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FOREWORD

This report was prepared by ManLabs, Inc. under USAF
Contract No. AF33(657)-8424. This contract was initiated under
Project No. 7351 ""Metallic Materials', Task No. 735101 "Re-
fractory Metals'', The work was administered under the AF Materials

Laboratory, Metals and Ceramics Division with Mr. K. Elbaum acting
as project engineer,

The period covered by this report is 30 April 1963 to 30
April 1964.




AR s 1

RIOHH

Jobtit g

T

O s

ABSTRACT

An-investigation was carried out tc determine the nature of the
tensile ductility transition in recrystallized molybdenum strip of three
interstitial contents. For a fine grain size, the tensile ductility tran-
sition temperature {(Tg) and the brittleness transition temperature (Tb)
were found to approximately coincide; whereas with increase in grain
size Ty is raised and Ty, is lowered. The occurrence of a minimum in
the fracture stress {0p) at Td appears to be associated with the temper-
ature dependence of the necking stress {0p). Prestrammg above T4, was
found to result in as much as a 20% increase in U as determined at tem-
perature below Tq. In general, the mode of fracture initiation was found
to be intergranular at Td or below and cleavage above Tq. For a test
temperature above as well as below T4, crack initiation appears to be the
controlling step in fracture. Considering O'F as a flow stress corresponding

to the fracture strain:(ey), the variation of 0 with temperature above Tg

was predicted within about 15%. Based on a modification of the Cottrell
relation for crack initiation, the increase in O above T3 is associated
with a decrease in both the flow locking parameter (k¢) and the eifective
grain size.

This technical documentary rr‘ef:brt has been reviewed and is
approved.

s S £
I. Perlmutter
- - - Chief, Physical Metallurgy Branch
Metals and Ceramics Division
AF Materials Laboratory
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I. INTRODUCTION

A. Background

During the period of 1 November 1959 to 30 April 1963, ManLabs
Inc, acted as prime contractor on a program entitled " Substructure and Me-~
chanical Properties of Refractory Metals" under Contracts No, AF33(616)-
6383 and AF33(657)-8424. Other research participants on this program were
Massachusetts Institute of Technology, Rutgers the State University, Univer-
sity of Liverpool (England) and University of Cambridge (England}., The re-

sults obtained were presented in three summary technical reports by Lement
et al, (1, 2, 3)”

In connection with the above program, ManLabs concentrated on the
relation of microstructure to the ductile-brittle transition in refractory met-
als. The results obtained on molybdenum that are considered pertinent to
the present investigation are as follows:

a) For recrystallized as well as worked molybdenum strip of re-
latively high purity, the effective surface energy (v') at the tensile ductility-
transition temperature (Td) as Salculated on the basis of the Cottrell fracture
relation is about 3000 ergs/cm®; and the corresponding critical crack length

as calculated on the basis of the Griffith-Orowan fracture relation is equal
to the first-order subgrain size,

b} The discontinuous change in both ductility and fracture stress
that occurs at Ty does not appear to correlate with changes in fracture mode,
mechanical twinning, or the occurrence of nil-ductility. Rather the tensile
ductil .y-transition seems to be related to the phenomenon of necking which
occurs above but not below T,. Accordingly, a suggested criterion for the
occurrence of a tensile ductiﬁty transition is the intersection of the fracture
stress {U) corresponding to uniform strain and the necking stress (0,,) vs.
test temperature curves, i.e. 0g = 0 at Tj.

c¢) The concept of a strain-dependent { femperature -independent)
critical fracture stress was used in an attempt to predict the grain size de-
pendence of the observed fracture stress and fracture strain based on the
variation of the quantities with test temperature as measured for a fine grain,
recrystallized molybdenum. The predicted values of fracture stress and frac-
ture strain for a selected test temperature of - 40°C were both found to be ap-
preciably lower than the corresponding values actually measured as a function

of grain size, This raised the question as to whether a Cottrell-type fracture
relation actually holds,

B. Scoupe of Investigation

alats

The present investigacion“i-epresents a continuation of the research
conducted under Contract AF33(657)-8424, The objective was to elucidate

both theoretically and experimentally some of the basic factors affecting

* Underscored numbers in parentheses designate References given at end
of report,

*%* Manuscript released by the authors May, 1964 for publication as an R&D
Technical Documentary Report.




fracture phenomena in molybdenum, The approach used was to study the ef-
fects of interstitial content, grain size, and prestraining on the tensile ductility-
trangition behavior. Attempts were made to determine the effects of plastic
strain on both flow stress and fracture stress. Comparison were made between

effective crack propagation energy values as determined by tensile tests and
by precracked Charpy slow bend tests,
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A, Materials

The interstitial contents of the four 36-mil thick molybdenum strip
materials used in this investigation are listed in Table 1. The strip from
ingot Mo-E2 is relatively high in carbon (about 60 -ppmj}; from ingot Mo-E3
is relatively high in nitrogen {about 10 ppm) and possibly oxygen (about 20
ppm); and {rom ingot Mo-E4 is relatively high in oxygen {about 145 ppm).

B. Recrystailization-Anneals

All recrystailization runs were carried out in a purified argon at-
mosphere pas(;sing through a vertical Super-Kanthal element furnace control-
led within 28 C. Specimens were wrapped in tantalum foil and suspended
vertically in the heating zone of the furnace operating at the selected recrystal-
lization temperature, After either 0,5 or 1.0 hour at temperature {(allowing
for heating -up time), the specimens were removed from the heating zone and
then allowed to cool to roem emperature in the atmosphere. Recrystallization
temperatures and times for Mo-E2, Mo-E3, and Mo-E4 are given in Table 2,

C. Uniaxial Prestrain

In order to strain recrystallized Mo-E2 strips and thereby attain
larger grain sizes on subsequent recrystallizaticn anneal, uniaxial prestrains
in tension were utilized. Flat tensile specimens 1 inch wide and 10 incheslong
were machined from the molybdenum strips with the specimen axis parallel
to the rolling direction. These specimens were stress-relieved for 1 hr. at
800 C in a vacuum furnace and then prestrained in uniaxial tension to about
10-15% elongation in a Baldwin tensile machine, Subsequ{_}ant recrystallizations
were carried out at 1300 C (medium grain size) and 1600 C {coarse grain size).

D, Mechanical Testing

1. Tensile Tests

In general, the tensile tests were carried out in the range of
+ 25°C to - 190°C as described in the second summary technlxcal report{Z).
The applied strain rate was maintained at 2,8 x 107~ sec . In analyzing
the stress-strain curves, relatively large discrepancies were found between
the measured elast;c modulus and the 1961 Metals Handbook value for molyb-
denum (E = 47 x 10° psi),which appears to be relatively constant in the test
temperature range of 25°C to at least -80 C. In order to correct for these
discrepancies, it was decided to algebraically add the difference in elastic
strain{as calculated by dividing the measured stress level by the known elastic
modulus and by the mieasured elastic modulus)to ..2e measured strain value
(elastic plus p'astic).




Chemical Composition

= ‘I‘nFOt’ Stri Initial Condition C N o Others
0. No. Ppm PPM PPmMm
% Mo-E2 H recrystallized at 1200°C
£ and rolled 87% at 1600
. E to 400°C 65 4 12 *
§ D recrystallized at 1200°C
% and rolled 44% at 1250
: to 900°C 65 2 11 *
E3
£
; F recrystallized at 1200°C
I - and rolled 52% at 1250
: to 400°C 56 3 8 *
Mo-E3 H recrystallized at 1200°C
and rolled 88% at 1000 to
400°C 19 7-15 12-.29 --
£ Mo-E4 C rolled 64% at 1250°C
%’ and rolled 28% at 900
H to 600°C 12 3 145 --
£
H
*QOther elements in pPpm are as follows:
" Al Cr Cu Fe Mg Mn Ni Pb Si Sn Ti \'
= <50 <5 1 30 <1 <1 <10 <100 10 <50 <10 <10
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E. Precracked Tharpy Slow Bead

Precracked Charpy slow bend tests at -100°C were carried out
on specimens about 0.030 inch thick, 0.394 inch wide and 2 inches long
containing a 45° V-notch., Fatigue precracking to produce an initial crack
about 0.025 inch long at the V-notch was accomplished by bending in com-
pression using a ManLabs precracking machine with the specimen in the
reverse position. The slow bend tests were carried out using three point
loading to determine load vs deflection characteristics.

F. Determination of Grain Size

Grain size measurements were carried out on both longitudinal and
transverse sections of the recrystallized molybJl2num strips, After mounting,
the specimens were electropolished in a solution of 75 cc methyl alcohol and
25 cc HpSOy4 at a current density of about 1 amp./ cm?, Etching was carried
out using Murakami's reagent. Grain diameter measurements were made
using the linear intercept method on photomicrographs taken at 100X,

G. Fractography

Fractured surface of tensile and slow bend test specimens were
examined by both light and electron fractography. Light microscopic ex-
amination at magnifications up to B00X was used to determine where fracture
initiated, mode of fracture, and facet size. Electron microscopy was car-
riedout at ZU00X on shadowed carbon replicas of the fractured surface as ob-
tained by a) stripping a parlodion replica from the fractured surface, b)
shadowing with chromium, c) depositing a carbon film by evaporation at 90 ,
and d) dissolving the parlodion in butyl acetate.
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IiI, RESULTS AND DISCUSSION

A, Flow and Fracture Characteristics of Mo-E2 Strip

1. Tensile Properties vs, Test Temperature

Plots of yield stress {0,), fracture stress {Up) and fracture
strain(eg)} for Mo-E2 molybdenum sZrip of fine, intermediate and coarse
grain size (f) are shown in Figs., 1, 2 and 3, Discontinuous yielding was
found to occur in both the fine and intermediate grain size materials and
Oy represents the lower yield stress. On the other hand. discontinuous
yielding was not observed in the coarse grain material and it was decided
to use the proportioral limit for 0, . This seems justified on the basis
that the proportional limits of the fine and coarse grain materials were
found to be approximately equal to their respective lower yield stress
values.

