
RESEARCH MEMORANDUM 

ELEVATED-TEMPERATURE FATIGUE PROPERTIES OF K’ 

TWO TITAHIUM ALLOYS .: 

By WiJliam K. Rey -7 

University of Alabama ,i 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON ’ 
April 24,1956 :-c 



x 

NATIONAL ADVISORY cm FORAEROlXMJTICS 

a 
REsmcH MEMoRAIiDm 

1 

ELEVATE%TEBPERATLlRF,FATIG~PROPERTE3SOF 

TWO TITAIKCUM AILOYS 

By William K. Rey 

SUMMARY 

* 

An investigation was conducted to evaluate the unnotched fatigue 
properties of 3Ma Complex and yU-= titanium alloys at elevated tem- 
peratures. Fatigue studies were conducted for each alloy at room tem- 
perature, 20C", 400°, 600°, 8CO", and l,OUO" F. The results sre presented 
in tabulsr form and as curves of stress versus cycles to failure for each 
test temperature. The endurance strength at lC,ooO,OOO cycles for the 
3bb Complex alloy decreased from 79,ooO psi at room temperature to 
26,500 psi at 1,000~ F. The endurance strength at 10,000,000 cycles for 
the 3Al.-5C!rcalloy decreased from gl,OOO psi at room temperature to 
46,500 psi at l,OOC" F. The decrease in endurance strength with an 
increase in temperature is shown by a curve of endurance strength versus 
temperature for each alloy. 

INTRODUCTION 

During the past few years metallurgfcal research has provided the 
engineer with Alloys of titanium that are taking their place as important 
structural materials. These alloys are of particular Interest to the 
aircraft industry since they possess a unique combination of mechanical 
properties - lightness, high strength, general resistance to environmental 
attack, and retention of strength at moderately elevated temperatures. 
To make the most effective use of these alloys, it will be necessary for 
the designer to have available the mechatical properties for various 
types of loading under different environmental conditions. 

For many ahlications, the behavior of a material when it is subjected 
* 

‘ 

to repeated stressing is of prime importance. This is true since many of 
the structural components are subjected to repeated loading and unloading. 
This investigation was undertaken to determine the unnotched fatigue 
properties of two titanium alloys at temperatures up to l,OO@ F because 
of the potential use of titasfum alloys Fn this temperature range. 
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ThLs investigation was initiated under the sponsorship of the 
University Research CormrLttee of the University of Alabama and ccmrpleted 
with the University Research Committee and the National Adtieory 
Committee for Aeronautics as cosponsors. The University Research 
Corcanittee supplied funds for the necessary equipment and the National 
Advisory Committee for Aeronautics furnished the operating funds. The 
material required for preparation of the test specimens was donated by 
the Mallory-Sharon Titanium Corporation of Niles, Ohio. 

.-t 

m 

a 

MATERIAL 

The alloy designated 3Mn Complex titanium alloy was supplied as hot- 
rolled and cleaned l/2-inch-diameter roikd rd with all material coming 
from the same heat. The chemical composition by wefght of this heat ae 
determined by the Mallory-Sharon laboratory was as follows: 

Carbon, percent . . ; . .-. . ; . -... .--, . . ,- . . . . -. . . . 0.03 
Nitrogen, percent . . . . . . . . . . . . . . . . . . . . . . . O.OlC 

--- 
& -: 

Hydrogen, percent . . . . . . . :. . . -. . -.; .--.L. ; . . : . . . 0.012 
Iron, percent . . . . . . . . . . . . . . . . . . . . . . . . . 0.93 
Uanganese, percent . . . . . . . . . . . . . . ; . . . . . . . 3.34 - : 
Chrominum, percent ! . . . . . . . . . . . .-. i . . . . . . . 1.07 
Vanadium, percent . . . . . ..' . . . . . . f,l-:. - . ..? .! . , . _._. . A,.,.. 1.03 
Molybdenum, percent.- . i-i . .-"-. 1. . . . . . . . . . . . . . . 1.01 
Titanium . . . . . . . . . . . . . . . . . ..i . . . . . . . Hal. 

