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AB ST RA CT

Four lithium containing Al-MgIL-Zr alloy-s, containing 6-8 wt. pct. Mg. 0.5-2 wt.

pct. Li.. and 1).15-0.25 wit pct. Zr, were studied with a v-iew to miaximizing suprrplastic

ductilities. Differential scannmea calorimetry was crnployed to assist in the

characterization of the micro structures and to deteri'ne the solvil of' thc constituent

second phases. These data were used to aid in the choice of' therionmechanical

processing parameters previously applied to Al-Mgi alloys containing fl) wt. pet.

niagnesiuni. The superplastic response of' the alloys was ev-aluated ov-er a range of'

temperatures (275"C to 35 0 C) and a range of strain rates (10-5~ to 10-1 sec-

Elong~ations in excess of 1000"o at 300'C and 1.7 x IO-_ sec -l strain rate were obtained

in a AI-SNl2-lLi-0.l5Zr (wit. pct.) alloy. Transmission electron microscope

inv-estigations of the xmcrostructure before and after superplastic deformation rev-ealed

that the v-olume fraction of second phase was predonminantly responsible for structural

s ta bilitv'.
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I. INTRODUCTION

The utility of superplastic aluminum alloys in the aerospace and related industries

need not be discussed in depth here. but clearly large weight and cost savings would be

the potential benefit of a signilicant advance in this area of technologv. Investigations

have shown that several AI alloys containing L.i are capable of being formed

superplastically. Li combines the ability to lower density and increase strength, making

it very attractive as an alloxing addition. The maximum advanta2e in weight and cost

savings would result from a combination of superplastic forming and the use of the

liehtest and strongest materials possible.

There are two different approaches to achieve superplastically formable alloys for

structural components in the aerospace industry. Ihe first involves the development of

new alloys which exhibit superplastic response, with subsequent development for

commercial applications, the second involkes the development of superplastic

properties in existing commercial alloys. Since Li-containing Al-based alloys are the

subject of intensive connercial alloy development at present, it is possible throuh

academic studies, such as those at NPS. to influence compositional and proccssing

requirements of these alloy systems.

Al-Mg-Zr alloys containing 10 wt. pct. Mg were the first to be studied at NPS

and much insight has been gained with respect to optimizing superplastic response

through careful control of thermomechanical processing (TMP) parameters. As these

alloys are essentially binary alloys, with only minor additions of Zr to stabilize the

microstructure during casting and hot working. they are well suited to acadermc studies

of the mechanisms involved in superplastic behaviour. More recently, two preliminary

studies of Li containing Al-Mg-Zr allo, s were undertaken. The first. by Oster

(AI-SMg-0.5 1.OLi-0.15Zr), considered the effects of warm rolling to 1.9 true strain

which produced moderate superplasticity [Ref. 11. The second, by Sanchez

(AI-8Mg-0.5LI-0.15Zr), found that increasing the true rolling strain to 2.6 during TNIP

enhanced the superplastic response of the alloys at 3_iOOC. The flow stress decreased

by 25-40'o over all strain rates, allowing peak ductilities in excess of 50o",, to be

achieved. [Ref. 21.

If)



The purpose of this thesis is to determrline an optimum TINIP to objta'in miaxiMum1

superplastic elongations in the same alloy systemn. The nominal comnpo, iziow oF' [he

Four alloys chosen for this studyv are ziven in Table I.

TA\B L E I

NON _ . ALLOY COMPOSITION

A110"atio * Mg (wt. pct. ) Li wkt. pct. ) Zr (wt. pct. ) Al (wt. pct.)

S-I 2 S.o 0.5 0.25 balance

6- 60)IJ, 0.25 balance

S-1 SO01. 0.15 balance

6-2 o.0 21 0. 15 balance

ref'ers to Mgz and Li content, respectively (in wt. pct.)

Differential scanningR calorimietry (DSCJ will be used to aid in the choice of FNIP

temperatures for the various alloys and transmission electron icroscopy (1 EN!) wil

be used to characterize the microstructure before and after superplastic deFormiation.

In strivingz to achieve the gzoal of this research, it is hoped that new clues to

understanding the superplastic phenomenon will be revealed.



I. BACKGROUND

The non-heat treatable 5xxx series alloys are being used e\tensively in moderate-

strength applications where good corrosion resistance is desirable. An e\ample CC thIs

is the welded plate used in superstructures of' naval vessels. These alloxs ha e also

found applications in missile structural components, The alloys 5163 (4.(1-4.9 -t. pct.

Mg) and 5456 (4.7-5.5 wt. pct. Mg are the most widely available hih-NIg allovs used

connercially. Some typical mechanical properties of these alloys are listed in Table 2

where they are compared to the alloys used in this research.

TABLE 2

COMMERCIAL AL-MG ALLOYS COMPARED TO Li-CONTAINING
ALLOYS

A\llov Densiv U S Ductility
(g cm) (MPa) (

5083-321 2.66 317 16

5456--1321 2.66 352 16

S-I 2 2.57 448 12

6-1 2.54

S-I 2.52 413 10

6-2 2.45 -

The rnicrostructural condition of these materials with respect to the working and

tempering treatments highlights the important role played by Mig in imparting strength

to 5.x\x alloys. Since these alloys are not heat treatable, the desired mechanical

properties must be achieved in the as-fabricated condition through a combination of

solid solution strengthening and precipitation hardening. Research has been aimed at

achieving the necessary mechanical properties in components fabricated using

superplastic forming (SPF}. Lxamples of the different types of Al alloys that have been

processed to possess superplastic behaviour are given in Fable 3.

12
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T.\BLE 3

EXAMPLES OF SUPERPLAS IIC .ALLMINLM ALLOYS

Allov T pe Composition O

solid solution A.. \,1
.- &,l (. n) (54-56)

erain size stabilized, binary .\l-\l,-'Zr)
iominalhv Kngle phase, ternaiv .%I-Zh-M -IZr (7075)
solid soldtion;

two phase or mu!tiphase AI-Li-(ZrJ
allox s stabilized by a Al-Cu-(Zr) (Supral)
spedific alloy addition AI-Cu-Li-Mg-(Zr) (S090)

~I)

The A alloys which are currently available as production quality SPF materials are ._

based on the 7475, Supral and S090 systems. In the case of 7475. superplasticitv has

been achieved by special TNIP to refine microstructures utilizing a dispersion of fine

particles. Supral alloys rely on dynamic reciystallization during forming to produce

and maintain a fine grain size. The superplastic capability of S0()90 is the result of the

conversion to a line-grained, recrystallized structure during superplastic straining.

A. ALLOYING ELEMENTS

1. Magnesium

Magnesium, because of its high solubility, is one of the more common alloying

elements added to Al. In addition to beneficial effects on the strength-to-weight ratio,

it has been found to raise ambient temperature ductility and corrosion resistance as

well as improve weldability [Ref. 31. For the range of Mg contents considered in this

research (i.e. 6 - S wt. pct.), it may be anticipated that the amount of M g in solid

solution will be at most 6.8 wt. pct. after warm working at 300'C. The remainder of'

the Mg in the alloys will be present as the ji phase. This is an intermetallic compound

based on AIsMg 5 with a complex cubic structure (a = 2.S2 nm). The volume fraction

of' 0 phase then is expected to range from 0', for 6 wvt. pct. Mg to 5'., for S wt. pct.

M\Ig at 300'C. This brittle phase forms preferentially at grain boundaries and triple

points and reduces alloy ductility unless this tendency is controlled by grain refinement

or other means. The density of this compound is 2.23 g cm 3 which indicates that,

13
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when a substantial volume fraction is present, it will lead to considerable reductions in

overall density. In fact. the denity decreases linearly by 0.470% f for ever I rt. pct. Nie

in solution and 0.5°0 forever" I wt. pct. present as..Mg5 [Ref . "['I.

Recent work on S and 10 wt. pet. Mg alloys concentrating on grain relinement

has demonstrated an ability to sustain superplastic elongations. The important role

played b' M2 in superplasticitv has been related to the morphology and distribution of

the P3 phase precipitate [Ref 51. II phase present as I im particles is able to stab"ize

the nicrostructure by processes as vet not fully understood. These relatively coarse

precipitates promote development of a substructure of a size approximately the same

as the interparticle spacing and which evolves into a fine-grained structure.

2. Lithium

To date. not many commercial alloys with significant Li content are in service.

This is despite the fact that alloying with Li would appear to be a nearly ideal

technique for improving both strength and density properties of Al alloys. The

reported density reductions are 3o per wt. pct. Li added [Ref. 6: p. 57]. This has

proven to be less successful in practice mainly due to reduced fracture toughness and

difficulties in adding Li to the Al during casting. Two principal causes for this have

been identified. Firstly, the highly reactive nature of Li has meant that it is diflicult to

add to Al without introducing harmful quantities of contaminants such as Na, K. and

S. These elements have little or no solubility in Al and may embrittle the matrix near

the grain boundaries. Secondly, the shearable S' phase contributes to the problem by

causing stress concentrations at the grain boundaries [Re[. S: p. 1]. The solid

solubility of' Li in Al is less than 0.5 wt. pet. at ambient temperatures, rises to 1.6 wt.

pct. at 300'C and, at the eutectic temperature of 600'C, it reaches a maximum of ..2

wt. pet. The predominant strengthening efTect of Li is precipitation hardening due to

fine. evenly distributed 6' particles. The Al-LI system has been found to have a

precipitation sequence of

SSS--> 6(A13Ii--> 6(AILi).