Based on Figs, 1, 2 and 3, the brittleness-transition {T}),
ductility-transition (Tg), and fracture stress maximum (T,) temperatures*
as well as both the corresponding fracture strains {eg) and ratios of Op to
Gy at Ty are given in Table 3. The values obtained for the fine and inter-
mediate grain sizes of the Mo-E2 strip are about the same except that Ty
is lower for the intermediate grain size. For the fine grain Mo-E2, it
was found that T;, approximately coincides withk T3. The coarse grain size
has the lowest T, and the highest T3 and T, temperatures. Also, thevalues
of e~ and GF/GY at Ty are highest for tt e coarse grain size.

2. Dependence of Yield Stress on Grain Size

Based on Figs. 1, 2 and 3, plots of Oy vs £ 1‘/Zarf: shown in
Fig. 4 for the Mo-E2 strip subjected to test temperatures in the raage of
425 to -150°C. The corresponding ky values (based on normal stress and
full grain size} are given by the slopes of these plots. As shown in Fig, 5,
k. appears to increase linearly with decrease in test temperature, and the
extrapolated value at -196°C is about six times higher than at 425°C. The
ky ratio at -80°C is about three, which is about twice that reporied for
molybdenum by Wronski {4} {about 1.6). This is tentatively attributed to
the fact that the irtsrstitial level of the molybdenum {(Mo-E2) used in the
present investigation is significantly lower than that used by Wronski.

3. Prediction of Dependence of Fracture Stress on Grain Size

in the previous report {3), a method of predicting the variation
of nbserved fracture stress with grain size over the test temperature range
of Ty to T, based on data for a single grain size was presented. It was as-
sumed that the critical fracture stress {0} is strain-dependent but tempera-
ture-independent, and that the Cottrell {3) relation is obeyed if 0. at given
fracture strain (ep) is determined 2s a function of the grain size (f):

-1/2
e = ct™Y/ (1

‘F

F¥These termnperatures are defined in Appendix 1.
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Table 3

Characteristics of Mo-E2, Mo-E3 and Mo-E4 Strip

Average
GrainSize
mm
0.026
0.044

0.174

0.023

0.020

-35

°C
-80
-75

-40

-80

-35

€ € O'F/(Ty
at at at
Td Tm Tm Td
oC
0.04 -30 0.80 1.00
0.07 -25 0.65 1. 10
0.18 0 0.95 1,44
0.03 -20 0.90 1.00
0. 00 +25 0.62 1.06
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Fig. 6 is a revised plot showing both the observad and predicted values of
the fracture stress (0Op) and fracture strain {ep) as function of -1/2. ‘The
observed fracture stresses are as much as 30% higher than predicted; and
the observed fracture strain are as much as four times the predicted values.
This raised the question as to whether the critical fracture stress actually
follows the relation given in Eq.(1). In order to clarify this question, plots
of OF vs f'lfz corresponding to ¢ values 0f 0.2, 0.4 and 0.6 weré made
based on Figs, 1, 2 and 3. As shown in Fig. 7, the slopes (kg) are all about
0.9 x 108 cgs, and there is an intercept (0r )} corresponding to infinite grain
size, It appears that the dependence of O at constant fracture strain has
the following form:

{GF}G = GF-__ + ka -1/2 (2)

o2

Eq. (2) differs from the form of the Cottrell {5) fracture relation, Eq. (1),
according to which O or O should equal zero at infinite grain size. Thus,
it does not seem possible to accurately predict the dependence of 0 on test
temperature based on data obtained for a single grainr size, as was attempted
by this approach.

4. Prediction of Fracture Stress from Fracture Strain

4.1 Previous Approach

In the previous report {3), calculations were made of the
ratio of the maximum to minimum fracture stress in the transition range for
Mo-E1l strip (about 40 ppm carbon, 4 ppm nitrogen and 25 ppm oxygen) rolled
5, 46 and 88% {reduction in area) after recrystallization; and for recrystallized
Mo-EZ2 strip in the fine grain condition. For the Mo-E1l strips, Tg and Ty, ap-
pear to coincide; whereas for the Mo-E2 strip (Fig. 1) T,,, is about 50°C higher
than Ty. It was assumed that the over-all strengthening factor due to necking
(gn) is equal to the following product:

Q= 95 ¥ qp xq: = (O—F)max/(%)min 3)
qp: plastic constraint factor

q: = strain rate factor

~

Calculated values of 9, based on Eq. (3) were fcund to agree within 10% of the
corresponding measured values.

Subsequent analysis of this approach has led to the conclusion
that the good agreement obtained between calculated and measured values of g,
is probably fortuitous. This is based on the following considerations:

a) The strengthening factor associated with substructural

[
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changes during straining from the necking stress to the fracture stress,
(GF)max , at T,,, was not taken into accourt.

b) The calculated grain size factor {gy) is probably too
large since the fracture stress (which is the fio stress at fracture strainj
i 1 ional to £~ /“2, 7 h 1d d-
was assumed to be directly proportional to whereas the actual depen
ence of flow stress includes a term representing the flow stress at infinite
grain size,

c} The strengthening factors are more likely to be additive
rather th: n multiplicative,

4.2 Revised Approach

Based on the foregoing considerations, it was decided to
modify Eq. (3) and attempt to predict the variation of fracture stress with
test temperature above T;. Since the fracture stress and the flow stress at
the fracture strain are identical. the factors that influence flow stress can be
utilized to calculate the fracture stress provided that the fracture strain is
known. Assuming that the observed flow stress U; 1s equal to the flow stress
due to substructural changes, 0, plus the strengthening contributions of a)
decreased grain size during straining, b) plastic constraint due to necking,
and c¢) increased strain rate due to deformation being confined to the neck;
the following relation should hold:

0, = G L1 +lq-1 +tq - 1) +(q - 1)] (4)

where gz, qg and q. are the strengthening factors due to grain size, plastic
constraint ahd strain rate {in the necked region) respectively.corresponding
to a given amount of straine (elastic plus plastic}. As is subsequently dis-
cussed, q; = 1 and therefore can be neglected. For the prediction of frac-
ture stress (0p), the identity of 0 and G"i ateg is utilized and equation {9)
takes the following form: -

0. =0 [1+ {% - 1) * (g - 13} (5)

where O'F is the contribution of substructural changes to the fracture stress,
and q, ang q - are maximum values which occur at the fracture strain “‘F}’
€

{a} Substructural Strengthening

For the determination of U it is necessary to know
the relation of the true flow stress (G,;-s) to the true s?rain {¢}). The simplest

I
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assumption is that the so called power law holds:

O, = Ki)" (6)

where «¢ = total strain (elastic plus plastic)
K = strain hardening coefficient
n=

strain hardening exponent

In particular, OFs is given by substituting ¢ F fore:
- n
Ops = Kieg) (7)

Thus it is possible to determine 0_ provided K, n and ¢ F are known. The
best way to determine K and n is f£8m a plot of Eq. (6) in the form of log

0, s VS log € using data corresponding to the ps-tion of the stress-strain curve
from the yield stress (0 ) to the neckmg stress (0 ). 0. _ can then be deter-

mined using equation (7), which is effectively extrapolatmg the log 0  vs loge
plot to log € . This assumes that the power law continues to hold from 0 to
0';: {(or from the strain {ey) at 0 to ex).

An alternative way to determine 0 _ is to utilize the
relation between the yield stress (0’ ) and the yield stramli-

_ n
O'Y K (e Y) (8)

Defnnng q_ 2as 0’ / 0' at the fracture strain {e ! and utilizing Eq. {7) and (8)
gives

a, = |— (9)

Therefore, g_ represents the substructural strengthening factor and 0_ can

be determined if n, € y and ¢ F are known, Fs

(b} Grain Size Strengthening Factor

The grain size factor (ql) may be defined as follows:

Gfs + Mfs

q, = g’{s (10)

18
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where AQ, s increase in the flow stress due to the decrease in transverse
grain dimensions., The dependence of flow stress § a given strain and
test temperature on grain diameter is given by the f{osllowmg relation:

_ -1/2 )
Gfs = G:‘x- + kfi . {11;

where Uf flow stress at infinite grain size
o

k.
f

i

flow stress parameter

Since a decrease in grain size occurs because of the reduction in area during
the tensile test, the increase in flow stress is at a given strain is given by

— . A V2
A0, = kg AL } {12)
and therefore
-1
e
9= 1+ {13)
O¢s
Assumxog that k, = 0.3 k fer moh’b?ﬁnum and using the measured value of
k. at 20°C for Mo-E2 ( 8 k51/rrm }, the corresponding value of k¢ at
286° C 75 0.6 ksx/m{7 For a reduction of area as high as 09 (¢ = 1.00),
a2y z 2e0m . Smce the approxxmate value of at 20°C is 125 ksi,

the value of q; calculated on the basis of Eq. {13) is about 1,01. Since this

represents a maximum value, q, can in most cases be considered as equal
to unity,

{c} Plastic Constraint Strengthening Factor

Based on the Bridgeman {6} correction, the plastzc
consyraint factor {g_}_, for a round tensile specimen is approximately given
by the following rel&ition in terms of the fracture strain (e ) a

F'r

0.15 {(r.} rd

{ -1= (14
{qp)rd 1-0. .‘w(e}?)rd }

According to an analysis of Aronofsky's {7) results for a flat specimen, the
following relations appear to hold between the plastic constraint factors,
(qu) g7 and (qa)rd and between the fracture strains, {er)sz and {e E‘}ra for

Pt
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a flat and round specimen, respectively:

(a)g -1 = 0.50@) 4-1] (15)

Solving Eq. (14), (15} and {16) fo - (- Jet in terms of {¢ F)f! and dropping the
subscript {f gives !

