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ABSTRACT

The evaluation of the effects of various treatments on the
fatigue properties of titanium bar stock alloys Ti-150A and
RC-130B was mede. The various treatments of Ti-150A and their
correspording fatigue endurance limits are as follows:

1. Machined and polished - 68,000 pei
2, Ground - 63,000 to 70,000 psi

3. Ten percent permsnently stretched and ground - 54,000
psi (wide scatter of data)

4. Ground and scaled - 56,000 psi
5. Machined notched - 40,000 psi
6. Ground and notched - 21,000 psi

The fatigue strergth varied from about 35 to 45 percent of the
tensile ultimate strength for the different treatments, except
for the notched condition as would be exvected, RC-13%0B gave
endurance limits of about 67,000 psi (avproximately 45 percent
of tensile ultimate strengthj for the ground, unnotched condit-
ion, and about 24,000 psi for the ground notched material. The
wide range of values for the ground Ti-150B alloy and for the
10 percent stretched and ground Ti-150A alloy may have been due
to various degrees of surface cold work, and surface discon-
tinuities, caused by grinding and cold work. In addition,
radiography identified tungsten inclusions which were zrobably
a contributing factor. In general, the surface treatment has a
marked effect upon the fatigue strength of titanium and its
alloys. For the conditions tested, a machined and polished
surface produced the optimm fatigue properties.
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INTRODUCTION

The variation in fatigue strength of metsls with different

surface treatments is a well known fact, Previous work in this

field on process "A" titanium containing aporoximately O,4%C pro-

duced by the Remington Arms Company, was performed by the Materials
Iaboratory on 0,06 inch sheet in the "as annealed" condition and on
0,066 inch sheet in the "as cold rolled" condition, Reversed flex-—
ural fatigue tests were made in Krouse sheet fatigue machines overat-

ing at a speed of 1725 rom, The endurance limits for the "as annealed
sheet were good but for the "as cold rolled" sheet were poor, especial-
ly in the direction of rolling., On the surface of the cold rolled
samples shallow pits were found which may have been caused by vickling
procedures before cold rolling, The pits were removed by surface grind-
ing 0,001 inch of material from each side of the specimens, The endur-
ance limit was very much increased indicating the surface defects to be
essentially responsible for the low {astlgue values of the "as cold rolled"
material, The results obtained are:ll

Condition : Direction : Zndurance : % of Ultimate
Limit (psi) Strengzth
"As Annenled" . Trans, 48,000 51
: Lmng ! 51,500 : G
"As Cold : Trans, ¢ L43,000 : 36
Rolled" Long 71,000 2.5
"As Cold ' ' )
Rolled and : Iong, ¢ U7,000 : L0

Surface Ground

Additional work was later done st the Materials Laboratory on
three vieces of commercial titanium sheet submitted by the Remington
Arms Comvany, The pieces were revorted to have come from one ingot
which had been cold rolled to a thickmess of about 0,06 inch, It was
reported that one plece had been vacuum annealed; another viece air
annealed, descaled in sodium hydride, and pickled in a nitric~-hydro-
fluoric acid solution; =nd the remaining niece kept in the "as cold
rolled”" condition, The three pieces were tested in a Krouse sheet
fatigue machine both parallel and transverse to the direction of roll-
ing with the following results:
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Condition

..

Direction : Fatigue Ptrength
At 20X10° Cycles

: : (psi)
Annealed and 3  Transverse Ll 500
Pickled Longitudinal 42,000
Vacuun " Transverse 42,000
Amnealed ¢ ILongitudinal: 33,000
"As Cold : Transverse @ 39,000
Rolled" Longitudinal 33,000

The fatigue values were higher in the transverse direction
than in the longitudinal direction for all conditions, No completely
satisfactory reasons could be given to account for the annealed and

vickled samples producing the best results and the cold rolled speci-
mens the poorest results,

In order to gain more fundamental knowledge of this complex
problem and consequently wroduce titanium with optimum fatlgue prop-
erties, the Materials Lsboratory decided to conduct a preliminary in-
vostigation on the effects of different surface treatments on the
fatigue strength of titanium in preparation for more intensive studies,
A research contract with the University of Michigan has now been initi-

ated in which a more fundamental approach to the problem is being
made,

For the preliminary investigation covered by this report two
sormmercial titenium alloys were chosen because of their awvailability
ind vractical apmlications, Titanium Metals Corporation of America
and Rem-Cru Titanium, Incorvorated, supplied alloy bar stock, ZRotat-
ing beam faticue tests were chosen for the investigation since a