The metastable 6' phase is an intermetallic compound of stoichiometry AILi

with a cubic structure (0.401 nim!. Its low misfit (0.18'1)o with Al allows for coherent

precipitation of a superlattice structure. A uniform distribution of fine spheroidal

precipitates has the potential for imparting considerable strength to an alloy providing

overauing does not occur. Overaging leads to 6 phase formation which adverselx affects

14
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mechanical properties through detrimental grain boundan effects. Studies by Sanders

and Starke IRefK S: p. 21 have shown that, at concentrations greater than 1.7 Wt. pct.

Li, precipitation of 6" cannot be prevented even with a cold water quench. On the

other hand Fridlyander, et al. [Ref' 91 found that, with levels of Li less than 1.6 wt.

pct., little or no evidence of S' was seen. This suggests a threshold value of

approximately 1.6 wt. pct. Li content which separates two distinct precipitation

sequences. In contrast, the 6 phase tends to precipitate on grain boundaries creating a

precipitate free zone (111Z which is weaker than the surrounding matrix. This leaves

the alloy susceptible to intergranular cracking.

3. Aluminuin-Nlagnesiini-Litliium Ternan System

As one might expect. the presence of the Mg reduces the solubility of Li In AL.

Parson and Sheppard found that solid solution strengthening of AI-Li alloys is thereby

enhanced by approximately 50 MPa per wt. pet. of' Mg added [Ref. 10]. The

precipitation sequence for the ternary has been determined to be

SSS--> & -- > Al 2Mgli.

Working with several Al alloys containing approximately 3.5 wt. pct. Mg and 2.0 wt.

pct. Li. they report that the ternary Al2MgLi phase precipitated along grain

boundaries, which severly reduced ductility in the material. The 6-2 alloy clearly has

more than the minimum Li content needed to produce Li based precipitates. so it was

anticipated that this alloy would behave in a true ternary fashion as described by

Parson and Sheppard. lowever. the Al-Li phase diagram shows that, at the warm

working temperature emploved in this research, the solubility of Li is 1.6 wt. pct. Since

this is the threshold discussed above, it is anticipated that alloys with less than this

level of Li might display a different precipitation sequence than seen in the Al-Mg-Li

ternary system. This is supported by previous work on the S-1 and 8-1 2 alloys, where

the primary second phase seen was P(Al 9 Mg . Since this implies that the Li has

remained in solid solution and has not joined in the precipitation sequence, these alloys

were considered quasi-binary alloys.

The well-known diffusion rate equation, D = D0exp(-Q RT), can be used to

estimate the relative rates of diffusion of the two elements involved in these alloys.

The results of this calculation suggests that lithium diffuses in aluninum approximately

live times faster than magnesium. This is an indication that lithium containing phases

may precipitate more rapidly than phases containing magnesium and aluminum only.

15
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*" 4. Zirconium

Zr is a common minor addition to AI alloys which acts as a stabilizer

principally during casting and hot working. Large primary particles of .-\I/r of

approximately 5 tin size can form during casting. Primary Al.Zr is a non-coherent

particle which has a tetragonal structure (a=0.4 15 nm, c= 1.732 nn) whereas the

much liner secondary particles are cubic 4a=()..4)5 nir and are also coherent. The

priniary particles can be sites for crack initiation and are obviously undesirable: thus

care during casting is imperative. Yiondolfo states that the ellects of small Zr

additions is to provide nucleation sites for the solidification of the AI matrix [Ref. 4: p.

41 [-. This permits a finer gram structure than otherwise possible in cast Al alloys.

Ideally. the Zr forms a very fine spheroidal precipitate (20 - 101) nm) of Al 3Zr which is

beneficial for microstructural stability durine solidification. In addition. Gaxle and

Vandersande suggest that. in Al-Li-Zr alloys. AI 3Zr particles may act as nucleation

sites for S' co-precipitation [Ref. I 1].

B. SUPERPLASTICITY

1. Phenomenological Description

Although much progress has been made in recent years. the phenomenon of

superplastic behaviour in metals is not yet fully understood. Many early researchers

advancedj theories which can be classified into two main categories, namely dilffsion-

dominated and dislocation creep mechanisms. Diffusion-dominated mechanisms are

those which require the action of thermally-activated vacancy motion to provide

accommodation strains during elongation, while dislocation creep theories require the

movenent of dislocations to perform this stress relieving function. More recently, both

of these mechanisms have been cited as playing a role in superplastic deformation

(SPD). The most generally accepted descriptions have, as a common feature. a power

law relationship such as

F = K im (eqn 2.1)

1]
Il

where a is the true stress. C is the strain rate and K is a material dependent

proportionality factor which accounts for such influences as temperature. dilfusiitv
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and grain size effects [Ref. 12]. The parameter m is known as the Itraln-rate

sensitivity coefficient' and is defined as

m= d In (1c d In (b. (eqn 2.2)

If we note that

P A

and

= I (dl dr) = -I A (dA dt)

then equation 2.2, after rearrangement, takes the form of
S

dA dt = -(P K)( I m) I(\(l-m )eqn 2.3)

where A is the cross sectional area, P is the load and I is the gauge length. This clearly

demonstrates the dependance of necking on the strain-rate sensitiv ity coefficient. I f m

approaches I, then the rate of change of the area will become independent of the

current cross sectional area. This means that nonuniformities in cross sectional area

will not become increasingly severe, leading to initiation of localized necking. It is this
delayIng of necking, in the absence of cavitation. which is termed superplasticity. Most

superplastic alloys have in-values of'0.5 and it has become conmmon for these values to

be used to predict superplastic response. For this reason, the strain rate ensitivitv

coeflicient is considered an important material parameter throughout the literature on

superplasticity. For example, Iltales et al. demonstrated a correlation betwecn

maximum m-value and elongation in the .\l-.Mg-Li system [Ref 5]. One important

assumption made in the above analysis is that the microstructural dimensions remain

constant throuthout deformation. This is usually seen as an inverse grain size

dependence. It has been shown that the strain rate during SPD has a iad r

17-
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dependence on the grain size [Ref 131. If grain growth occurs during straininG, then

the stress will have to adjust to maintain a constant strain rate. If the grain growth
also is influenced by strain rate and temperature. then the apparent rn-value obtained
from experimental data may not rellect the underlying deformation process.
Furthermore, some materials are found to have high rn-values but low ductility and the

reason is generallv ascribed to cavitation leading to premature filLure [Ref 12: p. 1-3]

2. Nlicrostructural Requirements
It is universally noted that a ver- fine microstructure is required to sustain

SPD. This is achieved through a thermomechanical process all variations of which
include a rolling step. This step introduces a ve- high dislocation density which
provides the energy to drive a restoration process resulting in a line structure. Also

recovet-v processes dilfer from recrystallization processes in that they do not change the

crystal orientation. Beginning with this recovered substructure, new grains form in one
of two ways to produce the moderate to high angle boundaries required for SPD.

The first is 'discontinuous recrystallization' where new grains nucleate and
grow as boundaries migrate through the matrix causing the grains to enlarge. These
new grains would grow until the grain boundaries are prevented from further

movement. Thus. to maintain a fine microstructure, it is important that the alloy has a
means to retard boundary migration once the appropriate structural dimensions hase

been achieved.
The second recrystallization mechanism is referred to as continuous

recrystallization.' This phenomenon does not involve the nucleation and growth of

new grains but rather the in situ evolution of the substructure created during the

recover-y process. Essentially it consists of a gradual increasing of the houndarv
nusorientations to the point that they are at high enough angles to support grain
boundary sliding. believed to be the dominant deformation mechanism in SPD.

C. THERNIONIECHANICAL PROCESSING

1. Alternative TNI P
Many processing schemes, designed to produce the necessarv structure in Al

alloys, have been developed. One well-known program, in~ohing the "7475 alloy, is
that of Rockwell International. This process consists of solution treatment at 51)1"C
followed by overaging at .uOWC and then warm rolling at 2(1"C followed by a final
recrystallization at 500('C. :\ point to note is the u.e of high temperature employed in
all but the rolling process. This implies that the grain refinement is prox ided through a
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discontinuous recrystallization process with new grains nucleating at primar% second

phase particles. Due to a line dispersion of .Al Zr particles, each new grain is limited in

volume as its interaction with grain boundaries prevents additional eroxh. I his

material shows best superplastic properties at temperatures on the order of'.) .

(51 ,C .Several variations on this process \ hich make industrial implementat:on eaier .

are also used but the modified procedurP invariably concludes with a high temperature '

recrystallization at 51') C.

Another approach is used commercially to produce an alloy called Supral.

This process requires large concentrations (01.4 wt. pct. of Zr introduced prior to

casting. This is a difficult (and proprietary) procedure because this represents -1 times

the maximum solubilitv of this element even at the melting temperatures. lhe allc i,

then subjected to a careful heat treatment to homogenize the structure without unduly 0

coarsening the AIZr precipitates. 1 he final step prior to SPD is to cold roll the

material, presumably to create a high dislocation density. During deformation the

relatively large grained structure is transformed into a liner substructure by a dynanc-

recrystallization mechanism.. \lloys processed in this manner require temperatures of-

460"C for best SPD and again the .A\lZr is the phase which stabilizes recrystallized

grain boundaries.

2. NPS Procedure

While the goal of a refined microstructure is the same, the NPS approach s

unique in several respects. The homogenizing step consists of solution treatment at

50"C followed by upset forging and a further solution treatment for I hour at 5,01"C.

The principal feature of this TMP is the warm rolling at 30 )C. This process does not

include a recrxstallization or aging heat treatment step but relies on microstructure

development during rolling and SPD. The critical variables in this process are

discussed in greater detail in the following sections.

