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Some Effects of Low Temperatures and Notch Depth on 
the Mechanical Behavior of an Annealed 

Commercially Pure Titanium 1 

Glenn W . Geil and Nesbit 1. Carwile 

Unnotchcd and notched specimens (60° notch angle, 0.05-inch root r adius and various 
notch dept hs) of an annealed commercially pure t it anium were slowly strained t o fract ure in 
tension at + 150° or + 100° to - 196° C, to reveal the combi ned e ffects of temperat ure and 
notch geomctry o n the te nsile be havior of the metal. Impact tests were made on Charpy 
V-notch specimens at + 300° to - 196° C for a determination of the impact notch-toughness 
of the titanium. True stress-true s train relations were determined for t he t itanium in 
tension and a s tud y was made of the effec ts of test tcm perature, stress systcm, and inter
sti tial content on t he mec hanism of defor mation and work-hardening characteristics of the 
metal. 

1. Introduction 

Several investigators [1 to 5] 2 have publ ished 
r esults of their studie to determine the m echanisms 
involved in the tensile clcformaLion of unnotched 
specimens of titanium and some of its alloys. The 
data obtained on sin gle crystals [4 ,5] and on coarse
grained polycrystalline specimens [1 ,2,3 ] indicate 
that the tensile properties and the mechanisms in
volved in the tensile deformation of alpha titanium 
are quite temperature sensitive and complex. A 
large proportion of the deformation in tests at 
- 196° C was by twinning [1,2] ; the amount of 
twi.nning, in general , decreased with increase in 
t emperature. Single and clliplex slip on the pris
matic planes also occurred in the deformation at 
- 196° C [1,4] . With increase in temperature to 
+ 25 ° C, slip was obsefyed on prismatic planes and 
also on pyramidal planes [1,4] and the basal plane [2]. 
The amount of slip 011 pyramidal planes increased 
considerably as the tempera ture was raised to + 500° 
and + 800° or +815° C [1,3]. 

Very few da ta are available on the combined effect 
of notches and 10 \\- Lempera tures on the Lensile 
behavior of titanium and its alloys; most of the 
publish ed data were obtained on titanium alloys 
either in tests at different temperatures on specimens 
with a constant notch geometry [6 ,7,8], or in tests at 
room temperature on specimens of selected notch 
depths [9]. R esults obtained at, the Bureau in 
t ension tests at different temperatures on a heat of 
annealed commercially pure titanium [10] contained 
ome data on notched specimens of selec ted notch 

depths. However, the quantity of titanium avail
able for these tests was relatively small, and only an 
exploratory inves tigation of the effect of low temper
atures on the properties of no tehed specimens was 
possible. 

An additional heat of commercially pure titanium 
was procured for use in the present study of the 
combined effects of low temperatures and notch 
geometry on the tens ile behavior, as a par t of a 

1 T his investigation was partiallr suppor ted by t he M aterials Laboratory, 
Directorate of Hesearch, Wright Air De\"elopment Center , USAF. 

, F igures ill brackets indicate the literature references at t he end of this paper. 

comprehensive program at Lhe Bureau to evaluaLe 
thc fundamental factors affecting the deformation of 
metals. The present paper summarizes the data 
obtain ed at low tempera Lures in Charpy V-notched 
impact and in tension on both unnotehed and notched 
specimell of selecLed no tch depths of this heat of 
Litanium. 

2 . Material and Test Procedures 

2 .1. Ma terial 

All test specimens were prepared from bars proc
essed from a single h eat of commercially pure 
titanium (ASTM D e ignation B265- 52T, grade 2). 
The bars were supplied in the form of I-in . rounds in 
the hot-rolled and annealed condition ; the bars were 
fu1e grained (fig. 1). The impurities (numerical 
values arc in percen t by weigh L) de termined 3 in th e 
titanium were as follows: Oxygen, 0.21 ; nitrogen , 
0.04 ; hydrogen , 0.012 ; carbon, 0.04 ; silicon, 0.02; 
iron, TV; chromium, VV; tin , 1117; aluminum, VW; 
magnesium, VW; manganese, TTlIV; nickel, V TV ; 
copper, T; tungsten , not determin ed . 

2. 2 . Specimens 

The forms and dimensions of the tensile specimen s 
are shown in figure 2. The reduced sect ion (D = 0.40 
in. ) of the unnotehed specimens was slighLly tapered . 
The notched specimens were machined with a con
stant root radius of 0.05 in. and a constan t minimum 
diameter, d, of 0.35 in ., thereby minimizing the size 
effect. The notch depth 4 was varied by changing 
the diameter , D , of the cylindrical portion of the 
specimen adjacent to the notch. 

ASTM standard (E23-47T) Charpy V-notch 
specimens were prepared from one bar of the t i ta
nium. 

3 Chemical anal ysis determinations for ni trogen, carbon, and silicon were madp 
by t he Analytical Cbemistry Sectioll of N BS. Determinations for oxygen and 
hydrogen were made by D . 1. Walter at the Naval Hesearch Laboratory by a 
modified vacuu m fusion method [11] . 'l' he spectrographic-an alysis determina
tions design ated by letters were made by tbe Spectrocbemistry Section of N BS. 
In general, W denotes weak (0.01 to O.I%l, V W denotes very weak (0.001 to 
O.Ol%l, and T denotes trace (0.0001 to O.OOI%l. The spectrograpbie metbod 
used was not sensiti ve for determination of tungsten . 

• Notch depth is expressed as the percent of cross·sect ional are" removed in 
machining the notch in tbe specimen a nd it is eqnal to lOO (D'- d'l/D'. 
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FIGURE 1. Microstructure of the annealed commercially pure titanium. 
x 100. Left , longitudi.nal section; right, transverse section . Etc hant : 1 part RF , 10 parts ROl, 10 parts R N O, and 80 parts water . 
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FIGURE 2. Dimensions and forms of notched and unnotched 
tensile specimens. 