The room-temperature mechanical properties were determined using 
American Society for Metals s tandard 5/16-inch tension specimens. These 
tests were performed in a Baldwin 60,000-pound universal testing machine 
with a Huggenberger Tensometer used to measure strains. The average room- 
temperature mechanical properties from three tests were as follows: 

Ultimate strength, psi . . . . . . . . . . . . . . . . . , . 147,900 
Proportional limit, psi . . . :. . :. . -- -i- __._ .y--.y ._L.-C.-!-. I-. -.- - I _. - -. --- 
Yield strength (0.2~percent offset),.psi . . . . . . . . . . 
young's modulus, psi . . . . . . . . . . . . . . . . . . . . 16,200~mo 
Elongation in 1 inch, percent . . . . . . . . . . . . . . . 
Reduction of area, percent . . . . . . t . . . . . . . . . . 57% 
Rockwell-hardness . . . . . . . . . . . . . . . . . . . . . 33.w 

The average tensile stress-strain curve for the 3Mn Complex alloy 
is shown in figure i. 
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The second alloy, which is deei@pated 3Al-5Cr titanium alloy, was 
also supplied as hot-rolled and cleaned l/2-inch-diameter round rod with 
all material coming from the same heat. The chemical composition by 
weight as determined by the Mallory-Sharon laboratory was as follows: 

Carbon, percent . . . . . . . . . . . . . . . . . . . . . . . . . 0.05 
Nitrogen, percent . . . . . . . . . . . . . . . . . . . . . . . . 0.036 
Hydrogen, percent . . . . . . . . . . . . . . . . . . . . . . . . O.Oll 
tion,percent.......................... 0.25 
ALruInum,percent . . . . . . . . . . . . . . . . . . . . . . . . 3.47 
Chromium,percent........................ 4.94 
Titanium . . . . . . . . . . . . . . . . . . . . . . . . . . . . Bal. 

The room-temperature mechanical properties were determined by the 
same procedure used for the other alloy. The average room-temperature 
mechanical properties for the 3Al+Cr alloy were as follows: 

P 

UlFtmatestrength,psi ................... 140,800 
Proportional limit, psi .................. ln, 800 

.......... Yield strength (0.2-percent offset), psi 125,300 
Young's modulus, psi. .................. 
Elongation in 1 inch, percent 

.15,500,000 
............... 

Reduction of srea, percent .................. 57% 
Rockwell hardness ..................... 35. gc 

The average tensile stress-strain curve for the 3Al+C!r slloy is 
shown in figure 2. 

APPARATUS AND PROCEDURE 

Figure 3 shows the I&ouse high-speed, high-temperature, repeated- 
stress machine used for all fatigue tests. This machine loads the speci- 
menas a simplebeamtitha constantbendingmomentthroughoutthe length 
of the specimen. It is eqtipped with a Marshall furnace and Foxboro 
potentiometer controller t&a8 permit testing at room tee?ature and in 
the range from 200° to 1,800 F with an accuracy of &Z" F. 

. 

. 

d 

Prior to testing, it was necessary to perform a load calibration to 
determine the load necessary to balance the weight of the driving motors 
and specimen holders. This was accomplished by using a dummy specimen 
to which two type A-8 SR-4 electric strain gages were attached. Loads 
were applied in l-pound increments and the strains determined for each 
load. Curves of load versus strain were plotted to determine the tare 
load. This load calibration was confirmed by testing a number of 
stainless-steel specimens in this machine and comparing the results with 
data.obtained from another machine. ThLs check showed excellent agreement 
fn the results obtained from the two machines. 
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The furnace temperature is controlled during testing by means of a 
Chromel-Alumel thermocouple placed at the center of the furnace midway 
between the specimen and the furnace wall. To determine the correlation 
between the temperature of this control thermocouple and the specimen 
temperature, an iron-constantan thermocouple was attached to the center 
of a specimen. For each of the test temperatures, a series of readings 
was taken to determine the difference in temperature at the two thermo- 
couple locations. These data showed that after temperature equilibrium 
was reached there was a maximum of 2O F difference in temperature at the 
two locations. An addi.tional investigation showed that the temperature 
was constant throughout the length of the specimen. 

The dimensions of the specimens used for all fatigue tests are given 
in figure 4. These specimens were prepared from l/2-inch-diameter rod 
and then polished. The machFning marks were removed with 3/O emery cloth, 
and 400-A Durite paper was used for the final polish. All circumferential 
scratches were removed by.polishing parallel to the longitudinal axie of 
the specimen while it slowly rotated in a lathe. Approximately 0.002 inch 
of the material was removed during the polishing operation. 

The specimens were inserted in the furnace at room temperature and 
rotated at zero stress Chile the furnace temperature wae increased to the 
test temperature. The testing temperature wae attained in 45 minutes. I 
An additional13 minutes was allowed to obtafn temperature equilibrium 
before applying the load. All tests were conducted at a speed of 
4,800 cycks per minute. The test temperatures were rocm temperature, 
2oO", 400°, 6oo”, 8CO", and 1,000~ F. 