_ 0.5
%~ 0.5-0.08 ¢z

(17)

(d) Strain Rate Strengthening Factor

As discussed in the previous report (3} the strain rate
{€ ) in the necked region of a tensile specimen is higher than tae applied strain

rate and the flow stress required to produce a given strain is increased by afac-
tor(qi) given by the following equation:

L - /4 T
_ gn " 'n
Qg"

2¢

-€ 2 - 1/2 -e 211/2
s aa exp n -8a_exp n -4l -€,) {a _-a_exp n) 1

{i8)
where Lg = gage length
€. and € = total necking strain and maximum uniform strain
v respectively

i}

a_ and a initial specimen semi-width and specimen semi-width

corresponding to maximum uniform strain respectively

r = strain rate exponent {0.05 for molybdenum according to
Bechtold's {§_) results),

Based on the previous caiculations (3), the factor q. has the following depend-

: . . = € -
ence on plastic strain as given by the difference betweence F and the maximum
uniform strain (e u}:
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EF"é qf.

u tct—
0.0001 1.03
0.0010 1.06
0.0100 1.09
0. 1000 1.11
0.5000 1. 11

Since the values of e r - ¢ fall in the range of about 0. 10 to 0.8 for the Mo-
E2 strip tensile test results considered, it may be assumed that q; is equal
to 1.11 for all the cases of interest,

4.3 Calculation of Fracture Stress Assuming Completely

Uniform Elongation

As previously defined, Ux4 represents the fracture stress
due to substructural changes alone, i.e. the flow stress corresponding to the
observed fracture strain assummg completely uniform ezongatxo*x {no eckzng).
In order to calculate T”‘s for a nge'x tesf tempefature, it is necessary to first
determine the strain }\ardemng exporent {n} and strain hardening coefficient
(K) from a piot of log g vs log ¢ at that temperature and then to utilize the
power law as given in ]50. {3}.

o The variations of n and K with test temperature in the range
from Ty to 20°C are shewn in Figs. 8%to 10 for Mo-E2 (fine, intermediateand
coarse grain sizes). Corresponding sets of n, K and ¢ . values were used to
calculate O, at T, at half-way between Ty and T, at T__ and at 25°C. The
results given in Table 4 indicate that goes through a maximum with in-
crease in test temperature zbove T, jusl as does the observed fracture stress.
However, the calculated maximum in O, occurs at about half-way between
Tq and T instead of at T as does the maximum in the observed fracture
stress,

From the calculated values of O _ and corresponding values
of observed yield stress {0}, it is possible to calcula;e the substructural
strengthe ning factor (qs) which was defined as 0 s ;0; As shown in Table 4,
the variation of g, with increase 1:: test temperafz‘re above T; consists of a
steady increase up to at least 25°C for the fine grain Mo-E2 strip; whereas
qg reaches a maximum and then decreases for the intermediate and csarse
grain Mc-E2 strip.

4.4 Calculation of Fracture Stress Under Actual Necking

Conditions

Based on the revised approach, the relation between the
fracture stress under acturl necking condhzons(ﬁ'n) and the fracture stress due

*The values given in rig. 8 for n anad X at -90Y%C .e., below = Ty, = -85°C)
correspond 10 a specimen that actually necked at -90°C.
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to substructural changes alone {Urg) 18 given by equation {5), which requires
that and ¢ be known as a function of e, Eq. (17) was used to calculate

at the same temperatures at which values of Urg given in Table 4 were
ggtained for the three grain sizes of Mo-E2 strip. Taking q¢ as approrimately
1,11 based on Eq, (18), calculations were made of Jp as a function of test
temperature. The calculated values of (.. shown in Table 5 agree with the
observed fracture stress values within about 15% for 10 cases, and withinabout
20% for the other two cases. This is considered to be good agreement since
the precision of measurement of fracture stress is about 10%.

The calculated maxima in Op occur a2bout half-way between
Td and Tm similar to the calculated 0 maxima. However, there is less of
a difference between the calculated maximum in O and the calculated value at
T,,, as compared to the corresponding values of Upg. It, therefcre, appears
that the method used to calculate Op is correct in principle but suffers from
inaccuracies in determing values of 9p and q; .

B. Flow and Fracture Characteristics of Mo-E3 Strip

1. Tensile Properties vs. Test Temperature

The effect of test temperature on the tensile properties of Mo-E3
stripof fine grain size (0. 023 mm)is shownin Fig. l1l. Similar tothefinegrain
Ma-EZ strip, it was found that Ty and T4 coincide. As indicated in Table 3, the ten-
sile test characteristics of Mo-E2 and Mo-E3 are about the same.

Table 5

The variations of the strain hardening exponent (n) and the strain
hardening coefficient (K) of Mo-E3 with test temperature are shown in Fig. 12.
This information was utilized to calculate the variation of fracture stress (Upg)
agsuming completely uniform elongation (Table 4) as well as the fracture stress
(0r) under actual necking conditions {(Table 5). It was found that the substructural
strengthening factor (q4) goes through a maximum at about -45°C, This is re-

flected in the occurrence of the calculated maximum O'F value at -45°C instead of
at -20°C as actually observed,

2. Effect of Uniform Prestraining

Experiments were carried out on Mo-E3 to determine the effect
of a uniform prestrain (e} at a temperature above T; on the fracture stress
(O'F) and fracture strain F‘F) at a temperature below fd' The temperatures
selected for the prestraining, -20°C and +25°C, correspond to the temperature
at which O goes through a maximum (1)) and room temperature respectively.
Theoproce urg was to prestrain to increasing values of ¢,,,. up to about 0.19 at
~20°Cor + ZSOC, decrease the load by about 90%, cool to a final test temperature
(-100°C, -150°C, or -196°C), and load until fracture occurs.

As shown in Fig, 13, the fracture stress {() at -100°C increases
with prestrain {¢,;) and goes through a maximum at eyr = 0.1, The maximum
in O corresponds to an increase of about 30% as compared to O for zero pre-
strain as measured at the same breaking temperature of -100°C, For abreaking
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temperatureof ~150°Cthere appears to be a slight maximum in Op at (pr =
0.06 for a prestrain temperature of -20°C, A similar trend was found for

prestraining at +25°9C although the position of the maximum is in doubt be-
causc of the scatter in the data. At -196°C, O'}g decreases with prestrain
and the rate of decrease is greater for the +25°C than for the -20°C prestrain

temperature,

The corresponding variations of the fracture strain (¢g) and the
total strain (¢, . + cF) with prestrain ¢, are shown in Figs. 14, 15 and 16.
After prestrafning at either -20 or + £5°C, €= as a fugction of €5, goes through
a maximum at all of the final test temperatures (-100 C, -1500%, and -196°C).
The total strain (‘pr +¢p )increases with ¢, and tends to level off atthe higher

values of ‘pr.

The variation of Op with total strain (e5, + ¢g) is shown in Table 6
for Mo-E3 strip prestrained at -20°C and broken at -100, 150, and -196°C. It
was found that 0.~ increases appreciably at -100°C, increases slightly at -150°C,
and decreases at -196°C as the tetal amount of strain is increased. For the
purpose of comparison, OF values obtained in the range of -80 to -67°C without
any prestrain are listed in Table 6. The ratio of fracture stresses with and
without any prestrain varies with both total strain and test temperaturc. This
is further evidence that O is not a unique function of strain alone.

3. Effect of Necking Prestrain

Studies were carried out to determine the cffect of neckiny pre-
strains at +25°C on the fracture stress (0Op) and fracture strain ((F) at -100°C,
As shown in Table 7, a necking prestrain of 0,29 at +25°C results in an increase
in O at -100°C of about 20% and in ¢ at -100°C of about 500% (0.03 to 0.18),

A larger necking prestrain (0,64) results in a slight increase in O along with
a 55% decrease in ¢y as compared to a 0,29 necking prestrain,

In order to determine to what extent the geometry of the neck af-
fects Op and ¢, simulated necking was studied using two procedures: a) pre-
straining at +{:5°C to produce a neck corresponding to a strain of 0.64 and
_ recrystallizing to remove the deformation; b) machining a neck in the rolling plane
section of the specimsn that corresponds to 0.64 strain., As shown in Table 7
procedures a) and b) resulted in completely brittle fractures (¢ = 0) as well as
decreases in Op of 30% and 12% respectively as compared to a non-prestrained
specimen tested at -100°C (O = 140 ksi), These results indicate that the geom-
etrical effect cf a neck corresponding to 0,64 strain is to provide 4 stress con-
centration which results in a lowering of 0. It should be noted that the simulated
neck obtained by procedure b) was machined in only one plane, whereas during
tensile deformation necking actually occurs along both the thickness and width
dimensions., Therefore, a greater strcss concentration is presumably present
in a specimen that is pre-necked by tensile deformiation, procedure a), than by
machining, procedure b),

In view of the simulated necking resnits, it appears that the plastic
deformation associated with prestraining has agreater effecton raising G at - 100°¢
thanis irdicated bythe 307 increase shown in Table7 for 0.64 necking prestrain,

31



)
)
O

<
s
]
-
i

i

B il .ii%h!mm\mt\

1

1 i
¢ 0.05 0.l0 0.15 0.20

UNIFORM PRESTRAIN (€pr) AT +25°C

H i i 3

0.20

0.6

Q
]
1]

008

&

004

FRACTURE STRAIN (€¢) or TOTAL STRAIN (ep*ep). FRACTURE STRAIN (GF) or TOTAL STRAIN%(GFOG‘)

i 1 i i
0 05 0.0 0.5 0.20

UNIFORM PRESTRAIN (€pr} AT-20°C

Fig. 14 - Effect of Prestraining Mo-E3 at -20°C and +25°C on Fracture
Strain {ex) and Total Strain (epr:‘ (F) at ~10G2C.