2 .3 . Test Procedures 

The Charpy V-notch tests were made at t empera
tures ranging from + 300° to - 196 ° C in a machine 
of 224.1 ft-lb capacity and a striking velocity of 
16 .85 ft /sec. The specimens, except those tested at 
room temperature (about + 25° C) , were immersed 
in a bath at the selected temperatUI'e for a minimum 
period of 30 min , and then quickly transferred to the 
impact machine and broken. The total time elapsing 
between the r emoval from the bath and the breaking 
of the specimens ranged from 3 to 4 sec and there was 
no significan t change in the temperature of the 
specimens during this period . 

A detailed description of the tensile test equipmcn t 
and the method of maintaining th e selected tempera
ture is given in previous publications [12 , 13 , 14) . 
The tensile tests were made at tempera tures ranging 
from + 150° or + 100° C to - 196° C with notched 
and unno tched specimens in P. pendulum hydraulic 
testing machine . The specim.ens were strained 
slowly with th e deformation rate maintained at 
about 0.5 to 1.0 percent reduction in area per min
u te during the deformation beyond initial y ielding. 
The spccimens, excep t those tested at room tempera
tUI'e, were strained to fracture while completely im
Ir.ersed in an appropriate bath maintained at the 
selected temperature. The specimens were im
mersed in th e bath for a period of 30 min prior to th e 
2.pplication of load. Simultan eous load and diam
eter (minimum diameter of unnotched specimens, 
diameter at b ase of the notch of the notch ed speci
m ens) measurements were made throughou t eaeh 
tension test . 
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3 . Results and Discussion 

3 .1. Impact Tests 

The results obtained in the impact tests are sum
marized in figure 3. A transition temper~tu~'e of 
about + 110° C was indicated by the cntena of 
either (1) the steepes t slope of the energy-tempera
ture CUl've or (2) the mean value of the enerKY 
absorbed at the lowest temperature, and at the high
es t temperatUl'e a t which complete fracture OCCUl'l'Cd . 
These impact data differed appreciably from those 
obtained previously [10] on another heat of com
mercially pure titanium with . relatIvely small 
amounts of interstitials, whieh had a transltlOn 
temperature about 40° C higher, and a considerabl e 
deO'r;ee of notch toughness (10 ft-lb, energy absorbed ) 
at b - 196° C. This difference in the notched-bar 
impact behavior of these two heats of .annealed 
commercially pure titanium may be attn butecl to 
the effects of the interstitial elements (carbon, lll tro
gen, oxygen , and. hJ~dl'ogen) as the other impurities 
did no t vary slgmficantly. The observed lowel' 
notch toughness (energy absorbed) at temperatures 
below the transition temperature range of the present 
heat of titanium with the higher inters titials, and 
thus with th e higher hardness and strengths, con
forms to the normal behavior for metals. However , 
the observed lower transition temperatUl'e for this 
heat of titanium is surprising, and no satisfactor.\' 
explanation for this belu~,vio!' can be give~l at the 
present time. As the gram Slze of the prevlOU heat 
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FIGURE 3. R elation oj temperature to the energy absoTbed in 
fractw'ing the Charpy V-notch specimens. 

of titaniwu with low interstitials was slightly finer 
than that of the present heat, the diff.erence in the 
transition temperature canno t be r eadily attnbuted 
to a grain size effect. 

3.2. Tensile Tests 

Q . Flow Curves 

The true s tress-true strain relations obtained in 
tension tes ts on unnotched specimens at different 
temperatures are presented in figu re 4. T! lC t /' ~ e 
stress 5_true strain 6 values that were obtamed III 

duplicate tests at + 100°, + 25°, and. -:- 196° 9 were 
fairly consistent and showed only shght cievlatlOns 
from the curves representmg the average valu es at 
each temperature . The marked eff?ct of tempera
t ure on the strength of the tltamum IS sho",~n by the 
increase in height of the true s tr~ss- tru? stram.cu rves 
as the temperature IS lowered. r he ImtlaJ resistance 
of the metal to plastic flow a t - 196° C is more than 
thrce times tlmt at + 150° C. 

Logarithmi c graph of the . tru e stress-true s train 
data (not shown) were sIgmoIdal. These data, .hk:e 
those obtained previously on another heat of tl~amum 
[10], and on other metals (13, 1~], do not conform .to 
the often postulated r eI atlOnshlp , fJ = k(;m, for tensile 
deformation, where fJ and (; are the true s tress and 
true strain, respectively, and k and m are cOl~ stan~s. 

The true s tress-true strain relations obtailled ill 
tension tests at + 100°, + 25°, - 78°, and - 196° C 
on circumfel'en tially notched specimens arc presen ted 

' True stress, cr, was determin ed by dividing tbe current load by tbe current 
mi.nimulll cross-sectional area of the specimen . 

6 True strai n, 0, was c1 ctCl:miJ1cd as the natu ra~ logarithm oC the fa.tlo or ~b.e 
original m inimum cross-srcLlOnul arca of the specim en .110, to the current milll
mum cross-sectional area, A~ 
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tension tests at difJerent temperatw'es on unnotched speClmem;. 
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in figures 5 to 8, respectively. Portions of the true 
stress-true strain curves for unnotched specimens 
are also included in these graphs. The resistance 
of the metal to flow, in general , increased with (1) 
decrease in temperature, (2) increase in the tri
axiality accompanying increase in notch depth, and 
(3) increase in true strain. At each temperature, 
the increase in the resistance to flow with increase 
in notch depth became relatively small as the notch 
depth was increased above 70 percent. This is to 
be expected, because the increase in triaxiality was 
also relatively small as the depth was increased 
from 70 to 87 percent. 

