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ARMY MATERIALS AND MECHANICS RESEARCH CENTER 

MECHANICAL PROPERTIES AND FRACTURE TOUGHNESS OF Ti-6Al-2Sn-4Zr-2Mo 

ABSTRACT 

The purpose of this program was to obtain mechanical property and toughness 
parameter data for Ti-6Al-2Sn-4Zr-2Mo in two heat-treated conditions. Solution 
temperatures of 1650 and 1790 F followed by an aging treatment at 1100 F were 
selected. Variables considered include specimen location and orientation, plus 
notch orientation for the toughness specimens. Light microscopy, X-ray, and 
fatigue crack growth patterns were also si.udied and correlated with the above 
parameters. 

The most significant finding in this investigation was the enhancement in 
toughness parameter data with increased heat treatment temperature. Impact and 
precracked Charpy (W/A) values were approximately doubled and plane-strain frac- 
ture toughness values were increased roughly 17%. 
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INTRODUCTION 

Titanium alloys are assuming an ever-increasing role in aircraft systems. 
Although the Ti-6A1-4V has been and still is the "work horse" of the titanium 
family, newer alloys such as Ti-6Al-2Sr-4Zr-2Mo are now assuming greater impor- 
tance. This material is a super-alpha titanium alloy and is characterized by 
excellent creep resistance and stress stability to 1050 F. It is currently being 
used in jet engine compressor parts and airframe skin components. 

Titanium Metals Corporation of America developed Ti-6Al-2Sn-4Zr-2Mo and their 
personnel have authored several publications dealing with its mechanical proper- 
ties at room and elevated temperatures.1"3 A review of the literature reveals 
that there is little, if any, fracture toughness data available for Ti-6Al-2Sn- 
4Zr-2Mo. Thus, in an effort to more fully characterize this alloy, the authors 
have evaluated its plane-strain fracture toughness properties. Tensile, Charpy 
impact, and precracked Charpy toughness data and microstructural variations are 
presented in this report. 

MATERIAL AND PROCEDURE 

The material was supplied by Titanium Metals Corporation of America in the 
form of 2 * 4-1/2 * 12-inch rectangular bar. The chemical composition as deter- 
mined by the supplier is shown in Table I. The alloy was tested in an as-received 
heat-treated condition and also after an in-house heat treatment. The heat treat- 
ments are defined in Table II. The lower solution temperature (as-received 

Tabl* I. CHEMICAL COMPOSITION 
(in weight percent) 

Al Sn Zr Mo 0 N C Fe 

5.97 2.04 4.00 1.99 0.08 0.006 0.023 0.076 

Table II. HEAT TREATMENT 

Condition 
A 

(as-received) 

Solution Treatment Aqinq Treatment 
1650 F -  1 Hr - AC 1100 F - 8 Hr - AC 

B       
179C  F - 1 Hr - AC 1100 F - 8 Hr - AC 

1 Metallurgical and Mechanical Properties of Titanium Alloy Ti-6Al-2Sn-4Zr~2Mo 
Sheet, Bar, and Forgings.    TMCA Bulletin, September 1966. 

2RUSSELL, H. A.    Long Time Creep-Stability and Low Cycle Fatigue Properties of 
Ti-6Al-2Sn-4Zr-2Mo (Case Study M-113).    TMCA Bulletin, May 1967. 

3RUSSELL, H. A.    Elevated Temperature Properties of Ti-6Al-2Sn-4Zr-2Mo Bar and 
Forgvxgs  (Case Study M-121).    TMCA Bulletin, September 1967. 



condition) will be referred to as condition A and the higher solution temperature 
as condition B. Tension specimens were tested in both the longitudinal and trans- 
verse- directions. Fracture toughness and Charpy bars were tested in three orien- 
tations PJ defined in Figure 1. 