32

PO ——




1

. 1 i i
0 005 Qo 0.15 0.20
UNIFORM PRESTRAIN (€pr) AT + 25°C

FRACTURE STRAIN (€)or TOTAL STRAIN (EF* €p)

— T T T T
Q
wv
:u.
g 0.26 — {‘9’*¢F) -
g
£
”
32 o.zkh .
5
—
)
L 0.08+ =
¥
<
§ :
= 0,04 M 4
[¢5]
w
4 ¢
S 1 i 1 i
;‘é 0 0.05 0.10 0.15 0.20
u

UNIFCRM PRESTRAIN (€pr) AT—20°C

P

. .- — v . o . i a) —
Fig, i5 - Efiect of Prestraining Mo-E3 at =20 C and +25 C on Fracture
Strain {egx) and Total Strain {e,. + ¢) at -15G°C.




.............m.......mmmnumnnmmmmmmmﬁhmmmmmﬁmmﬁmmmmmmmmmmm

W UM W W Wt xaee

afp

© AR A Rt

o
o
|
}\
+
"

Qo
o
I

o

(®;

(8]
l

o
g

FRACTURE STRAIN (€c)or TOTAL STRAIN (GF'.'Ep). FRACTURE STRAIN (€ or TOTAL STRAIN (ﬁgtp)

. L 1 1 i
0 005 0.10 Q45 0.20
UNIFORM PRESTRAIN (€pr) AT +25°C
T T T 1

o.ler -
(€preec)

0.’2 —

0.08 .
(e f:)

004 -

i i 1 1
0) 0.05 Q.o 0.18 0.20

UNIFORM PRESTRAIN (€pr) AT — 20°C

Fig. 16 - Effect of Prestraining Mo-E3 at - 20°C and +25°C on Fracture
Strain (cp) and Total Strain (e + ) at -196°C,

34

e R




Table 6

Variation of Fracture Stress of Mo-E3 With Total Strain

Ratio*
Fracture of Fracture
) ) ’ Stresses
Test Temperature Prez:tr)am Tcztal+§tr.:,)11n Stge;s With and
Prestrain Fracture p ‘F pr { 1y Without Prestrain
o O
C C
-20°C -100°¢c - 0.03 138 1.06
0.015 0.05 141 1.08
0. 05 0.10 151 1.13
0. 085 0. 15 158 1.15
0.13 0. 20 164 i.16
o o - -
-20°C -150°¢C 0.015 0.05 177 1.35
0.055 0.10 180 1.34
0.11 0.15 178 1.29
0.185 0. 20 161 1.4
o o]
-20°C -196°C 0.01 0. 05 202 i.54
0. 05 0.10 193 1.44
0.115 0. 15 166 1.20
0.21 0. 20 160 i.11
o
- -80°C - .03 130 -
- -79°C - 0.05 131 -
- -86°C - 0.10 134 -
- -73°C - 0.15 138 -
- -70°C - 0.20 141 -
- -67°C - 0.25 144 -

* Values of fracture stress without any prestrain are given in this table for
the temperature range of -80 to -67°C.
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Table 8

Fracture Toughness of Mo-E3 at -lOOoC

Hartbower (W/A) Irwin G
.. . . 2 2 . . 2 2
Condition m—lbs/m ergs/:m in-lbs/in ergs/cm
. - 7 7
as-recrystallized 110 1.9x10 120 2.1x10
pulled 6% in tension at +25°C 55 9. 6xl06 120 2.1x10"
reduced 6% by rolling 25 4. 4x10° 85 1.5x10°

at +25°C
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Assuming that the geometrical cffect of necking is to cause a decrease of 30%,

it appears that the necking prestrain per se effectively increases Op by about
60%.

4, Slow Bend Tests at -IOOOC

Slow bend tests were carried out on Mo-E3 in the following
conditions: a) as-recrystallized, b) deformed 6% at +25°C by tensile pulling,
c) deformed 6% at +25°C by rolling. V-notch Charpy specimens were machined

to the following dimensions: 0,030 inch thick, 0,394 inch wide, and 2 1/8 inches
long.

A 0,079 inch deep, 45° V-notch was machined perpendicular to the
rolling direction of the strip (parallel to length direction of specimen). These
specimens were precracked by room lemperature cyclic bending in comp1 .ssion
from zero to about 50 ksi {calculated maximum compressive fiber stress at root
of the V-notch). The average depth of a fatigue crack as obtained by this pro-
cedure was about 0.025 inch. Slow bend tests were carried out at -100°C and
measurements of load vs deflection were obtained.

Both the Hartbower and Irwin methods were used to determine
resistance to crack propagation from the slow bend test measurements. The
Hartbower (9) method of determining the fracture toughness parameter W/A
involves dividing the energy (W) corresponding to the integral of the load vs
deflection rurve by the area {(A) of the fractured surface (below the fatigue crack]j.

The Irwin (10) method of determining the fracture toughness paramete: G in-
volves use of the following relation:

- {Pm)z d(M_ 1)

Ge B da {19)

where Pm maximum load

B = specimen thickness
M = spring constant (P/e) where e = deflection
a = notch depth

An approximate value of dM-l/ da was obtained from the initial slopes of the
P vs e plots corresponding tc different initial crack lengths (a).

o The fracture toughness values determined from the slow bend tests
at -100 C are given in Table 8. The W/A and G _ values for the as-recrystallized
condition show good agreement, However, although decreases in{W/A) of 50 to
75% resulted from plastic strains of 0.06 at +25°C, the corresponding decreases
in G, are only 0 to 30%. The fracture toughness values at -100°C fall in the range

of 25 to 120 in-lbs/in% or 0.4 to 2.1 x 107 ergs/cm?2.
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C, Flow and Fracture Characteristics of Mo-E4 Strip

The effect of test temperature on the tensile properties of Mo-E4
strip is shown in Fig. 17. For this high oxygen material of fine grain size
{(f = 0.020 mm), Ty and T4 appear to coincide at about -359C, and Ty oc-
curs at about +25°C. These are higher temperatures than found for the
fine grain Mo-E2 and Mo-E3 materials {Table 3). The Mo-E4 also differs
from the Mo-E2 and Mo-E3 materials in that e = 0 below Ty and O reaches
a constant value at about -100°C. No evidence was found that twinning is
responsible for the levelling-off in 0p. Therefore, this phenomenum remains
unexplained.

As shown in Table 9, prestraining the Mo-E4 at +25°C was found to
result in increases in fracture stress of about 14 and 20% at -100 and -1969C
respectively. The specimens were observed to fracture without any additional
plastic strain at these test temperatures. This differs from the Mo-E3 be-
havior after prestraining since an appreciable amount of strain occurred
prior to fracture at -100°C,

The variations of the strain hardening exponent (n) and strain harden-
ing coefficient (K) of Mo-E4 strip with test temperature in the range of -25 to
+50°C are shown in Fig, 18. The strain hardening exponent (n) of Mo-E4 decreases
markedly with decrease in test temperature, which is opposite to that found for
the Mo-EZ and Mo-E3 materials. On the other hand, the strain hardening coef-
ficient {(K) increases with decrease in test temperature similar to the Mo-E2 and
Mo -E3 materials,

Using the €, N, and K values for Mo-E4 shown in Figs. 17 and 18
respuctively, calculations were made of the uniform fracture stress (0 s) and
the substructural strengthening facior (qg). As shown in Table 4, qg for Mo-E4
was found to be considerably higher than for the Mo-E2 and Mo-E3 materials in
the range of 0°C to 25°C, This is attributed to the relatively high strain harden-
ing characteristics of Mo-E4, presumably due to its high oxygen content. The
predicted values of O for Mo-E4 under actual necking conditions are shown in
Table 5. The predicted values were found to be 27 to 37% higher than the observed
values of Op in the range of -25 to + 50°C. The agreement is relatively poor as
compared to that obtained for the Mo-E2 and Mo -E3 materials., This may be due
to a2 difference between high and rciatively low oxygen materials with respect to
the degree of plastic constraint for the same reduction in area.