Both the stress concentration and the triaxiality 
induced in a notched specimen in a tensile tes t var'y 
with the geometry of the notch. The variation of 
these factors with the notch depth for the titanium 
specimens of circular cross section containing a cir
cumferential notch of 60° angle and 0.05-in. root 
radius, is shown in figure 9. The values for the 
stress concentration factor K t , were derived from 
published stress concentration design charts [15]. 
The triaxiality, determined as the ratio S e/S z, 
where S t and S z are the transverse and longitudinal 
stresses, respectively, is based on the method pro
posed by Sn,chs and Lubahn [1 6]; that is, SdSI= 
1-(1 / R), where R is the ratio of notch strength 7 to the 
tensile strength. The triaxiality increases at a 
nearly constant rate with increase in notch depth to 
about 20 percent, and then increases at a continu
ously decreasing rate with furth er increase in notch 
depth. The stress concentration factor incren,ses 
very rapidly with increase in notch depth to about 
10 percent, less rapidly with increase in depth from 
10 to 30 percent and then increases only slightly 
with furth er increase in the depth. 

7 1 otcb strcngth was determined by dividing the highest load attaincd on the 
notched tensile spccimen by the original minimum cross-sectional area at the 
notch . In determining the values of R , the notch strength values are restricted 
to those in which the specimen had sufficient dnctility to attain a normal maxi
mum load condition, that is, the slope of the load-extension curves becomes zero. 
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(600 notch a ngle, 0.05·i n . roo t radius, a nd 0.350·i n. dia meter a t the base of t he 
notch .) 

b . Effects of Temperature and Notch Geometry 

(1) Strength Indices . TllC results oJ the tensile 
tests on unnotehed and notched specimens a rc sum
marized in tables 1 and 2, re pectively. A deter
mination of y ield strength, as normally based on 
offset values from autographic load-extension curves, 
was not feasible with the eq uipment emplo~) ed . 
However, an indication of the stresses at which 
appreciable ~)ielding has taken place is given by the 
values of true stress at a true strain (elast.ic plus 
plastic) of 0.02. These "0.02 stress" values would 
be higher than the 0.2 percent offse t yield strength 
values for unnotched specimens, particularly at the 
higher temperatures because the amount of elastic 
strain prior to yielding, in general, increased with 
lowering of temperature and with increase in notch 
depth. 

The relations between the 0.02 stress of the titan
ium and the notch depth and temperature are repre
sen ted by the surface delineated in ftgure 10. The 
0.02 stress at each test temperature increased, at a 
slightly decreasing rate, vvith increase in notch depth ; 
the values for the specimens wi th the deep notches 
(70 and 87% notch depths) were approximatel~~ one 
and one-half times those for unnotd1ed specimens at 
corresponding temperatures. A relatively large in
crease in the 0.02 stress was observed for both the 
notched and unnotehed specimens with decrease in 
temperature from + 100° to - 196° C ; the strengths 
of the specimens at - 196° C were greater than 
those of corresponding specimens at + 100 0 C by 
factors of 2.5 for unnotched specimens and 2.7 to 

TABLE 1. Tensile pl'opel'lies at + 150° + 100° + 25° - 30° 
-78°, and - 196° C of unnolched' sp ecim~ns of initially 
annealed COl1wwl'cially pW'e titanium 

rrruc ~t rrss True stmin b 
8pr ci- Re- El on -
men 1\ Tem- r-rrnsilc rtll C- go-
(lesit!- pf' ra- stl'co6t h At At At ;0- At At in - lion t ion I) 

nation ture true maxi- it ia l max i- it i:11 of in 
strain mum frac- mum frac- area 2 in . 
of 0.02 load t ure load t ure 

----------------------
o C 1"/i11 .2 U>/in.' II>/i n.' l~/in " % % 

BIO + 150 (;0, 000 50, 000 69, 000 95,000 0. 121 0. 741 .~2 44 
B8 + 100 75, 000 64,000 85, 000 11 5, 000 . 123 .774 57 40 
H6 + 100 75, 000 63, 000 86, 000 117. 000 . 1:J7 .770 57 42 
HI + 25 94, 000 84,000 lOG, 000 144, 000 . 123 .708 5:1 30 
D9 + 23 94, 000 84, 000 108, 000 145,000 . 13H . 703 51 30 
B5 - 30 11 1.000 100.000 128, 000 155, 000 .140 .002 45 26 
13 2 - 78 124, 000 113, 000 146, 000 179, 000 . ]60 .522 12 25 
B7 - 1915 169, om lfi4, ooo 202, ()()() 227, 000 .176 .330 29 20 
B e[ - 195 169,000 157, 000 198, 000 229, 000 .159 .358 31 22 

a All s prcimen s werc prepared from the same bar B . 
b In cludes c:astic and plastic deform at ion. ' 
o M easurements boseci on puneh marks in fillets . Specimens had a reduced 

scetlOn of 2.0 in. len gth . 

2.2 for the notched specimens (table 3) . No simple 
relatIOn betwee n 0.02 s tress and temperature is incli
c~ted as the curves (ftg. 10) representing the varia
tIOn of the s tress With temperature for specimens of 
the same notch depth have an inflection point ncar 
0° C. The infl ection point may be an indication of 
a significant increase in the number of active slip 
plane systems anel accompanying decrease in the 
stress for act iva tion of slip with increase in temper
ature above 0° C_ 

The o~ser."ed relations between the notch strength 
of the tltanllUll and the notch depth and tempera
ture are represented bv the surface delineated in 
figure 11. The sJI ape of this surface is nearly similar 
~o that shown for the 0_02 stress (fig. 10). As shown 
m ftgure 12, the percentage increase in no tch strengt h 
l S appl'Oxllllately equal to the notcll depth for 
depths up to 50 percent However nearl \~ all of 
the :ralues for notch depths of 70 anci 87 pei'cent lie 
conslderabl.y below the cl otted line representing t he 
above relatIOnship: This deviation may be attrib
uted partially to the relatively low rate of incrpase 
in triaxiality with increase in notch depths for 
depths greater than 50 percent (fig . 9). A consid
erable portion of the deviation of th e values for the 
deep-notched specimens at - 78° and - ] 96 ° C 
may be n:ttributed to t he very small ductility of 
these specllnens (table 2). 