3. Warm Rolling Temperature

Extensive research has shown that nlicrostructural development capable of'

supporting superplastic deformation (SPD) can be achieved in high-Mg content Al

alloys by warm rolling at 300"C. The notable feature of this TNIP is that it occurs just

below the 0 phase solvus temperature. thereby permitting simultaneous precipitation of'

the second phase while the rolling introduces large numbers of dislocations. IE NI

studies of as-rolled material have consistently shown a verv high dislocation denitv.

which completely obscures the original grain structure or any underlying substructure.

19
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4. Reheating Time Beteen Rolling Passes P
Investigations by Wise [Ref. 141 and Stewart [Ref. 15] were very successl1 in p*

isolating the effects of altering e',eral INIP %artables in these hieh-\ILg allox s. The

studies included warm rolling %\ith reheat time between passes of 4 and 3 r runutes.

Stewart concluded that the longer reheat time between passes lead to impro. ement inl

the elevated temperature ductilities. Iurther work has suggested that this is due to

better development of boundaries with moderate misorientations %hen reheating time

iP greater [Ref. 5j.
5. Reduction Per Rolling Pass

Wise discovered that a decrease in ductility resulted from a larger reduction

per rolling pass; however. Stewart learned that a large reduction per pass could be

beneficial if the reheating time between passes is extended. This is believed to be the

result of a significant increase in the number of dislocations intr aced due to the more

severe local strainine. The recovery rate of the dislocations to the nevly formed

suboundaries depends on elevated temperature which, as discussed above, must not

exceed the 0 solvus temperature. This suggests the longer reheating time is permitting

the larger number of dislocations to recover to the subgrain boundaries, thereby

increasing boundary misorientation angles beyond the critical value required for GBS

to occur [Ref. 16[. This would also explain why Wise saw reduced ductilities %,ith

larger reductions per pass. The higher density of dislocations within the substructure

was not able to recover to boundaries and resulted in strain hardening of the material.

6. Total Strain

It has been consistently demonstrated that increasing the total true strain

improves the superplastic response. Wise nearly doubled the elongations attained

when rolling the 10-0 alloy to a 2.5 total strain as compared to results obtained when

rolled to only 1.5 strain [Ref. 14: p. 32-38]. Stewart was able to show that the

advantages of increasing the total rolling strain were more pronounced for samples

which experienced longer total time at the rolling temperature. This is further evidence

that a recovery mechanism is responsible for microstructural development leadiing to

superplastic response.

D. DIFFERENTIAL SCANNING CALORIMETER
I he differential scanning calorimeter (DSC is an instrument used to detect

changes in the heat capacity of a test sample. This is done by heating ior cooline a

L
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specimen and a reference sample under the same controlled conditions and neasurire

the difl'erence in power requirements. A schematic of the 1)SC apparatus used in tli,

investigation is shown in Figure 2.1 . Ifa test sample requires less power input t;,n tic
relcrence to maintain a given heating rate, it implies that an eotherniic re;It:,on i'P

occurring within the nlicrostructure. This can be employed to assit in deterniming

solid solution sol i ol phasesIIn AI alloys.

It is often verv dillIcult to characterize the nicrostructure of' Al allos using,

FENI. The DSC offers a quantitative means for assessing the precipitation sequence in

these alloys. MI uch information can be gleaned from I)SC analysi , but this work hds
centered on determining phases present and corresponding sol us temperatures. A

review of the Al-Li phase diagram in Figure 2.2

shows that, when L.i content is between 0.5 and 2.0 wt. pct.. the solvus for the

equilibrium 6 phase is between 225 and 375'C. The metastable 6 phase solvus would

be I50 0 C for 0.5 wt. pct. and up to 230"C for 2 wt. pet. Li. These temperatures must

be assumed to represent minimum values since the addition of Mg reduces the

solubilitv of Li in Al thereby increasing these solvus temperatures.

For a binary Al-M\g alloy, the phase diagram of Figure 2.3 shows a j0 solvus

temperature of 2S0"C for 6 wt. pet. and up to S10"C for S wt. pct. Mg content. The

addition of Li to the alloy might be expected to raise these solvi also. Figure 2.4 is a

view of the Al-Mg-Li ternary diagram which clearly shows that, when Li content Is

low, the phase expected is the AIMg5 phase. At higher Li content levels, the

equilibrium phases become the matrix and Al2%IgLi phase. As discussed previously.

this Li level was expected to be approximately 1.6 wt. pct.

Working with binary AI-2.5 wt. pct. Li alloys, Papazian. Sigh and Sanchez found

endothermic peaks at 125, 300 and 490'C during heating [Ref 17]. 'he low

temperature peak remains controversial but is frequently explained as the dissolution of

Guinier-Preston (GP) zones. The authors conclude that 6. dissolution is represented

by the 3 000 C peak and the equilibrium 6 phase is the remaining peak. Research by

Rioja and Ludwiczak on the alloy 2090 (AI-NIg-Li-Cu) showed endotherms at 120. 250.

and 450"C [Ref. IS]. Again no concrete determination of the low temperature peak

could be made, but 6and equilibrium phase dissolution were identified as causes of the

higher temperature peaks respectively.

Wnrking with the 10-0l alloy, Stewart found peaks in the heat capacity versus

temperature curves between 360 and 385"C. These peaks were all the result of-P phae-
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traces were the sane. Other research has determined that the use of pure .\1 samples

positions a baseline for use with subsequent test samples; however. sample mass is

critical in such tests and thus is only valid if the pu -e Al standard and the test s,,iire

are of the same mass. The effects mentioned above, on the positions of DSC peak

max~ma with respect to the solvi of the corresponding phases returning to solid

Solution. dictate that there will always be an element of' experimental uncertai:tV.

lowever, correlatin2 the results of Stewart on the 1()-) alloy with the F%1P

temperatures used allows !or a reasonably accurate deternnation of processing

temperatures for the present alloys.

I

'I-,

*J5,

5~ ,

-p. I ',• ° " " " " ° .% , % . . . . .- - % - o - , N - " ,* - " " ' • " "



III. EXPERIMENTAL PROCEDURE h

A. DIFFERENTIAL SCANNING CALORIMETRY

Calorimetric measurements were made using a Perkin-Elmer l)SC-2C madhine

equipped with a paper chart recorder in a manner similar to that employed by Stewart

[Ref. 15: p. 2-41. Samples were prepared by sectioning a thin "x af'er from the center of
the material and obtaining a 3 mm diameter disc using a through hole punch. These

samples were placed into an aluminum pan and covered with an aluminum lid before

being positioned into the sample holder of the DSC. Since the discs were small, ranging

in mass from 3.5 - 6.0 mg. an empty aluminum pan and lid were used as a reference.

The same reference and sample pans and lids were used throughout the experiment.

All runs were performed at a heating rate of 40 K nun to permit direct comparison of'

results. I
Table 4 shows the materials and heat treatments tested in the DSC. At least three

samples of each case were examined and. as in Stewart's work, the baseline heat

capacity of each sample was assumed to be defined by the third heating cxcle.

Difficulties with this approach arose when studying the 6-2 alloy because Lrce

endothermic peaks existed on all traces. In this case, runs with pure aluminum samples
of approximately the same mass were used to define a baseline. Pen dexlation from

baseline was then used to produce heat capacity versus temperature plots. )SC
calibration, operation and data reduction are explained further in appendix .

B. THERMOMECHANICAL PROCESSING

The T.IP employed was similar to those processes achieving best results in high

magnesium alloys, with only hot working temperatures altered slightly because of the

Li content. Forging billets with approximate dimensions of 2.6 x 2.6 x S cm were

machined from the as-received ingots. Each billet was heated at 4-40'C for S hours

before solution treatment at either 4SO!"C (S wt. pct. Mg) or 5O0"C (6 wt. pct. I g for

16 hours. This was followed by upset forging for all alloys at 4S(YC plus an additional

hour at the solution treatment temperature prior to a cold water quench. l fah forging

billet was then cut in half to form 2 rolling billets. -
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TABLL -4 . El) 
IN 11 If 1.S

TI\3LE 4

ALLOY CONDITIONS AS ILSIID IN TI I )SC

Alloy I teat Treatment

5-1 2 rolled 3()()"C - 1 hr 3) "C

S-I 2 rolled 3I(.C + lhr 30(.C --2hrs 12() C

S-I 2 rolled 3(-)"C + I hr 7(Y0C -2hrs 15 (0 C

S-1 rolled 3()0"C -- 1.3hrs 300°C

S-I rolled 3())C - 1.3hrs 30()-C + 72hrs 75C

6-1 hot forged 480"C + 5hrs 300&C

6-2 hot rolled 4S0°C + 5hrs 300 0C

All but the 6-2 alloy were then warm rolled at SOO 0C using a reduction of 2.5 mm

per rolling pass and a reheating time of 30 rin. between passes. Rolling was done to a

final total true rolling strain of 2.45 to 2.8 and the rolling billet was cold water

quenched immediately after the final pass. Figure 3.1 shows the TMP schematically

and Table 5 lists the conditions for each alloy. The 6-2 alloy had shown a much

different structure in the DSC investigation and thus it was decided to warm roll it at
S50)"C. The rolling was not successful and so a billet was rolled at 3O('C and another

at 3S" C in an effort to improve results, again without success. It was decided to halt

efforts on this alloy pending further study.

C. ELEVATED TEMPERATURE TESTING
",p

Specimens for use in the elevated temperature tensile tests were machined from '

the rolled billets using the geometry which has become the standard for such tests at

\PS and which permits direct comparison of results between researchers. .\ll
,pecimens were oriented with the gauge section parallel to the billet rolling direction.

The ,ample dimensions are shown in Vgure 3.2 .