:loser control of varisbles could be obtained by this method than in
sheet fatigcue testing,

OUTLINE OF WORK

The method of attack chosen for the testing program was as
ollows: (1) Alloy bar stock cut into specimens; (2) Specimens
adiographed to determine relative amount and distribution of tung-
ten inclusions; (3) As received mechanical properties determined
t room temperature and Charpy impact tests performed at 800, 60C,
00, 200, 75 and -100°F; (4) Samples subjected to various types
f treatments; (5) Fatigue properties evaluated by rotating beam
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method for oll treatments; (6) Mechanical proverties determined for
selected treatments to show their relationshin to fatigue strength;

(7) Specimens metallographicslly examined to determine structure and
homogeneity; and (8) "SN" curves drawn for the different conditions

tested and a comparison made of the fatigue strengths,

The conditions tested may be divided into the categories of
scaling, cold work, and surface vreparation, The following table
lists the tynes of treatments and the evaluation of mechanical nroo-
erties chosen for Ti-150A,

Table I — Mechanical Properties Determined for Ti-150A

Treatment : Mechanical Properties
Type FPactors Investigated : Tensile % Elongation Fatigue
Scaling Scaled in air at 1300 , Machined - Ground
°F for 1 Hour, and *  before before
Air Cooled . Scaling Scaling
' X X X

Cold Work Permanently Stretched .
10% in Tensile Machine

and Ground : X X X
Surface
Prevaration Ground : X
Surface .
Preparation Machined and Polished® X X X
Surface :
Preparation Ground Notched X
Surface :
Preparation Machined Notched X X X

Since only -a limited amount of Rem~Cru Titanium ber stock wes
available, it wze decided to confine the fati investigation of this
material to the following two conditions; (l§UEGro=md unnotched and,
(2) Ground notched,
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MATERTALS AND APPARATUS

The Titenium Metals Corporation of America supplied eight
9/16 inch diameter bars of Ti-1504; nominal composition of 2.6% Cr,
1,%% Fe, and 0,26 Oo by weight, The heat number for bars 1 and 2
was X-538 and for bars 3 to & was X508, These melts were early
experimental ones and consequently were not of comparable quality
to melts produced at the present,

Rem-Cru Titanium, Incornorated, supplied five, 9/16 inch
diameter bars of RC-130B; nominal commosition of 4% Mn and 4f Al
by weight, Only a limited amount of the alloy was available, and
the heat numbers of the bars are unknown, Internal stresses of
considerable magnitude were discovered in these bars during machin-
ing overations, and it was necessary to repeat the manufacturer's
annealing treatment (1300°F followed by an air cool) after the bars
were cul to svecimen lengths,

For radiogravhic vurnoses the following vrocedure was employed:

The bars were cut to svecimen size and radiographed, then turned 90

degrees about their longitudinal axes and radiographed sgain in order

to locate the position of stringers and inclusions, Stringers and

inclusions of tungsten were found in the Ti-1504 alloy with bars 3, 6

and 7 having particularly bad contamination, The RC-13(B bars had
only small amounts of homogeneously scattered impurities, Table II

is a tabulation of the relative amounts of tungsten inclusions in the

various bars,

Table II ~ Tungsten Inclusions Observed By X-ray

Ti-1504
Bar Mumber : 1 2 3 04 25 16 317
Total Specimens Cut $11 : 5 10 ¢ 7+ 6 111 3 6
Free from Inclusions ., 9,5 .1 .1 1 0 o
Moderate Quantity * ) * ) * * ) *
of Inclusions .2 .0 .5 5 4 2 . 3|
Iarge %ntity L] L] L » L] - L]
of Inclusions 0 0 L 1,1 .9 3

L1
-s
..
as
-
-

O\ Oy ;

(&

WADC TR 52-202 L



RC-13(8

ar Number : 11 : 12 3 13 : 14 : 15
Total Samples : 3 3 3 ¢ 3 303
Free from Inclusions 1 2 0 3 1
Moderate Quantity : : : 3 :

of Inclusions , 2 ,1 3 . 0 2
Large Quantity ’ : : * *
of Inclusions 0 o o 0 0

X-ray data: tungsten target, 48 inches from svecimens,
140 K.V,, & ma., 8 minmute exposure, Type A film, lead screens,

A wet analysis for carbon and tungsten was conducted on RC-13(B
bars 11 and 13, The results were as follows:

