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ABSTRACT

The influence of alloying eleaents in promoting resistance to softening 
was evaluated at 900'*F. Iron waa found to be the most effective with the 
other elements being arranged in order of decreasing effect, as follows: 
manganese, molybdenum, aluminum, zirconium, and chromium.
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The hot hardness of 27 different heats of titanium and titanium alloys 
was studied. Tests were conducted on a modified Rockwell machine in an 
argon atmoaphere. Results indicate that low alloy heata lose their hardnesses 
at a fairly high even rate. On the other hand, high alloy heats hold their 
hardnesses well up to about 1100‘*F, and then the hardness drops off very 
sharply with increaaing temperature.
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INTRODUCTION 

Of all the mechanical tests at our disposal, hardness is probably the 
most commonly used for it is both con/enient and aconomica 1.^^ Because 
of these reasons, along with others, engineers and process metallurgists use this test 
extensively. Of particular interest in hot fabrication and elevated temperature service 

is the dependence of hardness upon temperature. Justification of such interest is based 

upon the correlations that have been established between tensile strength properties and 
hardness.That is, if the temperature depender ce of hardness is known for any alloy, 

it is possible to predic the approximate tensile strength at equivalent temperatures. 
Furthermore, it is known tnat when there are sharp changes in the hardness temperature 

curves there are usually marked changes in the formability or forming forces. It is 

therefore quite evident that considerable valuable information may be obtained at a 

minimum of cost. It was for these reasons that a study of the hot hardness of titanium 

and titanium alloys was undertaken. Furthermore, the tensile, creen, and rupture 

properties of titanium at elevated temperatures have been summarized by Battelle Memorial 
Institute,^ but no hot hardness data have been yet reported. 

The hot hardness testing was done at Mailory-Sharon Titanium Corpora¬ 

tion under Contract Numbers DA-33-008-ORD-887 and D\-33-008-ORD-196 on samples 

supplied by this laboratory. The results of these hot hardness tests were 
reported in the form of separate letter reports, one for each alloy tested. 

Furthermore, no attempt was made to analyze the data. It is therefore the 

purpose of this report to compile all of the data in one document and, of 
greater importance, to interpret the results. 

MATERIALS 

Fifteen commercially available titniinm and titanium alloys selected 

for the experiment were chosen as representative of production composition. 
Twel ve experimental compositions were included particularly because of 

reported interest in them for one reason or another. The chemical analysis 
of these materials is listed in Table I. The microstructures and true 

stress-true strain properties for Lots 1 through 12 and the impact proper¬ 
ties of Lots 1 through 4, 6, 9, 10, and 12 have been previously reported. 

The tensile properties of the remainder of the materials are listed in 

Table II. All materials were annealed for one hour at 1300°F in argon 
prior to testing. 

TEST PROCEDURE 

The details of the test apparatus employed by the contractor are 

presented in Figures 1 and 2. Equipment consisted of a modified Rockwell 

hardness tester. The modifications were mainly a furnace mounted on an 

elevating anvil, in which a protective atmosphere, in this case argon, 

could be prjvided, and an extension on the indenter so that it could be 

located above the specimen in the furnace. In addition, there was also a 

provision for locating the specimen from outside of the furnace so that 

several tests could be run on the same sample without opening the furnace. 

-3- 



The hardness was measured on the Rockwell “A” scale at room temperature, 
300°F, and then in increments of 100°F until the readings went off scale or 
1300°F whichever was reached first. Time of load application and time at 
temperature were not reported and is not considered important if equilibrium 
was reached as was required in the contract. Furthermore, all specimens 
were annealed at or above the highest testing temperature. Four specimens 
that were checked for room temperature hardness after a run had been made, 
revealed that no change had occurred, indicating no influence of contamina¬ 
tion or tempering. The results of this testing are portrayed in Figures 3 
through 29. 

DISCUSSION OF RESULTS 

Examination of the above curves, plotted on the conventional log of 
hardness versus linear temperature basis, will reveal that there are con¬ 
siderable differences in the behavior patterns for the various alloys. 

The different compositions are softened in a variety of ways. The important 
observation to make from a fabrication standpoint is that the main drop in 

hardness, especially for the more heat-resistant alloys, occurred at approxi¬ 
mately 1200 F. Furthermore, when 1300°F was reached many alloys were so 
soft, that it was impossible to obtain hardness readings. 