The testing was performed on a calibrated Instron tensile testing machine fitted

w ith a 1))( lb load cell. Special grips and hardware for use at high temperature were

emplo, ed to mount the samples in the Instron. Elevated temperatures were achieved

throuh the use of a temperature contrclled three-7one clamshell Lirnace.
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TABLE 5
TMP VARIABLES FOR EACH OF THE ALLOYS STUDIED

Alloy 8-1 2 8- 1 6-1I 6-2
soln Shrs 4-1)C Shrs 440'C Shrs -4-101C .hrs -14(.1-,C
treat I lors JS0C l0hrs 40O°C 16hrs 500"C l0fhrs 50o "C
upset 4S80C 4800C 480C 480°C

sol'n lhr 4S0C Ilhr 480C Ilhr 500'C Ilhr 500'C
treat

2.5mm pass 2 .Smm , pass 2.r m pass 2 .)Srmm pass"
rolling 3()"C w 30 300("C wL 30 300"(MC w 30 350".OC w 30

minn reheat mnin reheat min reheat rain reheat
ens;ile 275 - 3500C 275 350')C 275 - 3500C not performed

Jesting

o. o~o-Soo,,

Rad,0 .0625" . ,/

Figiure 3.2 Tensile Test Sample Geometry

Thermocoun~les were installed to monitor sample temperature during testing and the
furnace was scaled with insulation to maximize heatingi rate and to nunim-ize

temperature gradients.
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Both the 6-1 and S-I alloys were tested at five strain rates between 6.6- x I') i

sec "1 and 6.67 x 10. 2 sec - 1 at temperatures of 2'5. 300. 325 and 350"C in order to

determine the optimum superpla ,ic forming conditions. A billet of the S-I 2 ailo',.%

previously investigated by Sanlhez. vas prepared using the same TN!P scheme as

employed in this research. ] his alloy was then tensile tested at the same strain rates as

above but only at 3100(7. This data was required to isolate the one changed variable

from Sanchezs work, which was a longer reheat time between rolling pases. "

D. DATA REDUCTION

A description of the data reduction procedure for the DSC experiments is

contained in Appendix . Elevated temperature tensile test data reduction was

conducted as described by Alcamo [Ref. 19]. Scribe marks were placed 1.2- cm 0.5

in.) apart on the gauge section of each specimen prior to testing. Subsequent to the

test, the separation of these marks was used to determine percent elongaticn. The load

versus time data was sampled and a computer data file created from which true stress

versus true strain curves were calculated, using a simple fortran program. and then

plotted and included in Appendix B. These graphs in turn were used to produce flow

stress versus strain rate curves at 0.1"o true strain. From these plots the strain rate

sensitivity (m) was determined.

E. TRANSMISSION ELECTRON MICROSCOPY (TENI)

To assess the microstructure of the alloys, TEM was utilized on a selected

number of tensile specimens. TEM foils were extracted from gauge section specimens

as cloe to the point of fracture as could be realized. In the case of the 8-1 specimen

deformed at 1.67 x 10- 2. where elongation was so extreme, a second specimen was

tested and the cross heads stopped when the measured elongation was 401'%. Grip foils
were obtained from that portion of the grip furthest From the gauge section where the

eCfects of strain on the iicrostructure would be minirruzed. A JEOL- I 2oCX operating

at 121)kV was used to iew the foils. Conventional bright field (2-team) imaging was

utilized for microstructural characterization and weak-beam ie 10 dark field imacine

for studJing dislocation structures. FEM was also used to evaiuate the microstructure

of the ('-2 alloy which could not be processed. -oils were prepared from material in

the as rolled ,tate as well as after a I hour anneal at 311"C. Standard foil preparation

techniques were employed to produce FL NI specimens vith foil normals perpendicular
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to the rolling plane. A solution of 20'o 11NO, in methanol with an applied potentm' ot ,

15Vat a temperature of-20"C was utilized in a Struers Tenupol ;ystcm.Im
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IV. RESULTS

A. DSC
I. AI-8 t. pet. Mg-0.5 t. pet. Li

In order to use DSC data to design TNI, particularly with respect to

temperature selection, samples of the S-I 2 alloy were investigated. The superplastic

response of this alloy following the well established TMP parameters was documented
by Sanchez. The samples were taken from material after warm rolling at 30 0 C. 2.5

nim reduction per pass. and 4 nin. reheat time between passes, followed by a 1 hour

anneal at 300C to approximate the conditions expected at the onset of deformation.

The DSC trace is shown in Figure 4.1 . The curves had a distinct and consistent peak

in heat capacity at about 360C. The traces depart from zero at approximately 3(%'-C
and return to near zero at a temperature of 400"C. -rom previous work we know this

peak to be due to the dissolution of the 1 phase. The traces show no evidence of any

other phases affecting the heat capacity in the temperature range of these tests.

2. AI-S ist. pct. Mg-I ut. pet. Li

The 8-1 alloy was prepared for DSC testing by first undergoing a

homogenization procedure at 4800C and then a 1 hour anneal at 300V"C and then tested

in the same manner as for 8-1 2. The results of these tests are shown in Figure 4.2

Clearly the trace is of the same form but we can see that the peak occurred at a slightly

higher value of heat capacity. [his may be indicative of a higher volume fraction of the

second phase in this alloy than in the previous material. The peak showed some
broadening in temperature range but interestingly the peak value was, within the limUts

of e\perimental error, at the same temperature as observed in the 8-1 2 samples.

-. AI-6 "t. pct. Mg-I %st. pet. Li

Preparation of the 6-1 alloy for DSC testing also involved a high temperature

homogenization procedure at 4S(C followed bv aging at 25"'C for 5 hours and

furnace cooling. This was designed to precipitate the mainun possible volume

fraction of the equilibrium precipitate from solution during cooling. The results of the

calorimetry are displa~ed in figure 4.3 . Once again the peak heat capacit% appeared at

3" I" and the peak limits were similar to the preyious allots. the one difference bcirie

..t
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the relatively small peak value. The similarity of this trace to the others shows that 6-1

alloy also precipitated 0I phase, although poqsibly in reduced amounts, while no

evidence of additional phases was found.

-1. AI-6 Nt. pet. Nig-2 Nst. pet. Li

The heat treatment given the 6-2 prior to DSC evaluation, with the exception

of lihtly longer homogenization times, was identical with that used for 6-1. 1- on ,

tcstine this alloy, it was inunediatelv e ident that a different series of reactions was

taking place because two new peaks appeared which were - evident during the first

run. One result of this was that the procedure for deternuning a baseline would have to

be modified for this alloy. Lsing a series of pure aluminum samples with rna-,s

approximately equal to those to be tested, a series of traces were made which were then-

employed to determine the baseline heat capacity. The plots for the first run are

shown at Ficure 4.4 and for the third run at Figure 4.5 . The first run showed a large

endothermic peak at approximately 400°C. The trace rises above zero near 2()"C and

remains above zero to a temperature above 440'C. The abrupt temperature shift and

increase in size when compared to previous data indicate it is not due to fi phase. The

large size would indicate the phase it represents is present in relatively large volume

fraction and. because it resulted from a furnace cooling procedure. it must be assumed

it is an equilibrium phase. %iondolfo states that the equilibrium phase expected for

this alloy is AI,.IcLi. The trace of sample I shows a small additional endothermic

peak which might be indicating the presence of Al ,Mg 1 T. This appears on only one

trace, possibly because of concentration variations within the alloy, sample mass being

only on the order of 5 mg.

The second and third runs performed on samples of this alloy showed the

presence of two additional endothermic peaks and one exothernuc peak. Since the

nominal cooling rate in the DSC was 3201C per minute, it is clear that the kinetic, for

the dissolution and precipitation of these phases are ver" fast. Since alloys containing

more than 1.6 wt. pct. Li are known to be quench rate sensitive and to precipitate 6

th~is suggests that the large peak at 241"C is due to this phase. Comparison of these

traces with that for 7075 alloy also confirms this hypothesis. Several authors. inludIng

Papazian, report an endothermic peak similar to that appearing at 16( )"C [Ref. I-1.

While some uncertainty as to the source of this peak still remains, mo,;t ha'e

concluded that it is due to GP zones. [he exothermic peak seen on t: e second and

third runs at 350"( appears to result from the precipitation of the.\l,\lgla phae from I-
S'.
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the supersaturated solid solution created by 6 dissolution prIor to its subsequent 

dissolution. This phenomenon is observed in other alloys Such as 209)() although the
equilibrium phase involved is not A-,MgLi lRef. 1SJ.

B. TMP 
The aim of' the DSC experiment was to optinuize grain refinement and thus

superplastic response through careful control of the TMP parameters. The rolling
parameters involving total strain. reduction per pass. and reheat time between pases

have all been previously established through the work of Sanchez. Oster and Stewart.

In light of the results from the S-I 2 studies and a comparison with DSC traces

obtained here, it would appear that the best IAP temperature is located approximately

60"C below the P Peak. The sinilarity of the S-I and 6-1 I)SC traces dictates that the

same temperatures be employed for these materials.

This is clearly not the case For the 6-2 alloy. Using the same criterion, we would

choose a higher temperature for TNIP of this alloy. If it is assumed that the Al,\,gLi

phase plays the same role as the 0 phase during warm working, then the best roiling

temperature based upon DSC considerations would be 350'C.

The DSC evidence points to a successful homogenization of the alloy and,since

no diffilculties were experienced in upset forging, it must be concluded that

inhomogeneities were not present. However, on warm rolling, difficulties were

experienced. Alligatoring and edge cracking were both observed. A review of the DSC

data showed that a window of temperatures was available which would both retain

.AI.MgLi and leave all other precipitates in solution. The range of temperatures was

determined to be approximately 300 - 3SC and thus a sample was warm rolled at

each of these temperatures. The cracking persisted and it was decided to halt the

processing of this alloy and perform TENI experiments in an effort to better understand

these difliculties.

