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- ABSTRACT

The effect of temperature on the yield strength of the polycrystaliine
hexagbnal Ag-Al intermetallic phase was investigated over the temperature
'range 77 to 775 ‘Kc - It was found that the curve fq.r yield stress vs temperature
for both‘polyc‘rystallin,e Ag-33 at. % Al specimens. thaf.. were heavily cold
worked prior to deformation and those that were recrystallized prior to
deformation was parallel to that for prismatic slip in single crystals.

Increase of.the percent Al in'the specimens resulted in an abrupt
. decrease in the ductility -at a composition of about 37.at. % Al. This dé-

crease in ductility was attributed to precipitates in the grain boundaries.



-1- - UCRL-9992
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INTRODUCTION

The current success in uncovering the strain-rate-controlling dis-
location mechanisms for plastic deformation in pure metals suggested
the. ex’cen‘sion of such investigations to alloys rand intermetallic ¢omi>ounds.
Many of the previous studies in :chis area were made on single crystals in
order to simplify the analyses by_eliminating the complexities introduced by
. the presence of grain boundaries. and by variously oriented grains. The
.ultimate goal of these investigations, however, is to completely rationalize
the plastic behavior of polycrystalline aggregates through an understanding
of the fundament-al behavior of single crystals, the modification of these
properties imposed by the presence of grain boundaries, and the effect of
random orientation of.the grains in the aggregate. |

Thé H.C. P. Ag-Al intermediate phase was selected for.the current
investigation because of the éxﬁensi&e single-crystal data already available

and continuing detailed studies of this system (1). !

1The figures appearing in parentheses pertain to the references appended
to this paper. ‘ .

>kPr,ofessor .at Kyoto University, K&oto, .Japan, formerly Research Engineer,
. University of California, Berkeley. v
'JResearch.Meté;llurgis:tg Inorganic Mater.ialsADi\}ision, Lawrence Radiation

Laboratory, University of California, Berkeley.
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It has been demonstrated that at least five .in,depen,dent mechanisms
of deformation are necessary to satisfy the conditiofzs imposed by the general
strain tensor at the grain boundary (2‘). Most H. C. P. metals thus far ex; |
amined exhibit only four independent slip mechanisms’* at low temperatures;
therefore, whatdﬁctilities are found therein must arise from additional
minor mechanisms of deform.ation, such as twinning, grain _b.obundary shearing,

~and kinking.

* : .

Some recent evidence (3, 4) indicates that certain H. C. P. metals deform
by slip on {l ]L'ZZ} <1173> . This system has a Burger's vector which is
not coplanar with other known slip systems, and therefore provides additional

| independent mechanisms of deformation.
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EXPERIMENTAL PROCEDURE
The alloy for th1s investigation was prepared by melting appropriate
| amounts of high- pur1ty Al (99.995 at. %) and hlgh purlty Ag(99. 99 at. %) in an
induction furnace sustaining an argon atmosphere, then chill casting the
molten material iﬁto aﬁcopper' mold to produce a 1700-g ing"qt qf Ag~33 at. % Al.
. The iﬁgof was hot forged to a 1.X 1 in. squ;ﬁe bar after being soaked at |
.approximately 600 C for 45 m.in_° " Rectangular specimen _bianks of .abbut
1/8 X 1/4 in. cross section were cut froin\the ingot by means of a slitting :
saw 6n_ a milling machine. The specimen blanks were cold rolled to reduce
the thickness 15%, and finally a gauge section was milled in the centfal
portion of the blanks. | |

One group of specimens prepared as above, and hereafter ref.e’rredAto'
as Typel ‘s'pec.imens,_ was prestressed to 95,000 psi at roor'n't.emperature
prior to the execution of tension tests over the tempéré.ture range 77 to
775 K. - Avnotiher group of specimens, héreafter described as Type II speci-
mens, was recrys£allized to produce an average grain size of 0.09 mm by
~annealing at 7'75 K for 30 min.; tension tests were performed over the same
temperatu:rve range as for Type I specimeﬁs, «

In addition, a few special experiments were conducted to determine
deformation mechanisms and the effect of a change in composition on the
mechanical behavior éf the material. The details of the sPecimen prepara'tion_
aﬁd experimental proc‘edufe for thése.experiments will.be described later in

.this. report.
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RESULTS AND DISCUSSION

Type I and Type II Specimens

The effect of temperature on the yield stress and strain to fracture of
Type I and Type Il specimens is shown'in~_f‘ig, 1. Also, the yield stress for
basal slip and prisrﬂaﬁic*slip of single crystals of the same composition is
- shown for comparison. For convenience of discussion the temperature effect
.will be deséribed in terms of four regions documented in Fig. 1.