FESTlLTS AND DISfXJSSI~ 

The results of the fatigue tests of the 3Mn CompleX alloy are pre- 
sented in tabular form in table I and as curves of nominal stress versus 
cycles to failure in figures 3(a) to 3(f). The endurance etrengthe at 
lO,OOO,WO cycles from these curves, are compared in the following table: 

Temperature, ?F Endurance strength, psi 

Room temperature 79,000 

to”0 65,500 64,000 
600 55,500 
8~x1 4% cm 

1,000 26,500 

Endurance ratio 

0.53 
.44 
-43 
-38 
-30 
.18 
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The endurance ratios in this table were computed as the ratio of 
the endurance strength at 10,000,OOC cycles to the ultimate strength at 
room temperature. Although this ratio is not the true endurance ratio 
for the elevated temperatures, it is a measure of the reduction in 
strength as temperature increases. As shown in the table, the endurance 
stre 

3 
th decreased from 7g,oOO psi at room temperature to 26,500 psi at 

1,OCC F. The reduction in strength is shown graphically by a curve 
of endurance strength versus temperature in figure 6. 

The curves of stress versus cycles to failure for the 3Mn Complex 
alloy exhibit small scatter at room temperature, 200°, snd 80aO F. While 
the data at &IO0 and 600~ F show greater scatter, it is not unreasonable. 
The small number of specimens available for testing at l,oOO" F was due 
to the limited amount of available material. However, a sufficient number 
of tests were performed at l,OOO" F to give a reasonable indication of 
the endurance strength at this temperature. 

The results of the fatigue tests of the 3Al+Cr alloy are presented 
in tabular form in table II and as curves of nominal stress versus cycles 
to failure in figures 7(a) to 7(f). The endurance strength at 10,000,000 
cycles from these curves are ccurpsred in the follarlng table: 

Temperature, Op 

Room temperature 

E 
600 
800 

1,000 

Endurance strength, psi I mdurance ratio 

91,000 
%m 

;;Ei 
62: 250 
46,500 

o. 65 
. .60 

056 
:E 
-33 

The endurance ratio was computed as for the 3Mu Complex alloy. The 
endurance strength $ecreased from 91,ooO psi at room temperature to 
46,500 psi at 1,OCO F. me curve of endurance strength versus temper- 
ature is shown dn figure 6. 

Some of the scatter fn the fatigue results may be attributed to the 
fact that neither material was annealed after rolling. Since the temper- 
ature calibration was performed under static conditions, it is possible 
that the rotation of the specimen produced a small temperature change 
thatwouldfurther account for the scatter in-the testreeults. 

In table III the ratios of endurance strength to weight of the two 
titaniumallays and four aluminumalloys are comps;redatfour temperatures. 
The endurance strengths of the titanium alloys at 3000 and 500' F were 
obtained from figure 6 by interpolation. The endurance stres of the 
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aluminum alloys were obtained from reference 1. This comparison shows 
that the titanium alloys are superior to.the aluminum alloys at all four 
temperatures on the basis of their ratios of endurance strength to weight. P 
The w-m alloy has a higher ratio of'endurance strength to weight at 
all temperatures than the 3Mn Complex alloy even though it has a lower 
ultimate tensile strength at room temperature. v 

It is of interest to note that the curves of endurance strength 
versus temperature have the same shape for both materials. The small 
reduction in endurance strength for the 3Mn Complex alloy between 2CC" 
and 6~x1~ F is surprising when compared with the reduction in endurance 
strength between room temperature and 2oO" F. 
the room temperature was taken as 75O F. 

Z3 plotting these curves, 

CCeJCLUDING REMARKS 

Within the limitations of test scatter, the results of a study of 
the fatigue properties of two titanium alloys show that both of the alloys 
have potential use in the temperature range investigated. The sl+Cr Y 
alloy has a higher endurance strength than the 3Mn Complex alloy at all. 
temperatures considered in this study even though it has a lower ultimate . 
tensile strength at roOm temperature. 

A comparison of the two titaniumalloys with aluminumalloys shows 
that the titanium alloys are superior on the basis of their ratioe of 
endurance strength to weight. 