C. MECHANICAL PROPERTIES

1. MatrLx of Experiments
To allow comparison to earlier work. elevated temperature tensile tests were

performed at 300"C over a series of 5 strain rates ranging from 6. 7 x I - to (., x

10"2 The range of strain rates was necessary because pre ious work indicates that

maximum elongations for various superplastic alloys occur at points which are 'erx

3S
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strain rate dependent. In addition, a series of temperatures were also sciected ,o "i t,

elongations at elevated temperature could he correlated "Ith the 0 peak teipcr~t'.;e

from the DSC traces. I lence the matrix of experiments Shown in laie 0'

estahl slied.

TABLF 6

M\IRIX OF LLEVA [1l) fENIPRAURE EXPERI.IEN IS

temp C) 2-5 30)) 325 35,

6. x I6"(<xI))"4

6. -x104

S1. 7\1()- 2

7xl1) -

The s-I 2 alloy was tested over the entire strain rate ranae but onix at l, n'T.

This experiment was necessary to evaluate the effect the added reheating time between

rolling passes would have upon elongations when compared to the results achie\ ed by

Sanchez. The entire matrix was evaluated for both the 8-1 and the 6-1 alloxs. No

elevated temperature testing was possible on the 6-2 alloy due to its inabilit' to warm

roll successfully.

2. AI-8 ut. pet. Nlg-1 ist. pct. Li

Results of the 8-1 tensile testing experiment ate shown in Figure 1.6 . The

flow stress data, obtained at 0. 1 true strain. clearly show across all strain rates that the

alloy is strongest at 275'C. For most strain rates. those tested at 15QoC are the weaket

material. Results at 300 and 32"'VC are similar with ".5 C being nargiallv weaker.

These curves all have a generally sigmoidal shape. The slopes of the flow stress cur s

m-xtlues) are maximum at around 1(--' sec 1. but it must be remembiered that the

limted number of data points create uncertainty in these results. Particularlx suspect

is the flow stress curve at 350 C which appears to have an anomalous data point at 0,.
x I()- seC -1

4-11
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The ductility data show considerable scatter for the alloy at 3 W '. While the

unuual appearance of the results at 3.5 . cast some doubt about the aliditx uf

d:'l idual data points, it is clear that o crall. at this teniperat ure. the allo% i, ic t a,

ductile a, it is at lower temperatures. Vor example. when tested at 25'C. the imaterial

supports ductilities as high as So()",, at strain rates of I. x 10.2 sec 1 and ,hows
wliipro~eJ elor,,Laticins o~er the entire range of' strain rates. This trend continues ,AheC 1,

te3ted at '(01"C .%tithe Iaxirlt'n elongation achieebeing over , hee,

e\trelife elonzations occurred at very hih strain rates of 0.7 x 1("- and I. \ I('--

- a showed a ,harp drop in ductility when tested at 25"'2 in com.parison-

to that seen at 30UOC although a peak ductility near 50)o was still a respectabie

result, The close link reported between maximum rn-value and peak ductility is not

seen in the data for this alloy. For example, at 3(_ C the rn-value at 1.7 x 10-2 "vas

found to be 0.3 with elongation equal to 1059"%. This compares with an mn-value of 1.4

at a strain rate of 6.7 x 104 where ductility was found to be 660"o.

The tensile test samples from the 8-1 alloy tested at 3()()"C are shown in

Figure 4.7 The extreme elongations compared to the undeformed sample are seen

clearly. Also seen is the critical effect of strain rate on the total elongations which can

be achieved. It should be noted that, comparatively, the sample tested at 0.7 x I(1-

sec 1 is not the equal of the remaining samples: however, it was still able to achieve

over 300Y'o elongation at this very hich strain rate.

Fi,.Lure 4.8 illustrates the effects temperature has on the ductility and the flow

stress. The flow stress versus temperature data indicate a clear trend to a so:"er

material as temperature rises from 275 to 30"C where it levels off and may even

shihtlv increase with further temperature increases. This can only indicate that some

significant ricrostructural changes are occurring to cause a material hardening effect.

The most likely reason for this is a grain growth phenomenon which accelerates rapidl% y

as the J phase solvus is approached. The corresponding elongation sersus temperature

plot chows a clear softening behaviour with lower strain rates at all temperatures, I his

shows that the material at IW o true strain behaves in a more ductile manner at lwAcr

strain rates but exhibits much higher flow stresses at hiTher ,train rate . hi sii.e~ts

that an overall strain rate sensitivity for this material, particularly at 3(,I'C. vil be

Serx hi,_h and in fact this is seen in the presiously di,,cussed flow streos ersus ,train

rate -lot. .'-
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The ductility versus temperature plots for 8-1 show clearly that the oprimumn

temperature for SPD in this alloy is 31)nC. llowever, ducthtlties achieCd cre

substantial over a relativelv wide range of temperatures. lhe highest du.t1itic -,tre

found to occur at 310C at all but the highest strain rate. The ductility cleariy drop, as

the temperature approaches the fi peak temperature as determined from DS( data.

This could mean the microstructure is coarsening due to the dissolution of the f3 phise

particles. The reason for a drop in ductility as the temperature goes below 3I(, C

likely the result of' a slowing ot difusional processes necessary to support GBS.

Figure 4.9 provides details of the fracture of' each of the S-I test amples

strained at 6.7 x I sec I at tle four test temperatures. Clearly the Failure mode has

changed dramatically from the lover temperature, where a qngle distinct neck was
seen. to the higher temperature where little necking was obserxed. At S(Ju"C. the
necking appears at several points along the sample indicating that the strain rate Is j Ui t

hardening the neLk sufLicientlV to prevent further narrowing thereby causing the weaker

structure elsewhere to begin the necking process. The 350'C sample clearly did not fail

due to excessive necking but failed in a mode which resembles that seen in more brittle

materials.

. AI-6 ist. pct. Mg-I ist. pet. Li

The same matrix of experiments was repeated for the 6-I alloy and a sumnmIr%

of results Is shown in Figure 4.1! . One clear difference between the two allo\ s is tihat

overall the flow stress for the 6-1 is higher, particularly at the moderate strain ratcs.

-Fihe flow stress curves are less sigmoidal in shape and have maimum m-x alueq at a

lower strain rate than does 8-1.

The ductilitv data reflect these differences in the flow stress curves by hax inc

peak elongations at lower strain rates. The lower strain rate ductility is comparable to

that for 8-1 for all temperatures. Interestingly. in this case the second highest ductilities
were obtained at -,,, rather than at 325". This sueests that. at higher

temperatures, the lesser volume fraction of' " phase, as detected by DSC. might be

returning to solution more quickly thereby diminishing the microstructural stability

Temperature clearly has the same overall impact on the ductility of the 6-1

alloy as depicted in Figure 4. Il . I lere also the best superplastic forming conditions are

at 3 _'I. The signiflicant difference is that high ductilities are obtainable oxer a smaller

range of temperatures and strain rates.
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The flow stress versus temperature data for the (-I alloy Ohow a ,irnilar trcnd

where tie flow stress is lower at lower trami rate;. Ihe shape of thL'se CLIres MIdL 'L
ahardenine effect as temperature imrea~cs Vroni '0() - 21. V and ciji-tinucd .J~c -

as the temperature increases to 351)"C. T hi effect is more distinct than for the S-I 111,,

Which may indicate that the structure is coarsening more raridlv as the 0 sol~u r

temperature is exceeded. As the nlmicrortructure loses the tabiii/iniz in1lueCe (f the "

particles, grains will grow rapidly resulting in the hardening e e.t ecn in hoh d',s. "-'

lhe trend seen at higher temperatures indicates that. once the II has coMplcyTC

dissolved and nicrostructural coarsening is completed, the oerall sottening .ontinue,

with increasing temperature.

4. AI-8 Nst. pct. Mg-0.5 ist. pct. Li

The data have established that 300"C is the optimum temperature for SPD) of

both S-1 and 6-1 alloys. This is the same temperature at which the S-I 2 alloy was

tested. It would therefore be useful to compare the three alloys and this is done in

Figure 4.12 . The trend noted earlier, in vhich the alloy showing the highest flow streds

overall is also the least ductile, remains valid here also. The flow stress of the S-I and

the S-I 2 alloys are comparable over the entire range of strain rates as are the

ductilities, with the exception of the higher strain rates where S-I is superior. It should .

be noted that the relative order of the ductilities is the same as the relative order of'I

phase peak size in the DSC experiment. This implies that the superplastic response of'

these alloys depends heavily upon the presence of the second phase. To assess this

further a TEI study was undertaken. ,,

5. Al-10 ist. pct. Nlg-0 vt. pct. Li

Also plotted on Figure 4..12 are the results of the 10-0 alloy which was

processed in the same manner as that used in this work. The obvious improvement

that all three lithium containing alloys show, when compared to the binary alloy data,

points to a significant effect caused by lithium on the superplastic response. The reason

for this is not immediately obvious and TEM data comparison is required to assist in

understanding this result.

