m Area. 

% 

«8 
«8 
9t> 

High Tasting Spaed - 0. 9 In. /Mm 

20 «2, 800 
200 «2.200 
400 «9.100 

16 28 92 
16 26 «9 
12 22 «0 

(a) Broke on gags mark; (bl Broke outside gage mark 

Note h - ft c nd Im pa ,1 Trill UlirigMuro9 r^ 

Energy Absorbed, in.lt 
Nommai Hydrogen At 77 F At -4P F 

20 39 23 
2t0 7 8 
900 6 9 

Cone lusion 

No sloU'Slram embrittlement; imped embrittle¬ 
ment at 200 ppm 

Th ¿«-¿.if n PI 117 

s 



» .M. 

¿0 

/00 

atio 

ml aoit >• <m ta*»» »00* >■•••»• »*M •»»tMO*.»* aoM/rfttrv 
« 0 Mg I • - • >• » Li-O* » •! 

»•»0 

!!• «# 
~VÏ®3 

Mo 
19 00tm 

10 
¿00 
•00 

•♦lia« ••OcruiéAi# 

T HirO fHa»«: o« t urria| •! /00 p|»ni 

Vo> «•: 00-00 

a grata I it 

Nominal 

Hydrogen 

H00 

Unnotclwd Streee-Rupture Te>U U»iag 0. Rowd Sample« 

Applied Street _ Ruptura 
% of Ultimate Tima, 

Pai Tanatla Strength hour» 

91,900 91 11. 9 

Extent ion, % 

Between 
Shoulder t 

Elonga¬ 
tion, 

« in 4D 

15 ..(c) 

Reduction 

ia Area, 

% 

411 

(a) Teel dierontinued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Unnotched Tenaile Teats Uetng 0. US-In. Round Samplet 

Nominal 

Hydrogen 

Propor. 

Yield Strength, pai tional 

17H-Ó VC Mi* Umit, 

Offtet Offaet OWaet pei 

Extenaion, % 

Between 

Shoulder a 

Low Te«ting Speed - 0. ¢0¾ In. /Min 

.’0 

/00 

too 

to.H00 
u J. 000 

HH.too 

7/.bOO 
jr 100 

7 i.400 

64, 100 

67, 100 

64.700 

60.400 

Sb,800 

4 1.000 

44,600 

41,000 

47.400 

I 7 

I 8 

14 

Elonga¬ 

tion, 
« ia 4D 

/7 

/1 
/4 

Reduction 

in Area, 

« 

54 

47 

48 

High Tatting Speed - 0. 5 In. /Mm 

/0 4h,400 
/00 97.000 

M00 101.700 

14 /7 44 

14 H 44 

14 /4 44 

(a) Broke on gage mark; (b) Broke outatde gage mark. 

Nouh-hend Impai i I etlt Uting Muro Sample 

Energy Abaorbed, in-lb 

Nominal Hydrogen At 77 f At -40 T _Concluaiow 

/0 10 
/00 10 
MOO 4 

/4 No alonr atram embrittlement, .mpact embrittle- 
7 ment at /00 ppm 

4«ix; Th ¿4-f.lé Pt IV 
118 



T*»L« •• ■ WVL r» u« lt»t« to M *»••*»4 »•»* «•B»'" •* *• 

o* im * * 

¿0 
¿00 
*00 
HOO 

TH» tl».*« t—<> 
VW 

H*f I -T»»»» • 

_>«»—«»»•■ *• »*_ 

•lr«<iHr«: J • f 
third <•«»•»*••* •• ff”" 

VoJ % •*: »o 
A g r dir» «id# : ^ f 

Nominal 

Hydrogen 

20 

20 
20 

¿00 
¿00 

200 
b00 

HOO 

Unnotched Slr«..-Ru»tur. Te.t» U.fj 0. Sh«"P»«» 

_Applied Sir«»»_ 
% of Ultímele 

Pei Tensile Strength 

Rupture 
Time, 
hours 

Extension, % E longs- 
Between tion, 

Shoulder« % tn 4U 

84.900 95 

80,600 W 
80,600 90 

80,500 9Î 
78,000 90 
73,000 90 

82,800 93 

80.900 93 

1.5 ¿0 

69. 8 i0 
67. 1 
73.9 'T 

218.4 18 

4. 5 16 

13. 6 I« 

285. 9*** 1* 

.Wc 

26 

.(c) 

(c) 

27 
..(c) 
19 

Reduction 

in Ares, 

% 

54 

58 
59 

63 

60 
57 

51 

(s) 
Test discontinued before toilure; (b) Broke outside gnge mnrh; (c) Broke on gsge mark 

Nominal 
Hydrogen 

¿0 
200 

600 

800 

Ultimate 
Tensile 
Strength, 

P*1 

• 9. 600 

8b,600 
89,000 

87.000 

Unnotched Tensile Tests Using 0. U*-ln. Round Samples 

Propor- 

Yield Strength, psi tional 
"Of 0.1% C.ol% Umit, 

Oil ft Offset Off»»« P»« 

Extension, % 

Ret-»« •. 
Shoulders 

Low Testis^ Speed - O.OOS In. /84m 

b8. 400 

b 3, 800 

62.100 
59, 800 

66, 600 

60.800 

56. 900 

52,b00 

60.200 

52, 700 
91.050 

11. 100 

56.600 
49. '•bO 

>6, 500 

¿3. 550 

20 

I 8 

¿0 

¿0 

Elonga¬ 
tion, 

% in 40 

31 
30 

II 
¿4 

Reduction 

in Area 

% 

bl 
57 

5 I 

4« 

¿0 91,600 

¿00 95,000 

600 9(,900 

800 96,200 

High Testing Speed - 0.5 la,/him 

I 8 
15 

I 5 

It 

II 58 
27 56 
27 51 

10 50 

(a) Broke on gage mark; (h) Broke outside gage mark 

_Cone lusion _ 

No slou-strsm embrittlement: impait embrittle 

ment si 200 ppm 

dADC Th ¿4-frlÉ P7 n 

Not, h- Bend tmpsc t Tests Using Muro Sample 

Energy Absorbed, ta-lb 

ji r — Nominal Hydrogen 

20 
¿00 
600 
BOO 

At At -4*1 

54 

14 
7 

12 

58 
9 

5 

I I 



• • ■ â • ».»•.« ■ «» I» . w «« »«•••«»« «r« *•»*.*» ¡9 
* f «H» «4 • « •» 

S t% f+m 

/• I« 
i*« ¿0« 

«oo .. too 
•■on .. *00 

ill •*»*• ••»•! •«•••••« t • t 
îkirtf p*«*«. •..»»»<•*•• KH) 

» • I 4 /rat* •«»«>: i u 

UiMuKf Ifi >tf»«.KMyH«y T»>f U»if 0. Ron»< » 

Nominal 
Hydrogen 

_Appliod 8lr«»» Ruptur« 
% of Ultimate Tim«, 

P«i T «««il« Str«ngth hour« 

Extension, % Elonga- 
Berween non, 

Shoulder« % in 40 

¿0 
20 
20 

2 00 

200 

200 
400 
600 

04,400 
01,900 
01.900 
84, 000 
82,400 
82,400 
8). 600 
8), 600 

91 
90 
90 
93 
90 
90 
90 
90 

2 4,7 18 
169.1 16 
178. 4 20 
49.9 17 

104.4 8 
100. 8 20 

64.0 18 
162.4 10 

-.<c> 

14 

-Je) 
-Je) 
.Je) 

Réduction 
ta Ara*. 

% 

69 
62 
69 
49 
16 
60 
46 
1 1 

(a) Teat diacontinued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Nominal 
Hydrogen 

20 
200 
400 
600 

Ultimate 
Tensile 
Strength, 

.. £ii- 

91,000 
91,400 
92,900 
92,900 

UnnotcSed Tensile Tests Using 0, 125-ln. Round Sar »'at 

Propo'- 
Yield Strength, psi tional 

0 2% 0.1% 0.01% Limit, 
Offset Offset Offset psi 

Extension, % 
Between 

Shoulders 

Lou Testing Speed - 0, 004 In. /Min 

7 1, 400 
74, 000 
74.100 
74, 000 

69, 600 
69, 400 
69, 100 
69, 800 

61.400 
47.600 
48.400 
46.600 

49,100 
44,000 
41,600 
40,400 

18 
21 
19 
18 

Elonga¬ 
tion, 

% in 4D 

16' ' 
20(b) 
II 
28 

Reduction 
in Area, 

% 

64 
47 
44 
44 

High Testing Speed - 0 4 In, /Min 

20 91.800 
200 91,700 
400 96,200 
600 96.900 

lb 27 61 
16 29 49 
16 28 47 
16 24 48 

(a) Broke on gage mark; (b) Broke outside gage mark. 

Notcji^Beiid-jmjiacj^^ests^ Usmg M h ro Sam; le 

Energy Absorbed, in-lb 
Nominal Hydrogen At 77 F At -40 F Conclusion 

20 
200 
400 
600 

48 
46 
10 
24 

47 Slow-ttrain embrittlement st 600 ppm; progres- 
47 sive los.< of impact properties ak u.e hydrogen 
2 6 content increased. 
26 

•UaC TR ¿4-616 Pt IV 120 



«•«-a •* a—wt. t% tit f m it »V — I—H tac at —»—anraitt 

o# faa aku>* fli-m 

(.«MM M» 
-IpfiTf.li 

«WM 11*- 
gp,y-¿-r^M a»««*«#«, /t »»«- 

it 
ttt 
tot 

II 
ttt 
I«« 

if 
itt 
ttt 

ill ar««i«r«: *4WU>« j • i 
ilt T fcj r« plaa«? ««(«m«a M 4M 
ill V«l « a t 74 

a gram 4 m 

(•) rkir4 pa«■ r ob«rrvrd around Vhn imprraaiona al ¿00 ppm. 

. Uaaotchad S«r»»>.Ruptura Toot» UatM 0- li>-l». Kouad Sampio» 

(a> 

Nominal 
Hydrogen 

_Applied Strop» Rupture 
~ % oí l<ltimate Tune, 

P»i Ten»ile Strongth Kuur» 

Cstonaioa, % 
Betwean 

Shoulder» 

Elonga¬ 
tion, 

% in 40 

Roduction 
in Aroa, 

% 

¿0 
¿0 
¿0 

¿00 
¿00 
¿00 
400 

94,100 
97,000 
91, 900 

104, 100 
10¿,000 
10¿,000 
104, )00 

99 
9) 
90 

95 
9) 
9) 

95 

95. 0 17 
¿«5. 5<*) 1¿ 
¿44. 0(«) 5. 7 

6. 7 9 
97.) lb 

¿57.7 11 
7. 4 18 

¿4(o 

lé 
6 

14(c) 
~<c) 
-» 

)0 

5¿ 

17 
45 
1 I 
4) 

(a) Teat diacontinued bafore failure; (b) Broke outaide gage mark. (O Broke on gage mark. 

Nominal 
Hydroge a 

¿0 
¿00 
400 

Ultimate 
T enaile 
Strength, 

£•'._ 

104,)00 
109. 800 
104, 800 

Unnotched Tenaile Teata Uamg 0, 125-ln. Round Sample» 

Yield Strength, pai 

0.¿f 01% 0.01% 
Offact Offaet Offaet 

Propor¬ 
tional Eatonaion, % 
Limit, Betweon 

pai Shoulder» 

Low Toatiag Spe«^ - 0. 005 1». /Mtn 

81,000 
84,400 
•0,400 

80, 600 
8). 600 
78. 100 

76,700 
79. ¿00 
60,000 

74,000 
?y/1 oo 

62,¿00 

¿I 
16 
16 

Elonga¬ 
tion, 

% in 40 

¿7<b) 

¿5(«) 
¿l(b) 

Reduction 
in Area, 

% 

69 
¿5 
4) 

High Teating Spaed - 0, 5 In, /Ml» 

20 107,000 
200 111,000 
400 ill, 000 

(a) broke on gage mark; (b) Brok« outaide gage mark. 

Energy Abaorbed, m-lb 
Nominal Hydrogen At 77 T At -40 t _Concluaion_ 

Slow-atrain embrittlement at 200 ppm in atreaa- 
rupture teata; the lack of embrittlement in. 
400 ppm material i* difficult to underatand; no 
impact embrittlement 

20 
200 
400 

)0 
22 
20 

21 
9 

17 

16 28 5b 
15 28 44 
>5 28 4) 

Li >C In rt IV 



f aMLM — Bt09Lt9 O0 ttBfB *•••*•■ 
O# fMS fi■ MÉ» a- if* 

r*»»ff » 

»t grd,—.T 

»9 
iM 

i*4 
Iti 
/74 
iff 

•«rtx i«r«i «>■«»»< * * $ 
T ht rtf pkM«! •<» «rrt»tf m 
V*1 %«l M 
tf frMa tfiM: ) I« 

Ua»otcl^4 Str«r»-K—WM1« Ttftf«tf Utfti ¢. »*m»ltf« 

Nominal 
Hrdro«tfn 

20 
20 
20 

200 
200 
200 
400 
600 

Appliad Strtftftf_ 
% of tilHmalo 

Pai Tantfiltf Stra—Ui 

114,400 97 
112,000 9» 
111,000 9J 
117,000 97 
115,300 95 
113,000 93 
1 17,200 97 
116,000 97 

Raptara 
Tinia, 
Hour» 

13. 3 
262. l{“) 
2S6. <’(l) 

16. 3 
2 57. 9<*> 
263. 7(*) 

10.0 
54. 5 

Extaaaioa, % 
Satwaan 

SRoaiSara 

14 
6 

10 

17 
10 

8 
16 
9 

C1« 
tion, 

% in 40 

23 
7 

14 
..(c) 

11 
25 
..(b) 

Raductio 
in Araa, 

% 

44 

43 

42 
8 

(a) Teat diacontinued bafora failure; (b) Broke outaide gage mark; (c) Broke on gage mark 

Unnotched Tenaile Ta ata Uring 0. 125-In. Round Sample r 

Nominal 
Hydrogen 

20 

200 
400 
600 

Ultimate 
T anaile 
Strength, 

p»i_ 

I 18,000 
121,500 
120,800 
121.800 

Propor- 

Yield Strength, pai_ tional 
-0~2* 0.1% 0.01¾ Limit, 
Of fact Offaat Offaet P»« 

Extenaion, % 
Between 

Shoulder a 

97, 500 
100, 300 

93,800 
95, 000 

Low Teating Spaed - 0.005 In. /Min 

96,000 90,200 86,100 
98,600 91,400 88,900 
dS, 600 69,600 64,700 
88,200 72,100 65,600 

17 
20 
16 
14 

Elonga¬ 
tion, 

% in 4P 

28 
30 
24 
20<*) 

Reduction 
in Area, 

% 

51 
46 
42 
36 

High Teating Spaed - 0, 5 In. /Min 

20 118,600 
200 125,000 
400 124,000 
bOO 123,300 

14 25 54 
15 «.2 52 
16 30 48 
15 28 48 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

Notch-Bend lmpai.t Testa Using Mu ro Sample 

Nominal Hydrogen 

Energy Absorbed, in-lb 
At ^.-4-0 

20 
200 
400 
600 

34 
13 
14 
18 

12 
9 

10 

1 3 

Conclusion 

Slow-atrain embrittlement at 600 ppm; impact 
embrittlement was observed at 200 ppm 

i.^C TH ft IV 122 



0tmm t. » *i0 tarnt* tt> mm ta»mm« iam m*s*-*r «• ir*— r'- 
00 tma t* aam m u 

s Hr*'»a»« C' 

w»* t *a-m« 

/• 
iaa 
IM 

• qm« mm ré « • # 
T ki *4 p*«** 
Val »0 
* grata riaa: g g 

Nom in* 1 
Hydrof.-' 

¿0 
200 

200 
300 
300 
300 

l’Mtotcfcad Sirrra-llMgutra Tan» Uatag 0. I2>»hi. Ka—d Sawtgla» 

gppliad Strar« Ruptur« 
% of Ultimate Tim«, 

P«i T«n«i!« Strungtli hour« 

Eutaaaloo, % Cloaga- 
B«twa«a tiaa, 

Should« r« % ta 4P 

120,100 93 
126,000 97 
123, 500 95 
124,000 99 
121,500 97 
119,000 95 

22. I >6 
2. 3 H 

235.0 14 
0. 7 15 
1. 7 14 
4. 6 10 

Réduction 
ia Araa, 

% 

44 
32 
36 
40 
31 
20 

(a) Test discontinued before failure; (b) Broke outside gage mark; (c) Broke oa gag« mark. 

Nominal 
H,Iroiea 

20 

200 
300 

Ultimate 
Tensile 
Strength, 

_£1L_ 

126,500 
130, 000 
12 5, 300 

Unnotch«d Tenall« Teat« Using 0.125-la. Round Sampl«« 

0. Z% 
Offset 

107,(00 
110,600 
110,400 

Tiald StreMth, pal 
0. 

Offset 
"OTT 
Offset 

Propor¬ 
tional 
Limit, 

Pui 

extension, % 
Between 

Shoulders 

Low Testing Speed - 0,005 la. /hiin 

106,600 
110,(00 
110,000 

96,400 
!05, 600 
9(,700 

((,400 
99,200 
92,400 

17 
17 
14. 7 

Elonga- 
tioa, 

% ia 4P 

26 
24 
22<r> 

Reduction 
m Area, 

% 

37 
44 
40 

High Teeting Speed - 0.5 la,/Min 

20 125,300 
200 127,400 
300 126,600 

15 29 31 
13 27 49 
15 27 5( 

(a) Broke on (a(e mark; (b) Broke outeide (age mark. 

Notch-Bend Impact leel» U»,ng M11. ro Sample 

Energy Absorbed, in-lb 
Nominal Hydrogen At 77 r At -40 T 

20 33 12 
200 14 10 
300 31 10 

Conclusio 

Slow-strein embrittlement at 300 ppm; impact 
embrittlement at 200 ppm, with recovery of 
impact ductility 

SafiC T« 34-616 Pt n 123 



«•«.< *a»vvi»o« nt 
Of rut t.-if • Alt4>f 

If»« 
• «« 

*«M «VI •«.«•l II*! t * 

Hum umI 
JtT— 
Aj».f «• fcnxf >«. If 

/0 
J 00 
M)0 

II 
I«/ 

¿0 
¿00 
»0U 

100 Sirwiwr«: «^vtoacf • » t 
1*0 Thirf plM»«: <x i ur ri»g ¿00 ffM 
¿o¿ Vol %a: to 

a grata aiac: ¿0 t* 

Nominal 
Hydrogen 

¿0 
20 
20 

200 

200 
¿00 

600 

Unnolchod Streaa-Kupmre Teata Uemg 0. I2>-I«. Ronnd Sample« 

Applied Sire»« Rupture 
4 o( Ultimate Time, 

Pei Teneile Strength hour# 

Exteneion, % E long a - 
Between tion, 

Should#re % in 4P 

79, SOO 
7S, *00 
71, J00 
80, 900 
7 J, 900 
7ï, 900 
80,800 

95 
90 
85 
9J 
85 
85 
9Î 

17.1 22 
64. 2 21 

2 58. O1*) 8 
71.9 25 

194.1 20 
257. 4<*) 8 
26. 7 20 

“(b) 

14 

-Jc) 

12 
26<c) 

Reduction 
in Area, 

% 

40 

(a) Teel discontinued before failure; (b) Broke outeide gage mark; (c) Broke on gage mark. 

Unnolchad Teneile Teete Uetag 0.125-ln. Round Samplee 

Nominal 
Hydrogen 

20 
200 
600 

Ultimate 

Teneile 
Strength, 

P»1 

8),800 
87, 000 
84.900 

Propor- 
_Yield Strength, pel tional Exteneion, 11 
0. 1% 0. 1% 0.01% Limit, Between 
Offeet Offeet Offeet pal Should# re 

Low Teeung Speed - O.OOS In. /Min 

56,900 57,200 5),)00 50,600 22 
58,400 56,000 48,150 44,800 17 
5),900 46,900 )0,600 2 5,500 17 

Elonga¬ 
tion, 

« in 40 

28^) 
27 
)1 

Reduction 
in Area, 

% 

47 
4) 

40 

Hi£h_Te#tinj_S|ieed_-_0;_Wnli/Min 

20 88.700 
200 91,700 
600 9), )00 

12 17 ¿0 
16 27 40 
I ) 26 40 

(a) Broke on age mark; (b) Broke outeide gage mark. 

Noich-Bend Impact Teeie Ue-.ng Micro Sample 

Nominal Hydrogen 
Energy Abeorbed. in-lb 

kt'Vr— "iTt'^f 

20 I) 12 
200 7 7 
600 5 4 

Conduelan 

No alow-etrain embrittlement; impact embrittle¬ 
ment at 200 ppm 

126 Tn ¿6-616 Pt IV 



TAftl« «t MM LTV OT TUTS TO MTS* MM TMS MVMOCCN SSMSITIVIT V 
O» T»** T I • 4T* AL-Uül p.|« 

«=5*=- 
VMM (IC-«S 

TIP 
MvMiMgru**« 

S*rw€¡mr¡é_i9jgm' 

»• 14 
IM 114 

IS 
IM 

IST Sir «ciar«: r^wtaarS * * 0 
141 ffcirS p*a««i •<c«' riaf ai ¿00 pftr 

Vol %•: 40 
a grata ata«: 4-11 |< 

Nominal 
Hydrogaa 

10 
10 

100 
200 
200 

Unnotcif d Straaa-RuyMra Taala Oaing 0. Il>-In. Round Samgla« 

Appliad Straaa Ruptur« 
- l oi Ultimat« Tim«, 
P*1 Tanaiia Str«ngtli hour» 

Cxtanaion, % 
Botwaan 

Should« r» 

Elonga¬ 
tion, 

% in 4D 

97,000 91 
91, V00 90 

101, 100 91 
101, 100 91 
100,000 90 

11. 9 
254. ?(•) 

44. 1 
1.2 
S. 1 

17 
10 
1 7 
10 

7 

.Je) 

”(b) 

Reduction 
in Araa. 

% 

44 

14 
18 

9 

(•) Taat discontinuad bafora failure; (h) Brok« out«Ida gaga mark; (c) Broke on gaga mark. 

Nominal 
Hydrogen 

10 
200 

Ultimata 
Tanatla 

Strength, 

»** 

104.100 
111.100 

Uanptchad Tanaiia Teat« Uaing 0.115-In. Bound Sampla« 

Propor- 
T i«id Str«ngth. pai_ tional Eataaaion, % 

0.2% 0.1% S.01% Limit, Batwaan 
Off eat Off »at Offaat pai Shoulder» 

Lon I ««ting Ipoad - S. 005 In. /14in 

74.200 74,400 44, 7M 42.2M 19 
Tt.TM 75,400 45,190 59,200 If 

Elonga¬ 
tion, 

% in 40 

12 
If (a) 

Reduction 
ia Area, 

% 

44 
II 

20 109, M0 
2M 114,500 

High T»«tUM Spa«d 0.5 In,/Mia 

14 25 42 
12 21 14 

(a) Brok« on gaga mark; (b) Broke out «ida gaga mark. 

Notck-B«nd Impact T««t» Uaing Huro Samp!« 

Energy Abaorbed, m-lh 
Nominal Hydrogen IT r At -40 F Concluaion 

7 5 ««rain «mbnttlamant at 200 ppm; allay 
* ' brittle in impact tenting 

luX Tn 34-i.lf. yx IT 
125 

s 



at»vi. it oa u» ta to oattMmtma mtamoca» •«*•<*»»»»» 
Uf TMI MLLUt « I** 

/0 
200 i*0 

yHW i i»-M I—> 
TFS) mtt; •m r 

20 í«» 
200 

_ ty»«*»»«. *• yr— 

ftlrvclwr»: # 
Thifd ph*»»: >* 
V*l « o: 70-00 

a grata ata«: ¿ M 

Nominal 
Hydrogen 

20 

20 

20 
200 
200 
200 

Unnouhad Straaa-Huptura Taata Uaiag 0. l2S-In. Roaad Samylaa 

_Applied Straaa Raptara 
% oí Ultiniata Tima, 

Pai Tenaile Strength _5SSL.*_ 

Extena ton, % Elonga- 
Batwaan tion, 

Show Id« ra % in 4P 

10), 000 
V7,500 
97,500 

103,200 
99,400 
99,900 

95 
90 
90 
9) 
90 
90 

29. 8 
258. 0<*> 
285. 4<“> 

8. 9 
108. 2 
102. 1 

20 

8 

7 
19 

8 

1 1 

28 
10 

.?(c) 

-Jb) 
14*“) 

Reduction 
in Area, 

»_ 

49 

49 
1 1 

9 

U) 
Tea» diacontinued beíore íailure; (b) Broke outaide gage mark; <c> Broke on gage mark 

Nominal 
Hydrogen 

20 

200 

Ultimate 
Teneile 
Strength, 

—i^i- 

IOB. )00 
111.000 

Unnotched Tenaile Teata Uaing 0. 125-ln. Round Sampler 

Propor- 
Yield Strength, pai tional Extenaion, * 

-0~¿%-01% 6.0 if Limit, Between 
Offaet OHaet OHaet P»1 Shouldera  

Low Teattng Speed - 0, 005 I«. /Min 

90.200 90,000 87.400 84.400 H 
iit! 600 86,000 80.000 77,700 17 

Elonga¬ 
tion, 

% in 4D 

)) 
22<»> 

Reduction 
in Area, 

% 

to 
)7 

20 111.)00 
200 111.800 

High Teattng Speed -0.5 In./Mm 

15 
16 

28 
28 

58 
51 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

NoUh-Bend Impact 

Nominal Hydrogen 

20 
200 

I eil» Uaing Mu ro sample 

Energy Abaorbed 
AtJlf 

22 
)0 

. in-lb 
a» -46 f 

10 
21 

Concluaion __ 

Slow atrain embrittlement at 200 ppm; no impact 

embrittlement 

«avo To Ft TV 126 



T.»If I lABLS — •■MI.V« 09 ÎWB n> mtssmm TMC KVOMCft* Ma»( 
09 T«*c r«>*Cr ALUDI « lí» 

>t 

VMM ( I*-«« L—4) 

HH*1~ vm iOj 

<• 
¿0C 
»00 

19 
11« 
ni 

19 
199 
)99 

IT# Sirwc'ar«: >#<■—>4 • • 9 
179 Tb«r4 #fc4*«: - - 
191 V«! «ai #9-79 

a grata ata«: 1 fi 

U—otc>a4 Straaa-Raptnra Taata Uatng 0. I2>-Ia. Row# iamglaa 

Nominal 
Hydrogen 

_Applied Streee Rupture 
% of Ultimate Time, 

Pai Tenaile Strength honra 

20 114, MO 
20 110,900 

200 11),900 
)00 114,000 
)00 110,300 

9) 
90 
9) 
93 
90 

250. 9(,) 
258. 9<*) 

9*. 1 
6. 2 

144. 0 

Estenaion, % Elonge- 
Between tion, 

Shoulder a % in 4P 

9 
7 

17 
7 
7 

Reduction 

in Area, 
% 

hi 
7 

! h 

(a) Teat diacontinued before failure; (b) Broke outaide gage mark; (c) Broke on gage mark. 

Nominal 
Hydrogen 

20 
200 
»00 

Ultimate 
Tenaile 
Strength, 

P»1_ 

123.100 
122,200 
122,600 

Unnotched Tenaile Teata Uaing 0. 125-ln. Round Sampler 

Propor- 
Yield Strength, pai tional 

0 Z% 0. 1% 0. Oli Limit, 
Offaet Offaet Offaet pai 

Entenaion, % 
Between 

Shoulder a 

Low Teatmg Speed - 0. 005 In, /Mm 

107, 500 
107,)00 
109,200 

107,000 
107,200 
109, 500 

103,000 
102,000 
110,000 

99, 900 
97, )00 

109, 900 

14 
17 
18 

C longa* 
tion, 

% in 40 

l,(b) 
27 
28 

R ♦Hurtion 

in Area, 
% 

D 
61 
56 

High Teatmg Speed - 0,5 In./Min 

20 122,500 
200 123,000 
*'0 126,600 

17 28 60 
I) 29 62 
14 22 49 

(a) Broke on gage mark; (b| Broke outaide gage mark. 

Nouh-Bend Imyact Trait Uaing Muro Sample 

Energy Abaorbed, in-lb 
Nominal Hydrogen At 11 T At -40 F _Concluaion 

20 
200 
3)0 

31 21 
42 1 ) 
44 22 

Slowatrain embrittlement at 300 ppm; no impact 
embrittlement 

<6u>C in ¿4-616 H IV 127 



• A « 9 A ft 4k 

<0 
'•• ¿4« 
•oo 
M>0 

it it* 
^•0 4»0 
♦oo 
MO 4 To 

0*'«**M«: »^1 —»0 4*0 
Tfttr« 00M«: •• 
V*4 «•: 00-»0 
• frota tftM 4 n 

Nominal 
Hydroian 

40 
¿0 

¿00 
¿00 
¿00 
400 
400 
600 
600 

UaaatclMd Xraaa.K—fr« Taa«< OatM P * »« «- -TM|f 

Apphad Stro.a *np«*„ 
% of (JTttmato Timo, 

Tonotlo Stroafth boar« 

Cstoaoioa, % Ciom^a- 
S »twooa ttoa, 

Sboaidoro % in 4P 

1 11.400 ft 
109,000 9) 
IIS. 600 47 
11),000 94 
HO, S00 93 
118,700 97 
116,300 99 
119,400 100 
115,900 97 

100. 4<») 14 
203. )<•> 5 

3«. 3 14 
300. 9(«) 0 
460.0^) 9 
111.) i« 
453. 4 is 

0. 6 15 
0. 0 6 

45 
30 
16 

Radwciioa 
ia Araa, 

% 

44 

46 
50 
50 
14 

(a) Te.t discontinued before failure; (b) Broke outside faga mark; (c) Broke on gage mark 

Nominal 
Hydrogen 

40 
400 
400 
600 

Ultímale 
Tensile 

Strength, 

P‘l 

117.400 
119. 000 
142.400 
I 19, 400 

Unnotched Tensile Teata Uaing 0.145-ln. Round Samples 

Yield Strength, pai 
TT* b. i< o.oi* 
Offset Offset Offset 

Propor¬ 
tional extension, % 
Limit, Between 

P»» Shoulders 

Low Testing Speed . 0. 005 la. /Min 

104,700 

107,400 

104,700 

106,200 

101,100 

94, 500 

90.000 

00, 000 

20 
16 
14 
12 

Elonga¬ 
tion, 

% ia 40 

31 
22<*> 

10<*) 
10 

Reduction 
ia Area, 

% 

60 
60 
54 
26 

20 141,000 
200 144,400 
900 144,700 
600 143,300 

High Testing Speed - 0.5 la./ilia 

“ 26 56 
21 20 40 
'5 29 64 
19 27 61 

(a) Broks on gage mark; (b) Broke outside gags mark. 

Notrh-P -nH Impact Tels Using Micro Sample 

Nominal Hydrogen 
Energy Absorbed, in-lb 

ÀFM r 'At .40 F 

40 
400 
400 
600 

30 
38 
45 
54 

40 
30 
30 
34 

Cor >n 

Slow-strain embrittle». . at 600 ppm; no impact 
embrittlement 

*xJC fn Pt rv 
148 



CmT 

<• 
/M 

Nominal 
HyJrogtn 

¿0 
¿0 
20 

200 
200 

•« ••Mi. 1*0# fMf» tOMrsSMM IM 
o* rxc r.-«c* At.cot <m-i«i 

537¾ ▼m 
i— 

VI»»« »»»«. f ft- 

i§ 
200 

Slr»<l»r«: a » lia« • p*«r•• 4«J < - 

ThirO 
V«i « a: «0 
a grain 0. 11 ^ 

UaaotcVad Straaa-Raytur« Taal» Uai^ 0. 125-U. Ro»a0 Samp!«« 

Appliad Strata 
rr % of Ultimata 

Pai Tan«ila Strangth 

Ruptura 
Tima, 
hours 

Extana ion, % E longa- 
Batwaan tion, 

Should« r« % in 4P 

70,000 95 
74,000 90 
71.500 37 
70.500 90 
75,000 87 

20.7 19 
262. 0(*) I) 
258. 1,,) 10 
21.2 II 

127.4 I) 

28 
18 
12 
,Jb> 
..(b) 

Reduction 

m Araa, 

% 

J9 
2) 

)6 
)6 

(a) Test discontinuad bafora íailura; (b) Broke outside gage mark; (c) Broke on gaga mark. 

Nominal 
Hydrogen 

20 
200 

Ultimate 
Tensile 
Strangth, 

f1 

02,200 
87, 200 

Unnotchad Tensile Tests Using 0. 125-In. Round Sample« 

Propor- 
Yield Strength, psi tioual Extrnsirn, % 

TU-Ò.IT TÍTT Limit, Batuaen 
Offset Offaat Offset pai Shoulders 

Lour Tasting Spaed - 0. 005 In. /him 

57,400 56,600 49,200 44,050 19 
61.700 57,100 45.500 42.500 15 

Elonga¬ 
tion, 

% la 40 

2|tb) 

26 

Rrdur lion 

in Area. 
% 

45 
)• 

High Tatting Spaed . 0. 5 la. /him 

20 06,200 
200 91,200 

15 25 46 
16 ¿i )| 

(a) Broke on gaga mark; (b) Broke outside gaga mark. 