The combin ed effects of tem.perature and notch 
depth on the tru e stresses at maximum load and at 
initial fracture are illustrated by the two surfaces 
delineated in figure 13. These two su rfaces coincid e 
at temperatures of - 78° C and below, for notch 
depths of 10 percent or greatpf, alld for all notch 
depths at - 196° C. This coincidence is associated 
with the fracture of these specimens while the loads 
were still increasing. 

Th e true stresses at maximum load and at initial 
fractufe increased grea tly with decrease in tempera
ture (fi g_ ·13 ). However , the rplative increase in these 
values with decrease in temperature from + 25 0 to 
- 78° or to - 196° C (table 3) is signiftcantly smaller 
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TABLE 2. Tensile properties at + 100°, +25°, -78°, and - 196° C of notched specimens (60° notch angle, 0.05-in. root radius) 
of initially annealed, commercially ptire titanium 

R atio of true stress of Ra tio of t rue 
True sh'css at- notched to unnotched 'l'rue strain f strain of not ched 

Speci· R atio of 
men a Tem- Noteh Notch notch 
desig· pera- de pth D b d o stren gth ' strength 
nation tUre to tensile 

strength rrrue M axi· 
strain m u m 
of 0.02 load 

------------ -------
oC % in. in. lb/in .' lb/in.' lb/in.' 

04 + 100 5 0. 3nO 0. :150 77, 000 1. 03 65, 000 87. ()(l() 
011 + 100 10 . 370 . 350 81, 000 1.08 64,000 93.000 
02 + 100 10 . 370 .350 82, 000 1. 09 70, GOO 94,000 
03 + 100 30 . 418 .350 98, 000 1. 30 83, 000 116, 000 
01 + 100 50 . 495 . 350 108, 000 1.44 93, 000 126, 000 
J6 + 100 50 . 495 . 350 109, 000 1. 45 91, 000 129,000 
05 +100 70 . 639 . 350 119,000 1. 59 100, 000 136, 000 
J7 +100 70 . 639 . 350 120,000 1.60 101. 000 138,000 

Ell + 100 87 . 990 . 350 125, 000 1. 67 107, 000 143, 000 

D14 + 25 5 . 360 . 350 99, 000 1. 05 92,000 112, 000 
DI5 + 2.> 10 . 370 .350 105, 000 1.12 96, 000 122, 000 
06 + 25 10 . 370 . 350 103 000 1.10 91,000 120, 000 
F 5 + 25 10 . 370 . 3.50 103, 000 1.10 88, 000 123, 000 

D17 + 25 30 . 418 . 350 125,000 1. 33 114, 000 146,000 
012 + 25 30 . 418 . 350 120, 000 1. 28 104. 000 145, 000 
FlO + 25 30 . 418 . 350 123. 000 1. 31 106, 000 148, 000 
D4 + 25 50 . 495 .350 lH, OOO 1.50 130, 000 159,000 
J5 + 25 .>0 . 495 .350 140, 000 1. 49 120,000 164, 000 
F20 + 25 50 . 495 .350 142,000 1. 51 118, 000 150, 000 

D16 +25 70 . 639 . 350 162, 000 1. 72 138.000 183, 000 
F 21 + 25 70 . 639 . 350 156,000 1. 66 126, 000 178, 000 
D19 + 25 87 . 990 . 350 167,000 1. 78 135, 000 188.000 
A3 + 25 87 . 990 . 350 155,000 1. 65 134. 000 180, 000 
N 6 + 25 87 . 990 . 350 160, 000 1. 70 132; 000 181,000 

15 - 78 5 . 360 .350 128,000 1. 03 117, 000 154, 000 
13 - 78 10 . 370 . 350 134,000 1. 08 120. 000 164, 000 
12 - 78 30 . 418 . 350 156, 000 1. 26 142, 000 (g) 
I1 - 78 50 . 495 . 350 177,000 1. 43 146, GOO (g) 
14 - 78 70 . ~19 . 350 199,000 1. 61 153, 000 (g) 

A12 - 78 87 .990 . 350 200, 000 1. 61 173, 000 (g) 
N7 - 78 87 . 990 . 350 200, 000 1. 61 150,000 (0) 

F l - 196 5 . 360 . 350 177.000 1. 05 W9, 000 <g) 
F2 - 196 10 . 370 . 350 183, 000 1. 08 182, 000 (g) 
F3 - 196 30 . 418 . 350 213, 000 1. 26 210, 000 <g) 
F I7 - 196 50 . 495 .350 249, 000 1. 47 215,000 <g) 
All - 196 50 . 495 . 350 243, 000 1. 44 225,000 (g) 
F4 - 196 70 . G39 . 350 258,000 1.53 230, 000 <g) 
A9 - 196 87 . 990 . 350 257,000 1. 52 235, 000 <g) 
N8 - 196 87 . 990 . 350 256, 000 1. 52 239,000 (g) 

• All specimens prepared from tbe same bar are designa ted by the same letter. 
b Diameter of cylindrical portion of the speci men ad jacent to the notch . 
• Diameter of specimen at the base of the n otch . 