D. TEMN
1. AI-8 t. pct. Mg-I Nit. pct. Li

The S-I microstructure is compared with that of the 10-0 alloy in Figure -4.13

as each would appear at the onset of deformation in a tensile test. These sanmles were

-46
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taken from grip sections of tensile samples which were deformed at I.- x 1W ec,

Due to the short duration of the test at this high strain rate, the total time at cle' ated

temperature following TNIP would be approxinately the same as that seen bv :-he

cau e section of any sample as it begins to deform. lhe n crostructure ot the I()-( %

allo- shows evidence of'hicph dislocation density in some areas as well as other areas,

where the ,rains are relatively dislocation free. lhe grain sie can also be seen to xarv

ever the micrograph. 3 phase is evident as small spheroidal precipitates in Llusters

xhich appear to coincide with the finest structure. In contrast, the S-I alloy shows a

very homogeneous appearance. The gram size is remarkably uniform and no e\idence

of areas of' high dislocation density can be seen. Grain suberain boundaries are all well-

defined. , .2 P phase particles are larger than seen in the l10-0) alloy and are more

evenly dispersed. The microstructural dimensions are on the order of the interpartile

spacing. The relative ductilities of' these two identically processed materials shows the

S-I alloy to be approximately twice as ductile throughout the strain rate range,

suggesting that the S-I nicrostructure is the more stable of the two. Ihe micrographs

seem to support the hypothesis that the 13 phase is the critical nilcroszructural

stabilizer.

Figure 4.14 shows higher magnification of the same S-I sample. [lere also the

well-defined naure of the grain boundaries can be seen and the relatively dislocation

free grains are evident. The even distribution of the J3 phase is still apparent even at the

higher magnifications. Mlicrograph (b) shows clear examples of the 03 phase residing

along boundaries and at triple points.

Figure 4.,15 shows direct comparison of the gauge sections of an S-1 2 and S-I

tensile sample following SPD. The S-I 2 alloy rrcrostructure is homogeneous and

shows well-defined boundaries. The microstructures are of similar size in both alloys.

The most striking feature of these micrographs is again the relative lack of 13 phase in

the S-I 2 as compared to the S-I alloy. The 0 particles in the 8-1 sample are no longer

mostly on grain boundaries but can be found within grains, implying that the grains

have grown substantially during deformation. A bright field dark field pair of the S-I

alloy after deformation is shown in Figure 4. 16 . Of' note here is the precipitate residing

at a triple point and the well-defined boundaries existing between grains. It is also

possible to see a low angle boundary apparently forming within the structure of a

grain.

C eI

52A

,Q ,°%°,%". . °" ," " , "%"°o"%""o . , * " "- % - % "° - % 1, %-% ', -" '- -." " -"-%' "--''-' '.% ,%1 %. ° - % % ' '. % % '- -

: . ± 2 , "- 9 , ,w _ - -'1, 3.3 __ _ ,, ~ r l~ ~ rl nn u m n ln mun nn m nn nun nnmnun nn n mnu



- - ~ t - ~ - A - t ~ - - V. *%% ~ -. - '- * ~. -. - . . - - . -

V.

V.

it.. (C)
"S

.4.,

WA

Id.

NJ.
iv

-p
-p '.4
v-a,
is
a,

'I

(U)

5-

'p.

SF
a.

Mi.

5,

I cure 4 1 IA-Il i'M S-I prior to delormtr:n:

.\ ~ r ~ '~ '~eu we i.;i~:''r;ahIre\ ol 'ii rite flLii

o Jew v'lw::'': it 3'' ( u.K Ke' .i :u. ye ;<t.:ce:te't:~ A~'tr:rtii. 'I 2.2

r.,.t'e.nue \- I :i;Lro\trj...'

.4.

.1~5
N

SF.

'as

'S.
a..

* - .'*'PJ J ~ -. pV .v-S-'a*.* ~ r ~er~ .~ .r ~



ItI

L! r, I I'



p

(a)

Iw

.1*

- '.5

~

N
t

'I.V
V
.5,(,LJ) S.

.5.

3.
5%

.5

p

p

p

uure 4. 1~ S- 1 2 dfld ~- I fulIo\~ inc dcwrmatian ~t I. - x 1' r ~ec

A C m ~c n hct'~ cen the micro ~t ructures ci d the ~* I 2 I; ~ \ 18.1 r ~ -

aVer eflrma:~on at 3' 'KC 11c.tes the rprea'ed ~ uw~e *i.2::2 A t~c b p ~c 2

tL.~ ~- I !::~ro~rij~tLLre.
p

-'-5

.5

.5

p

- - 5.-



IN

I br gh f"Ild Irkfied fllo% dc'ornatln a

,how i II I 1_,uc 4. 1,kmnu (, hcd on, C

!,:C ,l Q% I! C% dt~ 1Lk: 1' Orl t~ t1',1 t% -A 11- 11 JCI()!111, t: !1 c ::,

)ri I i~n~t r idatx v, i r j) ,-tL!C



2. A1-6J M. pctA. Nig I . pct. Li
Thc 6-1 allo% was examined with TIEN! in the samec manner as thie S- I allo%.

First a Specimen was taken froml thle grip section of' a Sample that had he-,a dctorined

atI 6 If-sec in order to assess thle niicrostr ucture at the oncet of S PD. I icl.Ure

-4.1- and Ficure 4. S are N jews at a repres;entative area of tinSsape It IS Obmulvl a

more coarse structure than that seen in the S-1 alloy after a sIimilar thermal historx-

For the most part. boundaries are well-defined but areas of highier dislocation density

can also be seen. Thie bright field dark field pair at higher miagnilication shlows, wiat

appears to be a relatively dislocation free graini with a subgrafi forining within it. Thle

-ssubg)rain may have been prevented . )nm coarsening by a j3particle which was remnoved

during e lectropolishing of' the sample. T'his could explain why it remnained1 relatively

Figure 4.17 6-1 prior to deformation

The microstructure of thle 6-I alloy at the onset of def'ormation at 30()'C ex\hibits a

coarser grain size ( 2 - 4 gtm) than thle S-1 alloy. The reduced volume Fraction of I
particles Is also evident.
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small while other structures around it grew larger.

Figure 4.19 shows the 6-1 alloy following deformation at 17 x 1(.2 sec " I i.,

microstructure is not homogenCous, having zones where diqlocation density is still quite

high and other zones where nearly dislocation free structures can be seen. In this

micrograph there arc relatively Cew Second phase particles, and [hose there are do nt

appear to be cloelv enough spaced to prevent grain boundary migration. I his could

e\plain why this alloy was not able to achieve the high ductilities at high strain raites.

.A bright field dark field pair taken from this same sample shows details within a

contitucnt crain 0ligure 4.20 ). The Lrai of the order of' ' Pm in sze show e% 1,enTe

of dilocations interactinc with a fine non-uniform dispersion of partiLles which ma% ie

evidence of dislocation motion during SPI) process. These particles have been identifid

as the secondary .\l r phase whiLh in this case is semi-coherent with the matri.

l)islocation motion is apparently inhibited by the presence of these particle,: howex er

these particles are not effective in retardation of tgrain growth due to their non-uniform,

size and distribution throughout the matrix.

To determine why this alloy was so much more ductile at lower strain rates, a

TENI sample was taken from the gauge section of a tensile specimen deformed at 6.67

x 10'. The micrograph in Figure 4.21 shows the results of an extended time at elevated

temperature. The boundaries are well-defined, grains are essentially strain free, and the

structure size is becoming comparatively large. 1here is very little JI phase visible whiDL

suggests that much of it has returned to the solid solution during the deformation

process. A grain in this sample is shown in Figure 4.22 in both bright and dark field at

higher magnification. The grain contains a very fine dispersion of particles whidh

appears to be incoherent with the matrix and quite unevenly distributed. For these

reasons, along with DSC data, it is not likely that this is ' and instead it is probabl%

Al 3Zr.

3. AI-6 ist. pct. Mg-2 ist. pct. Li

The micrographs of Figure 4.23 are of a sample taken from a small portion of

6-2 which was rolled at 350"C. They show a very hich density of dislocations

throughout the material. These dislocations so distort the image that no grain or

suborain boundaries can be identified. I his type of structure is typical of those seen In

as-rolled aluminum alloys and offers no clues to the rolling problems encountered.

The material from which the previous micrographs were taken was annealed

for I hour at 3f("C in order to better view the substructure. I he microStructure MIsah

5gI
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.\ more detailed investi2ation of the constituent boundaries from Figure 4.1 ~ using a

N hriTht field and b) weak-beam dark field imaein2 rexcals their low angle nature,
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Figure 4.19 6-1 following deformation at 1.7 x 10' 2 sec

The m-icrostructure of the 6-1 alloy at the conclusion of deforrmation at 3()0 0OC i 1.7

- I

x1Y sec ) shows that the structure has coarsened in the absence of sullicienit

particles to retard growth.

.4.

resulted from that heat treatment is shown in Figure 4.2.4 . The structure possevses 1*1

relatively fine grains with moderately. well-defined boundaries. The structure is

reasonably homogeneous but areas exist where the structure is finer. These finer areas

appear to be associated with a higher density of second phase precipitates %%hich seem

to prefler form~ig along grain boundaries. The precipitates are of various lkillel anid

geonictries but do seem to have a stabilizing impact on the mnicrostructure. In lew~ )f'

the l)SC data, these precipitates are believcd to be Al1NMgLi.