Notch-Bend Iqppact Test« 'Jema Micro Sample 

Energy Absorbed, in-lb At" 7 ? r —4—— Nominal Hydrogen At -4A f 

20 
200 

20 
7 

29 
5 

Cone lu»ion 

No alow strain embrittlement; impact embritlle- 
mem at 200 ppm 

2.JC Th ¿U-617 Pt IV 129 



• (■• t • • A b t • i* 

-r*tx±. 
>y «» »««<»« W. »»» 

/• 
¿00 
♦®0 

It 
¿•O 
♦00 

44r»>l»»«: ♦ ♦ tiM «y*»‘ •mp 

I bi r4 y*«*«: - - 

V«t % « 00 

4 grota tia«: - - 

Nomina] 
Hydrof n 

Uwootrl»d Straaa-RwgtMra T>4«a UaiM <>• l**-la. Kowd »aiwylat 

_Applfd Straaa Ruptur* 
% of Ultimate Tim*. 

Fai Tan*<1* Strength hour* 

« 
Eatetiaioa, 

Between 
Shoulder* 

% Elonga¬ 
tion, 

% in 4D 

Reduction 
in Area, 

% 

¿0 87,800 Oi 4. b 18 2b 41 

(a) Teat diacontinued before failure; (b) Broke outaide gag* mark; (c) Broke on gage mark. 

Ultimate 
Tenaile 

Nominal Strength, 
Hydrogen pat 

Unnotched Tenaile Teata Uaing 0. 125-In. Round Sample* 

Yield Strength, pai 
07¾ Õ. 1% 0.01¼ 
Offaet Otfaet Offret 

Propor¬ 
tional Extenaion, % 
Limit, Between 

pai Shoulder* 

Low Totting Speed - 0. 00S In. /Min 

20 
200 
400,f > 

42, 400 
9J, 700 

102,400 

67, 400 
68. 800 
76, 000 

6), 400 
64, 600 
64, 600 

14,700 
SI, 200 
44, 000 

2S, )00 
47,000 
)4,000 

14 
22 

2 

Elonga¬ 
tion, 

% ln 4D 

2) 
)) 

4 

Reduction 
in Area. 

% 

40 
48 

8 

High Teating Speed - J.S In./Min 

20 4S, 800 
400 94. 400 

14 26 •«* 
16 24 4fc 

(a) Broke on gage mark; (b) Broke outaide gage mark; (c) Thi* (ample contained an inclusion which reaulted in low 

ductility. 
Notûh-Bend Impact Teat* U*mg Mirro àamplr 

Nominal Hydrogen 
Energy Absorbed, in-lb 

aTTTF -At -40 F Conclusion 

20 
400 

20 12 No slow-strain embrittlement; impact embrittle- 
% 4 ment at 400 ppm or lets; teating was not 

completed 

á*JC Th ¿ii-élf' 1 i IV 1J0 



¿M 
«oo 

Nominal 
Hydroicn 

20 
200 
400 
400 

’*•4.« •» 
** r. *Ljje>r m-4i> ••••••••••■» mrt 

EHI !•* Crnmmmt 

¿0 
¿00 

«00 

tlriM l«r«: j . f 
Thir4 pk«**: 
V«l % to 
a grata ttar: l ft 

U—otcfc«< T>»«« U»fa 0.12>.|a. Hmuté SamßUt 

Appli.d Str««« Ruptura 
% of Ultimate Tima, 

Taaaila Stranath hour* 

Extanaion, ft Elonga- 
Batwaan tion, 

Shouldara ft in 4D 

89.400 93 
88.400 93 
90,600 95 
87.400 92 

110.7 |7 30 
101.8 (7 15(1>) 

8.0 16 17 
115. 8 13 ! 5 

Raduction 
in Araa, 

ft 

56 
57 
50 

(dl 

'4' ~'fc - - «••• «i --—. 

Unnotchad Tanaila Teat« Uaiaa 0.12S-ln. Round Samp la« 

Nominal 
Hydrogan 

20 

200 
«00 

Ultimate 
Tanaila 

Strength, 

P»1 

96, 100 
96.000 
96, 400 

0.2Í 
Offaet 

77.200 
72, 300 
t>K, §00 

Y laid Strength, j>e 1 
Ó if 

Offaet 
FW 
Oifaat 

Propor¬ 
tional 
Limit, 

P*1 

Extanaion, ft 
Ba tween 

Shoulder a 

Low Teetmg Spaed . ¢.00¾ In. /Mm 

75,200 
69, 600 
<>6.200 

69. 900 
67, 000 
56,000 

67. 400 
46. 600 
62, 000 

10 
10 
16 

Elonga¬ 
tion, 

ft in 40 

II 
20^) 
10 

Reduc lion 
in Area, 

ft 

62 

60 

65 

20 a«, 600 
200 97,800 
400 81, 300 

High Tatting Spaed • 0,6 In./Mm 

16 29 61 
IT 12 62 
16 10 sg 

(a) Drohe on gage 

Notch-Urr,d Impxii 

^ominal^Hydrojen 

20 
200 
400 

marh; (b) Broke outaida gage mark. 

_ljr_»ti»_U»mjj_Mu_ro_^am^lr 

Fnergy Abaorbed. in.lb 
ÃTTTf' -'XTTjrr 

♦6 31 
«ï 41 
42 40 

Cone luaion 

T«M ng on thia alloy waa not rompleied, no em¬ 
brittlement up to 400 ppm 

--vJC Tn jA-t l1" Pt r/ 
I3I 

Î 

« 



fnrftf 
mammLf 09 *•«• ro m 
00 TMB Tl-MA»'** A4.U>f 

li±JSL 

it 
¿»0 
600 
•00 

i« 
m 
600 
•00 

•««•fiar*! imm»4 a • • 
TfcirO pfcaaat -- 
V*l«a: ••-»• 
a grata ataat < a 

Nomina' 
H/drogi n 

200 
200 
200 
800 

Straaa-K—tara Taata Oatag 8. Ka—< *•»>**_• 

ApplUd Strarr 
- io/UltimiTT' 
Pai Taarila •trangth 

Retara Cataaaiaat, % Cloaga* 
Tima, Batwaaa tloa, 
hoar a Sltoaidara % i» 4P 

100, 600 
107, )00 
10), 000 
108, 100 

07 
05 
0) 
05 

2.8 >7 
14.8 1« 

)12. 0^*) • 
0. 1 • 

Reduction 
in Area, 

% 

67 
58 

16 

(.) Tctt di.continuad baiora iailura; (b) Broke out.ida gaga mark; (c) Broke oa gaga mark 

Unaotched Taaaila Taata Utiag 0. U>-la. Rouad Sample« 

Nominal 
Hydrogaa 

20 
200 
600 
800 

Ultimate 
Tanatla 
Strength, 

*•'_ 

1 M, 200 
11),000 
107,500 
11),800 

Yield Strength, ¿ai 
OTf 
Offaat 

“Of 
Offaat 

■m 
Offaat 

Propor¬ 
tional 
Limit, 

__E!i_ 

Eatanaion, % 
Batwaan 

Shoulder* 

Lour Taati^g Spaed - ¢.005 la. /Mia 

44,200 
48. 500 

101,800 
102,600 

46,600 
44. 500 
47.500 
«5,800 

88,000 
8),100 
81.400 
80.400 

81,000 
74,200 
7),200 
75, )00 

14 
16 
17 
15 

Eloaga- 
ttoa, 

» ta 4P 

)0 
25 

Reduction 
in Area, 

% 

6« 
67 
64 
50 

High Taetiag Spaed - 0.5 la. /Mm 

20 11),600 
200 114,600 
600 112,700 
800 118,800 

15 )0 64 
16 7fc 
14 )0 7) 
11 22 66 

(a) Broke on gag* mark; (6) Bro).- outtide gaga mark. 

Notch-Bend Impact Trat» U*-ng Micro Sample 

Nominal Hydrogen 

Abaorbed, in-lb 
-^7TÏ5T 

20 
200 
600 
800 

56 
46 
)5 
)5 

4) 
)0 

25 
20 

Concluaion 

Slow-atrain embrittlement at 800 ppm; progrcaa- 
ing leaa of impact propertica with incraaaiug 
hydrogen content 

t,JX; Tn 5i*-6li l't IV 132 



TASUC M 
nu HTOAOüOi ••«•IftVtTT ■ CSL'LTfOr mn ÎO OCTKAM9U 

Of TMS ri-MA*-fV ALUO» A-il* 

Hr*r*a.. c. 
1/ASn NuottMi 

ywx « 1».^ 

HHyAA c*—** 

¿0 
20« 
•00 

<0 
200 
•00 

•OMAllAg 
Mtrwetf. t0 >»«»■ 

•irwctwr*: 0 » lia* »pAcrmOAi > 
TkirA aAa««: •• 
Vol % a: »0-40 
a |raia 2 M 

■Nominal 
HydrofB 

20 
200 
200 

800 
800 
800 

UaaotcAaA Sif »-Ruptwr» T«»U UatAg 0. 118-la. Rowad Sampl«» 

_Applf d Str«»» 
1-1 % õí Ultimata 

Pai Taaaila Streaath 

Ruptura Catanaioa, % Cloag*- 
Tima, Batwaan tio«, 
hour a SRouldara % Ut 4P 

124,000 9Î 
126, J00 ’T 
121,000 *»» 
140,200 »05 
1 32,200 94 
129,500 97 

263. 9 3 
259. • »» 
261. 9'*^ » 

47. 3(d) 7 
238. l(») 0 
260. 7<»> 1 

7 
20 

I 
II 
e 
1 

Raduction 
ia Araa, 

* 

39 

28 

(a) Teat diacontiauad baíora (ailura; (b) Broka outaida gaga mark; (c) Br*ka oa gaga mark; (d) Th.a aample loaded 
250 hr at 134, 600 paid01%) and 250 Hr at 137, 300 pat (103%) before final loading at 140,200 pai (105%). 

Unaotchad Taaaila Taata Uaiag 0. U>-Ia. Rmtad Sample« 

Nominal 
Hydrogen 

20 

200 
•00 

Ultimata 
Taaaila 

Straub 

_ 

133,400 
130,200 
133, 500 

Propor» 
Yield Strength, pai tàaaal Eateaaioa, % 

0. i% 0.1% 0.01% Lamit, Between 
Off eat Offaet Offeat pet »boulder» 

Law TeetU^ Speed - 0.005 In. /Mia 

126.500 125,700 121,800 117,800 II 
123.000 122,2 00 118 , 300 112,800 9 
131,400 128.700 115,500 102,500 7 

Elonga¬ 
tion, 

% ta 4P 

I6<*> 
17 

12 

Raduction 
ia Area, 

% 

49 

51 
24 

High Teettag Speed - 0, 5 ta. /Mia 

20 137, 300 
200 1 33, 500 
800 130. 100 

12 24 59 
II 22 39 

6 12 39 

(a) Broke on gaga mark; (b) Broke ou'aide gage mark. 

No.ch-H-nd Impact Te»t» U»mg Micro Sample 

Nominal Hydrogen 

Energy Abeorbed in-lb 

xrrrr— —íttwt 

20 
200 
800 

12 

15 
6 

7 
3 
2 

_Cent lua on 

No evidence of alow etrain embrittlement; impact 
embrittlement at 800 pp^'<; probably progreaalve 
loaa of impact propertiea occure aa hydrogen 
content ia in«-ranead 

é^jC Tn Tt IV 133 

« 



• •.A 
• Ilf 

•«»4»« •£« • 
S «• «A* 

/00 I« 

• 4* 
U* I 

b . I* » M '• -*• 
••• * • • • 

rw* I »4 4a ... 

f «»• 
/M i«« 

X«»« t»««. 

0< r <i«r«i 1 • •••• «plMrwtf«! /) 
tiMrtf •»<»rn«4 •* FP*' 

V*l « t: <4 
i gr««« •>■«: I i-¿0 « 

Nominal 
HyJroggn 

¿0 
¿0 

¿0 

¿00 
¿00 
¿00 

Unnouhod S«r...-HiPXr. T..f U*»- 0 U»-»" 

Appliad Str*»» Ruptur« 
- T of Ultimatr Tim«, 
Pti T«n»ila 5tr«ngth l>our* 

Eatcnaion, % Elonga- 

Batwacn tioo. 

Should« r « * i“ *P 

97,S00 

99,600 

9¿,600 

100,100 
98, ¿00 

94,800 

99 

9} 
90 
99 

91 
90 

46. 9 
47. 6 

¿64. 0<*) 

¿ 7 f • > 
¿96. 9(») 

¿0 
19 

1 1 
10 

9 

9 

10 
..(c) 

iifc) 

8 

Reduction 
m Ar«a, 

* 

49 

49 

16 

(a) Te»t di«continu«d b«fore failure; (b) Broke ouUide gage mark; (c) Broke on gage mark 

Nominal 

Hydrogen 

¿0 

¿00 

Ultimate 

T «nail« 
Strength, 

rJ_ 

10¿, 900 

109, 400 

Unnotched Tenaile Teat« Uaing 0. U9-In. Round SampUa 

Yield Strength, p«i__ 

"in* Ó. 1% 0.01¾ 
Off.et Offaet Oftaet 

Low Teating Speed - 0,005 In./Min 

79.800 79,000 69,800 66,100 

84.800 74.900 68.000 64,800 

Propor¬ 
tional Extenaion, % 
Limit, Between 

p«i Shoulder« 

Elonga¬ 
tion, 

% in 4D 

¿9<*' 
I9<a> 

Reduction 
in Area, 

% 

1) 
29 

¿0 106,200 

¿00 109,200 

High Tea.ing Speed - 0.9 In./Min 

I 7 

16 

28 48 

28 49 

(a) Broke on gage 

Notch-Bend Impact 

Nominal Hydrogen 

¿0 
¿00 

mark; (b) Broke outeide gage mark. 

Teal. U » mg Micro Sample 

Enerev Abecrbed, in-lb 
At r1 At-^T 

94 ^ 

10 <» 

Cone luaion 

Both alow-atrain embrittlema'nt and impact em¬ 

brittling at 200 ppm 

»««DC rh 16 it IV 134 



TASUI »’ 
» r»l» t 

• c« 

10 
too 
)00 

400 

•mirto« f«*rt re otT••mi*« f 
or *•*« ?. /••• i» • tn-o» 

•• »*«* 

TTC*' i: 

¿ )0 

)44 

yw>i 110-^ L 
VT» 

¿o 
too 
)00 
400 

M*WI ^ « « 

Sir»*lur«: t * J 
(htrO •* *0C W' 
'/•I % a: *0 
i grain 4 » 

Unnotchnd Str«»»-Wnptura Tcntn Uning 0. RouI><i S*mP*** 

Nominal 
Hydrogen 

¿0 
20 

20 
200 
200 
200 
300 

400 

_Applied Streee 
1-1 % of Ultimate 

Pii Teneile Strength 

9«, 000 95 
96,000 9) 
93,000 90 

100,000 95 
98,100 93 
95, 100 90 
98,200 95 
97,500 93 

Rupture 
Time, 
hour a 

263. OÍ*) 
78. 1 

264. C<«) 
31. 1 
56. 2. 

261. 8 (•) 

48. 9 
7b. 8 

Cxteneion, % 
Between 

Shoulder» 

13 
19 
9 

lb 
17 
10 

18 
10 

Elonga¬ 
tion, 

% in 4P 

21 
--(c) 

1 I 
--(c) 
-(c) 

14 

31 
--(h) 

Reduction 
in Area, 

% 

59 

54 
52 

55 

b 

mark. (a) Teat diacontinued before failure; (b) Broke outride gape mark; (c) Broke on gage 

Unaotchcd Teneile Teata Uatng 0 U5-ln. Round Sample» 

Nominal 
Hydrogen 

20 
200 
)00 
eng 

Ultimate 
Teneile 
Strength, 

f»1_ 

10), 200 
105.700 
10). )00 
104,800 

0. 24 
Offeet 

0),400 
84.200 
10.200 
80.000 

Yield Strength, pai 
T 
Offaet 

TW 
Offset 

Propor- 
lionaa 
Limit, 

P*1 

Eatenaion, % 
Between 

Shoulders 

Low Teeting Speed - 0. 005 I*. /Min 

8). 100 

8), 000 
78.200 
78,600 

81.000 
77,800 
71.200 
72.200 

77. 000 
75, 400 
65, BOO 
65. 200 

14 
17 

20 

1 1 

Elonga - 
lion, 

% in 4D 

27<“> 

27 
28,b) 
27<«l 

R tmn 
in Area, 

% 

61 
49 
52 

50 

20 
200 
)00 
400 

107, )00 
104,400 
106, 400 
104,000 

High Testing 4peed - 0 4 la /Min 

16 
17 

15 
15 

10 
30 
29 
2« 

b I 
52 
5» 
50 

(a) Broke on gage mark. (b| Broke outside gage mark. 

Noti h-Bend Impact Teat» Uainp Mu ro Sample 

Energy Absorbed, m-lb 
77 r —* Nominal Hydrogen 

20 
200 
300 
400 

At 

44 
)2 
42 
40 

At -flT 

34 
19 
26 
21 

Cone .a*ton 

Slow-atram embrittlement at 400 ppm; no impart 
embrittlement 

i<*¿c Th pt IV 13; 
•b 

i 



fASlâ *• 
« IMS hvmocsm »«*•<***•*» 

»§•»• »oostssM» 

Of IM« »•<•< 

S..n UMl 

fHMp«-«« b—^ 

C****** 
Tm 

.•o 

¿00 

14 

¿1/ 

¿0 
¿00 

É—*«» 

X»^« W. ** ff' 

Slru« tur#: ##•»#«•< * ♦ ^ 
Third pá«*«: •<c«rr»«f •• i#® ff»" 

Vol Sa:»« 
a grata •<»«: 4 ^ 

Nominal 
Hydrogrn 

¿0 

¿0 

¿00 
¿00 

¿00 

Pai 

Unnotchad Strraa-Suptura Taat» Uaiaa^ 
1¿>-Ui. Souad Sambia » 

h£¡± 
lad Straa« 

% of Ultimata 

Tanail« Strength 

Rupture 

Tima, 

hour* 

Extension, % 

Between 

Shouldcre 

96, 000 
94,000 

101,100 

99,000 
99,900 

9S 

9 J 
95 

91 

90 

86. 3 
¿55. 9<*) 

22.6. . 
257. 1 *> 

261. ,(*) 

14 

8 

10 

I 3 
6 

Elonga¬ 

tion, 
* in 4P 

-» 

11, 
12M 

15 

10 

Reduction 

in Area, 

%_ 

44 

17 

I* I Tret diecontinued before 
(allure; (b) Broke ouU.de gage mark; (c) Broke on gage mark 

Unnotched T.n.,1« T..U U.m, 0 125-tn. Round Sample^ 

U Itimate 

T enrilr 

Nominal btrength, 

Hydrogen P*1 _ 

¿0 
¿00 

101.000 

106,500 

Yield Strength, pel 

Ò 1% 
Offert 

Low Teetmy Speed 

Propor¬ 
tional Eateneion, % 

Limit, Between 
net Shoulders 

0. 004 In. /Mm 

74.400 
79, 500 

71, 400 

7b, 900 

67,400 
69,000 

65,400 

66.700 

17 

18 

Elonga¬ 
tion, 

% in 4P 

Rrdui lion 

in Area. 

% 

19 

50 

¿0 106.200 

¿00 109,800 

High Testing Speed - 0.4 In./Mm 

17 

I 1 

S4 

17 

(a) Broke on gage 

Not h- Bend linpat t 

Nominal Hydrogen 

mark, (b) Broke outside gage mark. 

lests Using Mu ro Sample 

Energy Absorbed in-lb 

At » r At -40 f 

20 

¿00 

21 
10 

Cone lusion 

«„ia. *ñ elf' It * 
1)6 

12 

I i 

Both slow-strain and impact embrittlement at 

¿00 ppm 



IA» Lã M 
I r»f1 • 

a» 

4. r> a* »Mt» to • 
y», to - • »LiÂ>l i» t'» 

»V—— L-mm it-— 
M—I—J »r IjrTÃ* 

r» ** 
190 l>9 

—r—*»»• t to r»» 

htrmt I»t9 « • » 
Tlur4 ptMM' .. 
Vai % X. '0. »0 
a grata I P 

Nominal 
Hydrogan 

20 
20 

200 
200 
200 

U-otctod Str.q.-»v»t.r. T.ata Uait 0 

Apollad Strasa 
- % ot Ultimate 
pSi Tanalla Strangth 

Ruptura 
Tima, 
haura 

Extanaion, % Elouga- 
Batwaan tiou, 

Shouldara % in 4P 

110,000 9 J 
106,600 90 
115,000 9J 
114,900 9J 
111,100 90 

1«S. 1 
259. 
153.9 
263 
219.4 

15 
4 

11 
8 
6 

13 
4 

..u> 
lOÍb) 
..(b) 

Réduction 

in Araa, 
% 

56 

20 

I I 
10 

,) Teal discontinuad baior. ia.iura, (b) Broka oufida gaga mark; (c) Broke on gaga mark. 

Unnotchad Tanaila Taata UaiAj 0. 1¿»-»«- Round Samplaa 

omina) 
ydrogao 

20 
200 

Ultimata 
T anstla 
Strength, 

- 

lit. 500 
123, 600 

Yield Strength, pai 

»8. 200 
97. 000 

Propor- 
tional 
Lumit, 

_EÍÍ_ 

Extansion, % 
Batwaan 

Shouldara 

Loar Taating Spaed - 0.005 to. /Um 

92. 400 
0». 600 

00. 400 
TT 400 

77, 000 
ta jno 

19 

Elonga¬ 
tion, 

« in 40 

igU> 

17<*> 

Raduc lion 

in Araa 

% 

55 
43 

Hiph Taating 3paa i • 0.5 U. /Mm 

20 119.700 
200 124,000 

15 25 57 
17 25 43 

a) » •Aka on gaga mark; <b) Broke outaida gaga ma.h. 

latch-Band Imaoct Taata Uainn Micro Sawipla 

Cn#rgy Ab«orb#4 is-lb 
rrr—-4—^ lommal Hydrogen At 

20 
200 

30 
i4 

Át -4¿~r 

15 
10 

Cone 1 ut ion 

Both alow-atratn and impact embrittlement at 

200 ppm 

Tn 36-^1 i H I» 
13V 

s 



i ab lm ** •«»«t.r* or tun to mtsamm rm «vottflb«* MaatTrvtr« 
or rua. h t»** alloi tm tm 

Hr*t> 
NooiumI TÏÏ7 • « 

to I i 
too no 

BHIEE m Cmmfmt th> 

/9 
¿*>0 

firiMf«#«: »^an—< * » t 
TOtré pë*— 
Vol % •: *0 
a f roui 0100: 4 » 

Nominal 
Hydrogon 

¿0 
¿0 

¿00 
¿00 
¿00 

Unnotchod Strooo-Rgpturo Tooto Uoing 0. U»-la. Roond Somploo 

Applied Strooo_ 
% oi Ultimate 

Pai Tonoilo Stroagth 

Ruptura Cxtonaioa, % Cloafa- 
Tima, Botwaon tton, 
hour ■ Should« r * % ta 4P 

111,000 9) 
107,500 90 
11b, 500 9} 
11),000 90 
11),000 90 

¿42.8 18 
25ê. 8**^ 10 
46.0 15 
31.5 5 

¿6¿,S^ 6 

26 
S 

16 
6(0 
7 

Reduction 
ta Araa, 

« 

59 

49 
1) 

(a) Test discontinued before failure; (b) Broke outside gage mark; (c) Broke m gags mark. 

Nominal 
Hydrogen 

20 
2 "'O 

Unnotched Tensile Tests Us ng 0.125-la. Round Samples 

Ultimate 
T ensile 
Strength, 

££j_ 

0.2¾ 

Offset 

Yield Strength, ¿si engt 
-Of" 
Offset 

T7ÖW 
Offset 

Propor¬ 
tional Extension, % 
Limit, Between 

pet Shoulders 

Low Testing Speed - ¢. 005 la. /Min 

119, 500 
125, 500 

9a. 700 
101, 100 

94, 000 
96, )00 

Ol, 700 
a), 400 

77, 800 
80. )00 

2) 
12 

Elonga¬ 
tion, 

« ia 40 

2,<b) 

SU 1 

Reduction 
ta Area, 

% 

5* 
24 

High Testing Speed -0.5 la./kitn 

20 121,500 
200 12b. )00 

14 20<*> 52 
I» 24 51 

(at Broke on gage mark; (bt Broke outside gage mark. 

Notch-Bend Impact lest» Using Mu ro Sample 

Energy Absorbed, tn-lb 
Nominal Hydrogen At 77 r At -40 F 

¿0 )8 15 
¿00 18 10 

Conclusion 

Both slow-straia and impact embrittlement at 
200 ppm 

Th it rv 136 



t«*44 • •••(«• 
°* f • 4M» «M» msn (A- 4M ** " * ' *** 

4« 
.•M 
»00 

I« 
(M 
IM 

40 
400 

too 

Mr—«»«« pp,, 

Mr— Mr* «fotA««4 j • r 
TMrO plM •• 
V uj % X. »0 

•r fraui rirr: 4 * 

Nomina] 
Hydrogrn 

40 
40 

400 
)00 
)00 

Ua—cMd Str•««-»)«»«»«« T««ta U«t^ 0. I4»-In. Koaad Sam»l«» 

_Applird Str« »■_ 

% o/ Ultimate 
**»» T«n»U« Slfagth 

98, 100 93 
95,000 9o 
98, 700 93 
99, 000 93 
95, 800 90 

RitpCur« 
Tima, 
hoar« 

I 7 5 
168. 6 
)0. 0 
58.4 
74. ) 

Catana ion, % Elonga- 
Batwaan tion, 

Sfcouldara % 1B 40 

16 
18 
18 
9 

10 

46 
)0 
48<c> 
10^ 
ll«>) 

Raducliun 

in Araa, 
« 

59 
50 
54 
II 
1 I 

(a) Teat diacontinuad bafora faillira; (b) Broke ont a ide gage mark; <c) Broke on gage mark 

Nominal 
Hydrogen 

40 
400 
)00 

Ultimate 
Tenaile 

Strength, 

P*1 

105, 400 
106, 400 
106, )00 

Unnotched Tenaile Ta ata Uaing 0.145-ln. Round Sample a 

0.2% 

Offaet 

Yield Stre »«»8 
"ÕTT 
Offaet 

^ P** 

Offaet 

Propor¬ 
tional Eatrnaion, % 
Limit, Between 

P»i Shouldera 

88, 600 
8), 500 
87, 900 

Low Teatiag Speed - 0. 005 la. /Min 

87,100 81,400 78,400 
81,500 74,800 67,500 
85,600 76,400 74,600 

Elonga¬ 
tion, 

% la 40 

47 

)) 
19<b> 

Redut lion 

in Area, 
% 

54 
59 

55 

High Teating Speed - 0. 5 la, /14m 

10 106,400 
400 110.400 15 
)00 110,)00 16 

17 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

Notch-Bend Impact Teata Ueing Micro aample 

49 59 
14 6) 
»0 56 

Energy Abaorbed, ia-lb 
Nominal Hydrogen At 77 f Át -4Ô F 

40 
400 
)00 

» 46 
)l 16 

Conc luaion 

S low-at rain embrittlement at JOO ppm no 
impact embrittlement 

4»oc r« ¿4-61í pt IV 
139 

s 



u» ia*r» te mitrnam+m twm •• 
u# TM* V. iM. .f • *«44>t ta 

Hr«V«»r 
••• 

WÜH fl#« 
C—»■» 

19 
iM i*4 
tM 

/• 
2M 
!•« 

riu»4 ptom •**»»**+$ M >M 

V*J « a. rt 
• g raía «im: t (( 

Nominal 
Hydro)j««i 

20 
200 
200 
)00 
300 

UnntcWd Siratt-Huptiir» Too» Uotna 0. li>-ln. Koand tnmpto» 

Appliod Str« »» Ruptura 
% of Ultimata Tuna, 

Pal Tanalla Strangtli hour» 

Cntanaion, % 
Batwaan 

Should« r • 

elonga¬ 
tion, 

« in 40 

109, 000 93 
109,100 90 
110,000 99 
107,700 93 

20.1 16 --<c> 
263.6<*> 11 17 

9.4 10 27 
69.8 6 12<k* 

Raducli' ï 
m Aran, 

% 

92 

92 
14 

(a) Taat diacontinuad bafora failure; (b) Broka outaida gaga mark; (c) Broka on gaga mark. 

Unrotchad Tanaila Taata Uaing 0.129-ln. Round Sample« 

Ultimata 
Teneile 

Nominal Strength, 
Hydrogaa poi 

20 116,800 
200 117,100 
300 119,800 

Propor- 
Yiald Strength, pai tional Cxtenaion. % 

0.24 0. 1% 0.01% Limit, Between 
Offaet Offaat Offaat pei Shoulder a 

Low Taating Speed - 0.009 In. /Min 

94.800 91,300 82,200 78,100 19 
94,900 90,700 82,900 78,400 18 
91,400 87,900 79.200 68,700 19 

Elonga¬ 
tion, 

% in 40 

>1 
28 
27 

Reduction 
in Area, 

% 

9« 
49 
49 

High Toetu^ Spaed - 0.9 In. /Min 

20 118,900 
200 117,900 
100 119,700 

17 12 97 
19 31 94 
19 27 92 

(a) Broka on gage mark; (b) Broka ouietde gage mark. 

Notch-Band Impact Tatta Uaina Micro Sample 

Nominal Hydrogen 

Energy Abeorbed, in-lb 
At nr At-Mr 

20 
200 
100 

14 
II 
9 

6 
7 
8 

Conclua ion 

Both alow - at rain and impact embrittlement at 
100 ppm 

*>DC Xh P* IV Ho 



»«.tvu# rarrt t« a»ri 
Vi »»-/* «#• ALÁÀ*t (S-lt| 

r*»fTt 

«m« d»-a« 
Birmt+jr*' it pf* 

i* 
t— 
IM 

IV 
IV> 
IU 

19 
199 
100 

OtfiMIfof « • r 

Th»rO plM*«: actKrriMf «I 199 ppm 
Vm. % * 7i 

a grain «im: « u 

Nominal 
Hydrogan 

20 
200 
300 
300 

UaaotcfcaQ Siraaa-Kanara TaaU U»u^ 0.12»-la. iownd Snmglaa 

_Appltad Strata Ruptura 
% oí Ultimata Tima, 

Rai Tanaila Straagth Roura 

Catana Ion, % donga* 
Batwaan tion, 

Shouldar» % in 40 

05, 500 »J 47 j 

93,900 95 155.0 
00,000 93 154. g 
00,000 93 32 i 

10 
11 

9 
11 

..(c) 

10 
..<b> 
36 

Kaduction 
in Araa, 

% 

56 
II 
16 
4« 

(*) Trat di a continuad bafora faillira; (b) Broka outaida gaga mark; (c) Broka oa gaga mark. 

Nominal 
Hydrogan 

20 
2 00 
200 

Ultimata 
Tenaila 
Strength, 

_EÜ__ 

102, 700 
106, 300 
101, 000 

Unnotchad Tanaila Taata Uaing 0.125-ln. Round Samplaa 

Propor - 
Yield Streiyth. pai tional Extension, % 

0- ^ 0. 1% 0.01% Limit, Batwaan 
Ofliit' Offaet Offset *JEiL— Shoulders 

Low Taatuig Spaad - 0. 005 la. /klin 

76,000 73,400 17 
•2,300 79,300 70,000 65,300 19 
75,300 73,100 65,000 50,000 15 

Elonga¬ 
tion, 

« in 4D 

24<*> 
¿4(.) 

20(a> 

Réduction 
in Area, 

* 

9b 
44 
il 

20 105, 600 
200 10t, 900 
200 «5, 000 

ÍÜÜ Tasting Spaad - 0.5 U,/Mta 

16 26 61 
15 27 49 
16 32 52 

(a) Broka on gage mark; »b) Broaa outside gage mark. 

Notch-Band Impact Tests Using Mitro Sample 

Energy Absorbed, m-lb 
Nominal Hydrogan kt 77 F At -40 T 

20 
200 
300 

it 25 
17 17 
tt 17 

Conclusion 

Slow.strain embrittlement at 300 ppm; no impact 
embrittlement 

IU 
S^ÚC i». -,+.(.11 Pt IV 



imblM •• auvt?• e# IB*** »V aatai 
<1 « ta* f .* « Bild'* I*• *•'» 

rttnf • 

Wy««»a>a C 
Mw«v>íaal 

¿4 tU 
¿00 >W 
>00 

»I«» 

<• 
¿00 
100 

viai 

0tr«< —O * • 0 

Tter* pte*«: -- 
Val « ai 40- TO 
a grata aiaa: l a 

Nominal 
Hydrogen 

¿0 
20 
20 

200 
300 
300 
300 

U-otchad Stra..-»laf«u>a T.at. Uataa 0. »»»"f1«* 

Applied Streaa 
% of Ultimate 

Pat Tanaile Strength 

104,600 9* 
101, 100 90 
101, 100 90 
96, 300 90 

102,800 93 
99, 500 90 
99, 500 90 

Ruptura Catan» »oa, * Clonga- 
Tima, Between Mon, 
hour» Should»r» % t” 9p 

2.6 
44. 1 
57.6 

207. 9 
52.4 
73.5 
70.4 

17 
15 
20 
17 
18 

8 

10 

--(O 
-jo 
26 
20 
.JO 

..(b) 
12 

Reduction 
in Area, 
% 

60 
57 
62 
61 
53 

9 
20 

(a) Te»t diacontinued before failure; (b) Broke ouUide gage mark; (c) Broke on gage mark 

Nominal 
Hydrogen 

20 

200 

>00 

Ultimate 
T enaile 
Strength, 

_£i!_ 

112, 500 
107 000 
I 10. 600 

iTnnotrhed Ten.il» Te»t. u.tng 0. 125-ln. Round Sample» 

Yield Strength. p»i 
Til-0. 1< 0.Ó1* 
Offset Off»et Off»»* 

Propor 
tional 
Limit, 

P*1 

Eaten »ion, % 
Between 

Shoulder» 

98, 700 
89. 000 

Low Te»ting Speed - 0. 005 In. /Mia 

96, 300 90, 500 88, 300 
Sb! 400 79,100 75,400 

89,400 83,600 

16 
16 
15 

Elonga¬ 
tion, 

% in 40 

28 
31 
22<*> 

Reduction 
in Area, 

% 

60 
61 
46 

20 i II, >00 
200 110.000 
>00 112,300 

High T»»tmg Speed - 0.5 In./Mia 

16 
16 
15 

28 67 
31 63 
>6 64 

(a) Broke .)- gage mark; (b( Broke outside gage mark. 