specimens a t- at- to unnotched Rr· 
specimens at- duc· 

tian 
of 

Initial rrruc Maxi- Initial M ax i· Initial Maxi- Ini tial area 
fractu re strain m um frac· m u m frac· mum frac· 

of 0.02 load ture load ture load t ure 
---------------------------

lb/in.' % 
119, 000 1. 02 1. 02 1. 03 0. 124 0. 631 0.95 0.82 49 
121,000 1. 01 1. 09 1. 04 . 136 . 534 1. 05 . 69 42 
123, 000 1. 09 1.11 1. 06 . 132 . 522 1. 02 .68 40 
130, 000 1. 30 1. 3n 1.12 . 173 . 363 1. 33 . 47 30 
142, 000 1. 46 1. 47 1. 22 . 154 . 363 1. 19 . 47 30 
142, 000 1. 43 1. 51 1. 22 . 162 . 332 1. 25 . 43 28 
IM, ooo 1.56 1. 59 1. 3:j . 135 . 382 1. 04 . 50 32 
1M, 000 1. 58 1. 61 1. 33 . 139 . 359 1. 07 . 47 30 
157, 000 1. 67 1. 67 1. 35 . 135 . 318 1. 04 . 41 29 

140, 000 1. 10 1. 05 0. 97 . 118 . 488 0. 91 . 69 41 
141, 000 1.14 L 15 .98 . 151 . 348 1. Ii . 49 32 
139, 000 1. 08 1.13 . 96 . 155 . 341 1. 20 .48 30 
144, 000 1. 05 1.16 1. 00 . 172 . 391 1. 33 . 55 33 
156,000 1. 36 1. 37 1. 08 . 151 . 226 1.17 . 32 20 
154, 000 1. 24 1. 36 1. 07 . 192 . 266 1. 48 . 38 24 
156, 000 1. 26 1. 39 1. 08 . 182 . 250 1.41 . 35 24 
177,000 1. 55 1. 49 1. 23 . 122 . 256 0. 94 . 36 23 
172, 000 1. 43 1.M 1.19 . 158 . 218 1.22 . 31 20 
174, 000 1. 40 1.56 1. 20 . 158 . 222 1. 22 . 31 23 
195, 000 1.64 1.72 1. 35 .122 . 207 0. 94 . 29 21 
192, 000 1.50 1. 67 1. 33 . 130 . 255 1. 00 . 36 24 
198,000 1. 61 1. 77 1. 37 . 118 . 183 0.91 . 26 18 
188, 000 1.60 1. 69 1. 30 . 146 . 216 1.13 . 31 20 
195,000 1. 57 1. 70 1.35 . 125 . 222 0. 97 .31 21 

162, 000 1. 04 I. 06 0. 91 . 178 . 252 1.11 . 48 24 
164, 000 1.06 1. 12 . 92 . 203 . 203 1. 27 . 39 19 
177, 000 1. 26 ---- . 99 (g) . 132 -- -- . 25 12 
200, 000 1.28 ---- 1.12 (g) . 119 -.-- . 23 10 
223,000 1. 35 --- - 1. 25 (g) . 115 -.-. . 22 12 
217,000 1.53 ---- I. 21 (0) . 086 --- - . 17 10 
222, 000 1. 33 -- -- I. 24 (0) . 102 -- - - . 20 10 

199, 000 1.05 -- -- 0. 87 <g) . U8 ---- . 34 11 
199,000 1.13 - --- . 87 (g) . 081 ---. . 24 8 
221, 000 1.31 ---- . 97 <g) . 039 -- -- . 11 5 
263, 000 1. 34 ---- 1.15 <gJ . 056 --- - . 16 6 
255, 000 1. 40 ---- 1.12 (g) . 052 -.-. . 15 6 
270, 000 1. 43 --- - I. 18 <g) . 046 -.-. . 13 5 
266,000 1. 46 - --- 1.17 (g) . 037 -.-. . 11 4 
~1l4, 000 1.48 -.- . 1.16 <g) . 031 -.-. . 09 4 

• Determined by dividing the high est load attained by the original minimum 
cross-sectional area. 

I Includes elastic an d plastic deformation . 
g Fractured before the slope of the load ·extension curves became zero. 
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TABLE 3. Effect of test temperature and notch depth on relative values oj some stre ngth 'indices for initially anneeded commerciaUy 
pure titanium 

0"0- 0.02 at rr z O"MaximulD load at 'r 2 U{raeture at '['2 Notch strength at '1', 

Notch 
<18-0 .02 at 'r J O"Maximum load at rr1 Ufraeture at 1'1 N otch strength at '1'1 

depth 
T I, o C ___ __ + 25 +25 + 25 + 100 + 25 +25 + 25 + 100 + 25 + 25 +25 + 100 + 25 + 25 + 25 100 
T " ° C ... . _ + 100 - 78 - 196 - 196 + 100 - 78 - 196 - 196 + 100 - 78 - 196 - 196 + 100 -78 - 196 - 196 

---------------------------------------

% 
0 0. 76 I. 35 1. 91 2. 53 0.80 1. 36 1. 87 2.34 0.80 1. 24 I. 58 1. 97 " 0.80 a 1.32 " I. 80 • 2. 25 
5 . 71 1. 27 1. 84 2. 60 . 78 1. 38 1. 78 2. 29 . 85 1. 16 l. 42 1. 67 . 78 1.29 1. 79 2. 30 

10 . i3 l. 31 1. 99 2.72 . 77 1. 35 1. 64 2.13 . 86 1.16 1. 41 1. 63 . 78 1.29 1. 76 2.24 
30 . 77 1. 31 1. 94 2.53 . 79 <b) <b) <b) . 84 1.14 I. 42 I. 70 . 80 1. 27 1.73 2. 17 

50 . 75 1.19 1. 79 2. 39 . 78 <b) <b) <b) .81 l.1 5 1.49 I. 82 . 77 I. 26 1. 74 2.2. 
70 . 76 1. 16 I. 74 2.29 . 76 <bl <b ) <b) . 80 1.15 1. 40 I. 75 . 75 1. 25 1. 62 2. 16 
87 . 80 1. 21 1.77 2.21 . 78 <b) <b) <b) . 81 1.13 1. 37 I. 69 . 78 L 24 1. 59 2. 05 

• R atio of ten s ile stren gths. 
b Fractured at _ 78° and - 196° C before the slope of t he load·extension curves became zero. 
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FIG U R E 12. Effect oj the notch depth of tensile specimens on 
the ratio of notch strength to tensile strength. 

than the corresponding relative increase in the 0.02 
stress values; this feature can also be attributed 
mainly to the decrease in ductility of the specimens 
with decrease in temperature. 