The stress-strain curves for Type I Speciméns.ére ;given‘in,Fig,‘ 2,
-those for Type II specimens..in;Fig‘, 3.

Regions I and II: Over Region I (see Fig. 1) the yield stress decreased
with increasing temperature, whereas over. Region II the yield stress was
insensitive to temperature for both Type I and Type II speéimens in a manner
approximately paréllel to that for prismé.tic slip in single crystals. (The
.telrminal temperé;t_lire for Region II was 1qwest for Type I specimens, inter-
mediate for Type II specirﬁens, and highest for single crystals oriented for
prismatic slip. The reason for this will be discuss.ed in the next section.)
Therefore, the rate-controlling ,deforination mechanisms for polycrystalline
Ag-33 at. % Al over Regions I and II is the same as that for prismatic slip in
single crystals. Mote et al. (1) showed that prismatic slip in Region I might
be ascribed to the Peierls' mechanism as proposed by Lothe and Hirth (5),
whereas in Region II the re‘sults are in gon agreement with Fisher's(6)

- short-range order mechar;iém. - More detailed experiments by our group are

now in progress to clarify the behavior in Region I

- o
- The stress plotted for the single crystals in Fig. 1 is the stress. that existed
on.the plane normal to the tensile axis when yielding occurred in single crystal

oriented with the plane of deformation at 45° to the tensile axis.



5. UCRL-9992

The yield stress for Type 1 specimens was about 1.8 times that for
prismatic slip in single.crystals,_whereas the yield stress for Type II
specimens was only about 1.07 fimes that for prismatic slip in single

,.crystals over both:Regions I and II. = Thus, the grain boundaries :(IType 11 ,
speciinens) in these coarse-grained specimens have only a minor effect on.
‘the yield stress, whereas severe cpld work (Type I specimens) increases
‘the. flow stress by less than a factor of tvgrof The stressastz"ain‘curv‘,es for
Type.l specimens exhibited no work hardening, as revealed in Fig. 2, while
on the contrary the stress-strain curves for Type II specimens exhibited
work hardening until necking or fracture,. as revealed in Fig. 3. The stress
at .ne_cking,or fracture for Type II specimens was. always less than the yield
stress for Type I specimens. Microscopic examination revevaled that severe
‘twinning existed in Type I specimens, .but only minor twinning.vcould.be de-
tected near the corners of grain ,boﬁndaries in Type II Specimens.. -Grain
boundaries are expected.to increase .the strength of a metal bec,.ause; of two
main factors: first, the gfa_in boundaries are barriers to slip, and second,

. the geometriévrequirement.of continuity at the gr‘:ain .boundary imposes com-
plex deformation modes within‘,the.gra,ins (7). The first of these factors is

- expected to be important during the early stages of deformation, but not at
large strains. 'i‘here is little increase invthevyield.str‘ength.of the Type II.

. specimens over tilat of single crystals, since both strengthening factors are
insignificant in these large-grained specimens. The work hardening observed
in the Type II specimens is undoubtedly due to pile up of dislocations at the
grain boundaries. The yield strength of the Type I specimens may be attributed
‘to three factors: (a) hardening due to the prior cold.work, (b) hardening due |
to the smaller g.rain size, and (c) hardening due to the additional barriers

introduced by .the severe twinning in the interior of the grains. . Since the



-6- : UCRL-9992

Type I specimens have been severely cold worked, the grain boundaries are
no longer effective barriers, due to the large stresses that exist at the head
of the piled up dislocations; whberefore, there is no work hardeninglin these
"specimens.