Non h- Bend Impact Tests Using Micro Sample 

Nomi .al Hydrogen 

Energy Absorbed, in-lb 
At 99 t At -40 fr 

20 
200 
300 

52 
II 
50 

47 
35 
40 

Cone lusion 

Slow-»train embrittlement at 300 ppm; no impact 
embrittlement 



•* t ■ — » r*fV « 

H 

10 

190 
100 

VMM 

Ci 

to 
too 
«0« 

><>■* <*~*i 
'HP 

51 f »> Imt ». oqoàomoé 
I bird pOmoo: .. 
VeJ % * SO 
a grftia aiMt J H 

Uwotcbad Straaa-Ruytur« Taaf Uataa 0. RommO Sampia» 

Apphad Straaa Ruptura 
Nominal ~~"TTöTTIuImät^- Tima, 
Hydrogen Pai Tanaila Strangth hour a 

¿0 107,100 9S )9.4 
¿0 112, 000 93 262.a<a> 

¿00 108,500 95 3.7 
200 106, 200 93 58. 3 
300 101,900 93 258.5^*) 

¿.manaion, % 
Batwaan 

Shoulda r a 

15 
8 

16 
16 
10 

Elonga¬ 
tion, 

% in 4P 

__<«) 

16 
..(t) 

28 
14 

Reduction 
in Araa, 

% 

54 

52 
50 

(a) Teat dtarontmued batore lailura; (ai Broke outaidc gaga mark; (cl Broke on gaga mark. 

Unnotched Tanaila Teata U ÜïiJL 125-In. Round Sample » 

Nominal 
Hydrogen 

20 
200 
300 

Ultimata 
Tenaile 
Strength, 

P»1 - 

112, 800 
114, 200 
109, 600 

0.2% 

OHeet 

92, 200 
89, 400 
82 . 800 

Yield Strength. £ti engt 
Tl% 
Offaet 

ToPT 
OHeet 

Propor¬ 
tional 
Limit, 

P*1_ 

Extanaion, % 
Batwaan 

Shoulder a 

Low Teattng Spaed - 0. 005 In. /Min 

87, 300 
84, 300 
76, 400 

71,500 
64, 600 
6), 800 

62, 200 
41,200 
57, 800 

18 
19 
17 

Elonga¬ 
tion, 

% in 40 

20<M 
)i 

25 

Reduction 

in Araa, 
% 

51 
5) 
55 

20 
200 
300 

115, 100 
11). 500 
112, 000 

Hig* Teetmg Spaed - 0 5 In, /Min 

I) 

17 
15 

26 
29 
29 

58 
56 
57 

(a) Broke on gage mark; (b) Broke outaida gage mark. 

NoUh-Bend Impact Teata Uaing Micro Sample 

Nominal Hydrogen 

'0 
200 
300 

Energy Abeorbed, in-lb 
ÃTTT-r- At . W fr 

21 
1) 

18 

12 
9 
8 

Con. lueion 

Taatiag oí Uua alloy waa not complated; na 
embrittlamant waa obaarvad at 300 ppm 

in h-‘1 ^ it IV 
U3 



fa* • • r — I» « f«at» T m 

« *■« t «A MA. AiOA/t 

n_ T!P 

-•o 
¿00 
400 
MO 

¿0 
¿00 

400 
MO 

âtfmtmn: »t»i4A»0 ■ • 0 
ThtrO m: .. 
v*l % a; 70-êC 
ã grata aiaa: I O 

Nominal 
Hydrogrn 

20 
200 

200 

600 
600 
800 

Unaotchad »tra>a-HaM»M Taaf U4tag 0. l¿»-la. Koaad Samóla» 

_Appliad Straaa Raptara 
% o/ Ultímate Tima, 

Pai Tanaila Straagth hoara 

130,600 2*2.4**) 
141,000 »5 50 
138,100 93 104.6 
135,500 95 7.0 
132,700 93 ¿58. Z<*) 
134,000 95 127.4 

Cataaaion, % Cloaga* 
Batwaan tica, 

Shoulda r ■ % ja 4P 

3 
11 

8 
II 

7 
13 

10 
23 

Raduclion 
la Araa, 

% 

48 
50 
52 

52 

(a) Teal diaconttnued before failure; <b) Broke outa me gaga mark; (c| Broke oa gage mark. 

Nominal 
Hydrogen 

20 
200 
600 
800 

Ultimate 
Tenaila 
Strength, 

.£11_ 

140, 500 
148, 300 
142, 700 
141, 000 

20 145, 500 
200 149, 400 
600 148. M0 
800 146.500 

Unnotchad Tanaila Taata Ualng 0.125-ln. Round Samplaa 

o. ¿W 
Offaet 

Yield Strength, pai 
1% X 

Offaet 
out 
Offaet 

Propor¬ 
tional Extenaion, % 
Limit, Between 

Shouldara 

I ¿2, 000 
128. 900 
119. 900 
115, BOO 

Law Teatiag Spaed - 0. 005 In. /MIk 

119,700 110,000 104,400 
124,800 116,500 109, 20G 
115, M0 103,000 97,200 
110, 300 93, 000 84, 100 

10 
11 
11 
11 

High Taating Spaed - 0. 5 la. /Min 

10 
10 
11 
10 

Elonga¬ 
tion, 

« in 40 

16 
22 
I5<*> 
12 

18 
20 
20 
18 

Reduction 
in Area, 

% 

50 
50 
58 
52 

54 
58 
55 
52 

(a) Broke on gage mark; (b) Broke outaida gage mark. 

Noli h- Bend Impact léala Uamg Mic ro Sample 

Nominal Hydrogen 

Energy Abaorbed, m-ib 
At T9 r ' -ÀT.4TT 

¿0 
200 
600 
800 

39 
16 
19 
19 

29 
10 
16 
14 

Concluaion 

No alow - a train ambnttlement; impact embrittle¬ 
ment at 200 ppm 

r*> Tt 17 U4 



tAMLÆ ê ’ »1*1» » MMutLT* ai f a§r» ro mvsamimc »«■ moLau** »mm 
09 T MB Ti-4Ai ■ MÉ» AiXOff |B-1*1 

<o 
<00 
400 
»00 

VMM (lO-Ba Lm4) 
¿¿»¿¿T- 

<0 
<00 
400 
000 

VTW _0O»€M»»*. <0 >»«»■ 

klrwctwr«: nm«*»0 J « f 

Tfcird pKA>• ; 
VoJ % * 00 
a gram < p 

Nominal 
Hydrogan 

<0 
200 
200 
200 
600 
000 

Unnotchad Stra»»-Kuptar« Taata Uatng 0. l<5-ln. Round Samóla» 

Appliad Straaa Ruptura 
% of tlltimate Tima, 

Pai Tanaila Strangll» hour a 

Extanaion, % 
Batwaan 

Sèiouldara 

Elonga¬ 
tion, 

« in «O 

135, 000 93 
174,700 97 
171,000 95 
167,200 93 
164, 200 95 
162, 500 93 

262.3<*> 3 
3.4 8 

15.3 9 
103.7 8 
140.6 19 
83.7 12 

5 
8 

14 
.Je) 
.Je) 

22 

Rrduction 

in Araa, 
% 

48 
49 
38 
50 

53 

(a) Taat diacontinuad bafora failura; (b) Broka outaida gaga mark; (c) Broka on gaga mark. 

Nominal 
Hydrogaa 

20 
200 
400 
800 

Ultimata 
Tanaila 
Strang th, 
__£*!_ 

147, 500 
100. 000 
172, 900 
171, 300 

Unnotchad Tanaila Taata Uaiag 0. 123-ln. Round Samplaa 

Propor. 
Y laid Strangth, pai tioaal 

TT*-ô i? r A.01« Limit, 
Offaat Offaat Offaat pai 

Estanaion, % 
Batwaan 

Shouidara 

150. 400 

Low Taattng Spaad - 0. 005 In, /Mm 

149,500 142,900 130,100 

154. 500 
190. 500 

150. 400 
145, 000 

139, 000 
130. 000 

131. 000 
104, 000 

11 
7 
0 

12 

Elonga¬ 
tion, 

% ta 40 

10 
10(a) 

19 
22 

High Taatmg Spaad - 0. 3 la. /Mm 

20 172,000 
200 1 02,200 
400 100. 900 
000 179,100 

9 10 
. i «iat I • w 
0 10 
0 16 

(a) Broka on gaga mark; (b) Broka outaida gaga mark 

Notch-Band Impart Taata L'aing Mie ro Sampla 

Enargy Abaorbad 
Nr minai Hydrogan At 77 r 

m-lb 
Tmrr Cône luaion 

Krdu< lion 
in Araa, 

% 

49 
37 

54 

50 

49 
11 
54 
53 

20 
200 
400 
000 

18 
0 

10 
14 

16 
7 
0 

10 

No a vi da ne a of alow.atrain ambnttlamant; impact 
ambrittlamant at 200 ppm 

145 

i 

4«ÛC Th ü-616 Pt IV 



V**tJ — V wiemacãm »gtmtrrrttt gßMriTt 09 VWT« TO MT«««««« 
< • TMt f. «A. «• 4Í.U.'* It *♦! 

H,«» « • • < mm «M 

-TT =r 
/0 

¿00 
400 

6 00 

_yxw Ht tt L—<> 

¿0 
¿00 

40f 
b 00 

vna >4r»«»»»«4 « >»«»• 

SwitctM«». ♦ T 
TkirO pt«M! -- 

Vmi % « *0 
a grain 5 |l 

Nominal 

Hydrogen 

¿0 

¿00 
¿00 
400 
600 

Unnotfhad Straaa-Ruptwr« Taaf Uaiag 0. touad Sampla» 

_Appliad 6tr»»a_ 
1-1 % of Ultimai« 

Pai Tenail« Str«ngth 

Rupture 

Time, 
hour a 

Extenaion, % Elonga- 
Between Hon, 

5houldera % in 4P 

1 il. 500 Si 
1¿8, 600 91 
12 5,400 90 
126,500 91 
128,100 95 

257.4<*> 6 
80 9 

261.1<a) 1 
171.8 10 
225.8 9 

..(c) 

5 
15 
12(c> 

Reduction 

in Area, 

% 

49 

17 
47 

|a) Trat diacontinued before failure: (b) Broke outaide gage mark; (c| Broke on gage mark. 

Nominal 

Hydrogen 

20 

200 
400 
600 

Ultimate 

Tenaile 

strength, 

£11_ 

141, 600 
I 19. 200 
I 16. 000 
I 15. 000 

Unnotched Ten« le Teat« Uaing 0. 125-In. Round Sample« 

Propor- 

Yield Sireiyth, t ai tional 

0. 2¾ Ó. 1% 0.01% i-jmit, 

Off art Off aet Offaet p«i 

Eatenaion, % 

Between 

bhouldera 

Low Teating Speed - 0.005 In. /Min 

121.900 121.700 119. 
124.600 121.000 1 17. 
118.000 115,000 102. 
116.400 Ill.bOO 101. 

700 116,500 10 
400 111,700 II 
000 95.000 1 0 
000 92, 800 12 

Elonga¬ 

tion, 

% in 40 

18 

20 

16 
20 

ürduction 

in Area 

% 

41 

48 
18 
44 

High Teating Speed -0,5 In,/Min 

20 147. 800 
200 141,400 
400 118. BOO 
600 116.800 

8 16 44 
12 24 49 
10 19 46 
10 19 47 

(al Broke on gage 

Noli h- Bend lmpa> t 

Nominal Hydrogen 

20 
200 
400 
600 

mark, (b) Broke outaide gage mark. 

leal« Laing Muro Sample 

Energy Abaorbed, in-lb 

AI T9 f At -40 E 

21 27 
10 25 
14 10 
18 28 

Conrluaion 

Teating waa not completed, no embrittlement at 

600 ppm 

w ■ a U . „-'1' it IV 



‘«ryrf. 

/0 
tot 
00« 
too 

A-¡- 

or na f «A. «• aa.4^0« i« i»i 

opv 

¿0 
¿00 
00« 
000 

0^0»»«4«. 0 « 
TVr« p«n»« i • - 
Val « AI 00 
a (ram *iaaj 0> 

Nominal 
Hydrogen 

20 
200 

200 
200 
600 
600 
800 

Um. »cfcaO Straaa-P.uQWtra Taau Uaing 0. 12>-ln. Haand tomylaa 

Pai 

1)4,000 
145.500 
142.500 
1)9, 500 
144,)00 
141,20C 
146,)00 

Appliad Strata 
% oi Ultimata 

Tanaila Strangth 

9) 
97 
95 
9) 
95 
9) 
95 

Ruptura 
Tima, 
hour » 

260. 7Í*> 
1. 1 

20).5 
260. 7<«) 

1.1 
25. 0 
20. 8 

Extanaion, % 
Batvaan 

Shouldar • 

Elonga¬ 
tion, 

% in 4D 

2. 

9 
5. 
4. 
7 
8 

10 

) 
..(b) 

17 
6 
8(b) 

16 
14 

R educ lion 
in Arfa. 

% 

44 
47 

4) 
4) 
4 \ 

(a) Tr«t discontinued before failure; (b) Broke outeide gage mark; (c) Broke on gage mark. 

Nomma I 
Hyorogep 

20 

200 
600 
fOO 

Ultimate 
Tenfile 
Strength, 

P*1_ 

145,000 
150,100 
I5I,900 
154.000 

Unnotched Teneile Teste Using 0. 125-ln. Round Sample# 

Yield Strength, pet 
ir?«-y Ye » oit 
Offset Offset Offset 

Propor¬ 
tional Extension, % 
I.imit, Between 

pei Shoulders 

127,200 
1)2.200 
1)2,000 
1)8,000 

Low Tasting Speed - 0 005 In /Min 

126,)00 
1)0,000 
127, )00 
1)),000 

125,400 
120,000 
100.900 
110.000 

12).200 
100,500 
90.600 

97 900 

8 

10 

9 

10 

Elonga¬ 
tion, 

% in 40 

I ) 
17 
I) 
18 

20 146,000 
200 150,000 
000 152,000 
•00 150,000 

HüÎLlî sting Speed -0,5 In. /Min 

7 

9 
0 

10 

10<«» 
17 
g(a) 

20 

(al Broke on gage mark, (b) Broke outeide gage mark. 

Sour.-B>-d Impai t Testa Using Muro Sample 

Nominal Hydrogen 
Energy Absorbed in-lb 

At ?» f —-4Ô r 

20 
200 
000 
800 

)6 
)2 
)) 
28 

)0 

26 
28 
20 

_ Conclusion 

No fvidtncc of fmbrittlsmsnt 

Redu< tion 
in Ares 

% 

40 
40 
42 
45 

41 
45 
49 
60 

li X< P' IV 147 



n*ir» 

S *m+¡ 

to 
too 
100 

400 
«>00 

Nominal 

Hydroien 

¿0 
20 

200 
200 
300 

•4«—oo <■« 

Bcavcro o# n*t% r© 
o# ms T. 4A. 

Pf âüãolr*»* 

yHN ti •JÜ- 
»yV"' 

S4r««*»»0. 

20 
200 
300 
400 
400 

Slracl«'« i •pftarotSoi t >• * 

Third 
Vol % «« *0-10 
a gr*i< 0* 

Mmui.ch.d Sir,.. - T---»-*1 " 

Applied Stro»»__ 
—' ^ % of Ültlmat« 

l>„ Tenet!« Stfnjth 

95 
93 
95 
9Î 
95 

142.500 
139.500 
144.300 
143.300 
« e ■ 9 AO 1 4 t , 

Rapture 
Time, 
hour« 

60.5 
262. 3<m> 
30. 1 

259. S<*> 
134.0 

Esten« ton, % 
Between 

&houl«3er» 

11.0 
5. 2 

11.2 
4.4 

12 

Clon««- 
ttm, 

H in 4P 

19 
6 

..(c) 

7 
<c) 

Reduction 
in Aren, 

% 

43 

42 

(4) Teel discontinued beiore failure; (b) Broke out«ide gag* •t'*»'* <c> B,ok* m*,k- 

lUnotched Ten«ile Te«t» U«tng 0. 125-la. Boot» SmpUg 

Nominal 

Hydrogen 

20 
200 
300 
400 
600 

20 
200 
300 
400 
600 

Ultimate 

Tensile 
Strength, 

■EÜ_ 

150,000 
154,000 
14S,700 
156.000 
153,000 

152,000 
154,SOO 
149,100 
160,000 
155,000 

■O* 
Offset 

Yield Strength, psi 
■ uc 1 Trrnr 

Offset 

Lew Testing Speed 

12S.OOO 
135,900 
136,100 
145,000 
13«.300 

127,900 
135,300 
133,000 
132,309 
136,200 

122.900 
134.900 
125,200 
111,000 
125.900 

Propor¬ 
tional 
Limit, 

_Ei¿_ 

Extension. % 
Between 

Shoulders 

0.005 In. /Mia 

119.300 1* 
131,700 I* 
123.300 13 
96,200 10 

116.300 10 

High Testing Steed - 0.3 In. /Min 

II 
11 
10 

9 
7 

Elonga¬ 
tion, 

% in 4P 

20 
16<k* 
19 
14 
13 

21 
20 
19 
14 
15 

Reduction 
in Area, 

% 

43 
43 
47 
31 
II 

46 
43 
33 
44 
22 

(a) Broke on gage mark; (b> Broke outside gags rr.arV. 

Notch-Bend Impact Test 

Nominal Hydrogen 

20 
200 

300 
400 
600 

Using Mic ro Sample 

Energy Absorbed, 

At 77 f 

in-lb 
Àt -4ÓT 

22 
13 
14 
26 
11 

12 
10 
11 
IS 
10 

_Conclusion 

Slo» strain embrittlement at 400 ppm; impact 

embrittlement at 200 ppen 

11*5 
ri.tDC Tn ^ ^ 



I • 

O* 

^ i, - mo1 Wf 

¿0 
¿»0 
*00 

•00 

10 
140 

4*0 

rMM 11# 
r Wr4««H 

¿OC 
•00 
•00 

lii • f 
rvrd ft**•• I •• 
¥•!%•« M 
a grdta •■Ml *•- 

Nominal 
Hydrogen 

20 
20 
20 

200 
200 
200 
600 
600 

600 

A00 

Str.aa-*nQ«ura T«aU Uatng 0. 12>.to. »nnnd Samyla. 

Applied 3«raa> 
^ % oi Ultimate 

Pei Tenaile Strangth 

167.100 97 
163.100 95 
160,000 93 
173,600 97 
170,000 95 
162,000 93 
179,900 97 
178,000 96 
176.100 95 
180,800 97 

Rupture 
Time, 
hour» 

258. 6<*> 
263. 2<*> 
283.5<“> 
263.6(«) 
256. 8<»l 
261.4<»> 

4. 2 
270. S*** 
261.7<*> 

19.6 

Cataneion, % t long a - 
Between tion, 

Shmlder • * t» 4P 

6 
2 
1 
4 
4.0 
2 

10 

3 
6 
9 

• 
2 
2 
5 

1 
16 

4 
12 
16 

Reduction 

m Area, 
« 

43 

41 

(a) Teet diecontinued before failure; (b) Broke outaide gage mark; (c> Broke on gaga mark 

Unnotcbed Tanaila Teata Uatng 0.125-la. Round Sampler 

Nominal 
Hydrogen 

20 
200 
600 

•00 

Ultir ■ te 
Tenaile 
Strength 

172.»00 

179,000 

185 500 

186,400 

0.2* 
Offaet 

Yield Streyth, pei 
0. 
Offaet 

d.oT*- 
Offaet 

Propor¬ 
tional 
Lärmt, 

P“ - 

Cxtenaion, % 
Between 

Shoulder a 

157,500 
168,000 
175,600 
175,900 

Low Toetmg Spaed - 0. 005 la. /Mm 

157,500 160,000<»> 160,800 10 
168,000 I69,500<*) 169,600 10 
175,400 172,700 170,000 10 
175,900 168,300 158,000 II 

E longa - 
lioa, 

« in 40 

II 
19 
19 

1) 

Reduction 

in Area, 
% 

26 

46 
45 
47 

20 176,100 
200 186,200 
600 180,000 
•00 1 84,200 

High Teatmg Spaed - 0, 5 In, /Min 

“ _ 10 
9 
9 

10 

20 49 
15 43 
18 43 
20 48 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

Note h-Bend Impact Teata Uamg Mu r > Sample 

Nominal Hydrogen 

20 
200 
600 

800 

Energy Abeorbed, in-lb 
a, y r ‘a» -4-rr 

14 0 
10 • 
10 9 
12 5 

Cone luaion 

No ay.dence of alow-atram embrittlement; alloy 
brittle in impact taatmg. 

■e.k-nA- af* t IV 149 



t* •. • m m mm nn rt •t ■hi r* ‘"•T r«»»* ro m nmtá~m* rtm momau* 
o0 nm i 4A. 19» Ai^ov ia mi 

Hf+t <•«•• t • 
- 

20 * 
200 ITT 

VMM 110-«« L—01 

cimmmT- 

20 
200 

7m Olrttcuty. 20 f?"' 

a ♦ ? 
TVtrd pAaaa: 
Vol % a: 00-00 
a grain aisa S., 

Nominal 
Hydrogen 

20 
20 

200 
200 

200 

Unnotclwd Siraaa-Ruptura Taata Ueing 0. l2>-tn. Round Sample« 

Pal 

119,000 
115,000 
127,000 
123,500 
123,500 

Applied Stre»i 
% of I’ltimata 

True.'.a Strength 

93 
90 
93 
90 
90 

Rupture 
Time, 
hour« 

272. 2<*> 
257. 3<*> 
20.4 

235. 8 

80. 8 

Exteneion, % 
Between 

Should« r » 

7 
2 

10 
4 
4 

Elonga¬ 
tion, 

% in 4P 

8 

"(c) 
-(b) 

4 

Reduction 
in Area, 

% 

30 
8 
9 

(a) Teat discontinued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Nominal 
Hydrogen 

20 
200 

Ultimate 
Trnsile 
Strength, 

P»*_ 

12 800 

137,100 

Unnotched Tensile Tests Using 0.123-la. Round Samples 

Propor - 

Yield Strength, pei tional Extension, % 
0. HI 0. 0. Oli Limit, Between 
Offset Offset Offset pet Shoulders 

Low Testing Speed - 0,005 In. /Mia 

103,600 103,300 102,200 101,900 13 
116,500 115,000 109,000 104,900 II 

Elonga¬ 
tion, 

« ta 4D 

20 

17 

Reduction 
in Area, 

% 

16 

35 

20 130,300 
200 138,500 

High Testing Speed - 0.5 la./Mia 

12 
10 

22 
I f 

(a) Broke un gage mark; (b) Broke outside gage mark. 

Notch-Bend Impact Teste Using Micro Sample 

Nominal Hydrogen 

20 
200 

Energy Absorbed, in-lb 
xt'TT r 

15 
10 

At ~WT Cone lusion 

Both sloa-etrain and impact embrittlement 
at 200 ppm. 

Vu ¿ii-Éií' P* rr 



»I _*• *» or rtm to o« rv i 
or ns t.'TAé-tr» Ai-ixn ut>4D 

M«»xumT 

¿0 
¿00 
400 
6v0 

a f * 

* 

IW 
407 

«TÍ 
*â 

¿0 
¿00 

«00 
600 

vw 
Ma«au««>a#*«< 

_Xraoaaa. <0 »»«r 

OlratiMi«: a • Í 
Tkir4 pfcaaai •• 
Voi «a: 00-00 
a grata •■■#: 

Nominal 
Hydrogen 

20 
20 
20 
20 

200 
200 
200 
400 
400 

Unaotchad Stra»».Rupwira Teat» U»ng 0. 124.1,. Hound Sample» 

P»i 

154.800 
151.800 
148.800 
148,800 
161,400 
158,100 
154,000 
170,600 
169, 000 

Applied Stre«»_ 
”™ % oi Ultimata 

Tentile Strength 

97 
95 
9Í 
9J 
97 
95 
9J 
98 
97 

Rupture 
Tima, 
hour« 

258. J<*> 
260. 0<*> 
69. 8 

256. 6<«) 
258. 0<al 
259.4(a) 
JOB. 5(a) 

1.6 
286.8(a) 

Extenuou, % 
Between 

Shoulder« 

4 
4 
8 
J 
5 
4 
2 

10 
2 

Elonga¬ 
tion, 

% in 40 

Reduction 
in Area, 

% 

40 

36 

i 
1 
' 

(a) Tr.« di.continued before failure; (b) Broke out.ide gag. mark; <c) Broke on gag. mark 

Nominal 
Hydrogen 

2G 
200 
400 
600 

Ultimate 
Tensile 

Strength, 

_Eli— 

159,700 
166,J00 
174.200 
181.200 

Unnotched Ten.il« Teat. Using 0 125-ln. Round Sample. 

Yield Strenath. 
~0"2* ¿ |< 1 
Off.et Offset 

■õ.òi% 
Offset 

Propor - 
tional Eaten.ion, % 
Limit, Between 

P*» Shoulders 

IJ8, 500 
150, 800 
IÒJ, 000 
169, )00 

Low Testing Speed 

137,800 1)7,500 
150.200 148,600 
161,400 157,600 
167,500 141,)00 

0. 005 In. /him 

1)6,600 
146.500 
154.500 
155.500 

10 

9 
10 

4 

Elonga¬ 
tion, 

% in 40 

Vb) 
17 
20 

6(a) 

Redu< lion 
in Area, 

% 

)2 
)8 

n 
8 

¿0 161,500 
¿00 172,500 
900 184,7u0 
600 184,800 

Hi£h_Te.un|_Sg«ed 0. 5 la. /him 

10 
a 
9 
7 

IT 40 
12(a) 19 
48 «7 
16 4| 

(a) Broke on gage mark; (b) Broke out.ida gage mark 

Not« h-Bend Impact Te.t. L'.ing Muro Sample 

Nominal Hydrogen 

20 
200 
400 
400 

Energy Absorbed, in.lb 
At 77 f At -64 r 

1) 
9 

10 
9 

10 
7 
7 
7 

___'.on« lu.ion 

Slo*-.train embrittlement at 400 ppm. alloy 
Lrittle in impact testing 

-....: rh Ft IV 

I 

I 



Now, t—l 

¿0 
¿00 
400 
*00 

Br A—ir*»* 

¿0« 
440 

umn. r* or rorr» ro or m 
or nu Tt-tAi-oCf ui-*n 

VHWiio rr 
MirOrar*» C——** **** 

<0 
100 

im KMinvir* 

*00 

. io »»» 

MrM lor«: 

Diird p*«*«: - - 
Vot * a: *0 
a (rata air*: 4k 

—ad a * f • f im c otTipound 

Unaotchad girr».Ruptur. Ta.t. U.tai 0. Il>-Ia. »amplM 

Nominal 
Hydrogen 

20 
20 
20 

200 
200 

200 
400 
400 
400 
*00 

Pal 

1)7,)00 
1)4,400 
1)2,000 
1)1,800 
1)6,000 

1)),100 
140,800 
1)7,900 
1)5,000 
140,400 

Applud Straaa__ 
1-1 % of Ultimata 

Tenaila Stranfth 

97 
94 
9) 
97 
95 
9) 
97 
95 
9) 
97 

Ruptur« 
Tima, 
hour« 

*. 8 
28*. 2<») 
287.*<*> 

*.8 
261.0<*) 
)08. 4<*> 

0. 7 
7.8 

2*7.6<*> 
8 ) 

Extenaion, % 
Between 

Shoulder« 

8 
4 
4 
8 
t 
5 

12 
7 
6 
) 

Elonga¬ 
tion, 

% in 4P 

--(c) 

5 
14 

5 
—(b) 

8 
9 

-(b) 

Reduction 
in Area, 

% 

2* 

2* 

40 
)0 

(.) Tr.« d,acontinued before failure; (b) Broke out.id. gage mark; (c) Broke on gage mark. 

Unnotched Tenait« Teat« Uaiag 0. 125-ln. Round Sample« 

Nominal 
Hydrogen 

20 
200 
400 
*00 

Ultimate 
Tenatle 
Strength, 

£11_ 

141,609 
14),100 
144,200 
144.800 

0 2¾ 
Off««« 

117.900 

12*.000 
124.800 

Yield Strength, pa Irene! 

0 1% 
Off act 

0.01% 

Off aet 

Propor¬ 
tional 
Limit, 

P*1 - 

Eatenaion, % 
Between 

Shoulder« 

Low Teatmg Speed - 0. 005 In. /Mia 

115.*00 105,000 97.700 b 
124 *00 119,600 116,500 10 
124,000 112,100 105,*00 10 
122.800 114.900 109,200 16 

Elonga¬ 
tion, 

% ia 4D 

•<b) 
ll(b) 

I6(*> 
26 

Redui lion 
in Area, 

% 

* 

)0 
42 
44 

20 

200 

400 
*00 

148,400 
146, >00 
14*.200 
147.800 

High Teatmg Speed - 0.5 la./Min 
6 

10 
10 
10 

8 
I* 
19 
20 

II 
>2 
44 
47 

(a) Broke on gage mark, (b) Broae outaide gage mark. 

Notch-Bend Impait Teat« taing Micro Sample 

Energy Abaorbed, in-lb 
^ F Nominal Hydrogen 

20 

200 

400 
*00 

At 

5 
4 
9 

14 

At -4TT 

* 

) 

8 

10 

Cone luaion 

Slowetram embrittlement at *00 ppm. alloy brittle 

in impact teatmg 

a) .n It Til 1> 



t% ÊLãmiLTt or larra rt> e 
O# TMS n-«AJ-4C* ALJjO* (■•«*• 

rfTf 

¿0 
¿00 171 

yxN (it-Kj u-rj 

¿0 
¿00 

_Ooac—r». <0#y 

0ir*cl«r«: »^«l—< a • • 
ThirO yfcaaai -- 
V«1 %a : M 
a grata ataas 4. 

Nomina] 
Hydrogen 

¿0 
20 
20 

too 
too 
too 

Unnotchod Straaa-Rupture Teate Uaiag 0. 12>-Ia. Roaad Sampler 

Pai 

150~ 100 
IS«, 100 
1H, 000 
1M, 000 
100, 000 
ISO, 500 

Applied Streaa_ 
% of Ultimata 

Tenaile StreagtO 

05 
05 
03 
05 
05 
03 

Rupture Eaten*ion, % 
Tima, Batwaaa 
hour* Should* r » 

107.0 5 
75.2 4 

202.0<*> 31 
22.4 3 
23.0 4 

300. O**) 3 

Elonga¬ 
tion, 

H in 4P 
..(e) 

—(c) 
3 
5 
..(c) 

2 

Reduction 
in Area, 

% 

10 
• 

13 

(a) Teat discontinued before failure; (b) Broke outaide gage mark; (c) Broke on gage mark. 

Ultimate 
T*n*il* 

Nominal Strength, 
Hydrogen P»i 

20 100, 700 
200 100, 300 

Unnotched Tenaile Teat* Uaiag 0. 125-U. Round Samplea 

Proper- 
Yield Strength, pai tioual Ewtenaion. * 

0.2% 0. 1% 0.61¼ Limit, Between 
Offset Off »et Offset pat Shoeldera 

Lew Teatmg Speed - 0.005 In. /Mia. 

140.700 145,300 117,500 132,700 4 
157,100 154.400 141,200 130,000 I 

Eleaga - 
tien, 

B in 4P 

s<*J 
3(d) 

Reduction 
in Area, 

% 

4 
2 

¿0 171,400 
¿00 174,000 

H-gk Teatmg Speed - 0. 5 In. /Mia 

4 
4 

5 
oU) 

13 
10 

(a) Brake on gage mark, (b) Broke outaide gage mark. 

Notch-Bend Impact Teata Uaiag Micro Samp.* 

Energy Absorbed, in-lb 
Nominal Hydrogen At 77 T At -40 T 

tO 4 4 
200 4 4 

_Conclusion 

Alley brittle In all caed it lane, peeaibly due In 
eutectoid dec ompoaition daring beat treating 

a*ac Th ¿4-<,i f ft IV 153 

* 



?«•.< *• n ti i • •«•ut f • u* tsav* to ••*••••«• »»• ■» m» ■•.a* mwt 
Q0 1 MC Tt «Ai i' • <*• ACAOt •• ••• 

Nun-IM I 

¿0 
¿00 
«00 

«00 

_rrr— 
Ami y »i» ITyir»g>« 

yxw lf-«a LaA4| ■vm 
/0 

¿00 
«00 
«00 

*0 fr~ 

étr+timf . 0 * • * 

Tktr« pM —« •• 

Val %•> TO 
• grata «tsa: 

Nominal 
Hydrogen 

¿00 
20C 
400 
400 
«00 

Unaotchad Stre»»-Rupture Te»t> U»l«g 0. l¿*-ln. Rouad Sample» 

Applied Strea»_ 
% oí Ultimate 

Pu Ten»ile Strength 

156,100 ’7 
15¿,800 95 
160,000 97 
156,500 95 
153,200 93 

Rupture Cataneioa, % Elonga- 
Time, Betwaea Ho«, 
hour« Shoulder» % ta 4P 

17.1 «i 
152.3 12 

0.8 7 
11.9 19 

159.3 12 

16 
20 
_(6) 

2« 
-(c) 

Reduction 
ta Araa, 

16 

40 
«7 
11 
52 
50 

(a) Teel dt.continued before failure; (b) Broke outeide gage mark; (c) Broke on gage mark 

Nominal 
Hydrogen 

20 
200 
400 
600 

Ultimate 
T entile 

Strength, 

Eil_ 

163,400 
161, 000 
164,900 
166, 000 

Unnotched Tenelle Teeta Ueing 0. 125-tn. Round Sample» 

0.2¾ 

Offeet 

Yield Strength, pei 
xn 
Offeet 

out 
Offeet 

Propor¬ 
tional Extension, % 
Limit, Between 

pei Shoulders 

147, 200 
146, 500 
148,600 
151, 700 

Low Testing Speed 

146, 100 144, 300 
145,800 139,000 
146,700 140,500 
148,300 140,000 

0. 005 la. /Min. 