The tnJe stress at initial fracture at temperatures 
of + 25 0 C and below, decreased with increase in 
notch depth up to 10 percent, then increased with 
increase in depth through the range of 10 to 70 per
cent, and thereafter changed only slightly with 
further increase in depth to 87 percent. The de
crease for 5 and 10 percent depths can be attributed 
directly to the decrease in the true strain at initial 
fracture associated with the stress concentration at 
the root of the notch. The decrease in the true 
stress at fracture due to this factor is greater than 
the small increase in the true stress associated with 
the induced triaxiality for these shallow no tches. 
For notch depths of 30 percen t and greater, the 

280.000 
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.... . 
.0 
- . 200.000 
<J) 
<J) 
w 
a: 
~ 160,000 
w 
::> 
a: .... 

NOTCH DEPTH, % 

FI GU RE 13. 11 ar-iation of the true stresses at maximum load 
and at initial fmctw'e with the notch depth and tempemture of 
tensile specimens. 

relative effec t of the above two factors is reversed, 
and the triaxiality is the predominant one, as the 
stress concentration factor and the ductility of the 
specimens changed only slightly, whereas the tri
axiality and flow stress increased considerably, with 
the increase in notch depth. 

(2) Ductility. The effec ts of temperature and 
no tch depth on the true strains at maximum load 
and at initial fracture are shown in figure 14. The 
true strain s at maximum load for the specin1ens that 
attained a normal maximum load condition did not 
vary significantly either with temperature or notch 
depth. A slight, although probably insignificant, 
maximum is exhibited in the curves showing the 
effect of notch depth on the true strain at maximum 
load a t temperatures of + 25 0 and + 100 0 C. The 
true strain at initi'11 fracture decreased continuously 
with decrease in temperature below + 100 0 C. 
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F l GU RE 14. V Miation of the true strains at maximum load 
and at 1:nitialfracture w'ith the notch depth and tem peral1,re of 
the tensile specimens. 

lvIoreover the true str ain a t Lnitie,l fracture decrel1secl 
very rapidly with u: creas~ in.notch depth to abou t 
10 percent, less. rapIdly . with lI1 cre~se to 30.percen t , 
ch anged only slIghtly wIth further mCl'ease 111 ~epths 
to 50 and 70 percent, e,nd then decreased shghtly 
with in crease ill depth to 87 percent. The pro
nounced dependen ce of the du ctility of this metal ~n 
th e no tch depth Cl1Jl be a t tribu ted ~o .va.natIOns In 
th e s tress con centration factor and tnaxIahty (fig: 9). 
The stress concentra tion fac tor increases very rapIdly 
with in crease in notch depth to abou t 10 percent, 
and less r ftpidly witb increase in depth from 10 to 30 
percent , wheree,s th e tria,xiality for these shallo~
no tched specirrens is rela tively smdl. Therefor~~ It 
cnn be pos tull1tC'd th l1t the large decrease 111 du ctili ty 
of thcse titr,llium specimens (fig . 14 ) wIth mcree,s.e 111 

notch depth to 5, 10, and 30 percent IS du e m.all.l1Y 
to the detrirrcnte,l effect of th e s trcss con centratIOn 
and accompanying s tress and strain gI~adien~s in ~he 
region n ear th e base of the no tcb . 1: he tl'l~~lahty 
of the stress sys tem also reduces the ductilIty of 
specim ens bu t its effect for these shallow-notched 
speClmens is reli1~ivcly small., However , . for th e 
deep-no tched specrrnens, the . ~ffec.t of the rela tively 
large triaxiality on th e ductihtJ:" IS signifi cant. as IS 
shown in figure 14 by an appreCiable decrease 111 the 
tru e s train a t initial fmc ture at temperatures of 
+ 100°, + 25°, and - 78 ° C as the no tch dep th is 
increased from 70 to 87 percent; the ehange .1I1 th:e 
stress concentration factor with notch depth m tb~s 
range is very small , and the triax~ality ap~are~ tly IS 
the predomin an t factor involved ill the Illltla tIOn of 
th e fracture at th ese temperatures of the specimens 
with no tch dep ths of 70 and 87 percen t. 

Some corroboratory evidence in support of th e 
above views is provided in the photographs of the ; 

fracture surfaces of the notched specimens pre
sented in figure 15. The fractures at + 100°, + 25°, 
and _ 78° C of specimens with notch depths of 5, 
10, 30, and 59 percent, and ~le fractur~s .of all the 
notched speClmens at - 196 9 were lUI tlatecl a t 
points of high-stress con centratJOn at , ?r near, the 
root of the notch. Conversely, the fractures at 
+ 100°, + 25°, and - 78° C of specime!ls .. with 
notch depths of 70 and 87 percent were Imtlated 
in th e r egion of high triaxial stresses near the aXIS. 
The total deformation of th e deep-notched speCI
m ens a t these temperatures was considerable; it 
apparently was great enough to reduce the stress 
concentration near the root of the notch so that 
the effect of the high triaxial stresses was the pre
dominant factor in the initiation of these fractures. 
At - 196° C , the total deformation of the deep
notched specimens was very smalL. It was not 
grea t enough to re~u ce, to any slgmficant extent, 
the stress concentratJOn near the root of the notch, 
and the s tress concentration remained as the pre
dominant factor in the initiation of th e fractures. 

c . Work Hardening Characteristics 

The rate of work hardening,S clcr jdo, of the tita
nium was affected by the temperature and notch 
depth . This is indicated qualitatively in figures 4 
to 8 by an increase in the slopes of the .c urves at a 
given tru e strain with either a decrease m tempera
ture or an increase in notch depth. 

