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S DEFORMATION OF RAPIDLY SOLIDIFED Ti-2Er A
¢ S. L. Kampe"’ and D. A. Koss*
4
i
- *Department of Metallurgical Engineering
1 Michigan Technological University
Houghton, MI 49931 v
) %* . . . Yo
i Department of Materials Science and Engineering :l:.'::
The Pennsylvania State University ‘..'j'.\j\
/ j University Park, PA 16802 DI
s :-.;«.‘_':\
. Abstract based alloys produced via rapid solidification *}::}
[~ will rely not only on the retention of favorable N
: The deformation of rapidly solidified Ti-2Er has microstructural features but also on enhanced $:$:$
Y been studied over a range of temperatures from creep strength following consolidation of the S
: ambient to 775°C. When compared to the behavior fine-scaled RS product into bulk, useable form. ::\-‘-;
P of Ti tested under parallel conditions, the The consolidation processing relies primarily on e
results indicate that although dispersion powder metallurgy techniques, typically involving Eﬁ
. strengthening occurs, its magnitude is dependent hot isostatic pressing (HIP) and/or hot extrusion A
- on temperature, strain rate, and grain size. to achieve full density in a manner which will {;ﬁ:
- Minimal strengthening is observed in fine grained result in minimal microstructural degradation. : -:
material at high temperatures, low stresses and Despite numerous studies of the microstruc- ;ﬁ}l
strain rates. This behavior, combined with tural stability of various RS Ti alloys in ribbon .'hf.\f
microstructural observations using transmission form, there has been no systematic study of the ey
,‘ electron microscopy, indicates a susceptibility high temperature creep behavior of an ODS titan- 3"}"-'
A to grain boundary sliding at elevated tempera- ium alloy formed by RS and consolidated into bulk :-':vl‘:';
‘ tures. form. Only a few data are available, and these \';\:\‘
indicate strengthening over a narrow range of :J':f::‘
A stress/temperature/strain rates (S). The present NG
work explores the microstructural evolution and Ef“‘"
p RAPID SOLIDIFICATION (RS) techniques have been subsequent deformation behavior of rapidly b
: recently applied to titanium-based alloys de-~ solidified commercially pure (CP) Ti alloyed with (.'f:.r:
) signed for high temperature use. These alloys 2 w/o Er which has been consolidated into bulk ;~.;-.:~
: are based on the introduction of a fine, homogen~ form. As a basis for comparison, the behavior of ,:f::'_'
A eous dispersion of oxide particles through the this alloy is compared to dispersocid-free CP Ti :-.‘:._:
internal oxidation of rare-earth alloying addi- with the same grain size. Included in this study ;‘_-'. .
tions to the titanium matrix. Several investiga- will be data describing the deformation behavior E‘i“
-: tors have established the potential of RS in as a function of temperature, strain rate, and :\-:\-’.
:. oxide dispersion strengthened (0ODS) titanium grain size, _'{.\r.-
. alloy development through extensive evaluation of ‘:..-:.\'
2 the thermal-mechanical stability of candidate EXPERIMENTAL DETAILS fadsh
& microstructures (see, for example, REF. 1-7). 1In ﬂ: J‘
this regard, microstructural studies, as well as CONSOLIDATION PROCESSING - Rapidly solidified Ey
N hardness measurements on aged RS Ti alloys in the Ti-2Er, supplied by Dr. S.H. Whang of New York
; as-quenched form of ribbons or flakes, have Polytechnic University, was fabricated in the _.::-:
. indicated improved microstructural stability and form of 25-50 um thick ribbon using a continuous A
: the potential for high temperature strengthening feed, melt spinning apparatus, as described :..:{-:
\ in gseveral alloy systems based on rare earth ele-~ elsewhere (7). The ribbon was pressed to a 100% PN
mental additions to a titanium matrix. dense, bulk form by the following sequence: (a) \&\;‘
However, commercial application of titanium the as-quenched ribbon was pressed into a decar- E‘ﬁ
' e
‘ Fos
: iy
y red
!’ I Y .-N-\‘
: -
Al ::\::‘-:
! . e . . SRR cr
‘1:.\*,“ o )',: :J-{.-.:.' T ‘.f_.. ‘.-‘J‘:J‘:J'_;I.' .“ A .;f_‘_);q-‘-\.-\';r,‘ v ,:.:;J\.': .-1 *‘-"J .';}I':Jﬂ :,.-n‘.- Mot oN e \m ""’}::*.
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- burized steel can to approximately 85% of theo- MECHANICAL TESTING - Slow strain-rate compres- f\:' v}