139,600 12 
133,200 11 
136,000 14 
134, 000 7 

Elonga¬ 
tion, 

* in 4P 

14'“' 
I4<“> 
180*» 
II 

Reduction 
ia Area, 

% 

42 
48 
60 
14 

20 163,000 
¿00 166, 000 
400 166,000 
600 178,000 

High Testing Speed - 0, 5 la. /Min 

11 
11 
11 
8 

21 
23 53 
22 60 
16 52 

(a) Broke on gage mark; (b) broke outside gage mark. 

Not. h-Bend Impact Tests Using Micro Sample 

Energy Absorbed, in-lb 
V f -^ Nominal Hydrogen 

20 
200 
400 
600 

At 

13 
11 
12 

'Àt -4Ò T 
9 
5 
8 

_Conclusion _ 

Slow-strain embrittlement at 600 ppm; no impact 

embrittlement 

.,*^3 ih It IV 



•C« » *»• I A. 14** «• 

VMM 

4« 

*0« fcOö 

*««•«■»*«. tiff* 

TMr* pm*—: .. 
Val « a: M 
• grata atsa: )a 

Nomiaal 
Hydroa«» 

J00 
)00 
600 

Uaairtirfcad >fr«»»-Raa«i»r» T«««« 0«tag 0. H)-la. Koaad Qaangla» 

Pai 

Applied Sir««« 
-% oJ Ultimate ~ 

Teaetle Streagth 

167,000 77 
16), )00 7) 
166.700 77 

Raptare Estáñelo», % E longe- 
Time, Be twee» tioa, 
hoars Shoulders_ % 1» 4P 

7. 1 11 
47. ) 12 

5. 7 7 

..(c) 

—(e) 

10 

Reduction 
ia Area, 
_%_ 

40 
46 
1) 

(a) Test discontinued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Nomiaal 
Hydrogen 

20 
)00 
600 

Unnotched Tensile Test« Using 0,12)-la. Round Samples 

Ultimate 
Teneile Yield Strength, pel 
Strength, “O*-Ô.TT Ò.01* 

pel Offset Offset Offset 

Propor¬ 
tional 
Limit, 

_EÍÍ_ 

Extension, % 
Between 

Shoulders 

171,)00 1)4, S00 
172,100 1)7,000 
171, SOO 1)0,)00 

Low Testing Speed - ¢. 00) In. /Min. 

1)4,000 14),700 1)7,)00 
1)6,)00 1)2,600 147,)00 
1)6, 000 146, 000 1 )0, 000 

12 
12 
14 

Elonga¬ 
tion, 

« in 4P 

21 
,4<b) 

10 

Reduction 
in Area, 

% 

46 
47 
47 

20 17),700 
)00 176, )00 
600 17), )00 

High Testing Speed -0,) In./Idin 

10 
10 
II 

20 47 
17 40 
22 )1 

(a) Broke on gage mark; (b) Broke outside gage mark. 

Notch-Bend Impact Teste Using Micro Sample 

Energy Absorbed, in-lb 
Nominal Hydrogen At 77 f At -40 F 

20 
)00 
600 

12 
7 
7 

0 
0 
4 

_ Conclusion_ 

Tasting was not completad; slow-etraln 
embrittlement at 400-600 ppm, alloy brittle in 

impact tasting 

diûC TR 54-61*) Pt IV 



} »• • ti 

yHW ( i»-M 
>»»»—»•- ** ff*' 

¿0 
•00 

<t I« »t »«——o « • 
Ttáré f*É—i — 
Vol ««i M 
• groia «imi <i« 

Nominal 
Hydrogen 

20 
•0Ú 

Unnoichad »tra..-Ra^.r. T.a» U.l- 0. U»-to. Ko-d 

Appliad Straaa _ Ruptura 
% ol Ultímala Tima, 

p»t Tanaila Strangth hour*, 

75,100 95 9.7 
75 .00 55 ¿1.7 

Catana loa, % 
Batwaaa 

SRoaldara 

19 
19 

Cloaga* 
tloa, 

% la 4P 

.Je) 

50 

Reduction 
la Area, 

% 

M 
57 

(a) Teat dia. ontinu.d bafora failure; (b) Broke outaida gaga mark; (c) Broke on gaga mark 

Unnotchad Tanaila Taata Using 0. l¿5-la. Round Sampler 

Nominal 
Hydrogen 

20 
•00 

Ultimata 
Tanaila 
Strangth, 

P»* - 

79,000 
79, 400 

Yield Strangth. pai engt 
-or 
Off aet 

OUT 
Cffaet 

0.2¾ 

Offact 

Propor¬ 
tional 
Limit, 

P’i_ 

Catanaion, % 
Between 

Shouldera 

60, 400 
50,200 

Low Teatlng Spaed - 0. 005 In. /Min. 

56.600 47,600 41,750 
45.600 30,500 25,000 

elonga¬ 
tion, 

H In 4P 

29 
22<*> 

Reduction 
in Area, 

% 

62 
63 

20 4¿, 700 
•00 *3,700 

High Taatma Spaed - 0. 5 In. /1-ln 

ia 
it 

33 
55 

61 
59 

(a) Broke on gaga mark; (b) Broke outaida gaga mark. 

Notch-Band Impact Taata Uatng Micro Sample 

Enarav Abaorbad. in-lb 
At 77 T At -40 P Nominal Hydrogen 

20 
MO 

55 
52 

55 
24 

_Concluaion 

No alow-atrain embrittlement; aoma loaa in 
Impact propertlee. 

156 <i^C Vh ¿4-^1'' H TJ 



» ■' f 
«•-•n 

it 
•M 

■trar t»r* : I « f Um ëpêtwr,ué*l 

Titré piMMl -- 
v«i la i «»% 
a i rala ata«: -- 

Noouaal 
Hydrogan 

¿0 
20 

SOO 
•00 

0—»cfcad >traaa-Ri»ta»a Taa«a 0. lif-la. Koaad tawipiaa 

Apellad Straaa 
- —rsrmssü“ 
>al TaaaUa Stra^tli 

104,200 07 
104,000 9 J 
102.700 47 
101.700 94 

ft ap tura Cstaaaion, 1 Elonf a- 
Tuna, Batwaaa tloo, 
fteera ftftoaldara 1 la 4P 

1.4 14.0 —<*> 

J09. 5.2 9 
4.« 11.0 --<f) 

)9.9 9.0 30 

Raduction 
ia Araa, 

1 

39 

54 
42 

(a) Taat diacontinuad baíora fallara; (b) Brok» outaida gaga atark; (c) Broka oa gaga mark. 

Nomiaal 

Hydroa«a 

20 
800 

UaaotclMd TaaaUa Taat« Uatag 0,12>-la. Roaad Samplaa 

Ultimata 
TaaaUa 
Stra^tk, 
_EiL_ 

Ylaid Straaatk. pai 
tu-¿i? ¿.¿it 
Off »at Offaat Offsat 

Propor- 

Limit. 

-fi - 

Cataaaioa, 1 
Batwaaa 

Shouldara 

109,500 
105,900 

107, 000 
105, 300 

Lam T»»tUm ipaad . 0. 005 to. /Mia. 

104,300 101, MO 9«, 200 15 
105,100 100,900 97,400 II 

Eloaga- 

tioa, 
1 ia 4P 

Raduction 

ia Araa, 

1 

49 
fcf 

20 119,200 
M0 110,000 

Higk Taatu^ Spa ad - 0. 3 la. /Mia 

10 
10 

20 «4 
22 70 

(a) Brok« on gaga mark; (b) Brok« outaida gaga mark. 

Notch-Band Impact Taata Uaing Micro Samp!« 

Cnargy Abaorbad, la-lb 
Nomiaal Hydrogan At W r At -40 f _Cone lu non 

2J 22 22 No amarttUauiaal 
•00 22 

(LiK Th ¿4-felt Pt IV 157 



TAAU'.M a«*«..T» or TOT* TO OCTCAMM n* «TOMGCa MWnVTT« 
or .**•* >! **••- AtuoTia ••• 

H.d*< r« C« 
By AdMily»» 

11 
Norm 

¿0 
¿Ou 
too 
600 

VMM (!•-■« bMtf) 

10 
100 

400 
600 

VW 
MdtftJIaa»«***« 

t*rmc*mr+. tO FT™ 

Mrmctitra: • ♦ t 
Tktr4 ^Imms •• 
Vol %a : 00 
a grata ataa: i* 

Nominal 
Hydrogen 

20 
¿00 

200 
4CG 

400 
600 
600 

Unnounad Streea-Ruptura Taaf Uatag 0. I2>-Ia. Round Sample» 

Applied Straaa 
% oí Ultimate 

Pat Tensile Strength 

IIO.JOO 
112.400 9J 
10S, »00 
111,700 93 
104.400 91 
112,000 93 
110,500 91 

Rupture 
Time, 
hours 

It. 7 
31.9 

105. 9 

19. 7 
34 3 
6.0 

12.9 

Extension, % 
Between 

Shoulders 

IS 
20 

9 
9 
8 

10 
s 

Elonga¬ 
tion, 

» in 4P 

_.<c> 

25<b> 
--U) 

14 

8 
14 
12<b> 

Reduction 
la Area, 

% 

54 
60 
59 
16 

13 

9 
9 

(a) Test discontinued before failure; (b) Broa, outside gage mark; <c> Broke on gage mark 

Unnotched Tensile Tests Using 0. 125-U. Round Samples 

Nominal 
Hydrogen 

20 
200 

400 
600 

Ultimate 

Tensile 
Strength, 

fJ_ 

I I 8. 600 
120. 90J 
120, 230 
121. 300 

Yield Stre asi rngth. . 
b.i€ ' ' ò.ffTT 
Offeet Otfset 

0 7« 
Offset 

Propor - 
ti ona 1 
Limit, 

_ 

Extension, % 
Between 

Shoulders 

Low Testing Speed - 0,005 In. /Min, 

105, 500 
105, 100 
100,200 

45. 800 

102, 600 
100. soo 
45. 100 
89,000 

45,400 
40. 500 
82 , 500 
75. 200 

41,800 
86. 500 
7 i, 400 
70, 100 

16 
19 
15 
15 

Elonga¬ 
tion, 

» in 4P 

20»*> 
24 
22<*> 

20<*> 

Reduction 
in Area, 

% 

54 
54 
56 
46 

20 122.500 
200 126,500 
400 124, 500 
600 125.600 

High Testing Speed - 0. 5 In. /Min 

14 
16 
16 
15 

¿4 
30 
1) 
27 

64 
64 
60 
64 

(a) Broke on gage mark; (b) Broke outside gage mark. 

Notch Bend Impact Teats Using Micro Sample 

Nominal Hydrogen 

20 

200 
400 
600 

Enerav Absorbed, in-lb 
At 71 r " At -40 f 

42 
36 
34 
24 

IS 
12 

10 
7 

Conclusion 

Teetiag wae not completed; elow-etrain 
embrittlement 500-400 ppm., no Impact 
embrittlement 

2«JC Th ¿6-616 Pt IV 158 



«I •a»VLna0 rs» rs to oc ri aja— tms midsoucm mmmtivitt 
UT TMS Ti -/MM»' I MJ, *. t ï» ««f 

Non >M1 ■* Aaü»r 

iO 
iOC 
400 
600 

rîiî 

VHHHIS.S« 
4j-4r*Qwm C 

¿0 

¿00 

400 
600 

"vUR 
«yfcic 

_*«rit<tnr». ¿0 ffir 

Mruclur«: ,* • finr •pvroiiMl 
Third phaa«: ■ . 
Vol Sa : 10 
a grain «la«: ¿„ 

Nominal 
Hydrogen 

¿0 

200 

¿00 
¿00 
400 
400 
600 

600 
600 

Unnotchad Straaa-Raplure TeaU Uatog 0. 12S-ln. Round Sample» 

_Applied Straa»_ Rupture 
% of Ultimate Time, 

P»i Tanaila Strength hour» 

Cstanaion, % E longa- 
Between tion, 

Should» r a % lit 4D 

I3S, ¿00 93 
137,200 97 
134.500 95 
131.500 93 
141.600 97 
138,700 95 
118,100 97 
115.600 95 
113,300 93 

¿87. 7^*) 4 
32.6 9 

256.9(*> 
¿87. 7<») 4 

7.8 I 
¿4. 3 8 
4. 6 16 
3. 5 10 
4.0 6 

5 
14 
¿ 
8 

¿0 

2 
..(b) 

16 
10 

Reduction 
in Area, 

% 

30 

35 
34 
46 
1 7 

1 I 

(a) Teat diacontinued before failure; (b) Broke outaide gage mark; (c) Broke on gage mark. 

Nominal 
Hydrogen 

¿0 
¿00 
400 
600 

Ultimate 
Tenaile 
Strength, 

f1 

145, 400 
141, 500 
146. 000 
121 400 

Unaotched Tenaile Teata Uaiag 0.126-1». Round Sample» 

_Tield Strength, pai 
0 ¿S 0.1% 0.01% 
OHeet Offeet Offeet 

Propor¬ 
tional 
Limit, 

_Ei!_ 

Eatanaion, % 
Between 

Shoulder» 

I 32. 000 
140,000 

9 7 000 

Low Teating Speed - 0.005 In. /Min, 

134 600 133.400 130,400 7 
131,700 126,900 122,800 7 
134,000 134,000 130.000 6 
90, 800 76, 500 68,400 15 

Elonga¬ 
tion, 

% in 40 

10<4> 
10« •) 

8 
24 

Hrduc tion 
in Area. 

% 

2 I 
23 
26 

5 i 

20 142 000 
200 147.400 
400 141.000 
600 124,900 

High Teating Speed - 0,6 In. /Min 

8 
8 
6 

14 

16 
14 
6 

¿6 

(a) Broke on gaga mark; (b) Broke outaide gage mark. 

Notch-Bend Impact Teata Uaing Micro Sample 

37 
37 
24 
60 

Nominal Hydrogen 

20 
200 
400 
600 

Energy Abaorbad, tn-lb 

ÃTTTr At-40* 

6 

3 
6 

33 

6 

2 
4 

12 

_Cone luaion 

Thia alloy la apparently embrittled in etrcaa- 
rupture at 600 ppm. The high tenei> ductility 
at 600 ppm aa compared with 400, 200, and 
vacuum annealed material lead» to aorr.r doubt 
regarding theae rcaulta. Alloy brittle in im¬ 
pact encept at 600 ppm 

'b 

\ 
V 

J 
*ajjC in ¿4-616 f-t IV 
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*- 
»»wttl •A»v4.r« o» va»T» »© M vtAMM ra* »trr*i- •* m«w 

or ?»•* ï«-«» «*uo«©«i Aleijo* i» **» 

Hf+rmgoa C 
N*#«» à «Ai 

¿0 
¿00 
«00 

if 
<rH>» < iQ-aa t—4» 

¿0 
¿00 
«00 

VT» 

S«#a> Imf»: »<»»»■•« » • # 
TXr4 9**mi M<arrukg •• ¿00 
V.t « a : 00 
» grata aiaa: *«• 

Nominal 
Hydrogrn 

¿0 
¿00 

400 
400 
400 

Unnotchad S»r«»»-Ruptur« T«»U U>ing 0. 1¿>-In. RoonO Samgta» 

Applird Strrs*_ 
~ ^ % of Oltimatc 
P*i T jnulr Sirrngth 

7¿,600 95 
75,000 95 
79, «00 98 
79,000 97 
77, iOO 95 

Ruptura Caten*ion, % 
Tim«, B«tw««n 
hour* Should« r » 

19. J 
140. 6 

2. 0 
254. 3(*| 
260. 7' U) 

15 
16 
14 

5 
9 

elonga¬ 
tion, 

a u» 4P 

_Jc) 
..(b) 

22 
6 

13 

Réduction 
in Arma 

% 

68 
59 
51 

(«) Teil dt*rontinu«<. b«for« failure; (b) Brok« out.id« gag« mark; (c) Brok« on gag« mark 

Nominal 
Hydrog«n 

20 
200 
400 

Ultimate 
Ten*ile 
Strength, 

.Hî_ 

76. 400 
79, 600 
81,400 

Unnotched Ten»tl« T«»t* U»ing 0.125-ln. Round Sample» 

Yield Str«ngth. p*i_ 
0. 2¾ 0.1% 0 OlV 
Offtet Off »et Off««t 

Propor¬ 
tional Exteneion, % 
Limit, Between 

p«i Shoulder» 

53, 800 
66, 500 
58. 300 

Low T««ting Sp««d - 0.005 ln./Min. 

52, 300 43,800 38, 300 
55,800 51,150 48,700 
55,200 42,100 34,500 

Elonga¬ 
tion, 

% in 4P 

26 
29 
,4(b> 

Réduction 
in Area, 

% 

70 
60 
57 

¿0 77, 700 
200 80,700 
400 85, 300 

High T«*ting Sp««d - 0.5 In./Min 

17 
17 
13 

31 
28 
23 

71 
59 
53 

(a) Broke on gag« mark; (b) Brok« outiid« gag« mark. 

Notch-Bend Impact Te«t» U«ing Micro Sample 

Nominal Hydrogen 

20 
200 
400 

Enersv Abtorbed. tn-lb 
At Tt r A,-ÍÒT 

80 
24 
14 

89 
22 
10 

_ Conclu»ion 

No «vidence of «low-strain embrittlement at 400 
ppm; a progreeeive loee of impact propertie* i* 

apparent, however 

Th Pt IV 1*0 



Y 

( a* 

:• 

• M 

• •*>.4**0# »•»»• 'V M I•••**< ta 
O# f o»a* «4 t.o* • «i 

■ troai.«» »«i r»f*r» * 

"r**y p 

•oo 

i »«a MMillf HP>«| 

kriMiaf«: .•♦ Ium «ptecro» 
Tlur4 •»iw»*. 

Voi % »: < S 

> f r*m — 

Ummotrk»4 ttr0ëâ-Riiptur» T««U <>• Koauad 

Appl»«d Str«»« Rupture 
Nominal % of Ultimate Tima, 
Hydrogan Pal Tanatla Strangth hours 

¿0 1¿3, 800 99 on loading 
¿0 ¡¿1,200 97 ¿ib.9<*> 
¿0 118,800 95 ¿61. l(*) 

800 100,¿00 101 on loading 
800 98,200 99 336.0^) 

Extant Ion, % 
Between 

Shoulder a 

5 
I 

13 
8 

Elonga¬ 
tion, 

% in 4P 

-(h) 

22 
12 

Reduc tion 
in Area, 

% 

56 

62 

(a) Teat diacontinued before failure; (b) Broke outaide gage mark; (c) Broke on gage mark. 

Unnotched Tanatla Teata Ualng 0. 12>-tn. Round Samplet 

Nominal 
Hydrogen 

20 

800 

Ultimate 
Tenaile 
Strength, 

P** 

125, 000 

99, ¿00 

0.2¾ 

Offaet 

115, 200 

73. 400 

Yield Strength, pai 
‘ 1% 0 

Offaet 
0.01¾ 
Offaet 

Propor¬ 
tional 
Limit, 

P*1 

Extenaion, % 
Between 

Shouldere 

Low Tatting Spaed - 0. 00S In, /Mm. 

11 1.500 100,100 94,700 6 

71. 700 64,500 55, 200 14 

Elonga¬ 
tion, 

% in 40 

.«hi 

26 

Rrdut tion 
in Area, 

% 

54 

60 

¿0 

8 00 

121, 800 

90. 600 

High Tatting Speed - O S In. /Min 

5 

1 S 

(b) 

8 

54 

66 

(a) Broke on gage mark; (b) Broke outaida gaga mark. 

Notch-Bend Impact Teata Ualng Micro Sample 

Energy Abaorbed, in-lb 
HTT- At-4Ò ï Nominal Hydrogen 

20 

800 

At 

51 

56 

38 

35 

Cone lu> ion 

No embrittlemei.t. 

t I 
• I 

JC Tr ¿4-515 1t IV I'l 

* I 

I 1 



r ABi-t- •« 

Hy4rog«« C« 
NunTuial 

iO 
100 
¿00 

114 
¿40 

ftCUIl.T« or Tt.»T* fo D»T*»* 
o* m* T..4*. «>0, 

VMN ^ 
Hy4*aâ«» C——♦ 

¿0 
100 
¿00 

•*t rMB utoroc«» «»«nwiit 

TIP —y«*»»«- iê *+*'- 

S*r»4tarai » • >'*• •pfcaroiéai / 
Till.-4 p4aa«: -- 
Voi % a: M 
a gram 

Nominal 
Hydrogen 

¿0 

¿0 
100 
¿00 
¿00 

iinwotrhad Stre»»-Rup«u_?« 
124-10. Roaad Sample» 

Applied Streae 
% oí Ultimate 

Teneile Strength 

104,900 
102,100 
99, 900 

104,000 
102,400 

91 
90 
90 
9Ï 
90 

Rupture 
Time, 
hours 

21.0 
¡45.4 

78. 4 
14 
18.4 

Extension, % 
Between 

Shoulders 

15 
18 

8 
12 

7 

Elonga¬ 
tion, 

% in 4P 

..(c) 

..(c) 

..(b) 

Reduction 
in Area, 

% 

59 
40 

7 
52 

9 

,., T... a,.,.__ -i... ...,-,,., ..... ~i.>* .- 

».. Tensile Te.» U.U^O. 128-U. Round Sam^ 

Nominal 
’lydrogea 

20 

100 
¿00 

Ultimate 
Tensile 
Strength, 

—ñü- 

I 11.800 
I I 1,000 
I 14.000 

Yield Strength, psi 
■-MC 1 

99.800 
95,000 
99,200 

Propor¬ 
tional 
Limit, 

f»l- 

Eatension, % 
B« .wenn 

Shoulders 

Teatma 4P>ed ¢. 004 In lUim, 

94.400 
94.400 
94.¿00 

91.500 
49.)00 

90 400 

87,000 
84,700 
81.800 

14 
16 
18 

Elonga¬ 
tion, 

» in 4P 

¿4 
¿4 
¿4 

Rrdui nor, 
in Area, 

« 

69 

4 I 

48 

¿0 114,700 

100 I 14.000 
¿00 114.900 

High Testing Speed ■ 0. 5 In. /Mm 

12 
14 
14 

*1 b) 

¿4 
¿4 

60 
47 

44 

Nominal Hydrogen 

mark; (hi Broke outside gage mark. 

M u ro 

Enerar Absorbed, in-lb 

, 71 f At 40 Y 

(a) Broke on gags 

N..irh- Bend lmpa.t Test. Usi^“* f° 

At 

20 

2C0 

14 
28 

24 

26 

Conclusion___— 

Slow strain embrittlement at 100 ppm No impact 

embntlleme nt. 

SrtliC Th PI IV 



M MV I Tf 
r»m*u •* mm vu i ?» or rm»r» to atm 

or ntt T.-/#*. i*o, ÄLiO*i» *N 

-•0 
¿00 
600 
•00 

¿0 
¿00 

600 
•00 

9lri*ctttr«: f • (im *^^>4*1 a 
TVr4 /tuai •• 
Vol « a: 10 
a gram «im: ¿»> 

Nominal 
Hy4rogrn 

20 
20 

¿0 
200 
200 
200 
600 
600 
600 
600 
800 
800 

U—otcM<( StroM-UnXw ToaU Oal— 0. »»-1«. *—»d «amrio» 

ÄDoliad Stroaa Rar*»'* 
- % oí Ultimate Tima, 
Pai TanaUa Strang^o«T!!t 

126,800 
124,200 
121.500 
117.700 
115.500 
115,000 
121.500 
120,000 
119.500 
118.700 
108.500 
106.500 

97 
95 
95 
97 
95 
95 
99 
98 
97. 5 
97 

101 
99 

On loading 
262. !<•» 
257(*) 
258. 5<*) 
261(a) 
281.7<a) 

On loading 
On loadina 

25« 9(a) 
258. •(*) 
265.5<a) 
281.0(») 

Catana ion, % 
Batwaaa 

Sfcowidara 

6 
2 
2 
4 
5 
1 
6 
6 

Elonga¬ 

tion, 
% tu 4P 

g(bí 

2 

4 
5 

”(=) 

--<c) 

4 
1 
I 

6 
1 
2 

(a) Taat diacontlnuad baiora faillira; (b) Broka onUida gaga mark; (e) Broka on gaga mark 

Nommai 
Hydrogao 

20 
200 
600 
800 

Ultimata 
Taaalla 
Strength, 

150,800 
121.400 
122,500 
107.400 

U anote bad Tanaila Taata Uaing ¢. U9-1*. Rmmd Sample* 

Tia Id Strength, pal 
tu-ô tf1 MIT 
Offaet Ofíaat 0«aat 

Propor- 

Limit, 

_Eîi— 

Catanaion, % 
Ba tara an 

Shoulder a 

107, )00 
101,500 
10¿.000 
98,)00 

Lan Teetlag Bpaad - 0.0» In. /Min. 

10),)00 95,000 09,700 
99,200 95.000 92.100 
98,700 96,100 07,200 
94,600 00,200 0),000 

9 
0 
0 
7 

donga- 
tio». 

% ta 6D 

4(b) 

0(b) 
14 

0 

Reduction 
in Araa, 

% 

51 

50 
50 

Reduction 
in Araa, 

% 

17 
14 
24 
)) 

20 12),000 
200 116 , 900 
600 121,400 
800 114,000 

High Taaltng Opead - 0. 5 In, /Min 

6 
7 
7 
• 

14 )0 
0 )6 

12 )6 
16 )9 

(a) Broke on gaga mark, (b) Broka out a id* gage mark. 

Notch-Band Impact Teata Ueing Micro Sample 

Nommai Hydrogen 

20 
200 
600 
800 

Energy Abaorbad, in-lb 
Àt nr —'At -Ut 

• 4 
11 8 

7 4 
4 5 

Cone luaion 

No alow atraia embr. tlamant. alloy brittle in 
impact taating 

tUJC Tn ¿4-7.17, ft IV 1^3 



i*» 

Hy<f« 
NumuMl 

¿0 
100 
400 

l"** í¡‘AÍrÍyTr: g 
/0 

100 
400 

atr*< lar« i 4 • # 
Tk>r4 p4«*«i -- 
V»l « •> to 
a grain «im: U 

Nominal 
Hydrogrn 

¿0 
¿0 

300 
300 

Unaotchad Str»r»-Ku»wa Ta4f U*t— •• 
Round Sam pi«» 

Appliad Strar»_ 
-1-1 % o/ Ultimata 
p,i Tanatle Strangth 

114, ¿00 
111,900 9* 
1 17,700 97 
lit,300 9t 

Ruptura 
Tim«, 
hour» 

J10. 0*** 

5. 6 
5S. 7 

Ejctaaaion, « Cloaga. 
Batwaan tioa, 

Shouidar» * ^ 9P 

6 
6 

14 
12 

10 
S 

¿2 
170») 

Reduction 
ta Araa, 

% 

23 
22 

,., T... d,.,«..ü.„d b-ior. toll... »r.« .*•* ~’fc ""*• “ "" ^ 

UnMlchad T...,,. Td... U.“| “ “' <• ‘ 

Nominal 
Hydrogaa 

20 

300 
400 

Ultimate 
Tanaila 
Strangth, 

_ 

I I 7.40C 
121,400 
121.000 

in* 
Offaet 

Y told Strangth, pai 
[* o.oi* 

Otlaat 

Lour Taatiag »paad 

93.400 42,300 »4,300 
104,400(a) 107,000 94,700 
II2I0OO 107,000 »».OOO 

Propor¬ 
tional 
Limit, 

1?L- 

Iwtana'on, * 
Batwaan 

Shouidar» 

0 004 la. /MU. 

77,400 I» 
90.200 14 
77,000 » 

Elonga¬ 
tion, 

« ia 40 

22 
21 
14 

Reduction 
ta Area, 

* 

39 
31 
14 

20 119,400 
300 119,400 
400 126.^00 

High Taatfg 4p»»< • ° * »••/>**» 
17 
14 
14 

31 «» 
27 44 
24 34 

(a) Broke on •M* 

Notch-Bend Impact 

Nominal Hydrogen 

-0 
300 
400 

tark; (h) Broke out aida gage mark, 

feata Uetng Micro Sample 

Ene i gy Ahaorbad, ta-lb 
-^- Ai -40 f 

Ln« i in 

jrrrr 

34 
20 

14 
10 
4 

_Concluaion 

Both alow »train and impact ambrittlamant at 

400 ppm. 

ll-k 
e.kjC Tn ^i|-f 11 IV 



T*«14 ft »v r»i*rr» MMU.V» or r 
•» TNt r «Mi I* 

c« 
>y ü—lyt» TWJ 

<• •*- 
/0« 
MO Sll 

10 

100 

>00 

SlriMtwr« TfmaTO • • 0 
ThirO 
Vol « a M 
a gr«ia • nr . 4 < 

Nominal 
Hydrogen 

10 
100 
100 

Uaaotchad Streee-Rupture Teet» Uelag 0. Il>-la. Round Sample» 

Applied Strei»_ Rupture 
^ oí llltimete Time, 

Pei Teweile Streagth hour» 

Cateaeioa, % 
Between 

Shoulder» 

Elonga¬ 
tion, 

% in 40 

143,000 93 
144,900 93 
140,700 93 

77.1 14 —U) 
107.1 14 --(c> 
19.4 4 --(*) 

Reduction 
in Area, 

% 

44 
49 
11 

(a) Teet diecontinued before failure; (b) Broke outeide gage mark; (c) Broke on gage mark. 

Nominal - 
Hydrogen 

lu 
100 
)00 

Ultimate 
Teneile 
Strength, 

»■*_ 

Uanotched Teneile Teata Uaing 0.114-Ia. Round Sample» 

Propor- 
_Yield Strength, píl tional 
0.1% 0. lí 0.01¾ Limit, 

Off »et Offaet Offeet pei 

Entenaion, % 
Between 

Should» re 

Low Teetmg Speed - 0.004 In. /Mia 

143, *00 
144, MO 
141,100 

141,400 
140, 400 
141, 700 

137, 000 
13«, 000 

I 31, 100 
131,100 

I« 
II 
11 

Elonga¬ 
tion, 

% in 40 

10 
14 

II 

(a) 

(a) 

Reduction 
in Area, 

« 

49 
40 
41 

High Teetmg Speed - 0, 4 fn, /hita 

10 140, MO 
100 144,000 
300 143,000 

14 10 44 
14 30 44 
14 30 49 

(a) Broke on gage mark; (b) Broke outeide ; age mark. 

Notch-Dend Impact leete Ueina Micro .Sample 

Energy Abeorbed, tn-lb 
Nominal Hydrogen At 77 f At -40 T _Conclueion 

10 
100 
300 

11 

7 

4 Slow-etraia embrittlement at 30U ppm, impact 
4 embrittlement at 100 ppm 
4 

<«DC Tn ¿4-6X6 pt IT 165 
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M htMtJL r« u# r 
>» TM( T, . 

Nmtuxi 

/0 
100 

400 

——I ALiXTt « Ml 

Mr4'"**“ r——4 Tin 
M««*4tagra^*M 

it 

¿0 

)00 

400 

ftrxctev« m * $ 
TktrO ph**«: •• 
Vol « a 40.70 
a grata ais«: ¿ j» 

Nominal 

tiyd rogr n 

¿0 

¿0 

100 

300 

iOO 
400 

400 

Unnofchad Str«»»-Riiptttr« Taat» Uaiag 0. ritmad Samplaa 

_Appliad Stf»_ 
If'ôfTIÏtJmât« 

Pat Tenaila Strangth 

Rupture 
Tima, 
hour* 

Catanaion, % 
Bafween 

Should#r a 

Elonga¬ 
tion, 

% in 40 

44, 000 47 

91,000 94 

97,400 97 

94, 400 94 

«3, 300 93 

94, 300 97 

9¿, 300 94 

255.4^ 9 
3.0 14 

¿4*. !<•> 7 
¿64.9<*> 8 
¿4. ¿ :4 

Z61.4<*> 8 

¿t> 

14 
.Je) 
1 1 

9 
¿6 
10 

Reduction 
in Area, 

% 

49 

46 

47 

(a) Teat dm ontinued before failure; (b) Broke outaide gage mark; (c) Broke on gage mark. 

Nominal 

Hydrogen 

¿0 

300 

400 

Ultimate 

T enatle 
Strength, 

P»1_ 

97,900 

100,400 

97, ¿00 

Unnotched Tenaile Taata Uaiag 0.1¿5-ln. Round Sampler 

Yield Strength, pei 
o. 'ï (Tï% o.oi* 
Of feet Off act Offaet 

Propor¬ 
tional Extenaion, % 
Limit, Between 

pai Shouldera 

Low Taatmg Speed - 0, 005 la. /Mm 

77, 400 

79, 000 

77, ¿00 

77, 000 

76. 800 

74, 600 

74, 600 

68. 800 

68,400 

»1, ¿00 
61,000 

6¿,400 

16 
18 

16 

E longa- 
tioa, 

% in 40 

¿3 

30 
¿o(*> 

Reduction 

in Area. 