The relations observed between the rates of work: 
hard ening and true strain of unnotched sp ecimens 
of th e titanium at different temperatures are sum
marized in figure 16 . The rates of work hardening 
at constant true strains, except at the sr.nall true 
strains in the region of initial yielding, m creased 
continuously with decrease in temperature 0v:er the 
r ange of + 150° to --: 196 ° C. The rates of w~rk 
hardening of the speCImens decreased greatly With 
increase in true strains for strains less than those at 
the maximum loads. The decrease in the rate of 
work hard ening with increase in s train, above that 
a t maximum load was still considerable a t th e lower 
t emperatures, but it was very slight at + 100° and 
+ 150° C . . . 

The effect of notch depth and the accompa!lymg 
induced triaxiality on the rate of work hardenmg of 
the titanium is Illustrated quantitatively in figure 
17 for the tension tests at + 25° C. The rate of 
work hardenino- of the m etal increased with increase 
in the notch dbepth and decreased with !ncrease in 
t rue strain' the rate of decrease was relatIvely small 
with strain's in excess of about 0.3 . Similar results 
(not shown) were observed for the tes ts a t + 1000 , 

- 78°, and - 196° C; however , a t - 78° and - 196° 
C the true strain range was much smaller du e to 
the limited ductility of the notched specimens at 
these temperatures. In the t ests at + 100° C, 
considerabie scatter was observed in the rates of 
work hardening of the notched specimens at strains 

8 T be rate of work hardening, determined as d~/d~ , at any true strai n is the slope 
of the true stress-true strain curve at that stl:alll . F~r strall1s of an unnotc l~ cd 
specimen beyond that at maximum load , ,the IDCl'ense lD ,the t1 <?w, stre,ss l'es~1tlll g 
from the triaxiaHty i.nduced by the n eckmg of the speclT nen IS tllcluded ill the 
value of du/do. 
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above that at maximum load, and the effect of 
notch depth on the rates of work hardening was 
considerably less than that observed in the tests 
at + 25° C . 

The dependence of the rates of work h ardening of 
th e titanium on the stress system may b e explained 
by th e hypothesis, suggested in a previous paper 
[10], as follows: D eformation in tension under a 
multi axial stress system , su ch as th e triaxial stresses 
induced in th ese no tch ed specimens, occurs by the 
mo vement of dislocations on a greater number of 
slip planes within the individual crystals of the poly
crystalline specim en than is th e case for deformation 
under uniaxial tension, and more duplex or cross 
slip will also occur with deformation under th e multi
axial stress system. The number of intersections of 
dislocations, with th e accompanying formation of 
jogs in th e dislocations and point defects in th e metal, 
increases with increase in th e triaxiality and accom
panying increase in cross slip. Energy is required 
to move one dislocation across another dislocation. 
Moreover, the energy required to move a dislocation 
with a jog is greater than tha t requ ired to move the 
dislocation prior to th e formation of th e jog. The 
poin t defects formed m ay also act as barriers to th e 
movemen t of dislocations. These factors tend to 
increase the rate of work hardening of th e metal 
[17, 18, 19]. 

d . Some Effects of Inierstitials 

R ecent investigations [20, 21 , 22] h ave shown that 
th e mechanical properties of high-purity alpha tita
nium are affected greatly by the interstitial elerr cnts 
(carbon, nitrogen, o)..'Ygen, and hydrogen). Carbon, 
nitrogen , and oxygen strength en th e metal andl1lso 
tend to decrease its ductility. Hydrogen is generally 
believed to be one of the main causes of embrittlerr.en t 
of th e m etal. The main difference in the ch emical 
composition of the present heat of titanium and th at 
of th e heat used in th e previous study [10] at the 
Bureau is in the amounts of th e interstitial elements; 
the interstitial conten ts (percent by weight) of these' 
two h eaLs of the t itanium were as follows: 

Carbon 
Previous heat________ 0. 02 
P resent heat_________ . 04 

Oxygen 

O. 07 
. 21 

Nitrogen 

O. 02 
. 04 

H ydrogen 

O. 006 
. 0l2 

A comparison of some of th e strength and du c
tility indices of unno tch ed specimens of th e two 
heats of titanium studied at th e Bureau is given in 
table 4. 

The 0.02 stress at + 100°, + 25°, _ 78°, and 
-196° C (table 4) of th e present heat of titanium 
ranged from 12 to 30 percent greater than that of 
the previous heat of titanium with its lower inter
stitial con tents. It may be postulated that this 
difference in th e 0.02 stress values of the two heats 
is due mainly to the greater density of "Cottrell 
clouds" (clusters of interstitial atoms around the 
dislocations) [17] in the annealed metal with the 
higher in terstitial contents; more energy is required 
for the initiation of the movem ent of a dislocation 
with a surrounding cluster of interstitial atoms than 
for that of a similar dislocation not partially anchored 

TABLE 4. Some comparative strength and ductility values of 
the unnotched tensile specimens of the present and previous 
heats [10] of initi ally annealed, commercially pure titanium 

Temperature .......... + 1000 C + 250 C - 780 C - 1960 C 
1-----·_-_·_-------------- ----

R atio of t rue stress at a t rue 
strain of 0.02 for tbe present 
beat to that for tbe previous 
heat ................ . ....... _ 1.12 1. 22 1. 27 1.30 

R atio of true 
stress ata true 
strain of 0.15 {present heat .. 1. 32 1. 30 1. 27 1. 26 
to tbat ato.02 . Previous beat 1. 31 1. 32 1. 31 1. 29 

R at io of true strain at initial 
fract ure for the presen t heat 
to that for tbe previous heat .. 1. 25 1. 03 O. iO 0. 44 

Ratio of t rue stress at a t rue 
strain ~f 0.Q2 at - 1960 to that {Present heaL .... 1. 90 
at + 25 C.... ........... ..... Previous heat .. .. 1. in 

by interstitial atoms. The binding effect of the 
surrounding interstitial atoms on a dislocation 
increases with decrease in the rates of diffusion of the 
interstitial atoms such as accompanies a decrease 
in temperature of the metal. This feature is indi
cated in table 4 by the significantly higher mtio of 
the 0.02 str esses at - 196° and + 25° C , respectively, 
for the present heat of titanium with its higher 
interstitial contents. 