The strain to fracture or necking, as revealed in Fig. 1, was about
constant for both Type 1 and Type II specimens over Region Ii , and was
smaller over Region I, with Type II specimens showing the great‘er. ductility
over both Regions.

. Region III: Over Region III (see Fig. 1) the yield §tress. decreased
precipii:ously, with increasing temperature. Mote et al. (1) ascribed this
behavior in single crystals oriented for prismatic slip to the superposition
.of two effects: First, the degree of order decreases with increasing tempera-
tu.re; therefore, the yield stress will decrease in prﬁportion, . Second, since
diffusion occurs reasonably rapidly in._this. region, fluctuations in the local
degree of order (and composition) will allow dislocations arrested at these
‘barriers to push through at lower stresses thandictated by the equilibrium
degf‘ee-of order (and composition). The fact that the initial temperature de-
creased with increasing yiéld stress may arise from two effects. A Recovery
may account for the observed behavior, or the apparent activation energy for
deformation mechanism operative in this region may be a function of stress.
Therefore, the higher yield stress of Type I and. Type II specimens would
induce deformation by this mechanism at a lower temperature. |

The stress-strain curves for both Type I (Fig. 2) and Type II (Fig. 3)
specimens exhibited strain softening in Region III. This undoubtedly arose

from the disordering that accompanies slip.
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The strain to fracture or necking for Type I specimens remained at . ..
~a very low value until near the middle of Region III, whereupon it increased
markedly. The increased ductility was probably due to other deformation
or recovery me.chan,isms, which became operétive .at thes-e,temperatufes.
.Somewhat surprisingly, the strain to fracture for Type II specimens decreased |
from the value.of about 12% over Region Il to a value of about 5% over. the
first half of Regioh,III, then increased in much the same manner as the Type I

specimens. The reason for this behavior was not clear.

. Deformation Mechanisms Operative in Polycrystalline
Ag-33at, % Al ‘ ‘

A special experiment fo determine the operative deformation mechanisms |
in polycrystalline Ag-33 at.% Al at room temperature was performed as
follows:

a. A specimen _i:)repare.d in fhe usu»ai way-was recrystallized to produce

.a grain diameter of about 0.70 mm to facilif.ate Laue back-reflection photographs.
of selected grains,

b. The specimen was defo'rméd- .about 6% and metallographic examination
of 15 grains:was conducted.
The re_su_lts of this experiment are giVeh in Table 1.

Basal slip, prismati.c.slip, and twinning was observéd., There was
no evidence .of grain=50undary, shearing. Although two of the grains. exhibited
three different mechanisms of. deformation,,v therl-'en.laining grains exhibited.
only one or two mechanisms ofA(.ieformation,

The resolved shear stress that existed on the various slip planes is
also given in Table 1. In every case it was found that the resolved shear
stress on the observed operative slip plane was about equal to 6r greater than

that necessary to cause slip in single crystals of this material. In a few cases,
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€. g., Grain No. 7, the resolved shear stress on a slip .syste.m was greater
than.that for slip in single cryétals, yet no slip was observed. The reason

for this was not clear; howewver, there may have been sufficient error in

the orientation determination to account for this discrepancy, the str.ess_fiéld

of the dislocat;_'.on,_ai'rays on the other operative slip systems. rkna.y'-h_ave prevented
-slip from occurring on this. syst{em, or.slip may have actually occurred but

. was not detected.

. Effect of Chahge in Composition on Yield. Strength and Ductility

An ingot of Ag‘-40 at. % Al was prepared by the same procedu;fe. as for
the previous samples; however, it was Aimposs‘i.ble to forge the ingot .as it failed
'.i‘n_,.a brittle manner. In order to study the effect of change in composition on
the yield strength and d.uctinlity‘, specimen Blanks ‘were produced by chill casting
1/4X1/8 in. rectangular bars and _chemi.cally,_milling,gauge,sect‘ions in these
blan_ks. The yield strength and strain to fracture of specimens tested at
- room temperature are given_in__Fig. 4. Although there is.some sc;attel; in
the data, it.is clear that the yield strength is about constant with increasing
composition, with a ,slight.dec.reas,ve in yield strength at 40 at.% Al; whereas
there is an.abrupt decrease in ductility in passing from 35 to 37 at. % Al.
Microscopic»_»exa.mination of the specimens cdntainirig 40 at. %, Al feve.alled
‘heavy precipitation in the grain boundé.ry, .as shown in Fig. .5, but no precipitate
could be detected in the specimens containg 37 at. % Al.