: retical density, (b) the packed can was evacuated sion testing was performed at temperatures of 20, :::'.ﬁ'.'
L. to less than 2 x 10"4 Pa and hermetically sealed, 300, 600, 700, and 775°C at engineering strair "}:JA}.-
. (c) the evacuated can was HIPped under conditions rates of 5.0 x 1077, 2.5 x 107%, 1.25 x 1073, ana .‘,'.’ -j
Lo of moderate consolidation temperature and high 6.25 x 1077 /s, Right-cylinder compression ‘.{"’;".p
pressure (8C0°C/207 MPa/4 hrs), and (d) the HIP specimens were machined to a diameter of approxi- '. —
' can was removed by machining and the resulting mately 4 mm and to a height of 10.7 mm (h, /d, = :__r‘l"‘
: compact inserted into a protective stainless 8/3). To avoid alloy contamination during \-:\ J
N steel jacket and extruded at a temperature of 700 elevated temperature exposure, testing was .'\:.\ »
K °C at an extrusion ratio of 7:1. Following hot performed in a sealed atmosphere chamber, evacu- "'-F:,::
- extrusion, the stainless steel jacket was removed ated and backfilled with flowing, high purity BN
. by machining, leaving a fully dense, consolidated argon prior to and during testing. AN
product in the form of 4.0 mm diameter rod. ~ .
N Prior to testing and microstructural observation, RESULTS AND DISCUSSION -'-'
5 the as-processed alloy was annealed at 775°C for -'2-’.:-’
2 hours to relieve residual stresses due to The as-consolidated microstructure of Ti-2Er '.\::‘I
) extrusion. In order to obtain a larger grain is illustrated in Fig. 1. Several features are
- size in this alloy, it was necessary to heat to be noted: (a) many very fine dispersoids
= treat within the beta phase field (T > 882°C). A (average diameter = 40 nm) are present; these
2. hour, 932°C heta anneal, followed by 24 hours reside generally within the interior of the :-. T
: at 775°C, resulted in an average grain size grain, (b) a few very large dispersoids (average sl
v increase from 4 to 25 um. All heat treatments diameter 3 450 nm) are also present; these are :.'-:.'-::
‘_' were performed in a vacuum of at least 2 x 10~ usually located on the grain boundaries, and (c) -'-.:-’.‘-'.
. Pa. the titanium matrix possesses a very fine grain .x::.::
‘ As a basis of comparing the deformation size, approximately 4 um average grain size. A e
behavior of the ODS material to a dispersion-free Prolonged heat treatments at temperatures below b X
& counterpart, compacts of CP titanium powder were the beta transus (882°C) indicate that these " i
:: prepared. The powder was initially cold isostat- microstructural features are extremely stable; ro RN
[« ically pressed (400 MPa), sintered (1400°C, 4 discernable coarsening occurs within the alpha-
: hours), swaged (75% RA), and annealed (500°C, 4 phase microstructure,
. hours) to produce a fully dense, recrystallized Fig. 2 illustrates the microstructure of the .
ho microstructure with a 4 um grain size equal to RS Ti-2Er alloy following the beta anneal for 2 [
) that of the as-processed RS Ti-2Er. A 25 um hrs at 932°C. Two microstructural changes are TR
n, average grain size was obtained with an addition- evident. The average grain size has increased to :\;_\::
> al anneal at 800°C for 2 hours. Table I summa-  approximately 25 um and the average dispersoid P
; rizes the processing history and the resulting diameter has increased to approximately 300 nm. .‘;'-:.\:
oxygen analyses for each alloy prior to subse- The very fine dispersoids are no longer present .-:.*‘
Ny quent testing but after processing. following the beta anneal. ; Y
: Table I. Summary of Processing Conditions for CP Ti and Ti-2Er "
. e
N Alloy Grain size Processing O(wt 8) Er(wt %) oS
-
y. CP Ti 4 um Cold isostatic press (400 MPa) 0.166 ——
. Vacuum sinter (1400°C, 4 hours) .
. Swage (75 % RA) "
’ Vacuum anneal (500°C, 4 hours)
———et e
25 um As above, plus vacuum anneal G
(800°C, 2 hours) - ““‘t_n
Ti-2Er 4 um Hydraulic compaction, 0.080 1.97 T ':::-:
HIP (800°C/207 MPa/4 hr), N DAY
Hot extrusion (700°C/7:1), and .. e
Vacuum anneal (775°C/2 hr) :
Ve . e
P 25 um As above, plus beta anneal o ”i‘.g_fs
. (932°C/2 hr/775°C/24 hr) ‘_. 7
n R G
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Fig. 1 - TEM micrograph of the as-processed
microstructure of the RS Ti=-2Er alloy.