% 

47 

4¿ 
S3 

¿0 98,600 

300 10¿, 800 

400 99,700 

High Testing Speed - 0, 5 In. /htin 

lb 

16 

16 

30 

¿4 
30 

(a) Broke on gage mark; (b) Broke outside gage mark. 

Nolih-Bend Impact lests Using Muro Sample 

Nortiiiial Hydrogen 
Energy Absorbed, in-lb 

At >> F At -40 P 

¿0 
300 

400 

43 
47 

48 

48 

41 

Conclusion 

No embrittlement at 400 ppm 

58 
49 

54 

kaiX TR 34-616 Ft I* 



fSLM m 
n»#f * 

r 

u 
toe 
MO 

V * Ajm i * i 
VMM (1*.^ 

TMI 

it« 
<«é 

it 
iOO 
10« 

*— ■ i m* 

2lr<Kt«f • 1 • .* 
TfclrO ftkoo*: •• 
V*l«« M> 70 
• grot* « «« 

U—oteWO Str»««.R)ipmr« T>»f U»t— ¢. ii».Ii. Kowa Sam»l« 

Nominal 
Hydrogen 

iO 

¿0 
¿00 
300 
300 

Pai 

lit, too 
lii, 800 
lit, 800 
U8, iOO 
1 ¿4, iOO 

Applied ttraee 
% oí Ultimate 

Tenaile Strengtli 

93 
90 
93 
93 
90 

Rupture 
Time, 
hour» 

71.2 
285. !<•> 
33.2 
92. 3 

261. 3(*> 

Extenmon, % 
Between 

Shoulder» 

16 
i 

17 
9 
6 

elonga¬ 
tion, 

% in 4P 

.>) 

7 
-(c) 
-0>) 

8 

Reduction 
in Area, 
% 

59 

58 
17 

(a) Te»t di»continued before failure; (b) Broke outside gage mark; (c) Broke on gage mark. 

Unnotched Ten»ile Te»f U»ing 0.125-In. Round Sample» 

Nominal 
Hydrogen 

20 
200 

300 

Ultimate 

Tensile 
Strength, 

I 36 , 40 0 
1 39, 300 
1 38, 000 

~o* 

Offset 

124, 400 
127,000 
129,000 

Yield Strength, j>»i engt 
tit- 
Offset 

■OTT 
Offset 

Propor¬ 
tional 
Limit, 

P*1 

Eatension, % 
Between 

Shoulder» 

Low Testing Speed - 0,005 In. /Min 

124, 800 
126, 800 
124, 100 

120, 600 
123, 300 
122, 400 

116, 200 
119, 000 
116, 000 

14 
14 
15 

Elonga¬ 
tion, 

% in 40 

20(*> 
22<*> 
20<*> 

Red uction 

in Area. 
« 

57 
39 
40 

20 

200 

300 

137 , 600 
140, 000 
142,203 

High Te«tmg Speed - 0.5 In./Min 

13 
15 
14 

24 
28 
25 

65 

51 

52 

ï*) Broke on gage mark; (61 Broke outside gage mark. 

Notch-Bend Impact Te»U Using Micro San.pie 

Nominal Hydroge 
Energy Absorbed, in-ib 

20 
200 

300 

Al 7> f 

32 
12 

9 

At -40 r 

16 
12 
10 

Conclusion 

Slow-stram embrittlement at 300 ppm. Impact 
embrittlement at 200 ppm 

ih Ft XV 
167 



f AM LM M If V «fl 

S r.Uk*. 

10 
•00 

_fw« < »•-■a t—4> 

i9 

¿0 

909 
SinKtur« a « lia« «plMraMai • 
Tkira Hm*« •• 
Val ft a M 
a grata aiaa: <1 a 

Nominal 
Hydrogen 

¿0 

•00 

Uaaotchad Str«»»-Raptare Teet» U»inf 0. K 

Applied Street 

Sample 

Pei 

140, 000 
1 45, 000 

ft of Ultimate 
Teaeile Strength 

97 
97 

Rupture 
Time, 
hour « 

59.8 
75. I 

Eateneioa, ft 
Between 

Should* re 

10 

Eloaga- 
tion, 

ft ia 40 

IS 
•(c) 

Reduction 
ia Area, 
ft_ 

54 

(a) Test discontinued before failure; (b) Broke outeide gage mark; (c) Broke on gage mark. 

Unnotched Tensile Teete Using 0. l¿S-la. Round Samples 

Nominal 
Hydrogen 

¿0 

BOO 

Ultimate 
Tensile 
Strength, 

_.EL!_ 

144, 500 
149, 500 

0 24 
Offset 

U9. 900 
li¿, 500 

Yield Strength, pei 
Ift X 

Offset 
0.01ft 
Offset 

Propor¬ 
tional 
Limit, 

f.V _ 

Extension, ft 
Between 

Shoulders 

Low Taatiag Speed - 0, 005 la, /Mia 

U8, 500 
1¿7, S00 

I ¿4, BOO 
112, 100 

119, 500 
101,500 

Elonga¬ 
tion, 

ft ia 40 

12 
14<»> 

Reduction 
in Area, 

ft 

47 
54 

High Testing Speed - 0. 5 la, /Min 

20 

BOO 
150, 000 
15S, 400 

14 
19 54 

(a) Broke on gage mark; (b) Broke outside gage mark. 

Notch-Bend Impact Tests Using Micro Sample 

Energy Absorbed, in-lb 
Nominal Hydrogen 

20 
800 

Àfrrr 

54 
25 

At -4Ò t 

14 

Conclusion 

No embrittlement 

ise Sa2C l’h ¿li-f.lí1' Ft IV 



VA044 ti *!•?»* re 
> l*0| IB *#| 

JE! 
Lmm 

M 
MO 

10 
•00 

•i 
•>y «y^ M ffw 

Slrwctvr» >yii—»0 • * • 
ThirO ,*••• .. 
Volft«: M 
• grate aiaa: i * 

Nominal 
Hydrogaa 

20 
•00 

U—a«citad Straaa-Riigtera Taaf Oateg 0. Ui-Im. Roaad Samal»« 

Apaliad Straaa Raptara 
% oí Ultimata Til?**, 

Pai Taaaiia Straagüi Mara 

Extan «io«, % E tonga- 
Batwaaa tioe, 

Stemldara % ia 4P 

1M, »00 97 
171,700 97 

70.» 9 
30.0 9 9 

Reduction 
ta Araa, 

% 

44 
»I 

(a) Taat diacontinuad bafora faillira; (b) Broka out*ida gaga mark; (c) Broka oa gaga mark. 

Nominal 

Hydroga* 

20 
•00 

Ultímate 
Tanaila 
Strength, 

**»_ 

174, 000 
177,000 

Unnotchad Tanaila Taata Uatng 0.12S- In. Bound Sample« 

Propor- 
Ttold Strength, pal ti onal Extanaion, % 

0. i% 0. Í% 0.01% Limit, Batweai; 
Offaat Offaat Offaat pai Sbouldara 

Lear Taating Speed - 0. 00S In. /Idia 

160,)00 1)9,)00 1)4,)00 1)4,000 • 
142,000 1)7,000 14),000 1)6,000 10 

Elonga¬ 
tion, 

« ia 40 

12 

Reduction 
in Araa, 

% 

42 
42 

High Taating Spaed - 0, > la, /Min 

20 174,600 
•00 107,000 

7 7 49 
9 IS )4 

(a) Broka on gage mark; (b) Broke outaide gaga mark. 

Notch-Bend Impact Teat* U»ina M, cro Sample 

Energy Ab»orbad, in-lb 
Nominal Hydrogen At 77 f At -40 F Conclu»ion 

20 
•00 

14 
10 

12 
10 

No elow-etraia embrittlement; alloy brittle in 
impact taating 



TákBlM * 
09 

_VWWJ líJâ. 

/0 

»00 

10 
000 

moomogmoOot 
"oo-- 

■iracMr« « ♦ «•• f 
Tkiré pkM«. — 
V«1 % •: 
• gral* «ím: 2 M 

Nominal 
Hydrojoa 

to 
*00 

OaaotcImO Otroaa-Rarw q,ta^ 0. U*-Ia. »o—O »am>U« 

AoolloO Stroa»__ 
% of Ültimata 

Pai Toaailo ¿troagt* 

Raptara 
Timo, 
hoar« 

115, JOO ” 
14), 500 n 

7). i 
1) 

Catana ion, % 
Batwaaa 

Shoal Para 

7 
S 

Elonga¬ 
tion, 

» in4P 

-.<c> 
..(c) 

Raduction 
la Aran, 

%_ 

45 

Taat diacontlnuad bafor. Ulla,.; (h) »roh. oot.id. «M* -rh; (c) »roh. o. >M- —rh. 

Unnouhad Tanaila Tanta Uaing 0. U5-ln. Roand SarngUa 

Nominal 
Hadrocan 

10 

Ultimata 
Tanaila 
Strangth, 

r»— 

I M, 500 
14*. 000 

Tiald Strang th, pal 

111,400 
1)0,400 

Propor¬ 
tional 
Limit, 

tlL. 

Cntaaaion, % 
Batwaaa 

Shoaldara 

Low Tooting Snoad ->.*•* In. /**!■ 

110, 000 
117. 000 

11*. *00 
44.000 

110,000 
05. MO 

* 
0 

Elonga¬ 
tion, 

% in 4P 

.(h) 

Reduction 
in Araa, 

%_ 

)4 
45 

10 141,400 
*00 15),000 

High Taattng Spoad . 0. 5 U. /Min 

4 
7 

14 
1* 

40 
47 

(a) Brok, on gaga mark; (h) Broka oat.ida gaga mark. 

Notch-Band Impact Taat» Uaing Micro Samnit 

_Cone la.ion_ 

Tasting wa. not com pi atad, no amhrlttlamant at 

*00 ppm 

Nominal Hydrogen 

10 
*00 

At 
Energy Aheorhed. in-lb 
TTTr-At .OTT 

57 
)4 >1 

NaDC Th ¿4-616 Pt IV 170 



■Ai 

TákMLM 9$ 

vMwniMU t— 

¿0 
100 i«* 
«00 
«00 *** 

10 
100 
400 
«00 

Mi 

Slrwctvr* i^<il»i«4 m « 0 
Tluré ßtut* ** 
Vol % m. «0 
a grela elM. 9 m 

Nominal 
Hydfogan 

20 
20 
20 

200 
200 
200 
400 
400 
«00 

Ua^-tchod Straia-Knatarr Toata Uaiag 0. Il>-Ia. Roaad Samylai 

Apollad Strass_ Ruptura 
ÇTTTTíItóãíã- T i*»*, 

Pai Tanslla Strangth ^oars 

Eatansion, % Elonga- 
Bat«raan tloa, 

Shouldars * la 4P 

ISS.MO 9Í 
]«», 300 45 
163,900 43 
171,500 45 
171.500 45 
16$, 000 91 
151.500 97 
17$, 000 95 
17«, 500 97 

0. 1 9 
7. 3 10 

260. •<»> * 
2S2.5<»> 2 
77.9 • 

260.!<•> 4 
0. 1 • 
4.2 10 
7.« 4 

15 
--(«> 

4 
2 

14 

”<c) 

16 
13 

Reduction 
ia Araa, 

% 

35 
41 

14 

46 
40 

6 

(a) Tast discontinuad bafora tollura; (b) Broke outslda gaga mar1« (c> Broke oa gaga mark 

U anote bed Taaslla Tests Us tag 0.113-fa. Rouad Samples 

Nominal 
Hydrogaa 

20 
200 

600 

Ultimata 
Teasile 
itreagth, 

—Hi- 

17«, 200 
l«0, 500 
1«7,600 
1B4, 000 

TH 
Offset 

162,000 
169,000 
160,400 
169, 0J0 

Yield Strength, £Si 

■*~n 
Offset 

Trnr 
Offset 

Propor¬ 
tional 
Limit, 

_£*— 

Eatansion, % 
Between 

Shoulders 

Law Testing Speed - 0.005 la. /Mia 

162,600 
167,200 
165,900 
166, 500 

161, 000 
165,200 
163, 300 
153,000 

166,700 
163, 900 
144, 300 
144, «00 

Elonga¬ 
tion, 

« la 4P 

g<b) 

14 
4 

Reduction 
la Area, 

% 

21 
19 
40 
34 

20 179,000 
200 106,900 
400 >04,500 
400 141,000 

High Testing Speed - 0 6 la /Min 

6 
7 
7 
7 

«<k» 

12 
14 
11 

27 
40 
42 
17 

(a) Broke on gaga mark; (b) Broke outside gage mark. 

Notch-Bead Imaacl Taels Usina kfirrn Samnla 

Nominal Hydrogen 

Energy Absorbed, la-lb 
A. T9 r --fr-rwr 

20 
200 
400 
600 

12 
9 

10 
7 

« 
10 
12 

5 

Conclusion 

Sion-atraía embrittlement at 600 ppm. alloy 
brittle la Impact teetlag 

SaJC Tr 56-61*, Pt 17 171 

« 



• gr«iB aéa*: » ß 

Nomln«! 
HydrofP 

20 
400 
400 

QMfT-t-M4 4M« T«»U *•1 ****** 

Appliad Stras« 
- % o/ Ultimat#- 
Pal Taaatla Strawjtb 

Raptara 
Tima, 
hoar a 

Cata■ a toa, % 
Satwaaa 

ShoalSar* 

Eloaga* 
»io*. 

* ia 4P 

140,000 »7 
142,400 ** 
1J», 500 97 

Oa loading 
O.S • 

3)5.0 * 

IS 
It 
10 

Raductioa 
in Araa, 

It 

42 
42 

(a) Ta.» diacontinuad balora toilara; (b) Broka outaida gaga mark; (e) Broaa oa gaga mark 

Ultimata 

Taaaila 
Nominal Strangth, 
Hydroaaa P** 

20 144,)00 
400 14).000 

Unnotchad Tanalla Taata Ualng 0.125-la. Round Samplaa 

T7% 
Offaat 

Tiald Strangtk. pai 
-m 
Offaat 

"OW 
Offaat 

Propor* 
ti ona 1 
Limit, 

fri_ 

Entanaioa, % 
Batwaan 

Shouldara 

^njoTaatinj_S£aad_^_0^005_to;_/l4lB_ 

120,000 120,000 

110,400 
127,200 

lOt, 000 
127, 000 

10 
10 

E long a* 
tioa, 

» i* 4P 

18 
I ) 

Reduction 
la Araa, 

%_ 

)0 
40 

20 142,000 
400 144,000 

Higk Taatina Spaad - 0. 5 to. /Mi* 

10 
11 

20 «t 
21 *t 

(a) Broka on gaga mark; (b) Broka outaida gaga mark. 

Notch-Band Impact Taata Uaina Micro Sample 

Nominal Hydrogan 

Enarav Abaorbad. la-lb 
At nr At .'<RTT 

20 » 1» 
400 »7 10 

_Concluaioa 

Taating va a not co«npl*t*d, no alow-atram 
ambrittlamant at 400 ppm; impact ambrittlamant 

at 400 ppm 

tn rt IV 172 



4. T» 

¡9 
190 
iOO 
909 

ITSSI lîî* 

¿04 
¿95 
999 

IVrvtf • 
ta-«»* 

¿0 
¿99 
i09 

Oir»£ tür« 
Tklrrf thm — 
¥•!«•: M 
• frata ataa 

• « * 

Uaaoic Wd Straaa-Ka»rar« Taaf O «ira 0.125-la. 

Appliad Str«»» 
Nomina] oí Ultímate 
H ydot» b Pti Taaatla Straaatli 

20 1 Si, 100 97 
20 1 S3,000 9S 
20 149,900 91 

200 166,300 97 
200 163,000 9S 
200 139,000 93 
Î00 167, 300 97 

Kataaalea, % 
Batwaaa 

Ooaldara 

1 
4 
3 

12 
5 
4 
7 

Cloaga- 
ttoa, 

% la 4P 

2 

3 

Aaductioa 
la Araa, 

« 

39 

10 

(a) Teat discoatiaaed before fallare; (b) Broke ou tal de gafe mark; (c) Broke ea gage mark. 

Nomlaal 
Hydrofoa 

20 
200 
300 
600 

Ultimate 
Teeaile 
Streagtk, 

g*i 

161,000 
171,700 
172,300 
I 73, 300 

Uaaotebed Teaelie Tóete Uelag 0.113-la. 

Tlf 
Offaet 

131, 300 
139,000 
162, 100 
163, 300 

Yield Streagtk, ¿ai 

Offaet 
Otf 
Offaet 

Lxteaaioa, % 
Bet reeo 

>be al dere 

Ltm Teettag »good .003 la. /Mía 

131, TOO 
139,300 
161,000 
162,000 

130,200 
190,900 
190,400 
191,600 

147.200 
197,000 
136, 700 
134.200 

11 
13 
14 

1 

« la «O 

20 
20<*) 

20<») 

12<») 

Redact loa 
la Area, 

ft 

91 
30 
40 
13 

20 
200 
300 
600 

179,000 
173. 300 
176,100 
177,300 

High Teettag »»eed - 0.9 la./Uta 

10 
II 
II 
11 

20 
20 
20 
21<«> 

49 
49 
49 
30 

(a) Broke oa gage mark; (b| Broke oatetde gage mark. 

Notch-Bead Impact Teeta Ueiag Micro Sample 

Nomlaal Hydrogen 

20 
200 
300 
600 

Caergy Abeorbed. la-Ib 
xrrrr——‘a. .u r 

12 
9 
9 
7 

Coaclaeioa 

9 
7 
0 
7 

Slew-atrain embr.ttlemeat at 300 
brittle la Imgact teeta 

alloy 

Th ¿ii-élfe PX IV 173 



: ••kJ •• 
«JJ 

nnT» 

>• t < 

so -• *• 
¿00 .. o« 
400 .. •O® 

•tfwdBr«. 

Strsctar«: o^l—J • ♦ f 
Tta r4 pita •<. 
¥•!*«: 00 - TO 
■ grata ■>••: m 

Nominal 
Hydrogan 

¿0 
¿00 
¿00 
400 

U—otghod Straa4-Raj»Ta Taata Ual— 0. l¿>-in. Jonnd Samglo« 

Appliad Straaa_ 
^ % of kjltimat« 

F>i Tanaila StrangO 

Raptara Cstaaaton, % Eloaga- 
Tima, Batwaan tio«, 
honra Shouidara % in 0P 

Uí,¿00 »7 
141,000 97 
1 îd, 900 95 
147,300 97 

03. ¿ 
09.0 

201.3<») 
4.9 

7 
0 
3 
4 

9 
17 
4 
8 

Reduction 
ia Area, 

% 

3¿ 
30 

5 

(a) Taat diacontinued bafora failure; (b) Broke outaida gage mark; (c) Broke on gaga mark 

Nominal 
Hydrogan 

¿0 
¿00 
400 

Ultimate 
Tanaila 
Strength, 

r* 

1 39,400 
140, 300 
147, 700 

Unnotched Tanaila Taata U a lag 0.12>-la. Round Sample a 

Propor- 
Yiald Strength, pai Üonal Entanaion, * 

0.Ü 0. 1% 0.01% Limit, Batwaan 
Offaat Offaat Offaat Rai Shoulder a 

Law Taating Speed - 0.005 ln. /Min 

114,000 111,200 100,700 107,500 9 
125,000 123,500 115, 100 99,000 11 
127, 700 123,000 110, 900 113,000 7 

Elonga¬ 
tion, 

» in 4P 

15 
13fr) 
10 

Reduction 
in Area, 

% 

33 
37 
24 

20 141,500 
¿00 151,400 
400 151,100 

High Taating Spaed - 0.5 In. /Min 

0 1¿(«) 30 
9 17 37 
8 17 35 

(a) Broke on gaga mark; (b) Broke ovtaida gaga mark. 

Notch-Band Impact Teata Uamg Micro Sample 

Energy Abaorbad. in-lb 
At ti r -— Nominal Hydrogan 

¿0 
200 
400 

13 
8 
8 

aT-40 T 

10 
4 

Conclusion 

Slow-atrain embrittlement at 400 ppm; Impact 
embrittlement at 200 ppm 

¿AkiC Ih ¿4-816 Pt IV 174 



fA»LM *» rr»rT» T» or TUT* TO OC TI 
Ti -«Ai -*fm • t%K>¿ AC.O« 

Hyër«»»« C——I __ 

W»wi«il^^ Of ÁiÑilyf 

2* 
¿00 
>00 

vwimo-ca L—o_ 
llyJr«a»a CwaQiâ» 

¿0 
¿09 
300 

<♦ »»*» 

S(nt< lur«: « • 0 
Third phaM —> 
Vol « a: ro-OO 
a grã!* »IM: ' u 

ÜB »tchBd 8trB»B-R«»«uf TbbU übUm 0. U»-I». *o«»d Sampla» 

Applied Stras« Ruptura Extan»too, % 
Noiricvai % of t/ltimata Tima, Batwaan 
Hydrogau Pal Tanatla Straugth hours Should«r» 

20 144,000 9« 43.4 11 
20 140,300 93 254.1<*) 5 

200 140,000 95 261.2(*) 7 
200 140,000 93 149.7 12 
200 145,200 93 261. 3(*) 4 
300 167, 300 95 70.7 4 

Elonga¬ 
tion, 

% in 4P 

-.(c) 

8 
-(c) 

*¿0» 

Raduction 
in Araa, 

% 

33 

36 

8 

(s) Taat discontinuad Le 

Nominal 
Hydrogau 

20 
200 
300 

Ultimata 
Tonsila 
Strong th, 

F“_ 

172, 300 
177,400 
174, 100 

(siluro; (b) Broko outa ida gago mark; (c) Brok« on gaga mark. 

Unnotchad Tanailo Taat« Uaing 0. 123-1«. Round Samplaa 

TUT 
Offaot 

Tiold Stro 
■“O 

142,400 

145, 900 

¡fb. 
£«i 

Oiiaat 
OlT 
Offaot 

Propor¬ 
tional 
Limit, 

ri— 

Catanaion, % 
Batwaan 

Shouldara 

Low ToatiM Spood - 0, 003 I«. /Min 

137,000 133, 100 132,000 

143, 700 1 38,000 1 34,400 

12 
9 
♦ 

Elonga¬ 
tion, 

« in 40 

20 
17 
10 

Raduction 
in Araa, 

% 

46 
23 
16 

20 
200 
300 

174,400 
100, 700 
1 70, 200 

High Taatmg Spa ad -0.3 1«. /Mta 

14 
2 

10 

(a) Broka on gaga mark; (b) Brok« out sida gago mark. 

Notch-Band Impact Taata Uaiog Micro Sampla 

■Nominal Hydrogan 

20 
200 
300 

Enargy Absorbod, ia-lb 
CtTTr-ÀtTÏÏT 

10 
4 
4 

4 
3 
2 

Conclusion 

Slow-atrain ambrittlamant at 300 ppm. alloy 
brittle in impact tasting 

íàJC Th 54-Çlé Pt IV 
175 



M •awlrs m vaart to mvmmm 
at rmt ?. -«ai •< • aoi—i aci-o* 

wr**«y Ca-y. *a*— 
BU» »^1 It *—»>•«» 

/0 
4(Kl 

yHW i >»-■• L—o 
TT^.. g^T 

¿a 
400 

mi 

liri*cl«t«< m * t * ha« «p*. 
rompoiMd 

Tkirtf pk*»4l 
Vol % at «0 
a grain • i■ t: 2 x 

Nominal 
Hydrogen 

¿0 
20 

400 
400 
400 

U note Hod 5t>a»a->a»W Taata U»t— 0. U»-to. Ko—< 

Pai 

Applied Streaa 
-»o/Uittmiu- 

Tanaile Strängt*1 

Rapture 
Time, 
hour* 

124,500 95 
124,000 97 
132, 100 99 
129,400 97 
124, 700 95 

0. 6 

243.0(*) 
0. 3 
4. 3 

287. 4(») 

Extern ion, % Clonga- 
Between t,on. 

Shoulde r r % in 4P 

4 
3 
8 
9 
4 

10 

4 
15 
10 

8 

Reduction 
in Area, 

% 

23 

29 
35 

(.) Te.« di.continued before failure; (b) Broke outside gage mark- <c) Broke on gage mark 

Ultimate 
Teneile 

Nominal Strength, 
Hydrogen P»i 

20 127,800 
400 133,400 

Unnotched Teneile TeeU Using 0.125-U. Round Samplee 

Propor- 

Yield Strength, psi tional 
ITll 0.1% 0.01¾ Umit, 
Offset Offset Offset P*1 

Low Testing Speed - 0. 005 In. /Min 

105,600 104,000 94,200 40,200 
114, 500 113, 900 104,000 94,400 

Cntension, % 
Between 

Shoulders 

Elonga¬ 
tion, 

% in 4P 

Reduction 
in Area, 

% 

28 
35 

20 130, 400 
400 137,000 

High Testing Speed - 0. 5 In. /Min 

9 
9 

15 3) 
18 37 

(a) Broke on gage mark; (h) Broke outride gage mark. 

Notch-Bend Impact Tests Using Micro Sample 

Energy Absorbed, in-lb 
Àtwr 1 J*" Nominal Hydrogen 

20 
400 

Át -4¿~T 

7 
3 

_Conclusion 

Testing was not completed; no slow-strain 
embrittlement was apparent at 400 ppm; 
alloy brittle in impact testing 

afv 54-616 Pt TV 176 



t, nn 
-v¿ aludi 

-1—^ 
MHill^r»»>i> 

!• 
2M 

M 
<00 

Otrxrlwr«' 
THit4 pLt—: -- 
V*1 « a: 00*70 
• grata aia«: 1 * 

m * 0 * <>■*• agO- • omg. 

Nominal 
Hydrogaa 

UaaotcOad Otra »»-Ruptura Taata Oaiag 0. lO-Ia. Roñad Sam»!«» 

_Appliad Stroaa_ Raptara 
% of Ultimate Tima, 

Pai Tana lia Straagtli Roar» 

Extanaioe, % Cloagi.- 
Batwaaa don, 

SRoaldara H ia 4D 

Reduction 
ia Araa, 

« 

(a) Taat diacoatiauad bafora failure; (b) Broke oata ida gaga mark; (c) Broke on gaga mark. 

Nomiaal 
Hydrogen 

Ultimata 
Taaaila 
Strength, 

tsi 

Ungete had Taaaila Taata UaU^ 0.1<»-In. Roaad Sample» 

Xl« 
Off »at 

Yield Straytk, pai 
TP 
Off eat 

TÎNT 
Off eat 

Propor- 
banal 
Umit, 

_KÍ— 

Ex tana ion, % 
Between 

Shoulder a 

’ Ta »ting Spaed - 0.00» la. /Mm« 

20 
200 

171,»00 
100,000 

1»», »00 
10», 000 

1»), »00 
1*1,200 

14), »00 
1*4,200 

1)). »00 
1)0, 700 

1 
2 

Elonga¬ 
tion, 

% ia 40 

2<«> 

«<•> 

Reduc tion 
at Area. 

% 

I 7 
» 

High Teabag Speed - 0. » In. /Mia 

20 17),200 
200 177,200 

I 
I 

<<•> 
2(-) 

I 
) 

(a) Broke on gaga mark; (b) Broke eotatde gaga mark. 

Notch-Band lmpa«.l Taata Uamg Micro Sample 

Energy Abaorbod, in-lb 
Nominal Hydrogen At 77 f At IHT _Concluaion_ 

20 ) ) Tide alloy waa brittle aa etabiliaed; apparently 
200 ) 4 the atnbiliaauon temperature waa too low 

permitbag eutectotd de< ompoailion 

UtDC T» »4-616 Pt If 177 
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T ABLS IM 

NonUf ‘ 

¿0 
¿00 
•00 

MOT1.T« or rmrro to i 
QT TW Tt -41* AL-iOT I 

»~^rL"L - griro|«> 1= 

¿0 
¿00 
000 

Ouwtmtro. ¿•*t~ 

Sir Htmr*: « ♦ #■• 

Tlur* H**': " 
Vol * a 
• grata ata*: 

Uanotchad Tc>t* U,toi 0' U— 

Nominal 
Hydrogen 

20 
200 
800 
800 
800 

Fat 

69, 900 
7Î, 000 
74, 100 
72,600 
71,000 

Applied Street__ 
—^-% oVUlttmate 

T«neile Strength 

93 
97 
97 
95 

Rupture 
Time, 
houra 

23.9 
3. 1 
1. 3 
5. 8 

21.1 

Cuteaaioa, % 
Between 

Shoulder a 

14 
14 
16 
14 
19 

Elonga¬ 
tion, 

% in 4P 

22 
.Ac) 

29 
20 
.Ac) 

Reduction 

in Area, 
% 

31 
36 
37 
37 
29 

,., —— - 
-- T....» T.... U.U. «. t!*" 

Ultimate 
Tenaile 

Nominal 
Hydrogen 

20 

200 
800 

Estenaion, % 
Between 

Shouldera 

i^««e Taating Speed - S-SW 

79,100 
79, 30« 
76,400 

48, 200 
,700 

46, 700 
38, 900 

92,600 47,900 

30,190 
23, 990 
39, 790 

32, 300 
10,000 
26,000 

H.|h Teettnj «f»»* 

20 
200 
990 

00, 300 
01, 300 
01,400 

mark- (hi Broke outeide gage mark. 
(a) Broke on gage mar«. 

Natch.Bend Impact T.ete Ueing Micro Sample 

Energy Abeorhed, 
TiTrr At -«ft l 

13 
12 
17 

11 
13 
I« 

22 
21 
21 

19 
22 
22 

Coetclueio*» 

33 
29 
30 

27 
20 
34 

20 
200 
800 

0 
4 
2 

10 
4 
2 

Tto .low-.train —brittle—.Woy brittle in 

impact tee ting 

VIDC 1* 96-616 71 17 
170 



tablm .«i i.r» rtn»* 
o» mt r aí m *1 

.. "r+'.ran C,T*4.W7 n»-«« 
Wp»iatt »r A—ly»«« HH»«*«» c—wt VW _»«»—«—. <t f»«». 

Slructur*’ « • c«ar>« cMnp 
TlUrd pA«*« 
Vo) « » 74« 
a grain aisr: -• 

¿0 
4M 

¿6 
4M 

Nomtaa] 
Hydrogan 

20 
400 

UnnoicAad Straaa-Kaptitra T«ata Uatag 0.125-Ia. Roaad Sampla» 

Appliad Stra»» Raptara 
% o/ Ultímate Tima, 

P»i Taaaila Straagth hour a 

Cataaaioa, % Eloaga- 
Batwaaa tioa, 

Shooldara « ja 40 

93, 100 95 
97,900 95 

0.4 7 --(O 
9 12 

Reduction 

in Area. 
% 

12 
14 

(a) Teat diacontiaued before fallara; (b) Broke out aide gage mark; (c) Brrke oa gaga mark. 

Nomiaal 
Hydrogaa 

20 
400 

Ultímate 
Teaaile 
Strength, 

. r* 

90, 000 
10),000 

u—Otched Teaaile Testa UafaM 0.125-la. Roqpd Samplea 

Propor» 
_ Tield StreMth. pai tioaal Exteaaioa, « 

Ó. Ä 0.1« 1,01% Limit, Between 
Oil— Offaet Of feet pal Shoulder a 

Lew Teetiag Speed - 0, MS la. /Mia 

49,900 40, 1M 43, 7M 30,000 0 
70,9M 44,4M 41,0M 44.2M 7 

Eloaga- 
tiee^ 

« ia 40 

10<*) 
9 

Reduction 
in Area, 

% 

14 
12 

High Teetiag Speed . 0.4 la./hila 

20 101,000 
400 100,4M 

f 10 14 
0 14 7 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

Notch-Bead Impact Teata Uaiag Muro Sample 

Energy Absorbed, ia-lb 
Nomiaal Hydrogen At ?7 £-Xt r _ Coacluaiow_ 

No slow-atraia embrittlement; alloy brittle 
in impact teetiag 

20 2 3 
4M 4 4 

W4DC 1» 54-614 Ft IT 
179 



TABLM IM 

V 

Ti -Jttm-iCm ALUO* ••’•I 

¿O 
200 
•00 

WMr—»T 
VMM IIB-Oã 

20 
200 
•90 

•tracMP«: »«wcO ■ ♦ » ♦ «—» 
Tklrá pM**: — 
\oi%A M-OO 
■ grata at ac: * M 

Nominal 
Hydroian 

20 
200 
200 
200 
•00 

Pat 

92, 200 
91,000 
•9, 900 
••, 000 
91,000 

H—otchaO traaa-RiipW Taata Uatag 0_ 

jppliad Otraaa_ 
% of Ultimata 

Raptara 
Tima, 

129-1». Ro—0 **mi 

Cntanaioa, % 
Batwaaa 

95 
95 
93 
91 
93 

0.0 
3.4 

17.0 
202. 
01.5 

loO») 
14 
1« 

8 
10 

donga- 
tio», 

H ta 4P 

10^) 
„(c) 
„(c) 

11 
14 

Raductioa 
ia Araa, 

% 

43 
36 
37 

17 

Cxtaaaioa, % 
Ba tara aa 

Slmaldara 

. _ aM.4 . 0.005 I». /Mf 

20 97,000 
200 90,700 
•00 9«,500 

71,200 70,100 
73,000 02, 000 
00,000 01,000 

01,100 55,400 
51,500 45,000 
40, 700 33. 500 

17 
17 
15 

doa«a- 

tia», 
»1»4P 

23W 
20 
10 

Raductioa 
ia Araa. 

%_ 

38 
3t 
31 

20 00,000 
200 05,000 
•00 102,000 

Hiah Taating Syaad - 0. 9 la. />4ia 

14 
14 
14 

10(0) 41 

19 « 

(a) Broka oa gaga 

Notch- Rand Impact 

Nominal Hydrogaa 

20 
200 
«00 

mark; lb) ®toba outaida gaga mark. 