Tension testing using a 0.252-inch-diameter tension bar was conducted on a 
60,000-pound hydraulic testing machine. A mark was scribed on the threaded end 
of the bars parallel to the plate surface, thus providing a reference to measure 
the thickness and width strain (anisotropy) within each bar. The slow-bend type 
bar, shown in Figure 2, was used for the plane-strain fracture toughness investi- 
gation. Specimen dimensions were 4 * 1 x 0.5 inches. Testing was conducted in 
accordance with ASTM E 399-70T.1* Precracked Charpy toughness (W/A) data were 
obtained from Charpy V-notch impact specimens which had been fatigue cracked ap- 
proximately 0.055 inch. The fatiguing operation was conducted on a Sonntag SF-1U 
fatigue machine and the specimens were broken in a 240-foot-pound Sonntag Charpy 
machine. The Charpy impact specimens were also broken on this machine. 

RW - Long. Spec.men with Crack 
Propagating in Width Direction 

WR • Trans. Specimen with Crack 
Propagating in Rolling Direction 

WT - Trans. Specimen with 
Crack Propagating in 
Thickness Direction 

RW 

Figure 1. Specimen Orientation 

Figure 2. Slow Bend Fracture Toughness Specimen 

Fatigue Cracl 

^Tentative Method of Test for Plane-Strain Fracture Toughness of Metallic Mate- 
rials (E Z99-70T).    ASTM Standards, part 31, July 1971, p. 919-935. 



Specimens in condition A were machined from the heat-treated 2 * 4-1/2 x 12- 
inch bar and tested; for condition B the specimens were machined to blank form, 
heat treated, finish machined, and tested. All testing was conducted at room 
temperature. 

MICROSTRUCTURE 

Titanium 6Al-2Sn-4Zr-2Mo is a super-r'pha alloy with a beta transus temper- 
ature of 1815 F + 10°. Typical micrographs for conditions A and B are shown in 
Figure 3. There is a significant difference in the appearance between the two 
conditions. Condition A is characterized by a predominance of blocky-type alpha 
which is mainly attributed to the processing history of the material. Based on 
results obtained by standard X-ray diffraction techniques the microstructure of 
condition A consists of approximately 85% a (primary a  + transformed ß) plus 
retained B. 

Increasing the solution temperature to 1790 F (condition B) and heat treating 
specimens in blank form results in a decrease in the amount of primary a plus a 
significant change in its appearance, Figure 3b. At this higher temperature much 
of the primary alpha has dissolved and the portion remaining is more equiaxed, 
although there is still evidence of some blocky-type alpha. X-ray analysis indi- 
cates approximately the same a/ß ratio as found for condition A, however the a 
for condition B contains much more transformed ß. Hickey and Fopiano5 have shown 

a. Condition A • 1650 F-1hr-AC; 1100 F-8hrAC b. Condition B -1790 F-1hr-AC; 1100 F-8hrAC 

Figure 3. Microscopy of Specimens for Conditions A and B 
Etchant: 30 Glycerin, 10 HN03, 10 HF. Mag. 500X 

5HICKEY, C. F., Jr., and FOPIANO, P. J. Some Observations on the Har-denabiliiy 
of Ti-6Al-6V-2Sn.    ASM Metallurgical Transactions, v. 1, June 1970, p. 1775. 



that the nonmartensitic form of transformed ß in numerous a-fl  titanium alloys con- 
sists of Widmanstatten a (W-a) + ß. The authors feel it to be also true for this 
alloy. It was not possible to differentiate by X-rays between primary a and 
(W-a), thus it is concluded that both phases have the same lattice parameter. 
The (W-a) is needle-like in appearance and in many cases originates at the a-ß 
phase boundary. 

RESULTS AND DISCUSSION 

Tensile Properties 

Tensile properties for conditions A and B are listed in Table III. Outside 
and center-plate locations for both the longitudinal and transverse directions 
were considered.  In condition A, heat treated in plate form, the longitudinal 
strength properties are higher in the outside plate than center plate location 
with no significant difference in ductility. Transverse properties, both strength 
and ductility, are higher for the outside than center plate location.  In condi- 
tion B, where the specimens were heat treated in blank form, there was little 
difference between outside and center plate properties for both the longitudinal 
and transverse orientations. 