P Ay

The dependence of the yield stress on test
temperature for both the CP Ti and the RS Ti-2Er
alloys is shown in Fig. 3. The figure includes
data for material of 4 and 25 um grain size and
is based on a 0.2% offset definition of the yield
stress. As seen in Pig., 3, the yield stresses
decrease rapidly with temperature. Both fine-
grained microstructures exhibit slightly superior
strength at lower temperatures compared to the

0.5 ym

Fig. 2 - TEM micrograph of the RS Ti-2Er alloy
following the beta grain growth anneal.

fine-grain Ti-2Er possesses inferior strength
when compared to its coarse grain counterpart.
No grain size effect is observed for the CP Ti
for the conditions in the present study.

The results of the high temperature deforma-
tion testing over a range of strain rates are
shown in Fig. 4. This Dorn-type plot illustrates
the relationship between temperature, strain-rate
(or near steady-state creep rate), and flow

coarse-grain alloys. At higher temperatures, the stress (near steady-state creep stress). For

o 500 - - o
t . -«
s CP Ti | Ti - 2€r ]

N\
s a
S 400} Lo ]
-
- L ] L .1
: . 4 um grain size
[-§ L & 5
€ 300 ° 4
8 i 4 um grain size g

—. 9

" 2% um grain size [ ]
" L <4
e i o \
v 100} s \ \ <4
2 28 um grain size o ®
o " i N
> 0 !§.g o\‘

] 200 400 800 800 o — 200 400 600 * 800

Temperature, C

Temperature, C

Fig. 3 - Yield stress as a function of temperature and grain size for CP Ti and consolidated RS

Ti-2Er tested at a strain rate of 2.5 x 1074 /s.
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this study, the diffusion-compensated strain rate
is plotted as function of modulus compensated
flow stress. Both the diffusion coefficient (8),
and elastic modulus (9) have been corrected for
temperature. Specifically, this diagram is a
compilation of data for CP Ti and Ti-2Er tested
at 600, 700, and 775°C for grain sizes of 4 and
25 pm. The dashed line represents the "best-fit"
line obtained using data for CP Ti gathered from
the literature by Doner and Conrad (10); these
data show excellent agreement with the present
results.

Several conclusions can be drawn from the
results illustrated in Fig. 4. First, the
dispersoid containing alloy, Ti-2Er, shows
greater resistance to high temperature deforma-
tion than CP Ti at all temperatures, strain
rates, and stresses tested. Secondly, the
magnitude of the dispersion strengthening is very
small at the combination of high temperature, low
strain rates, and small grain sizes. Thirdly,
increasing the grain size of the Ti-2Er alloy
significantly enhances its high temperature creep
resistance whereas no effect of grain size is
observed for the CP titanium alloy.