Taata Muro Sampla 

Cnargv Abaorbad, ia-lb _ 
At Ilf At -462 

22 
10 
10 

20 
12 
10 

Conclua 10« 

__ -^naiatad: alow-atroi» embrittla- 

300-000 ppm 

U4DC 1R 50-010 Ft 17 
1«0 



T AM LM 10» 
;<• ALLO» ••ni 

ITtVTf * 

<0 
¿00 

mwo»-«a L—<1 
WjrOry ¿Mñg IS 

¿0 
100 

•Arm»—. ** or** 

Si ru* t»r* • • > 
Tki rd pAm — : - - 
V»l « «. «O 
• gram mm: < ¿ « 

Non»aal 
Hydrogen 

¿0 
200 

U-otclMd T..«. U.lM 0. U>-f. »—« SarnfU« 

Appliad Stra»»_ 
% oi Ultimate 

Tanaila Straagth 

Ruptur« 
Tin»«, 
hour* 

92, 900 
91, 100 

99 4. 5 
9 J ¿*.7 

Cat«a«ioa, % Elooga- 
B«tw««a Üo®, 

Should* r » * 4P 

19 
19 

Reduction 
ia Ar«a, 

% 

95 
54 

(«) 
Te.« di.continued b«ior« toÜur«; (h) Brok, out.id« gag« 

mark; (c) Brok« oa gag« mark. 

tlnnotch«d T.a.il« T««t» U.iag 0. U5-Ia. Eouad Sampl«» 

Nominal 
HydrofP 

20 

200 

Ultimate 
Tenait« 
Straagth, 

_Eîi- 

97,400 
91, 000 

Yield Strength, pai 

0.29t 
Of(a«t 

”1% 
Otfaet 

OUT 
OffMt 

P, • 

tioaal 
Limit, 

.. P*i— 

EaUnaion, % 
B«tw««a 

Shoulder* 

Lon Teatiag Sp««d - 0. 00* Ia. /Xta 

79,400 70, 900 50,900 47, 700 
75,200 71,000 40, 100 44,400 

Eloaga* 
tioa, 

» ta 4P 

2b 
24 

Reduction 
in Area, 

% 

54 
SO 

20 101,900 
200 100,900 

High Teatiag Sp«bd - 0 5 la. /Mia 

15 
15 

29 47 
20 49 

(„ Brok, -n gage mark; (b) Brok, out.id« gag« mark. 

Nonh-Bend Impact T«»»« Vnra Micro Sampl« 

Nominal Hydrogen 

20 
200 

Er«rfy 
At 77 f 

50 
24 

Ab*orb«d. in-lh 

-kx Vi0~T 

22 
12 

Concluaion _ _ 

Testing waa not completed; no embrittlement at 

200 ppm 

VADO TR 54-616 Pt I» 101 

‘7 

« 



T AM IM IM T rs m rmtê to 
TIM T)-4Ai-TC« AiXOT 

Mr*»—« CT »T«» 

19 
199 
999 

VMM ( IT-M« 
H^r—«C—— TIP 

19 
199 
999 

l*Mil>«g»*»fcir 
_iêpfm_ 

Slructar«: « ♦ (Im «i*«»•**•! etmp. 
Tklrd pAMi: •• 
Voi « a: 90 
a grain «Im: -- 

Nominal 
Hydrognn 

20 

200 
S00 
800 

Unnotchad Straaa-Rttptara Taat» üilag 0.12»-Ia. Koan* Sampla» 

Applied Straa»_ 
^ % ol Ultimata 

Pai Tanaila Strangth 

Ruptura Eataaaion, * Elonga- 
Tima, Batwaan tion, 
hour* Shouidara % *P 

138,700 97 
139.500 95 
145.500 95 
145,500 95 

5.8 9 
310.9(*) 9 
26.5 5 

9. 1 4 

Reduction 
ia Araa, 

18 

25 

8 
7 

(a) Teat diacontinued before failure; (b) Broke outeide gage mark; (c) »»oka oa gage mark 

Unnot'-hed Taaaila Taata Uaiag 0.115-ta. Rouad Samplaa 

Ultimata 
Tanaila 

Nominal Strength, 
Hydrogen pat 

Yield Strength, pai 
o.2t TiC' 6.ÒTT 
Offaet CMfaat Q(faet 

Propor¬ 
tional 
Limit, 

l.*j- 

Entaaaion, 18 
Be two an 

Shoulder a 

Law Tooting »pood - 9.009 In. /Mia 

20 141,000 
/00 148,800 
800 153,200 

121, 100 121,500 
113,500 111,600 
111,400 126,000 

112,000 106,600 
121,100 115,200 
96,200 02,000 

9 
10 
0 

Elonga¬ 
tion, 

18 ia 4P 

I2fc> 
10<*> 

Reduction 
in Area, 

18 

21 
is 
24 

20 145, 100 
200 140,500 
800 156, 000 

High Taattag Spaed 0,5 la. /hita 

7 
7 
0 

15 22 
15 41 
ta 14 

(a) Broke on gaga mark; (b| Broke outatde gaga mark. 

Notch-Band Impact Teat« Uamg 8*icro Sample 

Nominal Hydrogen 

Energy Abeorbed, in-lb 
At il r— —At :wr 

20 
200 
800 

6 
10 

4 

6 
7 
I 

Conclua ion 

Taati'ig waa not completad; alow-atraia 
embrittlement at 300-000 ppm, alloy brittle 
in impact teeting 

W8DC TR 54-616 Pt IY 182 



irm»? 

a a 

WrT. ssnitSâJs^— 
r—»■ C—«—« TIB» 

/• 
¿0C 
MO 

M 
¿es 
MO 

•iraciHr«: »ff ■>< * • f 

TW ré pOa»«: - - 
r*l«a¡ — 
a grata »IM: < I «< 

Nomina! 
Hy<lroian 

20 
200 
800 
800 

UanotcfcnO Str«»t-Rupfti»a Taat» Oat^ 0.12»-ln. Ko—d Snmpla» 

Appltod Straaa Ruptura 
% of Ultimata Tima, 

Pai Tanatla Strangth hour» 

Catan» ion, % Eloaga- 
Batwaan ti on, 

Shouldara % tn 4P 

130,900 93 
133,400 97 
135,000 97 
132,300 95 

255.b(a> 1 
12.1 11 

0. 1 10 
2.2 10 

3 
23 
21 
17 

Raductton 
la Araa, 

% 

SV 
*1 
57 

(a) Taat di a continuad baforo fallara; (b) Brofca outaida gaga mark; (c) Broka oa gaga mark. 

Uaaotcbad Tanatla Taata Ualng >. 123-la. Round Bamplaa 

Nominal 
Hrdroaaa 

2« 
2M 
800 

Ultimata 
Tanatla 
Strang tk, 

_Efi_ 

TFT 
Ottaat 

Ttald Stro 
XT 
Offaat 

5^ 
22* 

OFT 
Offaat 

Catanaion, % 
Batuaaa 

Sbouldara 

Lnn Taattng »paad - 0.M5 ka. /Mta 

140,700 120,400 
139,000 125,900 
119,200 110,400 

120,000 113,3M 
122,300 114,000 
112,100 97,400 

110,300 9 
109,000 10 
07,3M 12 

Ela^a- 

* tnOP 

13 
0<M 

20 

Raductioa 
la Araa, 

% 

31 
*0 
50 

20 145.300 
200 143,000 
000 110,000 

Higb Taattao Opaad - 0.3 In. /Oita 

9 19 19 
10 10 39 
12 24 09 

|a| Broka oa gaga mark; (b) Broka ontatda gaga mark. 

Nottb-Band Impact faaU Uaiaa Mu to Sampta 

Raarir Abaorbod, ‘a-lb 
Nominal Hydrogaa Àt ¥ At .40 T 

20 
200 
000 

14 14 
19 12 
33 14 

Conclusion 

No aatdaaca af ambrtttlamaat 

wtDc n 5^-oxo n n 103 



TákBlM 

nwttt 

NvfniMl 

10 
10« 

1, 

■ ItV* ** *** TB*t» *® 0*T* 
o# 'W* r».U*»-«* ALX01 

*"»(>•-** La*él UIM 
e^ca iS 

<0 
»0« 

Mroctar«: 
Tk»r4 pteM: — 
V*1 % al 70-00 
• grata ata«: « ¿ w 

* » 

Nominal 
Kirdrogan 

¿0 
300 
300 

ii»«»«trhad Str....»T^. Ta.» U.f 0 »»--■ 

Appliad Straaa _ 
-“ % of ÜlUtnaw 

Tanaila Strangth Pat 

143, ^00 
143, »00 
140,400 

»5 
9» 
9Î 

Raptara 
TUna, 
hour. 

7«.« 

‘•®/ t 
25i.8<*^ 

Cxtanaioa, % 
Batwaan 

Shooldara 

12 
7 

Cloaca. 
tloa, 

» ia 4P 

..(c) 

20 
8 

Reduction 
in Araa, 

% 

40 
»0 

« . ... ikl Broke out a Ida gaga mark; (c) Broka on gaga mark, 
(a) Teat diacontinued kefore iatlura, (k) 

„.^.rkad Tanatla Ta.U U.i^ ¢. U»-to. Roandj«gEÍÍ» 

Nominal 
Hydrogaa 

20 

)00 

Ultimate 
Tanatla 
Strength, 

P»*_ 

151,500 
151,000 

-raf 
Offaat 

144,000 
14),000 

Yield Strength, pat 
-1 If ' xa 

Ofiaat Offaat 

Propor¬ 
tional 
Limit, 

F*i— 

Catanaion, % 
Between 

Shoulder. 

Law Teell g *r~"* 4.00» ^ 

14), 800 
142,000 

1)7,000 
1)9,000 

129, 900 
129,000 

12 
12 

Elonga¬ 
tion, 

» toOP 

2) 
21 

Reduction 
in Area, 

« 

97 
94 

20 
)00 

194, 700 
197,000 

Htah Teattna Spaed - 0.9 In./Mia 

10 
10 

20 
20 97 

(a) Broke on gage mark; (h) Broke outeid. gage mark. 

Notch-Bend impact Trete ».tag Muro Sample 

Energy Abaorhed. 

Nominal Hydrogen 

20 
)00 

„»y, —'a. .40 

)2 
14 

14 
18 

Conduele 

Teetlag waa not completed; no elow-etraia 
embrittlement at )00 ppm. eome loaa la 
impact atrength at )00 ppm 

184 ViDC TP V4-616 Pt If 



» tIVtf • • •4^ >•> 

A—iy»« 
<»• a* 

Camtmõi 

•• 

»0* 

<• 
tt4 

S<r<Mlar« *^«**a»4 • « # 
TWn ftta—: .. 
»•I » «. M 
• grata ata«: ¿ H 

Nominal 
Hydrog«« 

200 
200 
300 
300 
300 
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U7J» B*.< 
aino 
BL Si 

ia.no 
tuno 
123.500 
124.000 

IBJB 
mon 
U0.000 
124 JOO 

114JB 

taso 
110,000 
ULMO 

131.000 
ui.no 
143.300 
le.ooo 

130.BO 
U1200 
142. MO 
MIBO 

127,100 
127.000 
134.300 
ia.400 

133.500 
134,no 
131.300 
131.100 

132J00 
1)4.100 
U7.400 
131000 

127.700 
130,000 
in.no 
laño 

142.4« 
UJ.5« 
147.5« 
MISO 

1B.400 
150.500 
ii7.no 
M.500 

142.400 
151(00 
147.BO 
144.(00 

U5.0B 
ia.no 
u:.so 
130.0« 

124 JB 
IBJS 
ia.no 
is.no 

ia.no 
is.no 
iano 
ia.5n 

1312« 
117 0« 
131400 
134.0« 

ui.no 
tsjn 
135.» 
is.no 

111.0« 
ui.no 
urne 
ui.»o 

B4.S0 
m.» 

Í57.S0 
nun 

in.( 

154.5« 
B4.S0 

IMS* 
K2.no 

t5i.no 
tn.m 
BIST 
15?3« 

I34.no 
M2.no 

15 7. «i tnjn 
B4.B0 BL» 

njn n^t jni 
m m 47S0 
07.4« 
n.on 

4’ 
a 
4t: 

55.4« 
VM» 

4L« 

ao 
71.1 *5 n,m tub n.m 

TUB aso 4L«0 
U» *» ja sm aso 

«.«a 

144 ja 

MU 

Mil» M2' 

MO.BO 
ao.« 
»1.« 
102.« 

124.000 
122.7W 
Ui.#» 
133.500 

122.500 
125, SO 
1215« 
124,200 

«.no 
154.« 
:i7« 
1412« 

122.500 
112« 
uun 
117.» 

is.no 
ia« 
114.« 
114.0« 

tn» 
ia» 
«« 
151» 

1S» 
1S» 
M0« 
147 SO 

4L» 
ane 
42« 

7L0 

51« 
a» 

02« UI« «5* 
m.» ul» u»-* 
m» u»« IU-" 
m« ui« 

1M« 
IB« 

Bl« 
«.« 
in« 
BO« 

IM« 
134.« 
I4C4K 
13!» 

in« m« 
134» Ä« 
ui nc in« 
is.so uo« 

IS.« 
Ul« 
IS« 
U4« 

ao 
o 
ao 
o 

151« 
151« 
131« 
m« 

M3« 
143« 
141» 
.15« 

ML» Ä» 
147« ui« 
m« ui» 
Ml« UW® 

IS« 
UUB 

IS« 
UL« 

« 
n 
« 
« 

ao 
o 
ao 

o 

uo« 
«nt 
m« 
»« 

44. (Ul 
43.400 
■« 
B.4X 

n« s.« 
4L« B'*° 
M« ö« 
n» »»> 

M 
11 
I 
t 

10 
10 
11 
13 

11 
13 
1 
II 

1 
U 
M 
U 

15 
14 
• 

3 

4 
Kl 
4 
4 

11 
t 
13 
;? 

14 

17 
15 
14 

B 
1' 
B 
0 

( 
I 
I 
II 

U 
11 
I 

M 

a» 
n.no 
5L200 
54« 

B 
r 
u 
s 

B 

17 

l^" 
U 

“l“' 

14<« 

u'?1 
17<W 

II 
liw 
U<»' 
20 

17**’ 

B 
a 

a 
vf* 
ii 

7 

lí*' 

12**' 

S“ 
1#*' 

ti* 
71 

a 
K 
tí** 
a 

t 
?• 
74 
a 

íí* 
i*1 

14 

tí»* 
U'*' 
u 
a 

é* 
4 
3 
4" 

14 
14 
14 
14 

« 
51 
a 
s 

42 
45 
37 
S 

24 
25 
40 
42 

41 
a 
a 
45 

43 
♦7 
44 
42 

♦2 
44 
15 
11 

31 
35 
M 
C 

II 
B 
« 
H 

t 
15 
a 
a 

53 
51 
H 

47 

VC 

42 
U 
U 
c 

K 
13 
i 

t*»' 
lí*’ 
jg(t) 

lí*’ 

3' 
M 
2' 
39 

d) BraM OMMI MT 
(kl B/oM 0« »I ■*»- 
ici tokiiitto**- 

vadc tu ^ w 
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T AM LM i»« 
A* rtAMtUI*» 

V *4.*^. « 

llr«4 «4M 1 
■r 

«WM 
Hr^MMK- 

!• 
¿00 
100 

¿f |TI 0m «>•«»• ¿I* 

¿O# ¿«V 
»00 

Nominal 
Hydrofn 

20 
200 
200 
»00 
300 
300 

U—otcOoOjtroM-RMymr« Too» Uoing 0.123-I». Oom« Oamylo» 

Appliod itrttê 
-rr »o/üitimau” 
P«1 T«n«tl« Strofth 

Ruptura Enta niton, % Clongn* 
Timo, Botwaan rtou, 
boura Skouldar» % in 4P 

120,100 99 
126,000 97 
123.900 99 
124,000 99 
121.900 97 
119,000 99 

22.1 16 20 
2.3 11 ¿1 

239.1 14 ~<c> 
0.7 19 29 
1.7 14 --<«> 
4.6 10 --<c> 

Raduction 

ta Aran, 
% 

46 
32 
36 
40 
31 
20 

(a) Taat diacontinuad bai faillira; (b) Broka ou ta ida gaga mark; (c) Broke on gaga mark. 

ultimata 

Tanatla 
Nominal Straagtb, 
Hydroiaa pal 

20 126,900 
200 130,000 
300 129, 300 

U »notched Taaaila Taata Oalag 0.129-la. Round Sam p la a 

Proper- 
Yield Strength, pai ti onal Catanaion, % 

Ó. Hl 0.1% O.Olf Limit, Between 
Ottaat Off eat Off eat pai Shoulder a 

Low Teatlag Spaed - 0.009 In. /94ia 

107,000 106,600 96,400 00,400 17 
110,60« 110,000 109,600 99,200 17 
110,400 110,000 90,700 92,400 19 

Elonga¬ 
tion, 

% In 4P 

26 
24 
22<») 

Reduction 
in Area, 

% 

11 
44 
«0 

High Tottu^ Speed - 0.9 In./Min 

20 129,300 
200 127,400 
300 1 :^,600 

19 29 91 
19 27 49 
19 27 90 

(a) Broka on gaga marlu (b) Broke outetde gage mark. 

Notch-Band Impact Taata Ualng Micro Sample 

Energy Abaorbad, in-lb 
No^^ui^^^rtjfd^oja^ xmr-At -irr 

20 
200 
300 

33 12 
14 10 
31 10 

Concluaton 

Slow-atrain embrittlement at 300 ppm; impart 
embrittlement at 200 ppm, but ductility 
recovarad at 300 ppm 

vate it 96-616 n n 193 



». «VA**» 

IABcM »•* *f*«• ^ r» o# ror* ro t* »«*••■• 
rrTotiftn-» »•*•»«*» »äo«ww 

VMM II»- 

/0 
too 
too 
*00 

¿o 
IM 
>00 
*00 

M> ML*m* 

H.««* f ' T*‘. 

VIP __ _Mx«—*«t t* M»* 

¿^4 s»« r>«**« Jit- 
tot 

Nominal 
Hydroi«n 

200 
200 
200 
100 
600 

Uaaotchad S<r>»«-KMy«a»» T«M* U»iai 
0. I2>-Ia. HoaaO SampU» 

Annli.d Str... Roptur. 
“-% oí Ultim»t« Tim«, 

T«n»tla Stranjth Ko^^, 

165, 600 
162, 100 
162, iOO 
145, 600 
154, 400 

99 
97 
97 
99 
99 

J05.6<,> 
255.6<*) 
Jll.tl*) 
250.9^ 

1.5 

Cxtanalon, % Cloa*a- 
B«tw«*n tioa. 

Should* r« ^ 4P 

9 

4 
9 

11 

11 
6 
7 

12 

17 

Reduction 
in Ar**, 

%_ 

17 

T... b.i.r. ... •'> a'*’ °* ~,',• 

--, t..„ u.u. o. 10-1.. 

Nominal 
Hrdrof 

20 
200 
100 
600 

Ultimate 
Tamil* 
Strangth, 

_EÜ_ 

140, 600 
167, 400 
147, 100 
156, 000 

0.2« 
Oftaat 

Yiald Strangth, pai 
0.01ÍT 
CMiaat 

Propor- 
tir .«al 
Limit, 

P«» 

Catanaion, « 
Batwaan 

Shoulder a 

La» T*atin| Sp**d - 0.009 /Mi» 

127, *00 
160, 500 
ll«. 000 
149, 000 

124,400 
160,200 
115, *00 
146, 000 

10«, 100 
155, 100 
112, 000 
117, 000 

100, 900 
152, 100 
106, 100 
10>, 000 

14 
12 
14 

9 

Clonga- 
ttoa, 

« ia 40 

16 
10 
I*» 
14 

¿0 141. 10° 
200 165,700 
100 145,600 
600 155,000 

Htfh Taattna Sp**d - 0.5 U./Mia 

12 
6 

11 
9 

/> 
11 
24 
16 

íled-.ction 

in Araa, 
« 

51 
17 
52 
16 

54 
16 
57 
47 

(.) Brok, on gaga mark; <bl B: ok. outa.da gag. mark 

Note h-Br nd Impact Trata Uatng Micro Sample 

Nominal Hydrogen 

20 
20 

200 
100 
600 

Kn.rgy Ahaorbad, in-lb 
At irr At -46T 

61 
1« 

9 
14 
1» 

11 
18 

5 
9 
8 

Concillaron 

Teeting waa not completad; alow-atrain 
embrittlement 400-600 ppm; impact 
embrittlement at 200 ppm 

194 WtDC TR 54-A16 Pt I» 



ternis *»• tLt* »r* ro 
at rmmAT«o 

irtriff a* fi ALA+n 

VMM < »*-■< I—<|_ 
_J I M m i 

mh>v«« cvSS 55 

it 
Itt 
100 

it no w« rig«r» iic 

itt 
itt ut 

Nominal 
Hydrogan 

20 
2t 

100 
100 
100 

U^mtlrnd ttraaa-HiiHura Taaf *laM>g 0.12>-Ia. Koood Sampla» 

Apollad Strata_ 
^ % of Ultimata 

Pal Taaaila Straajth 

Rapt..« CjrtaaaioM, % donga* 
Tima, Batanan tl on. 
hoar a Shoaldara % la OP 

157,000 T7 
54,400 95 

1*1,400 99 
159,000 9t 
158.000 97 

5.8 11 
JU.0<*) 4 

5.2 9 
2*2.8U) * 
2*0.7<*) 4 

20 
10 
--<fl 

9 
5 

Reduction 

la Araa, 
« 

45 

14 

(a) Teat dlacontinuad bciora {allure; (b) Broke outalde gaga mark; (c) Broke on gaga mark. 

Uanotched Tanalla TaaM Ualag 0.125-Ia. Round Samplaa 

Ultimata 
Tanalla 

Nominal Strength, 
Hydrogen f 1 

Proper* 
▼laid Strength, pal tional 

TTS*-0.1% 0.01¾ Limit. 
Qffaet Ollaat Otiaat pal 

Calanaion, % 
Between 

Shoaldara 

Lra Teetlag Spaed - 0.005 la. /kiln 

20 1*2,500 
100 1*5,000 
200 149,500 

140,100 157,100 
145,500 128,500 
154,700 154,500 

109,200 97,200 
102,000 92,900 
117,000 108.900 

10 
9 
7 

donga* 
tlon, 

% In 4P 

14<*> 
15 
9 

Re<l». *>en 

in Araa, 
% 

40 
14 
12 

High Teetlag Spaed - 0. 5 la. /kiln 

20 157,500 
100 1*4,400 
290 152,500 

9 18 49 
9 15 1* 
9 15 17 

(a) Broke on gaga mark; (b) Broka outalde gaga mark. 

Notch-Band Impact Taata Ualng Micm Samp!« 

Energy Abeorbed, la-lh 
Nominal Hydrogen At 77 r At -40 T 

20 
100 
200 

II 
10 

9 

9 
8 
7 

Cone luaion 

Slow atraía embrittlement at 200 ppm; alloy 
brittle la impact teetlag 

WAR Tk Mr-616 Ft It 199 



ÜElï1*"— 

¿0 
20« 
>00 

vioMio.«« >|B| 
i* 00— 

2« 
200 
100 

204 
20« 

Sm rl«“r» *>«• 

Nominal 
Hydroian 

20 
200 
200 
300 
300 
300 

Unnotchad 5lr«a«-Rupn»ra Ta«» UaiwQ 0. i20-Ui. Ko—« **SEi^ 

Appliad Stra»«__ 
“ “r % of Ültimata 
Pu Tta»Ua Stranyth 

Ruptur« 
Tim«, 
hour* 

Extension, % Elonga- 
B«tw««n »ion, 

Should« r» * t** 4P- 

112,300 93 
120,000 97 
110,200 93 
117,100 97 
114,700 95 
112,300 93 

2*2.l(»> » 
64.0 >7 

2«3.«<*> • 
0.5 »7 

14.0 1° 
207.2<m> • 

Ijc) 

22 
12 
14 

Reduction 
in Ar«a, 

*_ 

43 

34 
17 

■ 
i i 
» 

U) T..I discontinuad »«for« feituras Br#k* onteid« ■«<• *•'*« »«» Brmk0 °* ***“ 

II—T«n«il« T««te Uaing 0.129-to. *—nd »— 

Nominal 
Hydrotaa 

20 
200 
300 

Ultimate 
Tonsil« 
Strength. 

120, 700 
123,000 
120 700 

Yield Strsi 
ï ST Mir 

Off est 
TJ*" 
Offsst Olfsst 

Lmm Taaung »pssd 

93,100 • 09.000 79.200 
99. 000 94. 40« 70. 400 
97,40« 92.000 02,000 

nana! 
Limit, 

Extension. % 
Between 

tteuüOosa 

0,000 In. /Min 

74,000 19 
74,700 10 
79, 000 >0 

% in 40 

30 
32 
l»w 

Rsduc tioa 
in Area, 

% 

19 
«9 
»9 

20 121,90« 
200 124,200 
300 122,200 

Hi«4 Tssttno Oooed • 0.9 In. /Mte 

19 
19 
13 

20 «• 
20 «7 
29 40 

(«) Brok« on •««• marh; 141 Br«»h« euteid« IM» "**rh 

Noti h-B«nd Impact T«»t« U»inj Micro kampl» 

En«rg 

Nominal Hydrof n 0* T7T 

En«r«y A4«or4«4. in-14 
A» -40 F 

20 
200 
300 

20 K 
22 10 
19 * 

Conclusion 

Slow «train «mhritUomen» at 300 ppmj 
prograaaien laa« of impact properties 

WtDC t* 54-616 Pt 17 196 



M 
l— 

M 
lOê 

M» 
Mt 

Sm rtf«r« 21« 

Nominal 
Hydrotoa 

20 
200 
200 
200 
400 
400 
400 

4M 

U—o«clm4 troaa-Roptoro Toata I2>-Ia. KooM Oamplo« 

Appliad Stroaa Raptor« 
- »o/ÜWmat. Tim«, 
Pal Taaaila Str«aaOi hoar a 

Ijrtoaaioo, % Eloofa- 
Botwooa doa, 

Shoaldara % ia 4P 

1)4,400 9) 
149,900 47 
144,400 97 
143,4M 9) 
154,300 99 
IS), 000 97 
ISO, 000 9S 

20).4<*> 2 
2.5 4 

74.0 7 
20). 7<*) 1 
2S1.9<*> 3 
254.0(«> 1 
)0S.7<»> 1 

Radaction 
ia Aroa. 

% 

31 
2) 

(a) Trat diacoatiaaad boforo failaro; (h) Rrofc# oataida gaf• awrk; (c) Rroha oa gaga awrk. 

Nominal 
Hydrogoa 

20 
2M 
4M 

Ultimata 
Toaailo 
Strong th. 

144. SM 
IM, 7M 
lit. 4M 

Uanatrhad Taaatlo Toata Uaing 0.12S-ln. Rnaad Samplaa 

Ttald Sti 

UMaot 

tfi 

Offaot 
m«- 
Oflaot 

Limit, 
•atoa, « 

M 
ra 

Loa Tootmg Sgoad - 0. QOS in. /Min 

129, 4M 
147,1M 
ISI. )M 

121. SM 
141. 0M 
144, 7M 

100, 2M 
12).0M 
129, SM 

IM. 2M 
I IS, 0M 
IIS, 4M 

IS 
9 
4 

% ia 4U 

24 
14 
14 

Radactioo 
in Aroa. 

% 

>4 
)0 
24 

Mgk Tooting Sgoad . 0. S In, /Mtn 

20 144, )M 
4M IK 4M 
4M 141,4M 

9 IS 42 
7 14 IS 
4 12 >4 

(a) Srafca on gaga mark; (k) Rrofca oataida gaga •mark. 

Notik-Baad Impact Trata Uat^ Muro Sampla 

Cnargy Akaorkad, in-14 
“ At .ofT _ _ Coaclwaioa 

0 Tasting oaa not complota d; ao a loa-atraia 
4 amkrtttlomant at 4M ppou impact amkrittla- 
4 maat at 2M ppm 

lomtnai wyorogaa at JJ 

20 
2M 
4M 

IS 
4 
7 

147 Wire T» Si-616 n IT 



TABLE «I« 
ALLOT 

•ESO LT* or 
AS SOLimOM 

TESTS TO 
IT TAXATED 

Hy4r<.ï«« C——», TT"»_ 
Nominal Bv AmTv*i* 

¿0 
100 
¿00 

VMW NS.ES L—O 
Hydros«« Co—1 vw 

to MS 
too 
too ÎSÎ 

StrutT«. 10 00«»» 

Sm rifv« in. 

Nominal 
Hydrogen 

¿0 
100 
200 
200 

Unnotched Streee-Suptwra Teef Uelap 0.12S-1«. So—d Single» 

Applied Streee_ 
% ol Ultimate 

Pei Teaelle Strength 

Rupture 
Time, 
hour* 

Extension, * Elon«a- 
Betweea Ho«*, 

Shoulder# % 1* SP 

14), 600 9J 
141,000 97 
14), 200 9) 
140,200 91 

2S).6<*> 9 
40. S 1 
0.4 1 
0.6 1 

Reduction 
la Area, 

%_ 

7 
1 
I 

(a) Test discontinued before latiure; (b) Broke outside gas* »«rk; (c) Broke on gage mark 

Nominal 
HrdrojOa 

20 
100 
200 

Ultimate 
Tensile 
Streaglk, 

r* 

IM. 400 
I4S, »00 
IM. 000 

Usnatched Teaelle Teat# Using 0.12S-la. Bound Sample# 

Yield Strength. Mi 
XH-à.tlW 
Offset Off#et Off—» 

Lour Te#ting Spaed 

Proper* 
taonal Enteaeion, % 

Between 
Shoulders 

0. OSS In. /Min 

1)1.900 
110,200 
141. S00 

HO, 100 
i 00. 700 
1)0,000 

97, 100 
OS. 700 

100, SO'' 

90,200 
01,200 
07 70S 

11 
6 
) 

Man, 
» k#«P 

,,|h) 

«1» 
4(9) 

Reduction 
ia Area, 

% 

2) 
24 

0 

20 IS). 700 
100 160,)00 
200 ISO, 700 

High Teetma Speed - 0. S la. /Min 

II 
6 
0 

10 
i**> 
14 

29 
22 
2) 

(a) Broke on gage mark; (b) Brok# oute »de gage mark. 

Notch-Bend Impact Tests Uetna Micro Sample* 

Energy Ah#orbed, ia-lh 

Nominal Hydrogen *» 77 » M 

20 
100 
200 

12 
7 

11 

7 
6 
» 

__Conclu#!— 

Slow «train ombrittlem—t at 100 ppmt alloy 
brittle ia impact tatting 

VADC T* S6-616 ft 17 190 



IA»LM H* MM)4.V» O# 
A» HAAtUl AD 

icS*1 

VWW 11»-«« 

2« 
200 

20 
200 

—a» rm t* m* alxj~v 

mMiiagiM»11 

_oo——. t9rr~ 

W« f ifitr« J •• 

Nominal 
Hydroicn 

200 

UaaotchaO Straaa-Rnptnra TaaU Oainj 0. I2>-In. Konad Samplo« 

Appliad Strata_ Ruptur« 
% o/ Ultimat* Tim«, 

Pai T«n«il« Str«njth lumr » 

Extanaion, % Elonga- 
B«tw««n tion, 

Should« r a * i« <P 

12«, 700 07 62.6 14 26 

Radurtion 

in Araa, 
% 

44 

(a> T.at diacontinuad baiora iailura; (b) Broka ouUid« gaga mark; (c) Brok« <m gag« mark 

Onnotckad Tanaila TaaU Uaina 0.12>-ln. Round SampU» 

Ultimat« 

Tanaila 
Nominal Strangtk, 

Hadrogaa P«t 

Tiald Strangtk. pai 
tu-6i? s.-m 
Otfaat Otlaat Otlaat 

Propor - 

tianal 
Limit, 

_ 

Extanaion, % 
Batwaen 

Shouldara 

Lma laating Spaad - 0.00S In. /Min 

20 I >0, 000 
200 1)2,700 

112,700 100,200 
115,000 116,400 

04. 400 «5. 400 
10«. 500 0«, 700 

14 

17 

Elm^a* 
tion, 

% in 4P 

)2 
¿7 

Reduction 

in Araa, 
% 

4« 
46 

20 ¡’4.700 
200 1)),600 

High Taaltaa »—d - a. * in. /«am 

15 

14 

27 54 
26 4« 

(a) Broka oa gag« mark; (b) Broka outaida gaga mark. 

Notch.B«nd Impact Taat» Uamg Micro San.,’» 

Enaray Ak«jraad, in-lk 

Nominal Hydrogan At 77 T At -40 

20 )2 1) 
200 10 • 

_Concluaion 

1 «ating not complatad; no alow atraia amkrittla- 
mait at 200 ppm; impact amknttlamont at 
200 ppm 

E 

W*DC TR 54-616 K n 149 



{AM LJ. 141 ft EAU LT* 09 Tl 
AM »TA»» LJÍ ED 

H) iff» c«My« ff** 
Nom UM 1 ■, 4m»I; 

_VMW I Ift-ftft I —ft| 
TRB 

40 
400 
)00 

40 
400 
400 

nr ras t> alâjoi 

_ ttrmtm*". 40 »y— 

Em r»gmr» 41*. 