Bar Muber C (%) ¥ (%)
11 o,% 0,34
13 0, 0.25
Microscopic examination of the Ti-150A specimens showed an all
alpha structure composed of very small grains of primary alpha plus
transformed beta with varying smounts of tungsten inclusions depending
upon the specimens examined, The alloy exhibited definite preferred
orientation in the direction of rolling, Figures 1 through 3 illus.

trate respectively, a cross'section of sound material, a cross section

showing a large tungsten inclusion, and a section taken in the direc-
tion of rolling,

Microscopic examination of RC-130B revealed a grain size much
lorger than observed for Ti-1504, The microstructure consists of
small amounts of primary alpha plus transformation platelets of alpha
in retained beta, The large mumber of alpha platelets and the coarse
original "Beta grain size" shown in Figure 4 {area shown in photo-
microgreph consists of only three original greins) indicates that the
material was finally heat treated very near the bete transus tempera-

ture, Very small inclusions of tungsten could be seen in only a few
specimens,
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For both alloys, the mechanical properties were determined
for a sample from each bar and are reported in Teble III along with
the values reported by the producers,

Table III -~ Mechanicsl Properties

Material : Bar, ! Ultimate : TYield : Elongation ¢ Compressive
(Specimen} No,  Tensile Strength inl %? Strength
: : Stre s (pst) ¢+ in, ( : (psi
(psi
T1-1504 (2): : 140,000 @ : :
Producer's — to 120,000 15 min, -—
Values : : 160,000 ¢ min, :
: 1 142,900 127,800 : 23,5 ¢ 140,200
Ti-1504 | 2 138,200 124,100 = 245 —
3 147,000 f13,00 ' 19,5 12,800
Actual  ° b, 142,600 , 125,500 , 22,5 : —
5 155,000 140,800 23,5 —
P06 137,500 124,000 21,5 P 130,800
Values . 7 , 137,300 , 122,000 , 23,5 : -
g 143,300 125,800 24,0 ) —
Aver-
: age ; 142975 127,635 . 22,8 s 133,600
RC-130B (3)
Miﬁ 3 H : s 3 :
*roducer'ts
Talues ' . %150,000 140,000 ! 15 : —
¢ 11 ¢159,200 154,400 ¥ 11 : —
c-138 , 12 , 152,700 , 140,900 . 1 . -—
ctual 13 152,500 149,900 12 : —
: 14 ;151,500 : 145,500 : 11,5 : -
alues . 15 152,200 , 144,900 . 13 . -
Aver-
age 153.620 114'7’120 11-7 -
ADC TR 52~202 g



PROCEDURE

The alloy bar stock was cut into pieces for fatigue and tensile
testing, radiogravhed, made into specimens, and given the treatments
previously outlined, Wherever possible specimens from each bar were
used for each condition tested, All fatigue data and tensile data
were recorded with particular attention paid to the extent of tungsten
inclusions in each specimen,

Botating beem fatigue specimens were made according to the di-
mensions shown in Air Force drawing XU243150, The notched fatigue
specimens were made to the dimensions shown in drawing X33A2048, The
notch was a 60 degree "V" notch having 0,010 inch radius at the bottom,
The notch goge dismeter was the same as the gage dismeter of the un-
notched specimens, Tensile specimens were subsize with a gage section
3/8 inch in dismster by 2 inch gege length, The notched tensile speci-
mens were of the some dimensions with a 60 degree "V notch having 0,010
inch radius at the bottom, leaving a notch gage diameter of 0.05 inches
less than the gage diameter of the unnotched specimens, The compression
specimens were subeize with a gage section of 9/16 inch diameter by 1
inch gnge length, The Charpy impact specimens had a cross section of
3/8 inch by 3/8 inch with a notch depth of 3/16 inch,

Machined specimens were turned in two overations, A rough cut,
using speeds between 85 and 95 surface feet per mimte and feeds be-
tween 0,003 o 0,008 inch ver rewolution was made with high speed tools,
The finishing cut was made by carbide tin tools using a speed of 100
to 120 surface feet per minute and feeds between 0,002 to 0,004 inch
per revolution, Less than 0,02 inch thickness of material was removed
in the finishing operation, Machining operations were done dry except
for thread cutting where a sulfurized o0il was used for lubrication, The
poli operation was accomplished by & super-finisher using a Norton
K00C 1 abrasive stone and kerosene lubricant,