Final diameter readings were obtained in the thickness and the width direc- 
tions on the fractured tension bars using a micrometer. Although in some cases 
the maximum and minimum diameters may not have occurred at precisely these loca- 
tions, it was established that this alloy, in its investigated conditions, 
exhibited only a slight degree of anisotropy. For example, the maximum ar.u 
minimum values of R are 1.4 and 0.84.  (R is the ratio of straining in the wioch 
versus thickness direction.) Any type of anisotropy trend based upon the test 
variables (specimen location, orientation, or heat treatment) was not found to 
exist. All tensile data were based on duplicate tests. 

Table III. TENSILE PROPERTIES IN THE HEAT-TREATED CONDITIONS 

YS 
0.2 ?' Reduction 
Offset TS Elongation of Area 

Condition Location Orientation (ksi) (ksi) (%) (*) 

A 0 L 127 137 14.8 32.8 
C L 122 134 15 32.1  j 
0 T 127 137 14 27.4 
C T 119 130 10 21.8 

B 0 L 118 136 18.5 27.3 
C L 119 137 16 27.5 
0 T 125 139 11.5 23.4 
C T 121 140 10 24 

0 = Outside Plate Location 
C = Center Plate Location 
Data represents average of two tests. 



A pole figure of ths basal plane (0002) was also obtained for both of the 
conditions. Results indicate only a small degree of preferred crystallographic 
orientation (texturing), thus confirming the low R values and the small change 
as a function of orientation. Since texturing is not a factor in this material, 
property changes as a function of orientation are attributed to microstructural 
features. 

Toughness Properties 

Table IV contains Charpy V-notch impact and W/A data as a function of heat 
treatment and specimen orientation. In contrast to the tensile properties, a 
large difference exists in toughness properties between conditions A and B.  Im- 
pact data range from 13.2 to 16.3 ft-lb for condition A and 24.7 to 29.8 ft-lb 
for condition B. The corresponding range for W/A data is 713 to 1195 in.-lb/in.2 

and 1440 to 2.185 in.-lb/in.2. For both conditions the impact and W/A values 
were greater in the RW orientation than in either the WR or WT orientation. This 
is expected since in the RW orientation the crack propagates in a direction per- 
pendicular to the elongated type microstructure which was produced by the prior 
fabrication history of the material. A discussion as to the effect of micro- 
structure on the toughness properties is included later in the report. 

Plane-strain fracture toughness values (KQ) and pertinent test information 
are presented in Table V as a function of heat treatment and specimen orientation. 
All conditions specified by E 399-70T4 were not met, thus the data are expressed 
as KQ. However, the values do represent a qualitative measure of the fracture 
toughness of this alloy in the investigated conditions. The KQ values are higher 
for condition B than for condition A, as was also the case with the impact and 
W/A data. Aveiage values for the respective conditions ranged from 63 to 73 
ksiv'in. and from 55.3 to 63 ksi/in. The RW orientation afforded the greatest 
resistance to crack growth for both conditions and the WT orientation resulted in 
the lowest KQ values for both conditions. 

Table IV. TOUGHNESS PROPERTIES IN THE HEAT-TREATED CONDITIONS 

Condition Orientation 
Impact Energy 

(ft-lb)* 
W'A 

(in.-lb/in.2)+ 

A RW 
WR 
WT 

16.3 
13.5 
13.2 

1195} 
713 
865 

R RW 
WR 
WT 

29.7 
24.7 
25.1 

2185 
1627 
1440 

♦Average of two tests 
tAverage of three tests 
tOne test 



Table V. FRACTURE TOUGHNESS VALUES IN THE HEAT-TREATED CONDITIONS 

♦Fatigue crack control did not meet E399-71 Criteria 
/Kn^2 

tThickness < 2 
\°YS/ 

Condition Orientation 

Specimen 
Thickness 

B, inch 

Specimen 
Width 

W, inch 
Crack Depth 

A, inch 

Fracture 
Toughness 

KQ, ksi/in. 