Nominal 
Hydrofn 

40 
¿00 
100 

Unnotclfd 5tro»»-R««»f ro To.t. U»iM 0.14>-ln. Rowt SAmgUj 

Appliad Stroa*_ 
^ % of Ultimou 

Pa: Tantila Stronit* 

Rupture 
Timo, 
hour* 

110,400 « 
110, 000 97 
118,000 TS 

IOS.6 
Z9. i 

418.3 

Entono ion, % Elongo- 
Botwoon tion, 

Shouldoro % i* 40 

nr 
17 
1S 

..(«) 
--(O 
16 

Roduction 
in Aro«, 

%_ 

51 
48 
¿4 

U) Tool diacontinuod boforo toUuro; (b) Brok. out.ido m«rk; 40 Brok. on .«go mark 

U anote hod Tonoilo Toot« Uoinft 0.14S-U. Bound Samploo 

Ultimato 
Tonoilo 

Nominal Stronftth, 

Hydro»« a P** 

Tiold Strongth, poi 
m-6 If 6.5TT 
Otlooi OMoot Otfool 

Propor* 
bottai 
Limit, 

_£Î1- 

Eatanoion, 16 
Botwoon 

Shouldoro 

Low TaotlM Spood - 0.005 In. /Min 

40 144,400 
400 141,700 
100 125,000 

100,800 100,100 
101,700 104,000 
106,(00 101,000 

84, 000 85, 000 
86. 500 88, 500 
88, 400 7?, 800 

20 
17 
20 

Elonga¬ 
tion, 

% la 4P 

II 
40»H 
14 

Roduction 
in Area. 

% 

54 
47 
44 

20 124,000 
200 121,800 
100 125.000 

High Toottna Spood - 0.5 In. /Mia 

15 
14 
16 

48 54 
27 48 
26 SO 

(a) Brok« on gaga mark; (b) Brok« outaido gag« ma k. 

Notch-Bond Impact Tooto Uoing Micro Samplo 

Nominal Hydro»«« 

Energy Aboorbod, in-lb 
At 77 r At -40 r 

20 
200 
100 

28 
16 
IS 

10 

8 
10 

Cone luoton 

Slow «train nmbrittlomant at 100 ppm; no impact 
ambrittlomoat 

WIK T* Î4-616 n n 200 



* 

•4J *MÊBL9»a0 .X 
Aâ »V4UMU« V» 

rv or ri *u*rt 

f 
¿00 
IM 

HH«—»« C—■■» 

M 
IM 
SM 

Noimmal 

Hyd^Qf 

Î00 
200 
100 
100 

Upc .c M4 >t>««»-K—n«f T«»U U»i— 0. I2I-L». H—M »—H«« 

Applied $••••• Raptare 
--irZTuTtt •(«•te Time, 
Fel Teaeile Rtreaptli Mare 

Extern toa, % Eloaf a- 
Retweea ttoa, 

SRoalder» H ta 4P 

110,400 07 
114,000 95 
110,500 95 
117,000 94 

Oa isadiag 
29.9 
20.0 
10. 2 

14 
10 
13 
13 

._U> 

..(c) 

24 
19 

Reductioa 
ta Area, 

% 

40 
4J 
32 
20 

(a) Te»« discontinued before failure; (b) Broke outside gape mark; (c) Broke oa gage mark. 

Unootched Tea»ile Te»t» ? 125-la. Round Sample» 

Ne minai 
Hydrogen 

20 
200 
300 

Ultimate 
Tensile 
Strength, 

—E.*i . 

124, 900 
122,100 
122, 400 

Propor- 
Yield StreMth, p»i _ tioaal Extension, % 

0. 2¾ 571% Ó. 01% Limit, Between 
Offast Offset Offaet pei Shoulders 

Low Teettag Speed - 0.005 la. /Mia 

99,700 94,400 07,400 92,400 15 
101,300 94,400 04,900 42,000 1 4 
102,500 90,400 09,9M 42,200 1 4 

Eloaga- 
ttea, 

% ta 4P 

24 
24 
24 

Reduction 
ta Area, 

% 

41 
45 
42 

20 124,200 
200 124, 400 
300 124,500 

High Testing Speed - 0 5 la./ldta 

15 24 44 
14 24 44 
14 29 44 

(a) Broke on gags mark; (b) Broke outside gage mark. 

Notch-Bend Impact Tests Using Micro Sample 

Nominal Hydr^0,l> 
Energy Absorbed, ta-lb 

At'TTr— Th-ur 

20 
200 
300 

24 
33 
<6 

II 
9 
9 

Conclusion 

Slow - strain embrittlement at 300 ppm; no impact 
embrittlement 

VttDC TR 54-416 n IT 201 



tA»LM Ht ãMÊttLTê or n 
A» »TAMiLUKB 

. JT» <C« A - *■*»• 

T 

io 
too 
J 00 

JO M» 
J00 
100 

Sm JJ* 

Nominal 
Hydrotan 

20 
20 

200 
200 
)00 

O—otclmd OHW-HTW Taata Oaina 0.12>-In. Roond 0*^y*«* 

Apollad Otraaa_ 
% of Ultimata 

Pat Tanaila Otraagth 

R optara 
Tima, 
hoora 

Estaña loo, % 
Batwaan 

SBooldara 

107,100 O» 
104,000 5J 
100,500 55 
100,200 9) 
101,900 9J 

J9.4 >5 
202.0<»> • 

i. 7 1* 
50.) 15 

250.5^ 10 

E longa- 
ft on, 

% In 4P 

..(c) 

It 
..(c) 

20 
14 

Radwctioa 
in Araa, 

%__ 

54 

52 
50 

U) Ta.» diacontlnuad bafor. fallu».; (b) Brok. out.id. gaga mark; (c) Broka on gaga mark. 

Unnotchad Tanaila Taata Ualag 0.125-la. Round Samplaa 

Nominal 
Hydrogan 

Ultimata 
Tanaila 
Strang tk, “O* 

Offaat 

Tin Id Strayth. pat 
TT 
Offaat 

on- 
Offaat 

Propor¬ 
tional 
Limit, 

F.»J— 

Extanaion, % 
Batwaan 

Skouldara 

Low Totting Spa ad - 0. 005 In. /Min 

20 112,000 
200 114,200 
)00 109,400 

92. 200 07. )00 
09, 400 04, )00 
02, 000 74, 400 

71,500 42,200 
44,400 41,200 
4), 000 57, 000 

10 
19 
17 

Elonga¬ 
tion, 

» in 4P 

20(5) 
)5 
25 

Raduction 
in Araa, 

% 

51 
5) 
55 

20 115,100 
200 11),500 
)00 112,000 

High Tatting Spaad - 0 5 In. /Min 

1) 
17 
15 

24 
29 
29 

50 
54 
57 

(a) Broka on gaga 

Notch-Band Impact 

Nominal Hydrogan 

mark; (b) Broka out aida gaga mark. 

Taata Uaing Micro Sample 

Enarg) Abaorbad. in-lb 
Atlir’ Àt -4ÔT 

20 
20G 
)00 

21 
I) 
10 

12 
9 
0 

_Concluaion 

Tatting waa not complatad; no alow-atrain 
ambrittlamant or impact ambrittlamant 

at )00 ppm 

aoe Vi DC Tk 54-416 n IV 



4.f» irr»iff a» na t» 

*i»» «a»! 

f 
Í+> 

rr^iyyaa. 
jsjc. 

<• 
4M 

ta* F if «r* I». 
It* 

NoriímI 
Hydrogan 

20 
20 

200 

U^oUlwd »tr«>»-RM»nw T>»t» U»iaj 0.12>»1«. Ro—d Samyia» 

_Appiiad Su«.«_ Ruptur« 
% «/ Ultimata Tim«, 

P»i T«—U« Rtr«agUi Iwr« 

Cataaaion, % Clo*g*> 
B«tw««o t»oo, 

Sfcowtdr« % i« 4P 

196, 100 90 
194,700 97 
14«, 000 99 

241.9<*> 6 9 
261.0<*> 0 II 
297.4<») — 7 

Raduclio« 
la Ar«a, 

% 

(•) Tctt di (continued bafor* teilura; (b) Brok« outaid« gag« mark; (c) Brok« on gaga mark. 

U anote ha d Tanaila Taata U (tag 0.129-In. Round Samplaa 

Ultimate 
Teaaile 

Nominal Strang th. 
Hydrogen P«i 

Propor* 
Yield Strength, pai tioanl 

Tit-Ó Jf V01* Umit, 
Ottaat Otfaat Off eat pai 

Fetrniion, % 
Between 

Shoulder a 

Low Taating Spaed » 0.009 In. /Mm 

20 199,900 
200 199, M0 
600 147, M0 

149, M0 146,100 
1)9,JM 121,900 
1)9.000 1)1,0M 

1)2,900 109,9M 
92, 100 M, 7M 
•9,600 il,2M 

u 
: l 

7 

Blaaga- 
ttM, 

» ln4P 

20 
!•!•) 
12 

Reduction 
in Area, 

% 

49 
91 
ia 

. 

! 
t 

t 

20 119,000 
2M 19), M0 
600 146,000 

High Tatting Spaed - 0. 9 In. /Min 

14 
9 
9 

26 6« 
•I*» 9« 

14 90 

(a) Brak« on gaga mark; (b) Broke outaid« gaga mark. 

Notch-Band Impact T««t« Ueing Micro Sample 

Nominal Hydrogen 

Cnarav Abaorbad. in* lb 
At 11 r -'At -WT 

20 
200 
600 

17 
1) 
a 

)i 
6 

II 

Conrluaion 

Taating waa not completad; alow atraia 
embrittle ma at at )00 to 600 ppm; impact 
embrittlement at 4M ppm 

WIDC Tt 96-616 H XV 20) 

7 



I TI VITT AMfMC YMK NTOVOCW 

'*•“ '" “’ïli’u'^A'K^Lun A. «um» «A» ta*.™ 
_— arr>flHfc4 muiAXÍD ALPHA 

H^rof Ç 
Nom i,o*l 

—»1. »P»" _ 
Py À—ly»»* 

¿0 
¿00 

100 

400 

_VMM f 10-KP L— 
Hydroa«» Ca—»« VBB 

¿0 

200 
300 
400 

170 
21* 

M»l»J lag *■***< 
Slrottoro. 20 gfw'. 

So« rigur* 22c 

Nominal 
Hydrogan 

20 
20 

200 
200 
400 

Unnotchod Stroaa-Ruptura ToaU 
n«i»y 0.12S-Í» Round SampUa 

Annliad Stroa* 
-»o/ültimatT^ 

Tanail« Strongth 

Ruptur« 
Tim«, 
bour» 

117, 100 
114, 000 
111, 700 
1 1 1, 200 
111, 100 

9» 
93 
95 
91 
95 

2S7.5<*> 
262.7<*> 

4.0 
251. 3<*) 

1.9 

Cxtoaaio», % 
B«twe«a 

Should« r« 

0 
s 
» 

5 
4 

Elonga- 
tio», 

* i» *o 

12 

Roduction 
in Aroa, 

« 

45 

7 

(a) Tr»« di«co»ti»u«d b«ior« 
fatlur«; W »roh. out.id« gag- mark; <«> B'«— - «•«• — 

f^teh.d TonaMa T,.»« U.i»g 0. 

Ultunat« 
T«»ail« 

Nominal S»r*»*th, 
Hydro««« _ 

20 123,900 
¿00 119,700 
100 140,000 
400 140,100 

Y told Otro 
OTT 
Offaot 

TTT 
Ottaoi 

Lmo Toatfg OR—* 

77, 100 

TTT 
OtU»t 

90.000 
99,200 

113.000 
111.900 

91, 100 
91, 300 

104.000 
90. 300 

02. MH» 
00.400 
77, 100 

0 005 I». /Ui» 

00,000 1« 
TO, 000 1* 
70.000 H 
00,200 I* 

% Eloaga- 

ttM. 
» f 4P 

14 
11 

Roduc uoo 
ia Aroa, 

% 

51 
49 
22 
32 

¿0 123,000 
200 123,000 
100 141.000 
400 142,20** 

Htah To«ttag *0—4 - 0.5 U. IUkm 

14 
11 
12 
10 

20 47 
12**» 45 
22 >4 
10 37 

(a) Brok« on gag« irarh; (0) Brok« o««id» 0*0* 

Impact T««t« Uaif Micro Sampl« 

Nominal Hydrogo» 

En«r«y Ah»orhod. l»-jk 
\rrrr '¿».mt 

20 
100 
100 
400 

24 
12 
10 

11 
0 
b 

_Conclu»»«»__ 

Slow «irnin «mkrltUom«»» •* 300; Imfac* 

brltUamont nt 200 

204 ViK Tt 54-016 n 17 



*AMLM IM mmrrn r» or T«»T* TO OCT&AMMC TUS M tuAoCSM ***Tr*rM 
or TMS Tw<M»-^* 4C> Ai-ICT Aj fTABUJSSO MSOUM 

AaCVLAS ALFMA 

20 
200 
MM 
400 

VMM t IS-— i<—<1 
ym 

20 
200 
M0 
«00 

200 
2M 

M«MJl«Sra^tu( 
Urmt-f. t0 P*" 

T'tff»'* ii4 

Nominal 
Hydrognn 

20 
200 
200 
)00 
400 
400 

U-o«clm4 Stro.-lU»««" To.t* U.iM 0.1»-*- SomfU. 

Aooliod Straf 
-" í o/ Ultimólo 
Pai TanoUo SUonjth 

Ruptura Cutanatoo, % 
Tima, Borooou 
koura SkoulOora 

04,000 TJ 
102,000 ** 
00,500 50 

101,700 »3 
10), 500 55 
101,460 5) 

100.4 1* 
41.1 »7 

0. 1 !• 
47.1 H 

on loading 11 
0 2 • 

donga* 
lion, 

* in 4P 

24 
22 
)2 
13(b> 

.» 
«(b) 

Raduction 
in Araa, 

«_ 

40 
18 
50 
20 

)S 
1) 

(a) Taat diacoatiauad bulara lailura; (b) Braba autaida saga 
Mrk; (c) Braba oa gaga mark 

Naaalaal 
Mjdragaa 

20 
200 
M0 
400 

Ultunau 
Taaaila 
Otraagtb, 

107.400 
110, 500 
100.400 
100,000 

Uauatrbad Taaaila TaaM Oatao 0.125-M. Bauad Oamglaa 

r‘, t,y 

Otfaat OMaat Ottaat 

Propor 
Eutanaioa, % 

Bafaaaa 
Obauldara 

00,000 
70,700 
g), M0 
02,400 

l^.Taattaagpaad. 0.000 M./Mia 

75,400 
7),400 
75.200 
76,000 

66.200 
60,700 
5),600 
50.000 

60,600 
56,000 
45,200 
51.000 

17 
17 
15 
I) 

E langa- 
Uaa, 

»la«C 

2,1b) 

2g 
25 
,g(b) 

Radurtien 
in Araa. 

% 

40 
4) 
U 
27 

20 100,500 
200 110,500 
M0 110.000 
400 110.000 

Hiab Taatiag Opaad -^,) M./Mia 

15 
17 
14 
I) 

26 
II 
2) 
26 

42 
5» 

45 
41 

fa) Braba «a gaga aiarh; (b. Braba autaida gaga mark. 

Netcb-Band Imanai Taata Uatag Micra Sampla 

Namiaal Hydragaa 

Eaargy Abaarbad. ia-lb 
At Vr A«-MT 

20 
200 
M0 
400 

)) 
U 
)> 

42 
M 
2« 
20 

_Cane luaian __ 

glow atraía ambrin!amant at 400 ppm. an Impact 

ambrittlamaal 

WSIC V 56-616 R H »5 

Jt 



1A»L* <*’ at »ci r% «i# ruf» tv o«r «»»•*« nm 
ijt f»ta T»- iM*- <t* ■ *c* ALtuyy a* •*>*. vtio* 
MtmUM ACIC CUAB ALf’HA 

T ri 

MiTrtirr 
larto 

HHfgAaC 
NomtAAl £ 

ywnilT-U laUI 

M^Jroaf VÎ03 

¿U 
¿00 

)00 

400 

¿0 
<00 *1’ 
MO 
400 

MMaitagMO^w 

—r«c—*«■ «•i»* 

S«« Ftgmr» «• 

Nominal 
Hydrogan 

20 
200 
200 
100 
400 
100 

ünnotchad Stra.«-Ku»H.ra T.ata U.lag 0. U»-ü» S«m|>la. 

Appliad Stra»» 
‘ 1-1 % of Ultimate 

p»i Tanaila >tr—U> 

Ruptura 
Time, 
hour* 

115,000 
13),900 
131, 000 
117, 400 
126, 500 
126, 530 

9) 
93 
93 
97 
95 
95 

262. O**» 
65. 7 

262. 2<»> 
296 9 
52.0 
10 7 

Extaoaion, % E longa- 
Batwaan tioa, 

Shoulder» % ia 40 

9 
4 

1) 
e 
8 

li 
16 

5 

12 

Reduction 
in Araa, 

» 

23 

21 
12 
17 

U, Tr»t di.cont.nuad balor. ia.lura; (b) Brok. out.id. gaga mark; <c> Brok. on gaga mark. 

UnnoUhed Tau.lla Taaf U»fd 0. U3-la. Round »amgla. 

Nominal 
Hydrogen 

20 

200 
)00 

400 

Ultimata 
Ten.ite 
Strength, 

_£!i- 

124, 300 
14C.900 
121,000 
1)3,200 

Yield Strength. p»i 
1TT%-6 1% ó.óiT 
CMUet Oft.at OMaat 

Propor¬ 
tional 
Limit, 

Ell- 

Eaten.ion, % 
Between 

Shoulder. 

•4b, 200 
109, 500 
•*, 000 

102, 500 

Low Te.ting Speed - 0. 0» I*. /***" 

90,200 SO. 700 76. «00 
99.600 61,700 7 6,000 
77.600 57,300 32, 300 
93,000 76.000 65,600 

14 
II 
16 
1) 

Elonga¬ 
tion, 

» to 4P 

<o<*) 
I7U) 

16 
13 

Reduction 
in Area, 

% 

36 
26 
36 
2k 

20 125,300 
¿00 14),600 
)00 HI, 400 
400 1 33, 300 

High Te.ting Speed - 0.3 to./Min 

1) 
6 

16 
11 

23 
16 
M 
16 

34 
)0 
37 
39 

(•) Broke on gaga mark; (b) Broke out.ida gaga mark 

M*»ir h - Bend Impact Tret. U.inff Micro Sample 

Nominal Hydrogen 

Energy Ab.orbed, in-lb 
At M r1-At "hTT 

20 
200 
300 
400 

40 
24 
40 
25 

16 
11 
18 
11 

_Conclu.ion 

Slow »trato embrittlement at 400 ppm; no impact 

embrittlement 

WADC TR 54-616 Pt TV 206 



t» 
D 

t tmg *»• » «Cf Ai-CC.« A4 «UC « 
AOCWLAA AL#t«A 

<• 
Itu 
200 

VMM 110.«« 
Urir-AA 

20 
100 
200 

20T 

114 

M«M llAt«A>A»f 

Mn»»»««. 2J AP«r- 

S*« ngwr« 221 

Nomlaal 
Hydrofa 

20 
100 
200 

0aaotcA»4 Strf-Ruytur» Ta«!« U«tAg 0.12>-Ia. XoaaO SawiaI«« 

Applied Sfr««» Ruptur« 
% of UltlinAt« Tin»*, 

P»i T«m«U« Str«m;th hour« 

Extension, % E1 onf■ - 
R«tw««n tloB, 

ShouldA r a % in 40 

122,400 9Í 

1M,500 95 
121,200 93 

244. I*** T 10 
124.0 4 12 

0.2 1 1 

Reduction 
in Are«, 

% 

24 
2 

(a) Teat diecontiaued before tellure; (b) Brok« ouUide gage merk; (cl Broke oa gage mark. 

Nominal 
Hydrogen 

20 
100 
>04 

UltimaM 
ToaailA 
Strength, 

f?*.- 

Unnotrhed Tenelle Teete Ueing 0,125-In. Round Sample« 

Propor« 
Yield Strength, pel tional 

0. hk 0. 6.01% Limit, 
Off «et Off «et Off eut pel 

Cateneion, 
Between 

Shoulder« 

Lew Teeting Speed - 0. 405 In. /Min 

« 

1)1,400 9),400 
14),700 107,400 
1)0,400 95,400 

44,100 72,200 
9),900 74,400 
44.700 7),400 

47,700 4 
47,700 9 
49,400 ) 

elonga¬ 
tion, 

« in 40 

I2<*> 
14 
4(h) 

Reduction 
in Area, 

% 

15 
)4 
4 

High Teeting Speed - 0. 5 la. /Mia 

20 1)),400 
100 145,100 
200 1)7,500 

9 14 22 
4 14 )7 
4 4 4 

(a) Broke on gage mark; (b) Broke outaide gage mark. 

Notch-Bend Impact Teete being Micro Sample 

Nominal Hydrogen 
Energy Abaorbed, in-lb 

Xt Hr- At --4» t 

20 
too 
200 

44 
10 
9 

15 
4 
7 

Conclusion 

Slow atraia embrittlement at 200 ppm, Impact 
embrittlement at 100 ppm 

WiDC T* 54-614 Ft IT 207 



T amlÆ >r» 

Mfér 

13 
100 

600 

»00 

¥WK IIO-Mã 
U*mt» 

Nominal 
HyJrogon 

10 
100 
100 
100 
600 
600 
>00 

10 

10 
100 
600 
000 

rtfwro !>• 

U—oic6o0 Stm-Km**" T««U U»t— 0- ^ 

Applied Stras« 
-^ %al Ultimata 
Pai Taaalla Straith 

1 34, >00 
145, »00 
141, »00 
1 », 500 
144, »00 
141,100 
146, 300 

93 
97 
95 
9» 
95 
9» 
95 

Rapture 
Tim«, 
hoar» 

260. 7*a> 
1. 1 

103. » 
240.7<*> 

1. 1 
15.0 
20. > 

Cstoasloa, % 
Botara« a 

1 
4 
5 
» 
7 
> 

10 

Eloafa- 
tioa, 

» ta w 

3 
„(k> 

17 

Î<*> 
16 
14 

Raductioa 
ta Ar«a, 

%_ 

47 

43 
44 
41 

(a) T..« di»coatlau«d b«lor. failur«; (h) Broha oaUtO« IM« «•rk; (c) »roh« ou gag* 

U anote had T«a«U« T««t« Oalag 0. H4-»a. Roaad 

Nominal 
Hrdfo>«a 

10 
100 
600 
>00 

10 
100 
600 
•00 

Ultimate 
T«a»il« 
Strength, 

rí— 

145, 000 
150,100 
151,900 
154, 000 

144,600 
150, MO 
151,000 
154, MO 

Yield Sirena th. p«i 

117, IM 
151, IM 
131. OM 
IM, 0M 

Proper- 
ttoaal 
Limit, 

—KL- 

Loa Ta«tiaa Sp«ed Li 

114, 3M 
130, 0M 
117, 3M 
133, 0M 

US, 4M 
110, 0M 
IM, 4M 
110,0M 

H.ah T««ttaa Spood 

123, IM 
100,500 
90,400 
47, 4M 

0.5 to./Mia 

Eatoasioa, % 
Bettrooa 

ShoaMar« 

• 
10 
4 

10 

7 
4 
4 

10 

%im4D 

13 
IT 
13 
I« 

1«U) 

17 
g(a) 

20 

Redaction 
la Area, 

% 

42 
45 

41 
45 
49 
50 

(a) Broke on gage mark; (h) Brok« outaide gage mark. 

Notch-Bead Impact Teete U»iag Micro Sample 

Eneriy Absorbed, ia-lb 

AtTTT ' Nominal Hydrogen 

20 
200 
600 
•00 

34 
32 
33 
2S 

'At -UTT 

30 
26 
2« 
20 

Coaclaeioa 

No embrittlement obeerrod through 

UiDC tt 54-616 Pt IT 208 



o* r«B r. «Ai •* «* aocmoa MB«r I a«.-* 1 
AMASSO AJ^MA 

VWM (IS- iS l< 
— ti rtm 

iO 
109 

MO 
$00 

1$ 
too 
ooo 
$00 

rifyr* <10 

Wn«Tit—l 
Hydrog«» 

20 
20C 
200 
600 
•00 

U—tclwS tr«»-RMSW T«>U 0>U>j 0.12S-I«. Sowd 

Appliatl StrtBB Ruptura 
% oí Ultimmta Tima, 

F»t Ta»»U« Str<t*l» hör« 

Extaaaiaa, % C tonga- 
Batataam Horn, 

SkouUara % ia 40 

1)4,400 9 J 
143,50C 47 
137.500 5) 
1 34, *00 47 
146.500 97 

259.2^ 
2*2. 5U| 
266. 4<*> 
22.2 

0.« 

2 

11 
12 

2 
4 
1 

ia 
ia 

Reduction 
la Arca, 

% 

4« 
53 

(a) Teat dtacontiaued before fallare; (b) Broke oauide gafe mark; (c) Broke oa gage mark. 

Nemiael 
Hydrogea 

20 
200 
600 
•00 

Ultímate 
Teaaile 
Streagtb 

T*i 

144, 500 
147,900 
144, 100 
151,000 

Uaaouhed TeaaUe Tóete Ueiag 0.125-la. Soaad •emplee 

Propor• 
Tleld ttreagtb. pal tioaal Cateaeloa, % 

0.2% 0.1» 0.01% Limit, Betweea 
Offaet Offaet Offeet pal Rboaldere 

Lear TeatlM »Peod - 0.005 la. /Mía 

9 
1)4,300 134,100 124,500 121, M0 • 
117,300 113,100 9«, MO 04,900 10 
IM, OM 134, MO 124, OM 114, OM II 

Cleaga- 
tloa, 

% «a 4P 

14 
14 
,,(b) 

14 

Reduction 
ta Area, 

% 

41 
44 

52 
13 

Htgk Tootfaw Opeed - 0.5 la. /Mia 

20 143, MO 
2M 154,7M 
4M 140, MO 
OM 152, MO 

7 15 50 
• 14 49 

10 19 50 
11 21 54 

(a) Broke oa gage ma' t * Broke eatalde gage mark. 

Notch-Bead Impact a Ueiag blicro Sample 

Energy Abeorbed. ta-lb 
Nominal Hydrogea At 77 T At -40 F Coaclueioa 

20 
200 
400 
000 

26 2' Both alo« atraia and Impact embrittlement at 
20 24 0M ppm 
26 24 
12 12 

U«DC T* 54-616 ft IT 209 



Ml 
min i ra or TttT* rc ocvkamm rm wti*«'«»* 

or TMS Tl-«Ai tV A* tOCVriOM MAAT T«AaTEO AM0 
AGKO riMI COUIAXSO Al^K* 

M.rtlroi«« Co—1. — 

¿C 
¿i>0 

400 

H*d 
VHW UO-Ka L—4> 

yd ro^«« CoaMB* TUB 

¿0 
¿00 
400 

>4«»Ailo»rAp>ir 
*tr»€fr». it ff»w 

S*« figure ZJc 

Nominal 
Hydrogar 

20 
200 
200 
200 
400 
400 

Unnotchad Stf aa-R«»plur< Taata Uaing 0- 12>-In. Rownd Snmpla» 

Apollad Straaa_ 
^ % of Ultimata 

Tanalla Strangth 

142,000 
153,000 ’7 
156,000 
146, 700 
154,200 ’7 
151,100 

Ruptura 
Tima, 
hour» 

263.0<a> 
9.7 

189. 1 
257. 4(»* 

9. 1 
41. 1 

Extanalon, % Elonga- 
Batwaan tioo, 

Shoulda r » * ^ 4P 

3 
8 
8 
2 
6 
3 

Kaduction 
in Araa, 

«__ 

37 
38 

19 
34 

(4) Tai« dlacoutlnuad balo 
ra lailura; (b) Broka outalda gaga mark; <c) Brofca on gaga mark. 

Uanotckad Tanalla Taata Ualng 0. U9-U. Bound kamgta^ 

Ultimata 
Tanalla 

Nominal Straagtk. 

Hrdrogaa P»* _ 

20 1 52.700 
200 157,800 
400 159,000 

Tlald Stranatk. pal 
XU-ft. 1% Ó.ÒT» 
Ollaat Otlaat Ottft 

Lour Taatina »paad 

143,500 142,200 133.700 
140,000 144,000 124.000 

Propor. 
tional 
Limit, 

rv— 

Catanaion, % 
Batwaon 

SkouMara 

0, 005 In. /Min 

• • # 
119,900 • 
117,000 * 

C longa* 

»tnOP 

IO»*» 

14 
12 

Radoc tier 
in Araa, 

%_ 

JS 
39 
13 

20 143.300 
200 1 59, 400 
400 149.000 

Hiak Taatina Spaad . 0.5 In. /Mia 

8 
8 
4 

15 42 
14 «* 
12 «* 

U) Broka on gaga mark; (b) Broka outaida gaga mark. 

Notch-Band Impact Taata llamg Micro Sample 

Nominal Hydrogen 

Enargy Abaorbad. m-lb 
Àt Vf At -40 f 

20 
200 
400 

32 >0 
26 ¿4 
24 »i 

Conclua loti 

Taating not com plat ad; no ambrittlamant obaarvad 

at 400 ppm 

UADC TB 52.-d.14 Pt H 210 



TA*U IM mmmLnar rtrrs iumtvamm rm •rromatMm mtmt intri 
V9 rm. r>-4Ai-«v *xxo* *» »j*muum.d ccuumc aocvuui 
ALPHA 

HrArog« 
NomLAAl 

¿0 
¿00 

600 

VHN <10 »A 
CÃ*«*«« TWf Hy^roira 

20 
200 
600 

ft<«ull«fra^luc 
Strt^W. 10 f»w» 

S** Figur« ¿M 

Nominal 
H%‘drogen 

20 
200 
200 
600 
600 

Unnotchnd Str«««-Ruptur« T««U Uatnj 0. i26.1n. Ronnd Sampl«» 

Applied Str«««_ 
^ % oí ültimau 

p«i T«n«il« Str«njtl> 

Rupture 
Tim«, 
hour« 

132,000 95 ‘Ï * 
143, 50 0 97 i- 3 
140,600 9 5 32.3 
143,100 9 5 1 90.9 
143,100 95 1«. 5 

Extension, % Elonga- 
B«tw««n tion. 

Should« r« % in 6P 

6 
5 
r 

6 
6 

..(c) 

6(0 
12 
..(b> 

9 

Reduction 

in Area, 
% 

23 
2S 
29 
1« 
18 

(a) T..t discontinuad b«(or« UUur«; (h) »roh« outaide gag« •»•»‘«l («> »rok* •“ «*«• 

Unnot« h«il T«n«iU T««f UtUâ 0. U>-U. Round Sampl«« 

Nominal 
Hydrog«n 

20 
200 
600 

Ultimata 
T«n«il« 
Stranglh, 

139.000 
140. 000 
150, 600 

TTEK 
0((««t 

Twld Str«n^th. p«> 

L— T««ttna S#»«d - 

Extaaetan, % 
»«t««««n 

Should««« 

0.005 In. fUtm 

127, 100 
117, ’(H) 
1 )«. 600 

125, 000 
136. 300 
112.900 

115. 600 
12) «0C 
II). 200 

107, 000 
116, ¡00 
9Î.400 

6 
6 
7 

Eioaga- 
Mnu, 

% in OP 

12 
fl«) 

II 

Réduction 
la Area, 

% 

24 
29 
II 

20 141.000 
200 140,200 
600 149,700 

Ht^h T««ti^ Sp««d - 0. S In. /Hin 

6 
6 
6 

9<k> 27 
12 20 
12 20 ‘ 

|a) »roh« on gage marh; (h) »roh« outeid« gag« marh. 

Notth-»«nd Impact T««t« U«tng Micro Sampl« 

Nominal Hydrog»n 

Energy Ahoorhod, m-lh 
XTTTf — —At -HTT Conclusion 

20 
200 
600 

20 

20 
22 

26 Teattag «u« not computed; slow «trata «mhnttU* 
24 meat at 600 ppm; no impact «mhrittUmaat 
20 

W6DC TU 54-616 Pt n 211 



'X 

n-4AJ-4» 
aocvlaa 

Hy4r—— 
W»it—1’ 

20 
200 
«00 
•00 

VMM !»•-«■ 1^0 
HyOrw« C——* ZS. 

20 
200 
«00 
•00 

••• rifura 29« 

Nominal 
Hydroion 

20 
200 
200 
«00 

Unnotchod •trooo-Ri^W Tool« Pot— 0- »»•>»• 

Fol 

Aopliod Strooo 
PF io/m^Tu 

ToaoUr »troith 

12«, *00 9) 
194.200 *7 
131.200 
134,900 *7 

Aopturo 
Tinta, 
honra 

14. 9 

*-4 . 
29«. 2^ 

0.« 

Sstnasioo, % 
Batwaaa 

«honMara 

7 
4 
4 

11 

Eloaga- 
tion, 

» ta 4P 

4 
•«=) 
7 

11 

Raductioa 
la Area, 

% 

24 
31 

29 

(a) Taal dlacoallaaad bafora Callara; (h) Sroha oataCdo *,"k" 

tinaatehaé laaaUa Taata Ualaj •■ 129-la. Raaad •awtfla« 

Nam taal 
Hrdraoaa 

20 
200 
«00 
MO 

Ultimata 
Taaatta 
Straagth, 

199. CM 
190. 900 
141. IM 
142. MO 

TloMjMNm^ei 

Otfaat 

III.OM 
114. 2M 
121.2M 
II«. 000 

II«. 2M 
119 MO 
II«. 0M 
IO«, 0M 

IM. 9M 
101,4M 
♦4.0M 
74, IM 

102. MO 
49. IM 
M. 2M 
«'«.TM 

7 
7 
7 
4 

E« 

»la 4P 

«<k> 
14 
12 
12 

Ra4wc tioa 
ta Arta. 