For direct comparison of TENI with DSC results. it was decided to utihze one
of- the 6-2 DSC samples in the TEM experiment. The structure proved to hae quit" e

larTe crats and the bright field dark ield pair in Figure 4.25 shows a t °pical e'vample

of' the structure within one of the hans. I he coherent, ver finely dispered rtict es

are homiceneousl distributed. these particles were Identified as the .p 1s

%

reule fomtathettratet s hwninFgue 124. h srutrepoe60 .
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I cure 4.20 6-1 bright field dark field f'ollowin2 deformation at 1.7 x 1("- sec.,

,- .~.\ bhicht field wveak beam dark field pair of micrographs shows the details of indi\idual .'

di'4,k.t/ons interactingz \\ th ,,l Zr di persoid particles within a constituent 3 !tm grain.
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Fiizure 4.21 6-1 following deformation at 6.7 x 10-3 se-

Deformation at a lowier strain rate =6.67 x 10' sch1 has produced a more wcll-

developed structure in the 6-1 alloy (when compared with Figure 4.19). This would

account for the improved ductility observed in this material. -

predicted by the DSC results. Concurrent work by Ferris [Ref. 20J has show.n that thle

presence of such a 6' distribution greatly enhances the hardness of' the material. T he

primarY objective of future research on this ahloy will be aimed at achieving

superplastic form-ing capability such that the,,e subsequent potential strengthening2

effiects may -8e realized.
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V. DISCUSSION

A. DSC

In liht o! subsequent mechanical property and -I E NI results, the DSC proved to

be a ueful aid in determining processing temperatures and precipltation sejuences.
IIAI confirmed the identities of'the various phases present in the alloxys in addition to

allowing a determination of solvus temperatures. It is clear that the height of l)S(
peaks can also indicate relative volume Fractions of constituent phases. The '[1E NI
investigation highlights the importance of' the volume Fraction of the second pilase.

Comparing the micrographs was simplified by consideration of the relative area under

the appropriate DSC peaks.

The position of the exothermic peak for the three quasi-binary alloys was the
same within experimental error. Thus the thermomechanical processes were designed

to be the same for all three. The success of this TNIP suggests that, for designing future

procedurzs, a temperature to select might be one that is approximately 60"C below the
peak heat capacity for the primary second phase. It must of course be remembered

that DSC peaks may shift along the temperature scale for various reasons. Reviewine
the DSC data shows that the temperature selected for warm rolling is above the

temperature at which the dissolution of the second phase has begun. This implies that.
during the rolling operations, there is a dynamic interaction between the matrix and the

second phase. In fact. it may be more relevant for the TNIP temperature to be

positioned just above the temperature at which the heat capacity departs f-rom zero

than lor it to be positioned at a specified number of degrees below the peak. On this
basis, it is conceivable that. for best superplastic results. 6-2 should be rolled below

300u"C. This of course does not consider the rolling diffliculties encountered. This alloy

might well require that a rolling temperature be chosen which does not o Fer the

optimum SPD results.

It is well-known that diffusion kinetics within an alloy increase rapidl.a tie

second phase solvus is approached and it might be anticipated that such a

phenomenon may aid superplastic deformation mechanisms whii.h are dill'u1on
controlled. It is also interesting to note that the optimum SPD forning tenperatuie

and the TMP warm rolling temperature for both S-I and 0-1 were the same. It is
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tempting to speculate that, during the rolling passes and reheating, the microstructure

is achieving a stable structure specific to the temperature at which it is being rolled.

The DSC was perhaps most informativc concerning the (,-2 alloy, as it detected

the presence of 6' which was later confirmed by TEM and b% concurrent age hardening

research. Since the other evaluations did not take place until after the TNI!P. only 1)SC

information was available to characterize the nicrostructure and to select TNIP 

temperatures. .Although not central to this research, it is e ident that only the DSC

was able to detect the presence of GP zones since imaging in the TEN! is known to be"

very difficult.

B. MECHANICAL PROPERTIES

For the 8-1 and 6-1 alloys, precipitation follows the Al-Mg phase diagram and

lithium behaves as a minor aliovine addition. There was some speculation during the

design of these alloys that Mg might force lithium out of solution in the form of 6'. It

has been reported that there is no 6' formation in alloys with less than 1.5 wt. pct. li;,

however none of the previous alloys (5 wt. pct. Mg) contain the large amount of N I

present in the alloys in this work. It would appear, however, from TEN! observations

(no 61 that the reverse effect occurs, i.e. lithium would seem to displace NMg from solid

solution promoting an increased volume fraction of 0 (AlNg 5 ). The S-I 2 alloy h, "-

approximately the same total solute content as the 6-1 alloy. For each. a value of total

atomic percent was calculated from the nominal weight percentages.

If it is assumed tha: the lithium remained in solid solution (as suggested by I)SC

and TEM results) and thus displaced magnesium on an atom for atom basis. then an

equivalent magnesium content can be determined. These values are listed in Table -

Using these equivalent Mg weight percent values and knowing that. at S000C. the [

solvus is located at 7.6 wt. pct. magnesium [Ref. -4: p. 313. and the solubility of Mg in

[ is 36.1 wt. pct., then a simple lever rule calculation can be performed. Results of thls

calculation give a weight percent fraction of 1 phase in each alloy and are also shown '"

in Table 7 .

Review of the ductility versus strain-rate data of Figure 4.12 shows a similar

pattern of behaviour in the 6-1. S-I and 10-0 alloys. All three exhibit peak ductility at

or below 6.67 x 1) -sec and this most likely reflects a very similar volume fraction of

13 phase in each case. If the alloyine content has not substantially altered the

6
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6~- 1 1(. 9.i .6

S-I 2 In).S 9.S S.6

Iw)11.1 o 1.

S-I 12.S 11.5 15.

6-214.4 13.0 -5'

morphology of the second phase. one would expect the grain size and ductility to he

the samne and, to thle extent of the data available, this appears to be the case. It is

appealing- to think of' tile Ilihium dsplacinge magnesium out of solutin dui!nn the

warmi workinz. If this is indeed thle mechanism, then it would seem Fo"\ifle to

Maintain a constant fi volumec fraction with less macnesiurn. An alternatixe e v ;anation

for the maintenance of' superplastic properties is that thle lithium is more direc,1%

aft ig tile component structures. For example It mray assISt nr preientI' MIZ

coarsenlng- of- the fi phase particles or it could have a stabilihing effect onl grain

boundaries. Comparing the micrographs of Figure 4.13, thle 8-1 alloN show s a n

aipparently higher grain boundarv nisorientation than thle naon-lithiumi contamnine1-

s Pecimenm which mayv be due to an ability- of the lithium to assist in more full\

recr.staili zing the overall microstructure.

Th le S- I allo% demonstrated exceptional ductility of 1I059", elongation at a strainl
2

rate of' 1.- x 10- sec- . This inf-ers that the combination of a small addition to the -

lithium content and the added reheat time betwveen passes hals resulted in Mnl

improvement fromt 600" o to over 1IQ(0'),). The results hiave also confirmed that thle

optimum temperature at which to superplasticallv deformi this alloy is 10o"C. These,

results have important implications for the possible introduction of' this ailloy, into

commnerc:ial service.

With most superplastic alloys exhibiting optimum tensile elongations of 5U

1l 'this alloy clearly is near thle high end of' the range. XXith this igh ductilit,, it

'.l
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will be possible to form extremely complex shapes using SPF technology. Po,1s', iv

more significant still is the hi~h strain rate which the elongation can be Atiecd...\

the strain rate of I."I x 1I"2 se&1 " the 1000 value is reached in only ten minLIte,, lfis

hiizh strain rate formability is an important breakthrough because the limitations of'
. pp 1-" ,erplastic Cormngn to hig 2 ol1 m VI11CProduction may be overcome...\ third .

mport,!t ittribute f,[Ills allov is the f'orming temperature of' P(C Grinies reports

that !orring tt op1ptC requires more ensie materials for the production m boe e.iites

[Rcf'. 2L: p. 3' 21. fie continues by p Itn I u h t ta '- relat'Iv%.ely inlexpCn', e !!

toolili cal be mplo. cd. From this one can only assume that a temperatueLredution
to 131,,"C would result in fuirthr post saving T tht tg tenperat rtrel thel

lower will be the flow stress but the higher will be the superimposed back pressure

requirements due to cavitation difliculties. The 8-1 alloy does have relatively high flow

,tress values due. in the main. to the lower forn-ing temperature but, since no

cavitation is observed, back pressure requirements and therefore forces required for

forming will remain within the limits of current commercial processes. The

combination of lOQQo elongations, vern high strain rates and low forming .

temperatures clearly make this a most attractive commercial alloy.

The overall flow stress versus strain rate data and the corresponding ductility,

plots show a familiar trend. ..\s temperature increases from 275 - 3'()(C. the flow ,tress

and ductilities decrease. On average, over all strain rates, there is little aprarent

difference in the in-value. With further heating, the flow stress increases which is

consistent with observations made in previous work. TEM data have shown that gram -

growth can be significant at these temperatures. When the lithium containing alloy

flow stress data are compared to the 10-0 plot, we see an overall higher ni-value and a

trend to increasing values at more rapid strain rates.

Applied mechanical models predict that, as the rn-value increases, a resistance to N

necking will result to the point where, if m = 1. there will be no necking observed. This

resistance to necking will result in greater elongations and thus a direct relationship

between maximum n-value and maximum ductility is established. I lowever. two -

important assumptions have been made in taking this approach. Firstly. the invalue is

determined from data near the initiation of plastic deformation and it is implied b% the

analx sis that the structure is stable throughout the deformation process. Secondly it is

assumed that all fractures Will occur in a consistent manner. Since there does not x et

exist an adequate model to predict fracture mode. the assumption that a consistent



fracture will oc.cur may not be totally valid. In fact, the appearance of the Cricture

surfaces of the samples tested in this work \aried considerably dependin, on strain rate

and temperature. The fracture modes observed were necking to a fine point at one

extreme and showed a more blunted. tearing Iracture with little or no evidence of'

localized necking at the other. f his variable fracture mode is unlikely to be predicted

by the ,mple mathematical models currently emploxed in SPI) studies.