D. Fractographic Characteristics

1. Broken Mo-E2 Tensile Specimens

Based on light and electron microscopic observations, the
fractographic characteristics of the fine, medium, and coarse grain Mo-E2
tensile specimens were determined. As shown in Figs. 19 to 22, the fractures
of the fine grain Mo-E2 specimens tested at +25 to -30°C consist of both cleav-
age (transgranular) facets and intergranular facets. The cleavage facets con-
tain what are called cleavage steps cr river markings, which indicate the
direction of crack propagation. On the other hand the intergranular facets
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Light Fractograph 750X
Fig. 19 - Tensile Fracture of Mo-E2 (0.026 mm grain size}

at +25°C Showing Several Cleavage Facets (with
Cleavage steps) and Two Intergranular Facets {smooth).

Electron Fractograph 2009X

Fig. 20 - Same Specimen as Fig. 19 - Showing Intergranuiar
Facets Which Apparently Contains Fine Precipitates,
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Light Fractograph 1000X

Fig. 21 - Tensile Fracture of Mo-E2 {0.026 mm grain size)
at -30°C Showing Several Cleavage Facets,

MR ¢ Y

Electron Fractograph 2000X
Fig, 22 - Same Specimen as Fig. 21 - Showing Cleavage

Steps and Smooth Intergranular Facets Which

Apparently Contains Fine Precipitates.
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are generally smooth, and sometimes- contain what appear to be fine pre-
cipitates (Figs. 20 and 22), The fractures of the medium grain Mo-E2 was
found to be similar to the fine grain Mo-E2. Examples of the coarse grain
Mo-E2 fractures in the range of 425 to -196°C are shown in Figs. 23 to 28,
At +25°C, the fracture consists predominantly of high distorted cleavage
facets (Fig. 23) although a few intergranular facets were observed (Fig. 24).
Evidence of what is considered to be initiation of fracture at an intergranular
facet at ~194° C is shown in Fig. 28. e e

Table 10 gives a summary of thé {ractaographic characteristics
of the Mo-E2 tensile specimens broken in the range of +25° to 196°C. With
decrease in test temperature, the relative amount of intergranular facets in-
creases from <1 to about 2% for the fine grain size, from <1 to about 6% for
the medium grain size, and from <1 to about 4% for the coarse grain size.

The ratio of the average cleavage facet size to the grain size {corrected for
total reduction in area prior to fracture) varies from 0.7 to 1.4 for the fine
grain size, 0.6 to 1.1 for the medium grain size, and 0.4 to 0.5 for the coarse
grain size. The corresponding ratio for the average intergranular facet size
varies from 0.7 to 0.9 for both the fine and medium grain size, and 0.1 to 0.3
for the coarse grain size. Thus it appears that although the cleavage and inter-
granular facet sizes are approximately equal to the grain size for the fine and
medium grain size Mo-E2, the cleavage and intergranular iacet sizes are sig-
nificantly smaller than the grain size for the coarse grain Mo-E2.

For the coarse grain size Mo-E2, the origin of fracture
was traced to a particular intergranular facet from -196°C to T4; whereas
for the fine and medium grain size Mo-E2, it was traced to a group of both
intergranular and cleavage facets., However, above T(g the origin of fracture
of the three grain sizes was traced to a group consisting of only cleavage
facets, It is therefore concluded that the mode of fracture initiation in Mo-E2
is intergranular z. Tg and below, and cleavage above Tyg. .

The geometrical location of fracture initiation with respect
to the specimen cross section was also determined. It was found that fracture
generally initiated in the interior of the specimen. The approximate locations
can be expressed by the following coordinates: in the width {(w) direction, from
w/8 to w/2; and in the thickness (t) direction, from t/4 to t/2. There were
only three cases in which fracture initiated at the surface, one at w/3 and the
other two at t/2 and t/3.

2. Broken Mo-E3 Tensile Specimens

As shown in Figs. 29 and 30, the iractures of the broken
fine grain Mo-E3 tensile specimens at -20 and -100°C consist of both cleav-
age and intergranular facets. Prestraining at +25°C followed by breaking at
-100° C results in a greater amount of highly distorted cleavage facets (Figs. 31
33 and 34) as compared to prestraining at -20° C and breaking at -100°C
(Fig. 32). Predominantly intergranular fractures (Figs. 35 and 36) were pro-
duced by the simulated necking experiments carried out at -100° C.

H

The fractographic characteristics of the Mo-E3 tensile
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Light Fractograph 560X

Fig. 23 - Ténsilé Fracture of Mo-E2 (0.174 mm grain size)
) at +25°C Showing Highly Distorted Cleavage Facets.

Electron Fractograph 2000X

Fig. 24 - Tensile Fracture of Mo-E2 (9. 174 mm grain size)
at +25°C Showing a Portion of 2 Smooth Intergranular
Facet (Left) Which Apparently Contains Fine Precipitates,
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Electron Fractograph 2000X

Fig. 25 - Tensile Fracture of Mo-E2 (0.174 mm grain size)
at 0°C Showing a Cleavage Facet {(upper) and an
Intergranular Facet (lower).

Light Fractograph 500X

Fig, 26 - Tensile Fracture of Mo-E2 {0. 174 mm grain size)

at -40°C Showing a Cleavage Facet Containing Many
Cleavage Steps.
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Light Fractograph 500X

Fig. 27 - Tensile Fracture of Mo-E2 (9. 174 mm grain size)
~ at -100°C Showing One Intergranular Facet {Smooth)

and Several Cleavage Facets.

Light Fractograph 650X

Tensile Fracture of Mo-E2 (0.174 mm grain size)
at -196°C Showing One Intergranular Facet {Smooth)
Surrounded by Several Cleavage Facets with "River"
Markings Radiating from Intergranular Facet
(Possible Fracture Origin).
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Light Fractograph 1000X

Fig. 29 - Tensile Fracture of Mo-E3 (0.023 mm grain size)
at -20°C Showing Several Cleavage Facets and an
Intergranular Facet (Smooth).

Light Fractograph 1000X

Fig. 30 - Tensile Fracture of Mo-E3 (0.023 mm grain size)

at -106°C Showing Several Cleavage and Intergranular
Facets.
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Light Fractograph 750X
Fig. 31 - Tensile Fracture of Mo-E3 (0.023 mm grzin size)

Uniformly Prestrained {¢ = C.115) at +25°C ard
Broken at - 100°C Showing Several Highly Distorted

Cleavage Facets.
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Light Fractograph 750X

Fig. 32 - Tensile Fracture of Mo-E3 (0.023 mm grain size)
Uniformly Prestrained {¢ = 0.110) at -20°C arnd
Broken at -100°C Showing Several Cleavage Facets.
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Fig. 33 -

Fiﬂ. 34 -

Light Fractograph 650X

Tensile Fracture of Mo-E3 (0.023 mm grain size)
Prestrained by Necking {¢ = 0.28) at +25°C and
Broken at - 100°C Showing Several Cleavage Facets.

light Fractograph 650X

Tensile Fracture of Mo-E3 (0.023 mm grain size)
Prestrained by Necking {t = 0.64) at +25°C and
Broken at -100°C Showing One Intergranular Facet
{lower right) and Several Cleavage Facets.
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Light Fractograph 650X

Fig. 35 - Tensile Fracture of Mo-E3 {£.023 mm grain size)

Prestrained by Necking {¢ = 0.64) at +25°C,
Recrystaliized, and Broken at - 100°C Showing
Predominantly Intergranular Facets.

iight Fractograph 650X

Tensile Fracture of Mo-E3 {0.023 mm grain size)
Having Neck Machined Corresponding to a Necking
Prestrain of € = 0.64, Reczystailized and Broken

t -160°C Showing Predominantly Intevgranular
Facets.
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spacimens in the range of +25 to -196° C are summarized in Table 11, For
specimens that were not prestrained, the fractures are similar to the fine
grain Mo-EZ2 material except that considerably more intergranular facets
were found in the Mo-E3 specimens broken at - 85 and at -196° C(10 and
40% respectively).

After subjecting the Mo-E3 to a uniform prestrain at
either =20 or +25° C and breaking at -100° C or -196°C, the fracture consists
of only 5-10% intergranular facets. This represents a considerable decrease
in intergranular facets as compared to the non-prestrain results. This would
seem to correlate with the higher fracture stress at -100° C as compared to
that obtained without prestraining., However, a lower fracture stress was
found at ~196° C after prestraining,

After a necking prestrain at +25° C followed by breaking
at -100° C, the amount of intergranular facets (10-20%) is also lower than
that obtained without prestraining, However, simulated necking (as ac-
complished by forming a neck either by prestraining or machining followed
by recrystallization) results in a large increase in the amount of intergranular
facets {(80-90%) after breaking at -100° C, This correlates with the lower
fracture stress at -100° C due to simulated necking as compared to tlie results
for either no prestrain or a necking prestrain,

Similar to the Mo-E2 fine grain size, both the intergranular
and cleavage facet size in the Mo-E3 broken tensile specimens are approx-
imately equal to the grain size as corrected for the total reduction in area

prior to fracture. This holds for both the non-prestrained and prestrained
specimens,

3. Broken Mo-E3 Precracked Charpy Slow Bend Specimens

Examples of fractures of Mo-E3 precracked Charpy slow
bend specimens broken at -100° C are shown in Figs. 37 and 38, and the
observed fractographic characteristics are summarized in Table 12. For
tests carried out without prestrain, a greater amount of intergranular facets
was found in the bend than in the tensile fracture at -100° C (50 vs 30%).
After prestraining about 6% at +25° C either by tensile pulling or by rolling,
the bend fracture at ~100° C consists of considerably less intergranular

facets than without prestraining (5 vs 50%), which is similar to the tensile
results (Table 11).