« 

27 
»0 
U 
!• 

20 I92.7M 
200 1 94. 9M 
>00 Ul.0M 
MO 141.0M 

Mab TaatMy Oaaad - 0.9 la. /Mla 

10 
o 

10 

I* 30 
14 *9 
19 91 
I* 21 

(a) Oraba oa (aga mark; tbl Oraba oatalOa ••«• aMrb. 

Notch-Oaad Impact Taata Uatai Micra 9amjla 

Caaclaataa 

Uo«-(traia amhrtttlamaat at 0M ppm; ao Impact 
amhrtttlaaaaat 

400 90 * 92 
•00 94 *1 

Nom taal Hydriaa 

20 
200 

Eaarav Abaarbad, 4a-lb_ 
Âtr 

29 
29 

11 
20 

WADC TR 94-616 Tt 17 
212 



T, »LT» or rttr* romi 
or nm n^u-M alaoi 
ACMD COAM«C AOTVr A« ALPHA 

nuntP-Km 

to 
.'00 
400 

M 
¿00 
400 

>lMill«groyliir 

_tL2SZ±Jilt~ 

§•• Fifitr« 2)1 

Nominal 
Hydrogen 

20 
200 
200 
400 

Lfnnotched Str« «»-Rupture ToeU Oeing 0.125-In. Roond Samplae 

_Appllod Sir«»» Rupture 
% of Ultimate Time, 

Pel Ten«!)« Strength Imure 

120,000 05 19.0 
1)0,200 97 2).5 
1)5,400 95 )9.7 
152,000 9 5 0.7 

Extension, % 
Between 

9 
9 

10 
4 

E longa- 
tioa, 

% in 4P 

l)W 
12«») 
17 
6 

Reduction 
in Area, 

% 

)7 
)4 
14 

4 

(a) Teat dieceotinued before failure; (b) Broke outside gage mark; (c) Broke an gage mark. 

Onnotcbed Tensile Teste UetM *• 115-la. 

Nominal 
1rs 

20 
200 

1)9 500 
141,500 
140,000 

Tield Strength, pei 

Offset 

120, 700 
150,200 

TT 
Offset 

Sf^- mr 
Offset 

>r - 
kl 

Limit, 
Ente as ion, % 

Law Teettng »wood - 0,005 h, /Ma 

127,1 115, 200 

1*2, ' 
100. Of 
114, H 

12 
10 
) 

Etangs* 

«la 40 

21 
14 
» 

Reduction 
ta Area. 

« 

41 
)4 
15 

20 1)7,000 
200 147.000 
400 141. >00 

Hjgk Testing Speed - 0. 5 la. tttim 

10 
9 
) 

20 47 
14 40 

T I» 

(a) Broke on gage mark; (b) Brobe outside gage mark. 

Notch-Bend Imaact Tests Usu^ Micro asm» 

Nommai Hydrogen 

20 
200 
400 

Energy Absorbed, in.lb jrrrr-1—lxr .u t 
)4 10 
» 24 
21 2) 

Conclusion 

Testing was aet completed; alow strata embrittle« 
meal at >00 to 400 ppm; no impact embrittlement 
<20 and 200 ppm amtertal showed egaiamd rather 
than acicular alpha) 

«IDC T* 54*616 n n 
213 
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TA*LC •»* mm »ill TA <J0 TUTS TO M 
OT TMC T i -éju -I* Ai.ixn 
Al-PHA 

•rvoauoKJi KMMTnriTT 
A$ 97AHLUMD MC (MUM KUUtAJUO 

Nu«> '44^« 

¿0 
¿00 
400 

VWW (10-IU L—4) 

jfodroi»* 

¿0 

¿00 
400 

Xr« W. Tf** 

X« Figur« ¿lg 

Nominal 

¿0 
¿00 
400 
400 

ll.mot¿¡i«<l Str«»»-Cuptu 

Applied Sir«««__ 
% oí Ultimate 

Tenelle Strength 

1 ¿4, 400 95 
1¿9, ¿00 95 
1¿C, 600 95 
1¿8,600 95 

Test« Oeing 0. l¿5-ln. Round Sample« 

Rupture Cxteaeion, % 
Tim«, Between 
houre Shoulder» 

107.a 9 
on loading 10 

31.4 H 
¿5¿.¿(*> 7 

Elonga¬ 
tion, 

» in 4P 

.-<c> 
21 
..(c) 
12 

Reduction 
in Area, 

« 

45 
43 
46 

(a) Teet diecontinued before 
iailure: (hi Broke -Mid. gage —rk; (c) Broke - gag* — 

-U.. T...IU Teet. u.inc 0 I*»-«» 

Nominal 
Hydrogen 

¿9 
¿00 
400 

Ultimate 
Tenet le 
Strength, 

- 

I )0. 400 
>6.000 

115. 400 

TUf 
Off e«t 

Tie Id Strength, pei 
TH 
CM(»et OM»et 

EnMneton, % 
Between 

Lew Teettng Speed - 0.005 In. /Mm 

114,000 
122, 500 
120, ¿00 

114,000 
121,400 
110.500 

119, 200 
119, >00 
110, 900 

III. >00 
111,700 
101, 900 

10 
11 
11 

Elenga- 
tten, 

» in 4P 

10*** 
17 
I7(*> 

Reduction 
in Area. 

* 

44 
91 

Hipk Teeti-g *|—^ - 0- 9 to. /Min 

¿0 I >9, 100 
¿00 I >0, 100 
400 1 >9. 000 

10 
10 

10 

IgU* 41 
16 92 
14 « 

(a) Broke on gag. mark; (b) Broh. cut.id. gage mark. 

Notch-Bend Impact Teet» Ueing Micro Samjl« 

Energy Abeorbed, in-lb , 
At nr- 'At-ATT 

Nominal Hydrogen 

20 
200 
400 

34 
» 
35 

31 
30 
>0 

Conclu»!— 

Testing wa» not completed; no embrittlement 

observed at 400 ppm 

V»DC Th 54-616 n IV 
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» ■ Mf tr*i f t 
At. K VL.A® 

10 
100 

VMM I I0>Ka LtMtfl 
cL»*r vm **P»« 

10 
100 

Sa« rifur« IMi 

Unnofclwd Straaa-Raytura Taata Uaif 0. Il>-to. Rowwd SAmplaa 

Nominal 
Hy^rcman 

20 
20 

200 
200 

Appliad Straaa Rupture Extension, % 
% ot Ultimet« Tima, Batwaan 

Pal TanaUa Strangth hour« Shouldara 

141, S00 04 7 4 
139,400 93 ¿49. I**' 1 
125, 400 97 0. 1 2 
123,000 95 20.4 2 

Elonga¬ 
tion, 

» In 4P 

3(b) 

2 
.(c) 
2(b) 

Raduction 
in Area, 

% 

26 

16 
4 

(a) Taat diecoatiauad hafora fallara; (b) Broke ou ta ida gage mark; (c) Broke on gage mark. 

U nao te had Tanalla Tóate U aine 0.123-la. Round SampUa 

Nominal 
Hydrogen 

20 
200 

Ultimata 
Tanalla 
Strength, 

-fi— 

144.« 
129,600 

■rar 
Off eat 

130,400 
123,500 

Tield Sira 
0 
Off eat 

0.01% 
Off eat 

Eatanaion, % 
Bahaa an 

Shouldara 

Lo«a Tooting Spaed - 0. 005 In. /Mia 

136,900 
122, 300 

130, 400 
115, 000 

123,000 
100, 000 

E longa- 
tlnn, 

% la 4P 

4 
4(^) 

Redhctiof 
in Ar«a, 

% 

10 
II 

Mifck Taatmg Spaed - 0.5 la./Mia 

20 
200 

149,900 
133, 700 1(b) 

23 
14 

(a) Broke oa gaga mark; (h) Broke out a ida gaga mark. 

Notch-Band Impact Taata Uou^ Micro Sample 

Nw»».i»nl Hydrogen 

Energy Abeorted. in-lb 
AtTTr " 'At-ur 

20 
200 

26 
25 

26 
30 

Concluaion 

Slow-etrain embrittlement at 200 ppm; a» impact 
embr ttlament 

UiDC Tk 54-616 Pt IT 215 



T Afti-à I»* •MCLT« or TM T» TO MTBBMM TO* I 
(JT TMC T.-4AI-4V A1XOT AJ tTAMUUO 

ALPHA 

OM* AOCVLAA 

rfm 

¿0 
¿00 

400 

_VM» UO-Kfc Lamé) 

¿0 
¿09 
400 

VW 

t4Mkl)«frarAK 

0trm€0um. I» >f" 

Sam rtgmra ¿it 

Nominal 
Hyrf of" 

¿00 
400 
400 
400 

UiwoU-had SlratB-Attpnuf TaaU 0*1— <>• 
Roñad Sam pi«» 

Aopliad Stra»«_ 
% of Ultimata 

Taaaila Straagtli 

1J4, 500 95 
137, 700 97 
116, 300 96 
134,900 95 

Rapture 
Time, 
honre 

Catena ion, 11 Eloaga- 
Between tioo, 

Shouldere * u 40 

16. 3 6 
8 8 0 

16. 1 5 
305. 5<*) 6 

Reduction 
ia Area, 

%_ 

29 
21 
31 

U, Tee. diecontirued before failure; <h> Broke out.id. ga«. mark; |c) Broke o. .age mark. 

U anote had TeaelU TeeU Uelaa 0.125-U. RouaO Samgl^ 

Ultimate 
Teneile 

Nomme I »treagtk. 

Hydrogen T*1 

¿0 134,400 
¿00 141.500 
400 142,000 

Yield Streytk, _EÍÍ, 

Propor- 

Limit, 

ri- 

Cateaeloa, % 
Between 

Shouldere 

111,200 
116, 000 
118, 300 

Low Teetlag Speed - ¢. 00* !*• 

132.500 127,500 121,000 
134,300 120,000 111.700 
137,700 131,500 121,000 

Ctoaga- 
tioo, 

» toOP 

13 
13 
*•> 

Reduction 
ia Area, 

*_ 

26 
28 
31 

¿0 I 39. 700 
¿00 142,700 
400 144,500 

High Teetlag Speed .0.5 la./Mia 

6 
7 
6 

12 28 
13 30 
13 26 

(a) Broke on gage mark; (k) Broke outeide gage mark. 

Notch-Bead Impact TeeU Uiing Mura Sample 

Nominal Hydrogen 

20 
200 
400 

Enerar Abeorbed, in-lk 
At M r At -4Ò r 

21 20 
20 20 
¿2 22 

_Conclueioa 

Teetiag erne not completed; no embrittlement 
obeereed at 400 ppm 

216 
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r 

ALFUA 

20 
200 
>00 
400 
*00 

Nominal 
HrJroian 

20 
20 

200 
200 
>00 

By Anaiyai» EEEãE 
vww i io-Ka V: inJiof raptic 

Stroctnr«. 20 

20 
200 
>00 
400 
*00 

>17 
>22 

Figur» 24a 

U alfaie had Qtraaa-Kaytnra Taata Uatf 0.12>-In. Rooiwi Samplaa 

Appliad Straaa 
-rr io/OTtCS*' 

Pai Tanalla traagtli 

142, >00 9 5 
139, >00 93 
14*, >00 9> 
14), >00 9) 
141,20V 9> 

Ruptura 
Tima, 
hour» 

*0. 5 
2*2. ><*> 

30. 1 
2>9. *(m) 
1)4. 0 

Cstaaaioa, % 
Batwaan 

ahouldara 

11 
5 

11 
4 

12 

Eloafa- 
tioa, 

« ia 40 

19 
* 

..(c) 

7 

Reduction 
in Area, 

% 

4) 

42 

(a) Taal diacoattaued hatera teilura; (h) Broke ou la ida gafa mark; (c) Broke oa gaga mark. 

U anote had Taaaila Taata UaUm 0.12>-la Round Sairplaa 

20 
200 
MO 
400 

1M. 000 
1*4,000 
140, 700 
IM.OOO 
I »>,000 

Propar 
Tia Id Straaoth. pai 

TT*-oTC 6 
Offaet 

120,000 
I »,900 
1», 100 
149,000 
IM. >00 

0. 
Otl eat 

©nr 
Oll aal 

Eataaatan, % 
Batweea 

>U- ildara 

Lma Taating Opa ad 0.009 la./M«a 

127,900 
1)9,900 
I». TOO 
1)2,000 
l>*. 200 

122.900 
1)4,000 
129, 200 
111,000 
129.900 

119,900 
1)1,700 
12), >00 
9*. 200 

11», >00 

12 
I) 
I) 
I* 
10 

« ta 40 

to. 
I*’ 
19 
14 
19 

.IM 

Radu< lion 
ta Araa, 

% 

41 
4) 
47 
>1 
11 

20 
200 
>00 
400 
*00 

192,000 
194,000 
149,100 
1*0,000 
199,000 

High Taatuf Opaad - 0. 9 la. /Mta 

(a) Broke oa gaga mark; (h) Broke out aida gaga marh. 

(Notch-Band Impact Taata Uoiao Micro Sample 

Nominal Hydrogen 

20 
200 
>00 
400 
*00 

Energy Aheorhed, ta-lb 
At 77 F At -¿0 fr 

22 
1> 
14 
2* 
It 

12 
10 
11 
It 
10 

II 
II 
13 

21 
If 
14 
14 
19 

Coarlueion 

49 
>> 

Slo* atraia embrittlement at *00 
embrittlement 

ppm; no impact 

217 woe ir >*-*i¿ n rr 
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TABLE 1)9.

H^roM Cofat, ppwi

RESULTS or TESTS TO DETERMINE THE HTDROCCN SCHSmTITT
or THE T1-4AJ-4MB ALLOT AS SOLUTION HEAT TREATEt. rWE
EQUIAXED ALPHA.

VHN (iO>Kt Ltt*S)

10
IQC
bOO
soo

By A»»ly»U Hyrifoi>B ContBBt

20
200
SOO
SOO

M«taUo(rapkir 
StntcteTB. 2)ppfT>

)19
))) Sm rtfvrc 24b

Np«mul
HyOfoi»n

20
20

200
200
200
bOO
SOO

UnaotcbBd SW-Rnptnrt T*»t> U«i«g 0.12S-to. 
Applf 0 Sty»«

144.400
141.400 
149. 700
144.400 
14). SOO 
14). )00
147.400

% of Ulttmate 
Tyw«U Strtnith

9«
9)
97
9)
9)
97
97

Rapture
Time.
houre

JM. SUI

*i.b
l‘*>

l«.l
2.2

CsteuelsA, % 
Betveea

Ela^-
ao«,

% U 4D

7
4

n
tl

s
.Jc)
IS

R«ducti«i 
iB Atbb, 

%

4S
ss

(.1 T..t <ll.coot«o.d b.ror. Ullur.; W Brofc. fM« <»•'*« «*> “■ **«*

nMotch.d Te»«U« T«.t« 0«m e.l2S-l». SanyU.

Nominal
Hydroftt

UUmu.u
TeaeiU
StreaftK.

pel

TUld Struosth, pet
0.2%
OCfeet

v(^0. 1
Offeet

0.01%
OCfeet

Proper•

Limit,

fi—

Ezteiteioe, %
Betveea

Staeultfere

Eloac*.
baa,

% ia 4D

Re^scttoa 
ia Are*.

%

20 1S2, 000 1)2,400 1)2,200 l}l,«00 12 20l‘l

200 1S4.400 . 1)4. SOO 1)4,400 134,100 131,000 22

400 149. SOO 1)7. )00 DS.SOO 131, 300 127,300 14 24

SOO 1)2,000 1 )S, OOO 1)4,000 127,000 104,000 14 22

Huh T*«t>a( ^nd - C.S U./hUa

20 IS), 000 11 20

200 157. )00 11 19
400 1)2. 700 10 20

SOO 1)4,000 10 IS

47
4S
S4
M

44
SO
S2
44

1 Broke on 
, ch-Bend Ixnpect

(b) Brofcr outeide g*<e 
Teete Uet&i Micro Semple

m*rk.

Ereriy Abeorbe4. ia>lb
>riiB»l ;'irdroi»n At 77 r At *40 r

20 24 14
200 14 12
400 14 12
noo 14 14

Coaclufoa

No embrtttiemeat obeereeS

V&XE 7» )4-el6 n n



TABLE 140 RrSUL« OF TESTS TO DCTXBMXNC THE KTO?C«r:^ A-SSTTIVITT 
or THE Ti-AAi-4Mt: ALLOT AS 9OLUTI0H KEAT TREATED AND 
aged, fine EQUIAXED ALPHA.

Httirofn ComtM, PP«n VHP (IO»Kt iJO^)

ZO
100
200

Br AaAJy>i> Hydrogen Cowt»«t

20
100
20C

VHN

SS4

Macallofrftplitc 
Stn»ctmry. 20 ppm

S«« Fifure 24c

UnsotclMd Slr.i.-RaptU'* T«»u J.latO. 12S.U. RooBd SampU*

AppU.d RupCura Eitar.ton, % Eloaga-
tioa.

Radactioa
6 b a * b a

Nomiaal % of UlUmata Tuna, ta /vroa.

Hvdroaaa Pat Tanatle Straagtb boara SteaM*r. % ta 40 %

20 160,600 4) 204.6 t
10

3
!V» 1%

«4
100
too

167,000 
16), TOO

47
43 26?;$«*» s

99 
■ M

200 160,i00 47 104.7 3 7 IQ
• t

200 166, 200 47
* *1.1

t C 1
200 162,600 4) 266. l‘«> 4 2 B*

U) T««t diBcoatisMd Wfor. Uilure; (b) Brok* eaUitW ga«« mark; (c) Broke oo gog* mark.

UaoPtcb«d TrariU Tarf UrtiM 0.12S-Io. Boond SompUe

NomiAal
HydfOgOP

20
100
200

Ultimata
Taaaila
Straagtii.

__

142. 100 
141. too 
144.300

Tiald Strofigtk. pa
0.2%
Offaat

1)3.000 
143,000 
14). 300

rofi^k 
0. 1% 
OCIaat

^61%
OUaat

Proper- 
tiooal 
Umit, 

pat

Estanaioe. % 
Batwaaa

Skovldara

tarn Taa***g Spaau - 0 003 U. /Mia

1)4. 000 
143,200 
141. 300

120. 400 
1)1.000 
137, 400

124,400 
U2. 100 
134. 300

4
4

10

ClOAga*
tu*.

% la 4D

U
16

Radactloa 
la Araa, 

%___

It
30
30

High Taatiag Spaed . 0.3 la. /ktia

20
100
200

134,400 
140, 300 
147.200

4
4

10

14
14
14

34
40
37

(a) Broke on gage mark; (b) Broke ootaida gaga mark. 
Notch-Band Impact Teata Uaipg Mtcro Sam^a

Nomiaal Hydepgaa

20
100
200

Energy Abaorbad tn-lb 
At 77 F At-40>

13
12
10

4
10

7

Coaclaaiea

Slow atraia ambrittlameat at 200 ppm; an impact 
ambnttlamaaf

yuc Vi 34-414 n n

.1



TABUC 141 RETOUTS OF TESTS TO DEli;RMINC THE HTDROOEN SENSmVITT 
or THE Tl-4>U.4Ma AIXOT AS STABIU2.ED. COARSE ACICULAR 
AU>HA.

Coat*at, ppm
By

VHN (10»Ki
NotPtoal

ZO
100
200

Tyu Hy^roi»n Coateat
20

too
200

M«t»llofrftpluc
Str«ctvr«. 20 ppm

342

M7
S«« rifur* 24d

cb»4 Stf T«>U U»i— O.US.Ift. RwMid S*mply

Noiniaal
Hy^rof

20
20

too
too
200
200
200

ApplUd Str*»«

134,300 
133, SOO 
142,200 
130.400 
134,000 
m, 300 
130, 400

% of UltimoH 
StroMtb

03

03

07

03

07

03

03

Rapture

Tir»e,

houre

0.2

3.4

13.2

0.3

24l.3<*>

Cxuueloo, % 
Between 

Sbonldere

4
4
4
7
3
4
3

Clof«n-
tion,

%in4P

7
4

10
-J'J

.!<»•)
10

Rcdacuoa 
la Araa, 

*

14
II
10
zs

(a) T«»l dl..0BtlB».H b.fr.r» Ullur.: (b) Brok. oauld. (m< ««> ®“ «»*• *“'‘-

Uaaolcbsd T.aalla T«.t» U«la« O.US-U. Roaad Saa»pU»

Ultimete
TUld Strength, pe»

Proper-
bonnlonnl f:xten•tot^ %

Noffr.LMl
Hrdrotnn

Strain tb, 
P«i

0.2%
OUeet

0.1% 
Offeet

0.01%
Oefeet

Umtt.
pet Shoulder.

ham TaaUaa Spaad . C.005 la./tilB

20 141,500 12S, 400 127.000 114, 000 114,200 4
too 144,400 111,400 130, OOO 121,000 117, 400 7
200 140,500 124, 400 124.300 114,400 110, 200 7

Clone*- 
tion,

S U4D

10

14

Radttcttoe 
u. Area.

%

24
24
14

20
100
200

I4«, TOO 
IM.500 
1»2. 500

Hull TeftUM Spe*d - 0.3 U. /Uin

10
12
11

23
23
20

(*) Broke on e^« Broke oatetde c*|« «"*rk.

Notch-Be^ Imynct TeeU Ueina Micro Semple

Enerir Abeorbed, t«-lb
Nointnnl Hydrreen At 77 F At -46T

20
100
200

20
24
23

14
10
13

ConclueiOB

Slow etrein *mbnttlef*ent et 200 ppm: no ury.J 
embrittle men!

uAnr ft 34-414 H !▼



uaoLTt or rt3T» to octumos rm tntmooKM mmtnvm
or TM Tl IftI ^ ALUn am aOCOTION MKAT T%EAT«.D 
COAMMM AClCVLAtL AiMA.

10

AMO
MO

jxrmrn
VMmt»-K> L—4|

to
too
000
000

in
too

•■•irr.

Om rtf»* 14*

■If t«»m u»ffc oaA»t' _? if*«»

Hy4r—•

iO
to

to#
too
000
000
000
000

1M.O00
104.000 
IM.400 
tM. 100 
M7.000
147.400
144.400
141.400

A—M>oyr»
« «f UltlflMOi

T—tto »yrO

4S
40
4)
40
47
47
40
41

Tlir#

4.0
UT 
to 4

ui.r**
u.i

1.1 
I t

'Wmrnm

s

t%

:

EiMa*-

T_»^r

.JKI
II

.Jl«»
t

M Ar« 
%

II
If

It
II
II

Ul T..I at.cMt.aM4 batora Mtarat (b| •• > (aa« etacb. |cl Eralw

naia^a TaaaUa TaaM Uaf t. Ill-la. I SttlMl*#

to
too
400
000

TvMtW

»•!__

144. >00 
100.000 
1 OS. 000
100.000

TUtO M*
9. H
PO—i

4r—Ai>L #•»
0. 1% i
om—i

rwr
0«aal

UtMl,

f* -

Kataa.taa, % 
ftaaaaaa

La» TaatiM faa4 ■ t tW te. /Mta

to IM.ttt ISO, 000 111, IM IIT.4M III. IM
too lat.tM . .. -- --
400 141. tM ISV400 Ill, Mt lIl.Mt IIT.tM
•00 lit, Mt 141.000 IM.Mt IM.Mt llt.Mt

HmI Tcti— iaaa4 - t.l la./Mla

Kla^.

ijsJS.

•Jw
U

1/
I
t
II

tata^Mai 
la Araa.

«

II
II
II
It

IV
II
It

U) traba oa |a«a atarb: (bl braba aacaita fa«a i 
Natcb-baia liaact Taata Uataa Mtcra SaatHa

Abaarbat, lA->
W.aiiaal Matraaaa rF

to

too

40''

ooc

to

u
It

t4

t4

17

IS

10

Mm mmMwrnUmmmmt mAmmrwmM

mac V 4-010 n n



TABLE UJ. REEULTS Or TEST! TO DETERMINE THE HYDROGEN SEKSTTIVITY 
or THE TI-4AJ-4M* ALLOT AS SOLUTION HEAT TREATED /vKD 
AGED. COARSE ACICULAK ALPHA.

hvdrwa Cc^Mot, ppm VHNUC>K4 Load)
Nofniaal

20
100
100

*(ydrbc^ Cataat

20
IOC
200

Matallofrapliic 
Struct»r«. 20 ppm

)00
Sm Fifure 241

.tchsd Stw»-R<ytar* T*ti» Utiag 0. U5-to. Rwari Sampla*

Applied Straaa Rttptnra CztvBStas. H Cleaf*- RadaettOB

Nominal % CM Ultimata Tima, Betwvea Uoa, IB Area,

Hydrogaa Pal Tanaila StraafUt boara ShOBldere % IB 40 *0

20 lU, 100 4i M).l . 0 4
100 IVt, MO 'S 0.) 5 -tfc) 21
100 1 St. 400 43 4 - 14
too MO, MO •5 050. j“l 2 ) —
200 MS, MO 43 1.0 1 s 2

'

(•) T*t» di»coiitlBv»»d b«for. Uilur*; (b) Brok« cuuld* |«t* n>»rk; (c) Broke oo fM* n>«rk.

Unaotched T«»»1U T«tM U«ui« B. ItS-fa. Kouad SkinpUe

Nominal
Hr^rofoa

Ultimau 
Tana lie 
Stra^th.

Tiald Stra
0. 2% 
Offaat

C. 
Offaat

0.01%
OHaat

Uonal
Umlt.

pat

Cxtaaa on % 
Bat*aan 

SKouliMTa

EIom»-

% U 4D

Raductioo 
in Araa,

%
Loar Taatii^ Spaad - 0. QOS In. /Min

20 154.300 M . too 134.400 U». 40C ur.. 4or^ i 10 14
lOU 142.400 I4S, 100 142.500 135.000 124. 400 s 4 12
200 147,200 141,200 154.400 141.400 134, 100 2 3 1

High Taating Spaad . 0.5 In./Min

20 141.300 5 4 14
too 141.400 9 4 14
20C 174,400 I 4 13

(a) BroVo on gafa mark; (b) Broka outaida gaga mark. 
Notch-Band Impact Taata i'»iag Ustao 5ampU

Ezkargv Abaorbod. in-lb
Nominal Hydrogan

20
100
200

IRDC 54-51? ft It

At ^7 !

24
12
10

Concloaion

12
11
4

Slow at.-ain ambrittlamant at 200 ppm: impact 
ambrittlamaat at 100 ppm

Ik.

> i
i I 
t • 
' ! 
I I



TABLC IM. mWULTtor TtST»TOO«T»**ltJ« TtU •»n*)TIV|tt
or nm. t. «Ai «»«■ *txor as st»»4UIXi>. isrDniK cquiaxto
A1.PMA

VHMIIS.ll
MatallagrasAx 

Stractaaa. IS fsaa
Ra^uiai

20
100
100

.. IS
ISS

.. K>

— Saa Fifara 1S«

1 ! • ? 1 1*
4 1 C 1 • .la laMS Ssa«Ua

Saalial teaSS RtipW* % tlo«g4- RaSasnaa 
M Araa,

NmmmJ ^ %^umm^rn
j9m0iU

« la SO %
—

100
100
MO
)00

Oat

IM.MO 
111. 100 
140. MO 
140, MO

4T
44
44
44

1 1
IS. 1 
i.i

IT. S

II II
II IS

T II
T II

IS
St
IT
IS

U| T*«l Sl»«« I Wlor* Ikttara: fM < , «Ml>. !cl BraA* Mrk

NmxIHI

Hz£l<iCS

IS
IS#

UMunau
TMMtto

f*—

IM. SSS
US. ISS
l«1. SSS

-----------T.w» U.«- s. US-ls. «s»S SM»r*as

TmM Straaask.
l it 6
OHMS

111,SSS 
IIS, SuS
US. SSS

0«MI
^Ttnl
Ott9*i

U—TssWs IsssS - s SSS Is./SSis
lU. TSS 1ST, ISS ISI.SSS II
117.SSS III,ISS I6S.TOS II
US. SSS IIS.TSS III. SSS s

« la so

IS
II
II

SaSwiial
la Atas.

%

IS
aS
IS

IS
ISS
MS

117. ISS
ISS. SSS
IST, ISS

S .l la. /Mia

IS
II

S

M
U
II

SI
SI
II

(a) s.aaa aa ia«a laarli; (SI SraS. aatatS. «a«. a-»S 
NaSck^SsaS l/asa«t Taata Uaias

Caar«r ASasrSaS. la-lk

IS
ISS
MS

II
u
la

Ai -sa r

s
IS

Taatuig aaa aat €9mfUt»4. aa aaaSrinUaaaai al 
MS aaai

11 isaSis n n



fABLS 144. RUuurs or rcsTt to dctermimk tme mtdkogbh lENunvi-rr
or THE Ti-4Ai-4M> At fTAMUEEO. COaME COUUXED
ALPHA.

Ky4ri
MntMl

10
tot

Bw Aa*l|r*M
VHW I»-EA L—n

l«r*c«u•. It to*

f
h

!•
IM

J9»%» W»im 0.

20
200
200
IM

120.200
UO. 000
110, 000 
no. 100

Twtto otr—to
00
00
04
01

To

140. 1
0 I 
4 0

2!0

11
«
0
2

o««.
% ta 4D

14
12
10

1

0#OMCt»«(
lA

IT
II

0

Ul T»m «k«i Imm4 totor* lkUw*s IM »r«lM mMM. gM* •*»*» «*l Er^

"------- - Tm«U« T«»m U»«m >■ lt%-l». Armmt S—gU«

tt
Itt

SCr*^.

r*

112.000 
I2T, 200

0 r% 
ott—%

112.200 
lit. OOO

Tl«M 0tr«acth.
6 1?^
OCfMt

-rrr
OffMt

Uant,
-C2_ •to

T#t>t to—* 0.0^^ te. /Mto

M I 000 
1.0. 100

t07.100 
iOO. 400

102. 100 
100. loe

12
0

rnmm,
H *>40

I.IW
.

• ..MIMA
>a ArM,

«

H
I.

H<ak - ... I»./*

M I IT. ME
ll4,Ma

II
»

II
i»»l

M
M

Ul •• iM« •H.'k «EI «..»*<• EM* •*»*

IUtrli-E.«E ln»g«t« f.M. Vnmt Mnfo g—lU.

’ AE..rE.E. la-IE
NmibaI Hydro...

iO
tOE

Al TT

t
<4

At •.
II

E

COWIMIM

To««^ wm cmmftmtmt. .W« Mr.ia MnfevtlU** 
mmmt at lOE.iEE gfm. aa latpact oiaErMUaMM

tfuc HI u-tiE n n
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I TA»IS l*t. KKWLTt OT TtSTS TO D«TtaMlJ« TMt HTDBCX^IN *M*ITTYITT 
or THE ALLOT AS STABILIZED FINE A.'ICUUAB
ALPHA

M
IM
MB

■e
VHW IIB-Kb L—4|

Cmmm
S<r»<n«r«. IB pr«

ZB
ZBB
MB

Sm Eib«'»

Uia«cW4 BW»-Bb r« T»«t» or

i—
t—

IM

-------^**i^j=kc=r
P»> T.«.U« BB.-BBE*

I4I IBB
I4t. BM M
I4Z.S4B »»
I4B, ZBO »»
l«». IBB **

I B. l»-h. K—< BM*rUt 
KmuMb. «

Tum.

1 1
B S

»T t 
1. I

14*.»

El—ji- 
» M4D

II
IS
IB
IB

%m ArM.
%

m
It
II
n
II

U» T#»t<

Hr4r»

Wfor. f.ilmr*. <») <c| •r«M M (

U—tch»4 T—»mM 1

Mrfe.

^0
Z90
100

20
200

UltUMM
TmiU

O' *

140. too
iS2. TOO
114.OM

i%0. 400 
144. 4M 
14T.0M

CMMtM. %

0
O0**t OH—t

0. 0l4
OttMt

LUMt.
OlMMar*

Lav TaMIM BB»»4 . B *M b./S4M

ISI.4M IZ4.B0B lit. OM IBB.IBB 0
IS4.BBB 1ST, BOB 124. OM 117. 4BB •
144, BBS I4Z.B4B II2.0M IZT.SBB •

Hiak T»I>M *r»»4 - B.» l«. /SBM

ClM«B-
HM.

« l« *P

IS
II
IB

14
15 
•I

|A| *••• •***^

W»uS.B«b4 Ijmbxi T«««» U«— H>tr« SaikbI*

E^rjT AB»«rW4. Ib-IB

H«»l—I MeBt^- ^LILI
z*

ZB4 
IB4

la ArM,
%

14
<4
14

ZB
Zl
z*

C—cMew

Z*
14
ZZ

14
IZ
IZ

TbMIbb •••
■BmewB 41 SBB

TBH-u* m n
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DOCUMMIT SERVICE CENTER
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mCRO-CARD 

COKTKOL ONLY 5IQEJ5
nCPUCATlOM CA OrriEPW’TE AR W AMT MANW UrDODiG THE HOU>SV OM ANT

OR CORPOIlATia<(, OR ONYKTINO Al.T UaiTt OR PUtHBOOM TO MA»'VPA0MIIS. 
on OR SELL ANY PATSMTEO mYEMnOM TRAT SA1 » ANT WAT K RELAT.tD rilBRCTa

NOTICB: WREN OOVRRNMEMI UH U1 IlSbRAWEtai. SPECinCATIONi OR OTHER DA^A 
XU USE?: rOR ANT POkPOn OTRRR tram m CCHNECTIOH with a DEFOOrELY REl^TKD 
QOA'ERNUrNT PROCUREMENT OPERATRW, THE J. t. OOVERNMENT THERER7 INCURS 
NO RBSPCMRDHLrrY, NOR ANT OBLIOAT10M WRA’<*POEVBR; AND THE FACT THAT THE 
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