Information regarding the predominating
deformation mechanism can be obtained and/or es-

108L" M !
v Ti-2€r T
H ] | 4
SqouL DO 4um .r' $
- 8 e 28 um [ / 7
) | ’ ]
~ [
« q o o
s ol cP T /,' / /
o / T
« I [ R ™ 9
c U
| /) .
o 0% ¢ o* i
] o m o .
: /
: & o 3 i
€ 4ot & o
T I 7 ]
& I . 4
° T P /®
v
s . @ ® e:1
s 10" ,'/ / / .
- / 2
2 i s [
= 1] 70 /
o 3
10°
i A L o " 1
10~ 101 10

Modulus Compensated Flow Stress, O/E(T)

Fig. 4 - Near steady state strain rate as a
function of stress for CP Ti and Ti=-2Er for
grain sizes of 4 and 25 um.
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timated from Fig. 4. Nearly all «gereral
constitutive equations for high temperature
deformation have the form (11):

€ = A (D;/dP) (o/E)" Eq. (1)

where € strain rate (usually a steady

state creep rate)

structure sensitive constant

independent of grain size

diffusion coefficient, with

the subscript i referring to

the operative diffusion

mechanism

grain size

P = grain size exponent, usually
0,2, or 3

A =

D. =

0 = flow stress (usually a steady
state flow stress)

E = elastic modulus

n = stress exponent, a constant

whose value is dependent on
the deformation mechanism
operative

Thus for a Dorn-type plot as in Fig. 4, A and n
may be calculated respectively from the intercept
and slope of the resulting curve. Based on this
type of analysis, Doner and Conrad concluded that
dislocation creep (n = 5) dominates deformation
of CP Ti in this region of stress and tempera-
ture; they conclude that the climb of disloca-
tions past obstacles, such as other dislocations,
is rate limiting. On the basis of the data in
Fig. 4, such a conclusion is also consistent and
reasonable for the present data, including that
for conditions of low temperatures, high stress-
es, and/or high strain rates.

At high temperatures, low stresses, and/or
low strain rates, the mechanism controlling the
deformation of the RS Ti~2Er alloy changes, as
indicated by the change in the slope or stress
exponent for the Ti-2Er data in Fig. 4. In

particular, the marked decrease in stress expo-
nent at ¢/D(T) values of less than 1032 m™2
suggests that grain boundary sliding may be

contributing significantly to the overall defor-
mation of the ODS alloy. Walser and Sherby (12)
have summarized the constitutive equations for
power law creep, and report three mechanisms
which involve grain boundary sliding as a contri-
buting and/or dominate deformation mechanism.
These equations are given in Table II in the
general form of Eq. (1). The equations predict
that strain rate increases with decreasing grain
size; specifically € « d~2 or d73. additionally,
a stress exponert of 2 is typically observed for
grain boundary sliding, and can be associated
with continuum accommodation via lattice or grain
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Table II. Grain Boundary Sliding Constitutive Fquations for Creep
of Polycrystalline Metals, from Walser and Sherby (l1l)

Accommodation mechanism Constitutive equation

2x10° (D /d?) (o/E)?
1x10%  (Dg/a3) (o/E)?
2x10!! (pp/a?) (o/E)4

Lattice diffusion
Grain boundary diffusion €
Pipe diffusion ¢

RS LM ap VA S St e e BV RS AR RS W e Y

boundary diffusion. However, stress exponents of ing on the grain boundaries, thereby inhibiting

4 have also been reported for grain boundary grain boundary motion. This observation has

sliding under conditions of intermediate stress- considerable implications for the design cf RS

es, intermediate temperatures, and fine grain ODS titanium alloys for Prigh temperature

sizes. This large exponent has been predicted applications. To achieve maximum benefit from

and explained in terms of a large contribution the oxide dispersion, processing must evolve a

from pipe diffusion as an accommodation mecha- microstructure which is not only fully dense,
I nism. homogeneous, and thermally stable, but one that
::. Fig. 5 illustrates the data for the Ti-2Er as will minimize or eliminate grain boundary slig-
'y compensated for an € « a2 dependence of strain ing, especially at high temperatures, low stress-
.::, rate on grain size. As shown, the data for both es and strain rates.

grain sizes fall approximately along a single g
i line, obeying a constitutive equation (in the !3 )
-~ form of Eq. (1)) of ~:::8:
:.':r
8 ¢ = ex10M (p,/a%) (o/E)3°  Eq. (D) _ A
. = s v — + WINES
' Comparing Eq. (2) with the constitutive equations a W wiada

for grain boundary sliding in Table II indicates % [ Ti-2Eec 1 i‘ T o

A good agreement with a grain boundary sliding/pipe ‘w - s

diffusion mechanism controlling the rate of . 104 R .-."