Further study is needed to complete the evaluation of these alloys. 
A study of the possible correlation between the endurance strength at 
elevated temperatures and thestress to ruptqre..at. thes.e.temperaturee- 
would be of value. An investigation of the notch sensitivity at elevated - -- 
temperatures is also necessary to -complete the evaluation for applications 
involving repeated stressing. 

Universfty of Alabama, 
University, Ala., May l-2, 1955. 

BELFERENCE 

1. Anon.: Strength of Metal Aircraft Elements. ANC-5, Mnitions Board 
Aircraft Com&ttee, Mar. 1955. 
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IcABLe I.- RIsIlms CSFFATIGUE!CES!T%ClF~WbE'LEX!EUXIUMaLulY 

specimen Stress, psi Cycles to failure 

Atrocmtempmature 

Remsxks 

lOF2 
1OF 16 

1oF 15 1ml2 
1oF3 
1OF 4 
1OF ll 
loF5 
10~6 
la? 7 
1OF 8 
1oF 14 
1OF 10 
1m 9 

100,720 7,300 
100,280 10,700 

98,3x, 988,030 3@ 
94,270 20:600 
g;:: 28,700 

64,800 
97,700 

t&i 61,100 
82:03o l&go0 
;;,g * 450,200 

=,7g~ Md not fail 
;&y 

I 14,347:mo Md not fail 

At200°F 

Km 17 83,830 40,loo 
IOF 18 81,070 24,803 
l.QJ? 19 

2g: 
47,ooo 

1OF 20 
loF2l 7&O' 

44,400 
=,~ 

I-m 25 70,650 318,500 
lOF22 69,210 704,800 
1OF 24 
10~ 27 
IOF 26 
1OF 31 
XlF- 29 
10~ 28 
I-OF 30 
10~ 23 

2,r12,100 
%4g 
g;3; 

3,618,loo 
L'110,~ 

651080 
13,205,loo 

1,7=,9w 
L456,500 p& * 

641230 
lO,l20,800 
=,~5,2~ 

At 4oO°F 

. 

Md not fail 

Mdnotfail 
Md not fail 

10~ 38 
1oF 41 1oF 43 

1uF 39 

z f: 
lOF4-4 
UJF 3.6 
1OF 40 
J-OF 37 
loF48 
1oF 34 
1oF 49 
loF46 
1oF 47 
1OF 45 

32,2@-J 
lfpg 

1,262:100 
4a,400 

38,400 
34,300 

1g$g 

471800 
2,oo3>500 

22,804,ooo 
lp5-59g 

10:2%;6oo 
10,&1,700 

Mdnotfail 

Mdnot fail 
Mdnotfail 



spec- stress, psi cyclestofailure Remarks 

At 6# F 

1aQ 51 84,060 4,loa 
lcw 74 

z;'g 
23,200 

1clF 58 ' 2%300 
I-apn 135,400 
lm 59 gz% ll6'2CC 
loF 73 

Es 2 E&f 
g'2z 

583:9Qo 
1oF 62 61;mo 

$$'?Ez laF 75 60,930 
m? 63 

ZJ4G lm 76 
768:200 
2oo'ooo 

10~ 64 5&g l'la6,3w 
yc e& ' 305,400 

l30'7~ 
UF 67 g'z 353'W 
la? 68 57:900 L542’Joo 
1cE 69 

T2$ 
2,59WoO 

I-OF 70 3'441'~oo 
m 72 94950 ~'w'5ao Did not fail 
m52 43,060 12'406'400 Mdnotfail 

At 8QO" F 

KS 81 59,030 12,200 
loF82 57,870 l.6'200 
gg 

z:z 2:s 

% 2 !z'E 34400 
lcu? 87 5&z 57,m 
1cF ss 61,900 
loF 90 5~:020 
1aF,g1 - 51% 
loF 93 $:E& 
IoF 94 209:700 
lm 92 48f1.60 1'905'3OO 
1QF 97 $'"$$" 

fgk;Ez la? 95 
laF 98 p: 33&w& 
1oF 99 
1clFlo-l $46~ l,765:3m 
1aFlCC I 10,156,700 

At l,CCO" F 

1clF 77 54,790 7,800 
ICE 78 

2z 
214,600 

laF 80 , 286,100 
la- 79 

3'3E 1QF 102 $:E 
lap104 w&o 
1CF 103 z:gF$ ~318,800 Md not fall 
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!PABIE II.- RESULTS OFFATIGuE!PESTS OF s-~TI'J!ANIUMAUOY- Concluded 