Fatigne specimens which were ground were machined to 0,010 of
their final gage diameter and then ground to final size, Grinding was
done on a 46 grit size wheel, designation 32A46-F12VBOP, manufsctured
by Carborundum Compeny, A wheel with 60 grit size was tried but yield-
ed poor resulte, A grinding solution of water and solusble oil was
used, The method of grinding was by "plunge cut"; i.e. the wheel is
formfitting and wide enough to accommodate the gauge length of = speci-~
men so that the specimen is ground in ome operation,

In order to minimize the werpsge of samples which were scaled,
the specimens were imng vertically in the scaling furnace, and only the
samplel gauge section was ground to final size, After scaling, the
gange section of the specimen was carefully aligned in a lathe, and then
the grips of the specimen were machined to final size,

WADC TR H2-202 9
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RESULTS

The tensile proverties of Ti-1504 for the conditions tested
are given in Table IV, The ground, scaled for one hour at 1300°F,
and air cooled specimens gave approximately the same tensile prop-
erties as the as received bars, The 10 percent permanently stretch-
ed and ground specimens gave a greater tensile strengbh but less
elongation than the as received bars due to cold work, The machined
notched speclmens exhibit tensile strengths slightly higher than the
10 percent stretched samples,

Table IV -~ Tengile Properties of Ti-150A For
Different Treatments

Treatment H Mechanicsal Bar Mumber
Properties @ 1 : 3 : 6
Machined, Scaled Uthma%e_S;:rength : 105,000 ¢ 105,900 ¢ 137,300
For 1 Hour At psl
1300°F, apd  ° Yielt(ipggeng‘bh : 134,000 : 136,400 : 127,400
Air Cooled Elongation in ¢ 22,0 3 22,5 % 22,5
1,5 in, {
104 Permanently Ultimai(:e ?-Sr,rength " 162,800 167,200 * 155,500
: ps H : s
Stretched And Tield Strength 158,000 161,200 146,900
Ground To : psi : : :
Final Dimensions Tlongation in 13.5 14,5 11.5
¢ 1,5 in, (%) : : :
. Ult:lma?e %;rength , 165,000 , 177,000 , 167,000
P8
Machined : Yielc(l St§ength : 154,000 ; 161,000 ; 155,000
psi
Notched ¢ ZElongation in 15 ¢ 20 ¢ 25
1.5 ino (%)

WADC TR 52-202 12



The impact results for both alloys are recorded in Tsble V
and are shown graphically in Figure 7.

Table V ~ Charpy Impact Proverties

Alloy gar : Temperature (°F)

0.
Ti—15m._:800=620=1400:200=78=-¢00
Cha 1 ' 62, 60, W 23 17 | 13
Imact ; 2 ; = 51 bz a 17 13
Energy Y 67 ¢+ 70 : B4 3 22 : 12 : 16
(ft-1b) ¢ 5 ¢ 71, 69 , U3, 16 , 15 . 11
RC-13B ¢ — : 800 : 600 : LOO : 200 : 75 : -100
Chorpy .2 , % ., 3%, 2 , 1,122 , 1
Impact 1% = 3% ~ 3 ° &4 13 " 11 6.5
Energy 15 ¢ 37 ¢ 30 : %6 ¢ 14K/ 12,53 12
(f£-1b,) :

The impact properties of Ti-150A are considersbly higher than those of
RC-13B, The transition temperature for both alloys was roughly 300°F
but was much more pronounced for Ti-15QA than for RC-130B, It should
be noted in this comparison that Ti-150A had a lower tensile level than
RC-13(B in the as received states of the alloys,

The fatigue data determined for Ti-l150A are given in Table VI
and for RC-130B in Table VII, Figure & shows the "SN" curves for Ti-1504
and Figure 9 shows the "SN" curves for RC-13(B,

For Ti-150A, the different treatments and their corresponding
endurance limits are as follows:

1, Machined and polished - 68,000 psi
2, Ground - 63,000 to 70,000 psi

3. 10% permanent stretch and ground - 54,000 psi (widely
scattered data)

L, Ground and scaled - 56,000 psi
5. Machined and notched -~ 40,000 psi
6, Ground notched - 21,000 psi

WADC TR 52-202 13
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Tshle VI - Rotating Beam Faticue Data of Ti-1R0A For