: deformation. In any event, noting the inverse S 1 Grain Size «*® 1 ::-.‘:..':-
W dependence of the strain rate on the square of e - 0 eum °© ; e

the grain size, we can reasonably conclude that ] 10l ® 25um / . :{‘: :::
some form of grain boundary sliding is a dominant s i g° 1 -k:‘-i\

d deformation mechanism for fine grain RS Ti-2Er. ® o / 1 ey
. The question arises as to why the introduc- s Or 3 . et
; tion of the dispersoids induce grain boundary 4 g / 1 ;\;,\.:,
. sliding in this titanium alloy. Fundamental to : o ‘,? 4 Jg.__\:,
», oxide dispersion strengthening design strategies ¢ 10! % . -14::.'-:)
s is the assumption that the thermally stable v - / 1 -
' dispersoids will act to inhibit creep-type M o (,@ / 1 -
, deformation mechanisms, such as grain boundary w10t / N -1
:' sliding. To understand this apparent discrep- .s F bm ! 1
3 ancy, one must note that the dispersoids in the s . / )
t, as-processed Ti-2Er are located almost entirely , 107 ob -
X within grains; see Fig. (l). The primary effect H i / 1
» of these dispersoids would be to strengthen the - 3 4
- grain interiors, leaving the grain boundaries 2 w0 o ]
A esgentially unaffected. Thus, as is common in Ti a 10°¢ 107 107

alloys, this ODS Ti alloy can exhibit an appre-
ciable degree of grain boundary sliding under the
appropriate conditions. Follcwing a grain growth
anneal, improved high temperature strength is

Modulus Compensated Flow Stress, T/E(T)

obtained primarily as a result of increasing Fig. 5 - Diffusion - grain size compensated
grain size and secondly as a consequence of an strain rate as a function of modulus com-
increased density of of large dispersoids resid- pensated flow stress for RS Ti-2Er.
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9. G. Simmons and H. Wang, Single Crystal 3,::’
CONCLUSIONS Elastic Constants and Calculated Aggregate 3‘:}_
_ Properties: A Handbock, 2nd Ed., M.I.T. ok
1.) When consolidated to bulk form, rapidly Press, 1971. 'P\
solidified Ti-2Er exhibits oxide dispersion 10. M. Doner and H. Conrad, Met. Trans, 4, 1973, =
strengthening under conditions of high tempera- 2809-2817. - ;f'.-
ture deformation. However, the strengthening 11. 0.D. Sherby and P.M. Burke, Progress in Mat. ;'.-:-r
increment is sensitive to grain size, tempera- Sci., 13 (7), 1968, 325-390. \':\:'
ture, and strain rate such that minimal strength- 12. B. Walser and O.D. Sherby, Scr. Metall., lé, SO
ening is observed at small grain sizes, high 1982, 213-219, - :*\"
temperatures, and low strain rates. Y

2.) The near steady-state creep rate of the et

Ti-2Er depends on grain size such that & « d4~2, . '::

Thus the creep resistance is enhanced consider~- S

ably by a high temperature beta grain growth :

anneal even though the dispersoid particles

' coarsen considerably (from & 40 nm to = 300 nm) T
. during the grain growth anneal. e
" AN
:; 3.) Analysis of the data suggests that disloca- ‘:
“J tion climb past obstacles controls the deforma- LAY
> tion of the CP Ti and the Ti-2Er at low tempera- 'r:-:,
N tures, high stresses, and high strain rates. At PRPAS
i high temperatures, low stresses, and low strain S o
,: rates, grain boundary sliding prevails as the \:\‘:\
:. dominating deformation mechanism for the Ti-2Er. ;-:::-::
’ SN
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