4. Broken Mc-E4 Tensile Specimens

Examples of the fractures oi broken Mo-E4 tensile specimens
are shown in Figs, 39 and 40 and the fractographic characteristics are sum-
marized in Table 13. A sharp change occurs {-om a predominantly cleavage
fracture (<i% intergranular facets) at +25° C to a predeminantly intergranular
fracture (80% intergranular facets) at C°C. A further increase in the amount
of intergranular fucets tu >99% occurs at Tg {(-359C),and the intergranular
fracture remains the same down to -196° C. It was found that fracture at
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Light Fractograph 1000X

Fig.37 - Precracked Slow Bend Charpy Fracture of Mo-E3
(0.023 mm grain size) at -100°C Showing a Cleavage
Facet Containing a Few Cleavage Steps.

Light Fractograph 1600X

Fig. 38 - Precracked Slow Bend Charpy Fracture of Mo-E3
{0.023 mm grain size) Prestrained (6% by rolling}
at +25°C and Broken at - 100°C Showing Cleavage
Facets Containing Many Cleavage Steps.
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Fig. 39 -

Fig. 40 -
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Light Fractograph 500X

Tensile Fracture of Mo-E4 (0.020 mm grain size)
at +25°C Showing Several Cleavage Facets.

Light Fractograph 500X

Tensile Fracture of Mo-E4 {0.02C mm grain size)

at -35°C Showing Two Cleavage Facets and Many
Intzrgranular Facets.
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+25°C initiates by a clcavage mode and by an intergranular mode at 0°C,

No definite evidence was obtained with respect to the location of fracture
initiation at -35 to -196°C; however, it is presumed that the fracture
initiation mode is intergranular since only a few cleavage facets were found
present. Prestraining at +25° C and breaking at -100°C and at -196° C was
found to increase the amount of cleavage facets (50 and 25% respectively),
which correlates with the increases in fracture stress obtained by prestrain-
ing, Similar to the fine grain Mo-E2 and Mo-E3 materials, both the cleavage
and intergranular facet sizes are approxima‘ely equal to the grain sizc as
corrected for the roduction in area prior to fracture,

5, Other Observations

Examinations were carried out for the occurrence of
microcracks and twins in the vicinity of the fractures of the Mn-E2, Mo-E3,
and Mo-E4 materials., No evidence of isolated microcracks was found, al-
though branching of secondary cracks from the main fractures was observed.
Likewise, no definite evidence of twinning could be found,

E. Theoretical Considerations

1. Relation of Yield Stress to Fracture Stress

As illustrated schematically in Fig. 41, the brittlencss
transition temperature (T,) corresponds to the intersection of curves re-
presenting the variation with temperature of the observed fracture str.ss
(0r) and a yield stress parameter (0,). For each of the molybdenum strip
materials studied, it was found that zlhe values of proportional limit (0},
lower yield stress (0y,,) or upper yield stress {0,yg) corresponding to
a given test temperature are within about 15% of cach other, Considering
that the probable accuracy of measurement w3 about = 10% for these three
stress parameters, it does not seem to matter whether U, represents Upl-
Gl s OF . ys: In Figs, 42 to 46, the locations of Ty, for Mo-E2 (3 grain
uZes). Nro-ES. and Mo-E4 are shown by the irtersectiorns of a band that
represents the accuracy of OF and a 0y band that represents the combindd
variation of Op), Uuys' and Ojy,.

2. Relation of Necking Stress at Fracture Stress

Also illustrated schematically in Fig, 41 is the interscction
of the observed fracture stress (0f) and the necking stress (0), where the
latter is the true stress corresponding to maximum load. This intersection
is shown to occur at the minimum in the 0 vs, tempcerature plot, The
temperature at which the minimum occurs has been previously defined as
the tensile ductility transition temperature (T4). It was hypothesized by
Lement (3) that 0, intersects Op at Ty becausc below Ty the clongation at
fracture was found to be uniform whercas above T4 necking occurs prior
to fracture. This situation is schematically indicated in Fig. 41 by the
intersection of the fracture strain (¢p) and the maximum unifcrm strain
(cu) curves at Td'
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Bands representing the probably accuracy of O, Cp, €5,
and ¢, for the various molybdenum strip materials are shown ir -iys, 42 to
46 as a function of test temperature. Four the fine grain Mo-E2, Mo-E3 and
Mo-E4 materials, Ty, and T were found to approximately coincide. This is
indicated by the intersection of the 0., C,, and Op, bands at T4 Figs. 42,
45, and 46, On the other hand, Ty 1}3115 below T4 for the intermediate and
coarse grain Mo-E2 materials. This is indicated by the fact that the inter-
section of the 0, and O bands occurs below that of the J, and O bands
Figs. 43 and 44. For all the materials studied, the ¢;; and ¢r bands intersect

at Ty Figs. 42 to 46.

According to Ault {11), who investigated the tensile properties
of a fine grain and relatively impure molybdenum strip material, Ouys in-
tersects Op at the minimum in the O vs. temperature plot {(which is defined
here as T3). Based on the present study, this should occur if T4 and Ty, are
equal as was found for the fine grain mclybdenum strip materials. However,
the more general condition for T3 is the intersection of O and 0, as indicated
by the results for the intermediate and coarse grain strip materials Figs 42
and 43. For these grain sizes, T4 occurs above Ty, and 0, intersects Op

at Td'

3. Locking Parameters

3.1 Yield Locking Parameter

According to Cottrell (53), Of = 0 at Ty, and Of is
inversely proportionail to the yield locking parameter (kﬁ at Tp. The variation
of k,, with test temperature for Mo-EZ2 as determined by the Petch grain size
metﬁod was shown in Fig. 5. An alternative method of determining ky is by

the Owen (12) extrapolation method. This first involves extrapolating the

flow stress curve {beygnd the Luders strain) back to the elastic line to determir
the {rictional stress (0;). Based on the power law, J; at the intersection of

the plastic and elastic curves is given by

g. ®
0, =K (—1—) (20)
i E
From the Petch relation,
g -0,
k_= —
VTV (21)

Using Eq. {20) and (21), calculations were made of
k, and 0j at test temperatures of +25° C, T4, and Ty, for all of the molydenum
strip materials and the results are given in Table 14. The T}, values of k,,
and 0i for the intermediate and coarse grain Mo-E2Z given in this table are
based on rough extrapolations of the K and n curves down to -150 and -196 C

64

Table 14

Yield Locking Parameteor (ky) and Frictional Stress (03) for Mo-E2, Mo-E3, and Mo-~E4 Strip
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respectively, Corresponding values are given in Table 14 for ky and Uj as
determined by the Petch grain size method for the Mo-E2 materials(Figs. 4
and 5), which also required extrapolation down to -196° C. For the Mo-E2
materials, relatively good agreement (within 30%) was found between the 0j
values as determined by the Owen extrapolation and the Petch grain size
methods, On the other hand, th:re are much larger discrepancies between
the ky values as obtained by these two methods. Furthermore, the extra-

polation ky values exhibit anomalous variations with test temperature,

Since the Petch grain size k,, values appear to be
more reasonable, it was decided to use these values in subsequent calculations
of the effective surface energy for crack initiation. However, this raised the
difficulty that only the Owen extrapolation ky values were determined for the
Mo-E3 and Mo-E4 materials. As an approximation, it was decided to use the
ratio of the grain size k,, to the extrapolation k_ for the fine grain Mo-E2 in
order to convert the extrapolation k, values for the fine grain Mo-E3 and
Mo-E4 materials to grain size k, values, For the fine grain Mo-E3, this

ratio is about 2; and values of grain size k,, for Mo-E3 and Mo-E4 as con-
verted on this basis are given in Table 14.

3.2 Flow Locking Parameter

The flow locking parameter (k;) was determined as a
function of plastic strain (e,) and test temperature for Mo-E2, This involved

determination of the variation with grain size of the uniform flow stress (0fg)
as determined by the power law:

a n
0'fs =K (ep)

(22)

In Figs. 47 and 48, the values of Ofs corresponding to €y vglues of 0.2 to 1.0
are plotted as a function of the grain size parameter (£ ~1/2) for test tem -

peratures of -50, -15, and +25°% C. The slopes cof these Ogg vs £-1/2 plots
give k¢ as defined by the following relation:

0. -0
o
A V£ (23)

Where 0, is a constant for a given value of ¢

and temperature. As is apparent
from Figs 47 and 48, the value of k¢ for a given strain and temperature is not

significantly affected by plotting 0f; against the final rather than the initial
grain size.

Values of kf based on Fig, 47 are given in Table 15,
For each €p k¢ is approximately equal to k, 2t +25° C and with decrease in
test tempeTrature goes through a minimum dt about -15°

C. The ratio of k¢
to k,, was found
to -¥

to decrease from about 1,0 to about 0.4 in the range of +25

5°C, and from -15 to -50° C there is little change. These results differ
from the work of Armstrong (13), who re

ported that ki /k, equals about 0.3
for molybdenum at room temperature.