A RW 
RW 
RW 

0.503 
.504 
.506 

1.003 
1.001 
L004 

0.524 
.494 
.527 

62*+ 
63*+ 
64+ 

63 (AVG) 

WR 
WR 
WR 

.504 

.502 

.505 

1.004 
1.001 
1.001 

.507 

.523 

.511 

51* 
68+ 
56+ 

58.3 (AVG) 

WT 
WT 
WT 

.501 

.501 

.502 

0.971 
1.010 
1.010 

.489 

.511 

.521 

55* 
59*+ 
52 

55.3 (AVG) 

B RW 
RW 
RW 

0.504 
.504 
.504 

1.001 
1.001 
1.001 

0.498 
.569 
.587 

71*+ 
81+ 
64+ 

72 (AVG) 

WR 
WR 
WR 

.506 

.506 

.505 

1.002 
1.C01 
1.001 

.533 

.555 

.523 

75*+ 
70+ 
67*+ 

70.7 (AVG) 

WT 
WT 

.502 
,502 

0.982 
0.971 

.501 

.538 
61*+ 
65*+ 

63 (AVG) 

Crack Growth Characteristics 

There currently exists a great deal of interest in the effect of microstruc- 
ture on the toughness properties of titanium alloys. Gerberich and Baker6 have 
shown that the fracture toughness of Ti-6A1-4V can be enhanced by introducing a 
platelet-like phase of a into a ß matrix by a duplex heat treatment (slow cooling 
from above the ß transus, followed by a re-solution anneal just below the 8 

6GERBERICH, W. W., and BAKER, G. S. Toughness of Two-Phase 6AI-4V Titanium 
Miovostruoture.    ASTM STP 432, ASTM, Philadelphia, 1968, p. 80. 



transus). Greenfield and Margolin7 have indicated that in Ti-5.25Al-5.5V-0.9Fe- 
0.5Cu the fracture follows the beta matrix grain boundaries for both an equiaxed 
alpha-aged beta and Widmanstatten plus grain boundary alpha-aged beta microstruc- 
ture. They further find that in the latter case an increase in the size of the 
grain boundary a results in increased fracture toughness. 

In this investigation, based upon the toughness data, it is apparent that 
the microstructure of condition B can tolerate a longer fatigue crack than condi- 
tion A. However, an examination of the crack growth pattern did not reveal an 
adequate explanation. Typical fatigue crack growth paths are shown in Figure 4. 
In condition A, there is a high degree of grain or phase anisotropy.  In some 
cases the crack propagates parallel to the a phase while in other cases the growth 
is perpendicular or at an angle across the a phase. Crack width with respect to 
the a phase was large, therefore when the crack did propagate parallel to the a 
phase it was not possible to determine whether it preferred the a phase or its 
boundary. 

The crack growth path for condition B is shown in Figure 4b.  It can be seen 
that at the higher temperature most of the blocky-type a transforms into an elon- 
gated and equiaxed type, plus there is a large increase in the amount of trans- 
formed ß. Again, the fatigue crack path does not reveal phase preference.  It is 
evident that a more detailed investigation is necessary to define the fatigue 
crack growth pattern of tbis alloy. 

a. Condition A b. Condition B 

Figure 4.  Fatigue Crack Path of Conditions A and B for RW Orientation. 
Etchant: 30 glycerin, 10 HNO-,, 10 HF 

  Mag. 500X 
7GREENFIELD, M. A. and MARGOLIN, H. Fracture Toughness and Microstructure in an 
Alpha-Beta Titanium Alloy.    Presented at the spring meeting of the Metallurgical 
Society of AIME, May 11-14, 1970, Las Vegas, Nevada. 



CONCLUSIONS 

1. Increasing the solution temperature from 1650 F (condition A) to 1790 F 
(condition B) resulted in a small change in the tensile properties and a large 
increase in toughness. Impact nd W/A values were approximately doubled and plane- 
strain fracture toughness values (KQ) were increased roughly 17%. 

2. Toughness anisoi opy was evidenced as a function of specimen and notch 
orientation. Higher toughness values (impact, W/A, and KQ) resulted from the RW 
than from the WR or WT specimen orientation. 

3. Based upon the toughness data, the microstructure of condition B can 
tolerate a longer fatigue crack than that of condition A; however, an examination 
of the fatigue crack pattern did not reveal an explanation. A detailed investi- 
gation is warranted in this area. 