The interstitial atoms also greatly affect the 
resistance of the metal to the continued movement 
of dislocations and thus affects its work hardening 
characteristics. Evidence of this effect is provided 
indirectly in table 4 by the ratios of th e tr~e stresses 
at true strains of 0.1 5 and 0.02, respectively, for 
these two heats of titanium.9 These ratios, which 
may be considered as measures of the relative work 
hard ening during this range of deformation , are 
n early the same for both h eats of the metal. How
ever, as the 0.02 stress was greater for the heat with 
the higher interstitial contents, the increase in the 
resistance to flow during the deformation of these 
specimens was greater than that of specimens of the 
oth er heat of titanium. The slight increase ex
hibited in these ratios for both heats of titanium as 
the temperature was increased may also be inter
preted as indirect evidence of slip along more pris
matic planes, and including some pyramidal planes 
and possibly basal planes at t be higher temperatures. 
This would be accompanied by an increase in the 
amount of cross slip and the number of intersections 
of dislocations, thereby increasing the work harden
ing of the m etal. 

The effect of the interstitials on the embrittlement 
of the titanium at low temperatures is indicated in 
table 4 by the ratios of the tru e strain at initial 
fracture of the specimens. The ductility at room 
temperature of specimens of both heats was about 
the same. However , the low temperature embrittle
ment of the titanium by the interstitials was very 
pronounced as shown by th e large decrease in these 
ratios as the temperature was lowered to - 78° and 
- 196° C. 

, The upper range of the strain for tbese ratios IVas limited to 0.15 in order to 
eliminate any effects tbat m ight be att ributed to triaxiality accompan ying tbe 
n ecking of the specimens. 

224 



4 . . Summary a nd Conclusions 

A study was made of the behavior at low temper
atures of unnotched and notched tensile specimens 
(60° notch angle, 0.05-in. root radius, 0.35-in. 
diameter at root of notch, and selected notch depths) 
and Charpy V -notch impact specimens of a heat of 
annealed commercially pure titanium. 

The transition from ductile to brittle behavior in 
the Charpy impact tests occurred within the range 
of + 1250 to + 80° C; only a small amount of notch 
toughness (3 to 4 ft-Ib energy absorbed) was retained 
by the metal at - 196° C. 

The resistance to deformation of unnotched and 
notched tensile specimens increased continuously as 
the temperature was lowered within the range of 
+ 150° to - 196° C. The strength of the titanium 
was also affected greatly by the stress system induccd 
by a notch; strength indices, such as true stress at a 
true strain of 0.02 notch strength, and true stresses 
at maximum load and at initial fracture, increased 
greatly with increase in the induced triaxiality 
accompanying an increase in the notch depth. 

The ability of the titanium to deform under 
uniaxial stress apparently was not affected greatly 
by lowering of temperature, as the true strain at 
maximum load in the tension tests on unnotched 
specimens increased only slightly as the temper
ature was lowered within the range of + 150° to 
- 196° C . 

The ductility of the titanium under multiaxial 
stresses, however, was very dependent on temper
ature. The true strain at initial fracture of notched 
specimens of constant notch depth decreased con
tinuously with lowering of temperature. Moreover, 
the ductility of notched specimens decreased very 
rapidly at all test temperatures with increase in 
notch depth to 10 percent, decreased less rapidly 
with increase in depth to 30 percent, changed very 
little with further increase in depth to 70 percent 
and then decreased slightly with increase in depth 
to 87 percent. The stress concentration factor 
increases very rapidly with increase in notch depth 
to about 10 percent, less rapidly with increase in 
depth from 10 to 30 percent, and then rather slowly 
with further increase in notch depth, whereas, the 
induced triaxiality is relatively small for the shallow
notched specimens but increases to a fairly large 
value for the deep notch specimens. Thus, it may 
be concluded that the decrease in tensile ductility 
of the notched specimens apparently depends mainly 
on the stress and strain gradients accompanying 
the stress concentration near the root of the notch, 
and only to a minor extent, except perhaps for very 
deep notches, on the induced triaxiality. This 
conclusion, however, sho uld be considered as ten
tative, as the change in notch geometry in this 
study was limited to a variation of the notch depth 
of notches with constant notch angle, root radius, 
and minimum diameter at the root of the notch. 
Additional experimental data involving other varia
tions in the geometry of the notch, sucb as notch 
angle and root radius, are needed to definitely estab-

!ish the relative effect of the stress concentration 
factor and triaxiality on the ductility of the titanium. 

The rates of work hardening of the titanium speci
mens under t ension depended on the temperature 
and the stress system; the rate of work hardening 
increased with decrease in temperature and with 
increase in the triaxiality of the stress system. 

A comparison of the tensile data obtained pre
viously on another heat of annealed commercially 
pure titanium of low interstitial contents, with 
those obtained in the present investigation shows 
that the strength and work hardening increa e and 
the ductility at temperatures below + 25° C de
creases with increase in the interstitial conten.ts of 
titanium. 
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