66




' Ll 3 L T T
{50
140+
130;-
€p=0.2
120F  t:-s0°C
~ 10k
! A
¥ ook €002 OO~ -0 X
bi’ T=-15°C
W soF €02 (D Y
fﬂ_ T=425°C
» 70+
C;) 1 i 1 1 { L
-
T
>
x
g v v v L 1 Al T
3140}
1301 ep=0.4
T=-50°C
120}
Hor OO
€p=0.4 ______%—
I00OF T=-15°C
O ‘O—
90“" __,\’_f<>—,
801 t-+28°c
1 i 1 i 1 N 1
GRAIN SIZE PARAMETER (£"mm"2
{O initial grain size) ( O final grain size )

Fig. 47 - Plots of Uniform Flow Stress ( 0. } vs. Grain Size Parameter
for Recrystallized Mo-~E2 Strip at Plastic Strains (¢ ) of 0.2
and 0.4, ke




‘g’ !;J

,uy.-.mmmumm|l.nms:x.nnunmz»:;'unhlmﬁll‘mmﬂﬂﬁlﬁﬂv‘li}mnmlmllm umnmnwww»ww

a4




. Plastic
| Steain

. _p)

D.2

1.0

Table 15

Flow Locking Parameter (kf) for Mo-E2 Strip

+25

-15
=50

-

Flow
Locking
Parameter

(i)

dynes/mn3/z

6.Ox107
.5x10°
4.0xlf37

(Y]

7
4.5x%10
3.0x107

7
.5xl1e

o

.Oxl()7
7

.Ox10

.5x107

W W

wn

4.0x10?

2.5xi0"
7
6.6x10

Yield
Locking
Parameter

(k)

dyne sfcm3/2

4.5x107
8.0xi07
l3x107

4.5x107
B.Oxlo7
<

13x10

4.5x10?
8.0x10(
13x10°

4.5x107

8.0x10"

13x107

W

W O

(V3]

W D

.
(W4}




Values of k¢ were not determined for the Mo-E3
and Mo-E4 materials because these were recrystallized to a fine grain
size only. However, ki for these materiale can be approximated by using
the k¢/k, ratio determined for Mo-E2 and the k,, values for Mo-E3 and
Mo-E4 given inTable 14 {converted from extrapolation to grain size k,,
values}. Approximate values of kg for Mo-E3 and Mo-E4 as determinéd
on this basis are given in Table 16. These values also show a minimum

at -15°C.

4, Calculation of Effective Surface Energy for Crack Initiation

The Cottrell {5) fracture relation for crack initiation at
the brittleness-transition temperature {Th) is as follows:

1/2
y * . ky £ G'F 24
1 8G
t
where S effective surface energy for crack initiation

k_ = yield locking parameter based on normal stress and full
y grain diameter

G = shear modulus and is equal to — £ where v is

Poisson!s ratioc (0. 3) 2{1+ v)
£ = full grain diameter

1
The effective surface energy for crack initiation {vj )} in Mo-E2, Mo-E3 and
Mo-E4 at the britileness transition temperature (Ty) was calculated using
a) values of U at Tb given in Figs. 1, 2, 3, 11 and 17; b) values of k,, at
Ty based on the Petch grain size method (Table 14); and c¢) values of G at
Ty, as determined from the variation of the elastic modulus {E) with tem-
perature for molybdenum (Fig. 49), i.e. G = 0.38 E. Calculations were
also made of v.' at temperatures above Ty, based on a modification of Eq.
(24) which involves substituting the flow locking parameter (k¢) for ky in
order to take into account the relatively large plastic strains that occur
prior to fracture. Values of kf were obtained from Tables 15 and 16, and
the results of ’Yi‘ calculations are given in Table 17.

; As shown in Table 17, the values of 'Y'i at Ty (based on k)

are in the range of 0.7 x 104 to 3.5 x 104 ergs/cmé, With increase in Y
temperature, an initial decrease in ‘y'i {based on k{) occurs which is a mathe-
matical consequence of k¢ being lower than k. Since a lower vaiue of v!

would be expected if the initiation mode is intergranular as compared to cleav-
age, this casts doubt on the validity of Eq. (24) based on k,,. Above T4, ‘Yg for
Mo-E2 and Mo-E3 ramains essentially constant up to at least +25°C and the
mode of crack initiation is cleavage over this range, OCn the other hand, there i:
about a 75% increase in 'Yi' for Mc-E4 between 0°C and +259C where the initiatior
mode changes from integranular to cleavage. It therefore appears that the high
oxygen content of Mo-E4 results in different v; as well as fracture initiation
characteristics than the relatively low oxygen content materials (Mo-E2and Mo-E3
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Tabie 16

Approximate Values of Flow Locking Parameter {kf) for Mo-E3 and Mo-E4 Strip

Plastic Test
Strain s Approx. Approx Approx.
€ ) Temp., /) « I % k
Material P {T) 'y ‘y £
o] .
C dynes/ em3/2 dynes/cm 3/2
. Mo-E3  0.2-1.0 425 1.0 2.2x10 2. 2x10
-15 0.4 3.9x10° 1.6x10°
-50 0.4 5.3x10" 2.1x10°
7 7
Mo-E4 0.2-1.0 +25 1.0 19x10 19x10
-15 0.4 21x107 8. 4)(107
7
-50 0.4 23x10 9. 0x107

extrapolatinns.

oot

Assumed to be the same as for Mo-E2 strip given in Table 15.

=% Approximate grain size kv values given in Table 14 and linear

VAR ik w Wsness <c
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5. Effective Surface Energy for Crack Propagation

5,1 Based on Tensile Tests

Assuming that fracture of the molybdenum materials
is controlled by crack initiation rather than crack propagation, it follows
that using the value of the observed fracture stress in a Griffith-Orowan
type of relation should give an upper limit to th¢ probable value of the ef-
fective surface energy for crack propagation (‘Yp). Accepting this restriction,
calculations were made of ¥ under plane strain conditions using the Irwin
(14) relation for an interior l3:x'ack of radius ¢ that is small with respect to
the section area:

v au-vh g

‘Yp - ‘I'I'E (25)

For the crack radius (c), it was decided to use one-half the measured cleav-
age facet size for test temperatures above T4 and one-half the measured
intergranular facet size for test temperatures of T4 and below,

As shown in Table 18, the ‘y' values are in the range
of 1.0 x 10% to 12.3 x 104 ergs/cm2, Starting at 1960C for Mo-E2 and
Mo-E3 and at -100°C for Mo-E4, first decreases with increase in tem-
perature up to T4, then increases {rom T4 to Ty,, and finally decreases
above Ty,. Thig variation is similar to that of 0 with temperature, The
ratio of ! to “y; at the same temperature varies from 1 to 43, This in-
dicates thg possibility that v, may be larger than 'yi' even though fracture
is controlled by crack initiation.

According to Barrett (15) crack initiation involves the
growth of a critical size crack until it encounters a major barrier (typically
a grain boundary). In order for the crack to cross the boundary and continue
to propagate, an increase in effective surface energy is involved. Thus, it
seems reasonable to expect that 4! is generally greater than v} . For frac-
ture to be controlled by crack initiation rather than crack propagation, the
condition to be satisfied is (0p)p < (Up);. Based on the results given in
Table 17, it appears possible for the ratio of ((Tp)p to (O'I.--)-1 to be as low as
1/43 with v3 2% .

5.2 Based on Precracked Charpy Slow Bend Tests

As was shown in Table 10, the fracture toughness
values of Mo-E3 as determined by precracked Charpy slow bend tests fall
in the range of 0.4 x 107 to 2.1 x 107 ergs/cm2, These values are ap-
proximately 103 times larger than either t! . calculated effective surface
energy for crack initiation (v!) or for cra . ~-opagation (v}) based ou the
tensile test results for Mo-E3 as given ir .’ les 17 and 18 respectively,
This difference may be due to a greater ary  at of plastic deformation at

75



02 aBeaeard LO1¥0°T  01XG°01 $200°0  , 0T1XZ°¢ 00°1 o2+
€2 adeaea(d u..o_f ‘6 ®o~zo.: i2007°0 N~oﬁ..;m.m $6 0 0
82 a8eaes(d HOTXETT 01XL76 ¥€00°0  , 01XsZ'€  29°0 02-
g1 ‘ueadiajur LOTXT7L  01XpR 6200°0 . 01%€°€ Lo ob- {wwp 1 °0)
I ‘uea81ajut LOIXE'y 0TX€"01 €100°0  , 0TXS9°¢  20°0 961- 23-oNW
rA adearapd ,O1X0°€  01X9°6 6100°0 . 0T¥Z°¢ 001 Gzt
92 aBeaeard LO01X9°9  01XT°01 8100°0 , 01XT°¢ S9°0 G2-
22 aBeaea(d JO1¥¥°s  01%8°8 0200°0 , 0TXE’¢ 0Z°0 0s-
¥I *wexBxajut HOTX9°€  01X9°L 8100°0 , 01Xg’¢ L0°0 SL- (wwi-p0 °0)
- ‘uexBxajur ;O01¥2°L 01%6°01 6100°0  , 0TX9°¢ 20°0 961~ Z3-ONW
01 a8eaeard SO1X0°2 01xXp°8 8000°0 , 01XZ'¢ 86°0 62-
Gl adeaespd HO1X8°€  0TX9°T1 8000°0 ,.01XSZ°¢ 08°0 og-
ra adeaeard LO1XS '€ 01X0°01 0100°0 , OTXE'€ 6t '0 SG-
v *uex3dxajuy HO1X9°T  01X9°8 0100°0 , 0IX€’¢ $¥0°0 08- (ww920°0)
- “ueaBxajut HOIXE’S  01Xe°2l 110070, 01%69°¢  20°0 961~ 23-oN
gwo /8815  Lud /saulp wd  Swd /saulp o P
.mr \.nr cowhmﬁ& Amwu,“wmwcm ] Mhm. @Nwmm aimwvoz Snum ,“Hvﬂa uﬂw_:uﬂu%
Simpesry v>muuuowuwm.‘ ouﬂwu.wm.m 19984 SHISEIY ous.uumuw.m —ﬁwmwd_z

d1i3S $ - O PU® "¢ H-OW 'Zd- O ut uonyesedoag doed) 10} ABIauy 3DBJING SATIIIJJF paie[ndied