Single crystals of about ‘37Aat.,% Al were prepared and tested in tension
at room temperature, the results of which are shown in Table 2. . The results
of experiments on Ag-33 af:. % Al single crystals are given for comparison.
These results indicate that.the single crystals of Ag-37 at. % Al, though

somewhat less ductile than the Ag-33 at. % ‘Al single crystals, .exhibit con--
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siderable ductility. Although microscopic observation of the colycrystalline
specimens containing 37 at. % Al revealed no precipitate in the grain boundary,
the‘fracture was intergranular., as was that for specimens containing v4.0

at.% Al. The fracture of the specimens containing 33 and 35 at. % Al was
transgranular. This strongly suggests that a very fine precipitate existed'

in the spécimens containing ,37 at. % Al. Thecefore, the brittle behavior of
‘the polycrystalline material containing&? at. % or more of Al is probably

due to the precipitate in the gfain_boundaries, Indeed, the reduction in
»dﬁctility of the single crystals might be d@e to a very fine precipitate which

could not be detected by the optical microscope.

CONCLUSIONS

‘1. The curve of yield stress vs temperature for polycrystalline Ag-33
at. % Al parallels that for prismatic slip in single crystals of the same
‘mé.terial.

2. Over the temperature rangc from 77 to about 450 K, the ratio of
the yield stress for Type Ilspecimens to the yield stress for prismatic slip
in single crystals is 1.8, and the ratio of the yield stress for Type II speci-
mens to t1:1e yield stress for prismatic slip in single crystals is 1.07. |

3. Over the temperature range from about 450 to 775 K, the yield stress
for Type I and Type II specimens is approximately equal to that for prismatic
slip in single crystals.

4, There is an abrupt decrease in ductility at a composition of about

37 at. %'Al., This is probably due to a precipitate in the grain boundary.
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Table 1.  Deformation Mechanisms Observed in Polycrystalline
Ag-33 at. % Al

Resolved shear stress, psi

Prismatic 11 Prismatic III

Grain Twins at Basal Prismatic I

no. grain boundary

1 X 2540 24,000 18,100 4900
2 8340 23,0007 16,700 2940
3 9800 ™" 20,6007 20,100 7840
4 7350 22,500 . 18,100 4900
5 4900 21,100™* 21,1007 0

6 X 1960 24,000° 18,100 6850
7 13,200 20,100 19,600 7350
8 4900 23,500 13,600 6850
9 11,300"%  22,600™* 12,700 9800
10 X 12,700°% 22,600 12,700 10,800 -
11 1470 21,100 18,600 4900
12 0 24,500 " 13,200 10,800
13 0 23,000 19,600 4300
14 12,250"%  22,600™* 15,200 7350
15 ** 24,000™ 12,200 12,700

11,800

- :
“The critical resolved shear stress for prismatic slip is about 21,000 psi

at room temperature, and that for basal slip is about 10,000 psi at room

temperature.

ol o

sl sk s . .
Indicates observed operative slip system.
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Single Crystals

UCRL,-9992

Reésults of Tension Tests on Ag-37 at. % Al

~

Slip system 'Composiiion, C_ritical resolved Ductility, €
at. %Al " shear stress, psi ’
Basal 37.3 11,000 0.80
Prismatic ~ 36.8 22,600 0.63
Basal 33,0 10,000 2.20
Prismatic 33.0 21,000

1 0.72
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A YIELD STRESS FOR TYPE I SPECIMENS. ®
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Fig. 1. Yield stress vs temperature for Type I and Type II
specimens. a
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F1g 2. Normal stress vs engineering strain for Type I
specimens. _ : : ‘
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concentration for polycrystalline specimens
tested at room temperature.
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ZN-3005

Fig. 5. Precipitate in grain boundaries of Ag - 40
at. % Al (a)X500; (b)X1000.