GpeCiIlk-33 @tress, psi Cycles to failure Remarks 

At 600~ + 

8,183, loo 
149,300 

4o:oao fez 

98,300 
4,587tm 
4,325,3m 

94,900 
14,190,700 
13,093,100 
4,663,400 

10,216,800 
13,975,ooo 

At ~CQ’ F 

Mdnotfail 
Md not fail 

Did not fail 
Did not fail 

9pBo 

gz 
9F 90 
gg 

go 81 
g% 

9F 94 
9F 83 
9F 91 
g2 

9F 92 
9F 88 
9F 93 
9F 87 

74,000 40,3(x, 

72,990 71,990 22,900 27,700 
* 25,600 

g%z 

6&9g 

76,600 
19,laJ 
=,- 

671960 67,000 26,600 57,1~ 

f%51a 
p!g %*E 

64:990 
148;400 
187,200 

:;g 
-gqg 

271:200 &g 

61: 990 
&&9,200 Md not fail 
4,996,500 

At l,ooO" B 

9F 96 
9p 95 
g 3 

gF loo 
9F 101 
9F 102 
9F 103 
9F99 

42,ooO 
250,500 
417, 481,goo ooo 

2,43&J 

42&K1 
=,222,900 
=,-,9(x, 

Md not fail 
Md not fail 



Ll?ABm III.- c0MPm13m cm RATIOS OF lq9DmavcE 9-d M w-J!mm! 

Wei 
lb 

3mn*Y 0.170 
!w--xr n alloy .ti6 
2014~T6 aluminumelloy .lol 
2W4-T4 aluminum alloy .loo 
6061-r6a1uminumallay .c@3 
7075T6aminmlalloY .lOJ. 

At room tap. At 300" F At 400" F At 5OO'F 

Fe F&f Fe Fe/W Fe Fe,/w Fe FeP 

7g,ooo 464,700 65,000 64,000 376,500 
gl,ooo 548,000 80,500 

382,400 
484,900 

61,500 361;8m 
79,500 478,900 

24,000 237,600 
77,ooO 463,900 

15,000 148,500 10,000 99,000 7,000 69,300 
24,000 240,000 ~7,000 l~o,cm 130,000 85,000 
17,000 173,500 14,000 ti2,goo 

13,000 8,500 
n,ooc 112,200 5,500 5&m 

24,coo 237,6m 13,000 128,700 9,5co $,lOC 8,ooo 79,20c 

'In this table, the endurance strength Fe is taken at 10,000,000 cycle. 
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Figure 1.- Tensile stress-strain curve for m Complex titanium alloy at 
room temperature. 
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Figure 2.- Tensile stress-strain curve fo,r 3AL5Cr titanium alloy at 
room temperature. 
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b 92451 
Figure 3.- Kmuse high-speed, high-temperature, rotating-beam fatigue 

machine. 



24"Radius 

Figure 4." Dimensions of l/2-inch-diameter rotating-beam fatigue specimen. 
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[a) At ro(lll1 temperature. F 

Figure 5.- Fatigue-test results for 3Mn Complex titanium alloy. 52 
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(b) At 2000 F. 

Figure 5.- Continued. s 



60,000 

55,000 

Cycle.9 tc failure 

(c) A-t 400' F. 

Figure 5.- Ccmtlnued. 
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70,000 

(a) At 6d'F. 

Figure 5.- CorftinUed. 
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c 

@3l@a tc failure $ 
F 

(e) At 8oO°F. 

Figure 5.- Continued. 
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(f) At l,COO" F. 

FQure 5.- Concluded. 



22 NACARM 36BO7 

80,000 

40,000 

60,000 

40,000 

(a) 3Mn Complex.alloy. 

c 

200 too 600 

Temperature, ?F 

(b) 3Al-5Cr alldy. 

Figure 6.- Variation of endurance strength with temperature. 
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cycles ta fdlurs 

(a) At roamtempera~ure. 

Figure 7.- Fatigue-ted results for 3Al+Cr titanium alloy. 
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(b) At 2OO'F. 

Figure 7.- Continued. 
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75,000 

70,000 

. 

a L # 1 

Cycle8 to failure 

(c) At 408' F. 

,Figure 7.- Continued. 
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85,000 

80,000 

75,000 

(a) At 6000 F. 

Figure 7.- Continued. 
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75,000 

70,000 

60,000 

Cycles to failure 

(e) At 800’ F. 

Figure 7.- Continued. 
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Bclss to failure 

(f) At l,OOO" F. 

Figure 7.- Concluded. 
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