81 31qelL

76



¥ a8eaeard vodxm 2 mo._.xm ‘L
S a8eaeard vO«xN '€ 0038 6
S ‘uexdaajurl vodx_ 4 oodxo.h
S ‘uea8iajut ¢o~xm 1 oomxm ‘9
2z ‘uer8rajut vcﬁxo 1 mvoﬁxm 'S
- ‘uea8aajur ¢o—x~ ‘€ ooﬂxo.w
€€ afeaeapd ¢o~xm '€ mo?ﬁ ‘ot
b aBeaea(d wodxm P ooﬁ@ ‘e
9¢ af8eaeayd #01%9°¢€ AL
9 ‘uexBiajul vo?ﬂh; oo—x_ ‘9
- ‘uexBaxajurt *.ode i moﬁxw ¥l
WD /8810 w2 /saulp
VA Y P
' ouruu..mw,mu adelang §S9I1Q
A1)y @anydea g

17100°0 N_ode.m 19°0 06+
1100°0 N_ogxm.m 89°0 SZ+
0100°0 Nﬂo_xm.m 9¢ "0 0
6000 °0 N~o~xm.m 01°0 6Z-
60000 -o~xm~.m 00°0 Se- (wwipzo o)
21000 N_odxmm.m 00°0 0ot~ Fd-ON
8000°0 NﬁoaxN.m 90 1 G2+
8000°0 Nqo_xmu.m 16°0 0Z-
8000°0 Ndodxmw.m ¥s'0 St -
9000°0 N~o~xm.m €0°0 68- (wmwgzp *0)
6000 °0 -o—xmo.m 20°0 961- £3-ON

wo NEu\mm:;v 2,
(0)az1g {x) d, ‘dwa j, 9zZ1g utean
-1wag sSNINpOoW C—Am.sv LR S reutduaQ
190%e g osusely wuswuauw pue

4 [etaare |y

d113G pJ-ON PUB ‘¢ J-ON '2H-OJA Ut uorjededold >del)) I0) ABI0UF 0D€JING 0A1109))q poajleinolen

(panuniuod) §T d1qe ],

77



R R |

PRI L i )

U Bt T T AR

the tip of ihe fatigue precrack in the Charpy specimen as compared to the
tip of the crack that initiates in a tensile specimen. In other words, the
fatigue action at +25°C may produce a relatively "blunt' crack tip cor-
responding to much lower stress concentration as compared to that for
the tip of a tensile test crack forraed at -1 00°C.

6. Variation of Fracture Stress with Temperature

6.1 Decrease in Fracture Stress up to Ty

Starting from a relatively low temperature, -1960C,
the fracture stress (Op) of the various recrystallized molybdenum materials
studied in this investigation was found to decrease with increase in test
temperature and reach a minimum value at the tensile ductility transition
temperature {Tgj. Since 0% is slightly higher than the proportional limit
over most of this temperature range, it seems likely that a) Op corresponds
to crack nucleation rather than to crack propagation, and b) crack nucleation
requires the prior occurrence of at least . small amount of plastic deforma-
tion. A crack that initiates at a stress level higher than that required for
propagation would be expected to immediately propagate completely through
the specimen section, On this basis, the observed decrease in O up to Ty
is considered to be essentially a consequence of the decrease in yicld
stress (G'Y) which occurs with increase in test temperature.

6.2 Increase in Fracture Stress T4 to T |

In the range from Ty to T, Up increases from a
minimum to a maximum even though 0, continues to decrease. These changes
are accompanied by an increase in ductility from a relatively low level at Tg
to a relatively high level at T,,. It was observed that below Ty the elongation
takes place uniformly over the entire gage length, whereas above Td necking
occurs prior to fracture, These fracture and necking observations indicate
that T3 represents the intersection of the fracture stress corresponding to
sniform elongation (i.e.,the O curve below T4} with the necking stress (0p)
which is the tensile strength on a true stress basis.

As an aid in unde rstanding the increase in Op in the
range from T4 to T, O can be considered as a flow stress, i.e.,the
particular flow stress that corresponds to the fracture strain (ep) at a given
test temperature. On this basis, it was shown that the increase in (p above
T4 can be attributed to the following effects: a) strain hardening due to in-
creased substructure formation, b) plastic constraint due to the necking that
occurs above T4, and c} increase in strain rate due to the localized nature of
necking., This approach was first used by Bechtold (8) and more recently by
Ault {11), although the latter neglected the strain hardening effect,

For a more complete understanding of the increase in
O from T4 to Tm, an explanation is needed for the increase in fracture
stress per se which permits the flow stress corresponding to ¢ to increase
in the observed manner. Although the plastic constraint and increased local
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strain rate effects due to necking both increase the flow stress corresponding
to a given amount of plastic strain, it seems douhtful whether these effects
also raise the fracture stress per se. It is generally found that an increase
in plastic constraint results in a decrease in fracture stress, which is at-
tributed to an increase in the fiow stress relative to the fracture stress such
that fracture occurs at a smaller plastic strain value than without plastic
constraint, Likewise, an increase in strain rate raises the applied stress
required for a given amount of plastic strain, and appears to act similar to
plastic constraint in that the fracture stress is lowered.

Since no micro-cracks were cbserved above Ty, it
appears likely that crack initiation rather than crack propagation is the con-
trolling step in the fracture of the molybdenum materials studied, In order
to explaia the increase in Of in the range of Tgq to T, on the basis of crack
initiation, one might hypothesize that an increase occurs in the effectlve
surface energy for crack initiation {y;). However, calculations of'y1 made
on the basis of a modified Cottrell relation using the flow locking parameter
(kf) instead of the yield locking parameter (ky) indicate that, with the pos-,
sible exception of the Mo-E4 material, there is no significant change in ,'1
in this range, Instead, the increase in O appears to be associated in most
cases with a decrease in both kg and the effective grain size (£) corrected
for the reduction in area that occurs prior to fracture. The decrease in kf
with increase in temperature can be attributed to decreased association of
interstitials with dislocations.

6.3 Decrease in Fracture Stress above T

It was found that 0y reaches a maximum at T, and
then decreases above this temperature. Since no evidence of fibrous frac-
ture was found at the highest test temperature employed (+25°C or 4500C]),
it does not seem likely that the decrease in Op can be associated with a
change in fracture mcde from cleavage to fibrous, However, a change does
take place from comparatively undistorted to highly distorted cleavage facets.
This is accompanrnied by an increase in kg, which based on the Cottrell rela-
tion for crack initiation should tend to lower 0. Further work is necessary
toc account for the increase in kg above T




IV. CONCLUSIONS

1. As determined by tensile tests, the ductility transition temper-
ature (Tg) and the brittleness transition temperature (Ty) approximately
coincide in fine grain, recrystallized molybdenum, With increase in grain
size, T} is lowered whereas Tq is raised.

2. The occurrence of @ minimum in the observed fracture stress
(Op) at T4 is associated with the intersection of the necking stress (G,) and
the fracture stress corresponding to uniform fracture strain, i.e. necking
occurs above T3 but not below Tyg. If Tq and Ty, happen to coincide, the
yield stress (0y) also intersects at the minimum in O since Ty is defined
as the intersection of 0 and Uy.

3. Taking into account strain hardening due to substructural changes
in addition to necking effects such as plastic constraint and increased strain
rate, the predicted variation of OF with test temperature above: Tg was found
to agree (within 15%) with the observed values in mos* cases.

4, For the molybdenum materials with relatively low oxygen con-
tents, the fracture initiation mode is intergranular at or below T4 and cleavag:
above T4q. For a relatively high oxygen content (145 ppm), the fracture
initiation mode is intergranular up to a temperature that is intermediate
between T4 and that corresponding to the maximum in Oy (Ty,).

5. By prestraining at a temperature above T4 and breaking below
T4, it is possible to increase Of by as much as 20% as compared to without
prestraining. The increase in O due to prestraining correlates with an in-
crease in cleavage facets in most cases.

6. For test temperature below T4, fracture occurs after a rel-
atively small amount of plastic strain and is apparently controlled by crack
initiation., For test temperatures above T4, crack initiation also appears to
be the controlling step ever though the amount of plastic strain prior to fr .c-
ture increases rnarkedly.

7. The ratio of the flow locking parameter (k¢) to the yield locking
parameter (ky) is approximately unity at room temperature and decreases
to at least O.g with lowering of temperature. A minimum in kg was found to
occur between T4 and Tp,.

€. Based on the Cottrell relation for crack initiation, the increase
in Oy from T4 to Ty, is attributed to decreases in both kf and the eflective
grain size. The maximum in O at Ty, is associated with the increase in k¢
after passing through a minimum below T,.

9. The calculated upper limit of the probable value of the effective
surface energy for crack propagation (‘yf,) was found to be up to about 40
times greater than the corresponding ¥;' value,
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Appendix 1

Definitions of Transition Temperatures Used in Text

Brittleness - transition temperature corresponds to intersection
of the {racture stress (Op) and yield stress (Uy) curves.

Ductility - transition temperature corresponds to minimum in
the fracture stress (G'F) curve,

Corresponds to maximum in fracture stress {(0F) curve, which
occurs at a temperature above Tq.
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