Different Surface Treatments

Ground, Scaled 1 Bour 10% Permanently Stretched Machined And
At 1300°F, and and Ground Polished
Air Cooled : :
Bar Stress Cycles Bar Stress Cycles . Bar Stress Cycles
Yo, nai Yo, (vsi) ' Yo, (psi
2 70,000 58,700 1 70,000 2,217,900 v 75,000 74,000
3 65,000 78,000 2 65,000 7,658,000 i 72,000 528,000
4 60,000 388,000 3 62,000  1,l4k2 000 7 70,000 15,375,000
5 58,000 1,953,000 6 60,000 71,000 7 70,000 23,422,000
6 57,000 3,583,000 : L 60,000 3,963,000 4 68,000 150,00
7 56,000 25,000,000° 5 58,000 14,281,000 1 68,000 25,000,00"
g 56,000 40,000,000"F 8 56,000 42,000 Others Pailed in Grip
1 55,000 35,000,000%, 7 54,000  20,000,000% |
Ground Notched : Machined Notched : Ground
1 50,000 13,500 b 50,000 W00 2 80,000 k41,000
2 o0 20 5 42,000 1k4,Muh000 ° 3 75,000 37,900
4 3,000 47,000 ; 6 42,000 14,049,000 ; 4 75,000 125,000
5 30,000 91,000 1 141,000 309,000 6 72,000 85,500
3 70,000 815,000 8 Lo,000  Llugr,000 P 7 72,000 92,200
6 28,000 129,000 , 3 40,000  20,000,000™ g 70,000 209,000
7 25,000 183,000 2 30,000 5,400,000 * 1 70,000 &p0,000"
g 2,000 20,000,000% 1 5,000 10,000,008 : 1 70,000 30,000,000"
. 3 67,000 64,400
8 67,000 74,700
: 2 65,000 20,000,000
. 5 64,000 80,800
6 64,000 164,000
T 60,000 20,000,000"
* _ No failure
VAIC TR 52-202 15



Teble VII - Rotating Beam Fatigue Data of RO-13(B
For Notched and Unnotched Specimens

Ground 3 Ground YNotched
Bar Mo, Stres Cycles . Bar ¥o, Stregs Cycles
psif : (psi)

13 85,000 288,000 ¢ 12 40,000 93,500
15 85,000 hhoo o, 14 35,000 153,000
13 75,000 5,000,000 11 30,000 276,700
15 75,000 76,600 é 13 28,000 751,000
11 70,000 131,000 15 26,000 337,400
1% 70,000 188,000 14 25,000 795,000
1l 69,000 90,000 ! 12 25,000 25,000,000 *
14 68,000 112,000 L 23,000  20,000,000%
13 68,000  20,000,000* @ . — —
12 65,000 20,000,000 4 - —_ _—
15 65,000 20,000,000 — - -

* No failure
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The range of fatigue values for the ground and for the 10
percent permanently stretched and ground specimens should be noted,
Specimens with inclusions near the surface always gave results in
the lower range of fatigue walues, but some sound specimens also
gave low results,

For Ti-1504, the fatigue strength varies between 35 to 45
percent of the tensile ultimate strength for the different conditions
except for the notched specimens as should be expected,

RC.13(B gave fatigue endurance limits of about 67,000 psi,
approximately U5 percent of tensile ultimate strength, for the ground
unnotched condition and about 24,000 psi for the ground notched con-
dition,

CONCLUSIONS

The machined and polished fatigue specimens produced the high-
est fatigue strength, and in no case did the other treatments improve
the fatigue strength of the titanium alloys, For stainless steels,
cold work increases the fatigue strength as contrasted to the results
obtained on Ti-1504, It does not seem probsble that Ti-1504 had been
over cold worked,for a 10 percent stretch is well within the 15 per-
cent minimum elongation of this alloy, The notch sensitivity of both
alloys with respect to fatigue strength is greater than that for stain-
less steel,

The wide range of walues for the ground Ti-1504 alloy and for
the 10 percent stretched and ground Ti-1R0A alloy may be due - besides
tungsten inclusions - to various degrees of surface cold work, surface
irregularities, and surface discontimuities caused by grinding and
cold work, The very small range of values obtained for the ground and
sceled, and mochined and polished conditions is probably due to the
more even surface conditions which results from these treatments,

The reason the ground unnotched RC-130B alloy specimens did not
give a wide range of values is unknown, It should be noted, however,
that a large grain size and very few homogeneously scatiered tungsten
inclusions were present in this alloy as compared to Ti-1%50A,

In general, the surface treatment to which titanium is sub ject-
ed, will have a marked effect uvon the fatigue strength, and for the
conditions tested, a machined plus volished surface will give the opti-
mm fatigue vroperties,
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