Apparently this sharp change in slope is the equi-cohesive break8 
corresoondin* to the recrystallization temperature and also the maximum 

useful temperature for medium and long-time service applications for these 

ho Itr °í C0UrSe’ another Possibility based on the fact that the 
ho. strength of the hexagonal close-packed alpha phase exceeds by a con- 

: e,m"e‘" °.f <*« Refer.nCe e». Thu 

i nAfn°.ther irnP°rtant Point to study is the relative resistance to soften- 
eff r f various compositions, or more ideally, to discover the separate 
effects of the various alloy elements. Finlay and Snyder,9 while working 
on alpha titanium interstitial alloys containing carbon, Strogen anÏ 

xygen, reported a linear relationship between the tensile strength and 

e i MU1rÍení nltr°een (at0mÍC Percent). In their investigation ztL 

interstitials’were11™86" T ^ P°WerÎUl strengthener, and the other terstitials were converted to equivalent nitrogen by a ratio such a, 
oxygen being on y 0.82 percent as effective as nitrogen. This ap^o.cÏ “s 

h a r 11 * * f ^ Uat? the lnfiuence of alloying elements upon the hot hardness of these alloys QflfiOr* i . 
study mainly because it is ^ ** the temPer£*ture for 
known for these !n ? k maximum temperature just below the lowest 

‘"d c,rko* "" 



percentages when compared with the metallic elements were also small. It 
became immediately obvious that iron produced the most powerful effect, 
and, therefore, by comparing compositions at equivalent hot hardness levels 
the influence of the remaining alloying elements was determined in terms 
of iron, with the following equation covering the conditions for this 
experiment as illustrated by Figure 30: 

Equivalent %*Fe = ♦ 
VJtn 

3.38 
♦ 

*Mo 

5.10 

%A1 XLx 

6.40 7.47 

SCr 

13.66 

The elements in this equation are arranged in ordet of decreasing, 

effect, with iron equal to one. Manganese was found to be approximately 
1/3.4, molybdenum 1/5. 1, aluminum 1/6.4, zirconium 1/7.4, and chromium 
1/13.6 as effective as the iron. 

CONCLUSIONS 

The results of this hot hardness program reveal that titanium and 
titanium alloys exhibit similar behavior patterns to other metals, as 
foilows: 

1. Low alloy compositions lose theii hardnesses fairly evenly with 

increasing temperatures with no sharp breaks occurring in the hardness 
versus temperature curves. 

2. High alloy compositions hold their hardnesses with increasing 

temperature fairly well depending upon the alloy; and finally when the 

temperature is sufficiently high ( 1000 to 1 200°F) the hardness 

drops off very sharply at or near a temperature that appears to be the 
equi-cohesive temperature. 

3. The effect of alloying elements upon the hot hardness at 900°F 
was studied, and it was found that iron exhibited the most potent effect. 

The other alloying elements were rated in terms of equivalent iron, and 
the following equation expresses the results: 

«to SMo %A1 %Zr 
Equivalent %Fe = +- + - + - + —— 

3.38 5.10 6.40 7.47 

SCr 

13.66 

* refers to atomic percent. 
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TABLE II 

MECHANICAL PROPERTIES 

(Room Temperature; 

EXPERIMENTAL ALLOYS 

Mark 

RS-14 

A-25 

R22 

R26 

R110 

K100 

Specimen 
Direction 

L 

T 

L 

T 

L 

T 

L 

T 

L 

T 

L 

T 

Yield Strength 

.01% 

75.800 

87.000 

92,000 

97.000 

88.000 

83,000 

68.500 
51.500 

134.100 

136.000 

141.000 
141,000 

.1% 

89.000 

97.000 

99.000 

101.000 

96.000 

99,000 

76.000 

59.500 

139,000 

141,000 

149,500 

Tensile 
Strength 

114.600 
118.800 

106.400 

108.000 

119,000 
124.500 

89.000 

76.000 

139.500 

141.500 

155.000 
144.250 

’Broke on gage «ark. 

"tot reported. 

% 
Eleng. 

19.3 
15.0 

25.0 

24.3 

20.7 

19.3 

19.3 
22.9 

16.4 
20.7 

12. 

% 

R. A. 

34.5 
25.1 

68.3 
67.3 

51.7 
45.3 

52.1 
49.8 

48.0 

51.4 

43.2 

COMMERCIAL ALLOYS 

RH1-C1 

RH1-D1 

RH1-E2 

Grade 
A55 

RC70 

C110M 

68.000 

85.400 

126.900 

• • 

• • 

• • 

86.500 

98.600 

132.800 

27.0 

24.3 

23.2 

*• 

45.2 

• • 
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