It must be stated that the mechanical data for these allots show an oerall trend

which supports the applied mechanics theory. At 275"C tie flow stress is hither and.

as temperature increases, the flow stress generally decreases. ThiisIS not unepeCted inl

%iew of' the important role played by dilfusion in the delormation mechanism. Ihe 

unusual S-I results seen at 35( )C may well be caused by a heating rate effect. Da.1

obtained by Salama for high Mg2 alloys shows that. at temperatures approaching the 1-
solvus. a transition occurs where microstructure can change in size rapidly [Ref. 221.

Whether this transition reflects continuous recrystallization followed b% growth due to

the dissolution of the 0 phase or a discontinuous recrystallization process. the end

result is that. over a narrow temperature range. grain size increases rapidly b% a factor

of ten. This effect has been found to depend sensitively on the heating rate

experienced by the alloy, and the apparently anomalous data observed at 15r'C ma

well be the result of this effect.

Evidence that this night be the case can also be found in TENi performed b

Ferris [Ref. 201. lle observed a much different microstructure in the same alloys as

studied here, with the only difference being that they were heated in an aging furnace

where heating rate would be higher. A similar development can be seen in this work

by comparing the microstructures of 6-2 samples, one of' which had been cycled in the

DSC and the other aged for 1 hour. The DSC cycled sample. which would experience -"

the hither heating rate. was seen to be coarser than that of the aged sample.

Little concrete data is available on the effect of grain size on rn-value. This

weakness in the theoretical understanding of the SPD mechanism is well-known, but

practical difficulties in obtaining sufficient data to relate temperature. strain rate. total

elongation and grain growth have prevented any rapid progress toward understanding.

these questions. Except for the problem of failure mode prediction, if it were possible

to predict the grain size in a material with known starting conditions and a known'

delbrmation rate. then the in-value, thus calculated, would accurately predict the
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maximum elongation. Since this is not the case. use of the apparent n-\al]UC to predict

maximum elongation is not strailhtlonvard. [:low stress and ductility data obscrved %

with the 8-1 and 6-1 alloys do not correlate as the currently avail,lble model xctvl j

predict.

The inability to warm work 6-2 successfully was due pritncipaly to alligatoringe!

and edge cracki,'. These are described by Scott. who states that they occur most .

readily when the roll Jiameter is large with respect to the sample thickness frRet. 23.

This implies that. as the sample is rolled, thee problems become more acute. I his is

supported by this work to the extent that cracking which occurred later in tile rolline.-

tended to be more serious than that noted in the initial passes. The number of'

variables which might impact on this is large. I he% include rolling temperature. alloy P

content, reduction per pass, reheat time and roll diameter as well as sample

preparation. While temperature variations were used in this work. only three attempts

to roll the alloy were carried out and optimizing rolling temperature should not be

ruled out as a possible contribution to the solution. The 6-2 alloy has the highest P

alloying element content of the four alloys involved and this may have contributed to

the rolling difficulties. In high solute content alloys containing lithium, a weakening of

grain boundaries parallel to the rolling direction has been noted [Ref. 241. By reducing

tile reduction per pass. the stresses introduced into the materials would be reduced and.

given sufficient time at temperature, it may be possible for the structure to

accommodate these stresses before the next rolling pass thereby lowering tile strain

hardening effects.

Rolling speeds may be a useful variable in that the rate of deformation may be

ton fast for the microstru tural accommodation to take place. The sample itself may

be better able to withstand rolling strains if stress concentration points along edges and

at tile point of initiation of the alligatoring are removed by more careful sample

preparation. Finally, since the roll diameter-to-thickness ratio has been determined to

play a role in these difficulties. one possible solution is to roll with smaller diameter

rolls. In view of the many combinations of the possible changes to the TNIP. a

narrowing of options must be made. Since the simplest way to soften aluminum is to

raise the temperature, this should be done as much as is consistent with retaining the

primary second phase. DSC data indicates the highest possible temperature that will

retain .\l,.%ILi in precipitate form is 38 ,C. Therefore the most practical next step

would be to roll with a smaller reduction per pass (e.g. I mn) at 380"(-.

" .":4
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C. TE

The TEM data show that 8-I 2. 6-1 and S-I alloys are all similar in o%erall

structure. It is evident that. for all three alloys, the ';ize of the structure js cloelh

related to the second phase interparticle ;pacing. When the microstructures are

compared, they show that. as total aliloving content increases, the microstructure

becomes more Unitorm and tends to be finer. The 13 phase particles are clearly the

reason for this observation since 1LNI showr that the S-I alloy has a hi,2her xolunie

fraction and much more evenly distributed 13 phase. The more fine-grained structure

observed in the S-I allov was the reason it was able to sustain the extreme clongations

of over 1000"o at strain rates as high as 1.7 x li"sec l

The obvious relationship seen in the TEM between 13 phase and the grain size is

further evidence that microstructural instability resulting from the dissolution of13

phase is the most likely explanation for the drop in SP properties seen as tile 13 solhus

temperature is approached. Areas of the microstructure where 13 is scarce are clearly

more coarse than other areas, thus it is a logical projection that. as the second phase

dissolves into solid solution, the structure will coarsen leadine to the reduced ductilities

as discussed previously. A series of TEM experiments conducted upon samples which

had been deformed at different temperatures and strain rates could provide concluive

evidence of this: unfortunately time constraints did not allow this to be performed.

Nonetheless, variations in the deformation temperature near the 10 solvus have a

significant impact on superplastic properties.

In all three alloys, there was no TENI evidence seen for 6' phase which supports

tile DSC data seen previously. The presence of this phase would provide the

opportunity to employ age hardening following a superplastic forming operation and

thereby improve ambient temperature properties with a post production heat

treatment. The lack of this ability in these alloys implies that they will be limited to

applications where moderate strengths are acceptable.

The 6-2 alloy demonstrates signilicantly different properties in the TENI

investigation. The lack of 13 phase and the appearance of AlNIgLi were the most

inrnediatel noted differences. The .\,Mgli phase appeared at a much lower volume

fraction than that for 13 in the S-I alloy but did appear to perform the substructure

stabilization function in much the same manner. In Idct, the appearance of the alloy

under TEN investigation most closely resembled that of the 6-1 nucrostructure just
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prior to deformation. This ;ugeests that it might respond superplasticahlv in th-.
condition, but the IMP must first be improved to prevent the severe crai.ki, .'c
experienced. The absence of' J phase and the appearance of the A,12lgLi and I
phases demonstrates that this is a true ternarv Al-lg- Li alloy. Perhaps more
important in the long term is the presence of the &' phase. This alloy has proven to
possess an age hardening capahilitV and the 6' is clearly the reason for this ability. I1'
superplastic forming can be made practical, this alloy has the potential to produce
SUperplastically formed components which can subsequently he age hardened to

produce coIponents in a moderate-to-high strength aluminum alloy.
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VI. CONCLUSIONS

1. J)SC can be a usef-ul aid n selectin, g I P temperatures: the S-I 2. S-I and (-I
alloxs were shown to be quasi-binary with respect to precipitation sequence.
This allowed for the same I NIP to be used to produce superplastic beliasiour as
in the \l-NLg alloys studied previously.

2. Lxperience with the 6-2 alloy demonstrates that DSC cannot be uqed InI
isolation. lhis alloy behaved as a true ternary which possessed a striking-y
difTercnt niicrostructure than alloys with lower Li content. The presence of the
.\l,MgLi phase had an apparent embrittling efl'ect which did not permit
eflective thermomechanical processing o" the alloy.

3. The combination of DSC and TEN data indicated that no 6' precipitation

occurred in alloys with less than I wt. pct. Li which is consistent with pre ious
results. 6 precipitation was observed in the 1.6 wt. pct. Li threshold
concentration cited by other authors.

4 , echanical property data show that 300 "C is the optimum temperature
for SPD in these alloys. At this temperature and a strain rate of 1.7 x I(-, the
8-1 alloy exhibited elongations in excess of 1iu0"; without cavitation.

5. TE NI data confirm that the increased ductility associated with a hiIzher total
solute content is a result of' the greater volume fraction of'1 phase present in
the microstructure.

6. The JI phase is the major nicrostructural constituent which controls grain size
and structural stability both during T IP and SPD. The higher the volume
Fraction of'o the more refined was the resultant microstructure.

7. Li additions have a greater effect than simply displacing additional MLg from
solution. This appears to derive from an ability to prevent 3 coarsening during
elcvated temperature testing.

S. [he concept of microstructural evolution via continuous recrystallization in
these alloys was confirmed. iowever, the materials were shown to be ver-
sensitive to heating rate and final deformation temperature with respect to the
triggerin2 of discontinuous recrvstallization processes.
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VII. RECOMIMENDATIONS

2

I F-urther studv of the precise role of lithium in improving the superplastic
response of aluminum-niagnesium alloys should be undertaken. Ilhe results of
such a stud,, could reveal new intormation on the superplastic phenomenon.

2. Additional research into the fundamental mechanisms of superplasticity wvould
provide insigiit and the ability to further improve the performance of' these
alloys.

3. A more complete assessment of both ambient and elevated temperature
properties of the 0-1, 8-1 2. and S-I alloys should be performed. In particular, a
more extensive matrix of elevated temperature tests would pernut greater
confidence in flow stress versus ductility correlations.

4. It is further reconinmended that the results of this research be brought to the
attention of the aluminum industry as these alloys have clear commercial and
industrial potential.

5. In view of the combination of low density and high strength. the 6-2 alloy
should be examined in detail to determine the optimum TMP to pern-Ut the
earliest possible assessment of elevated temperature properties.

7 6
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APPENDIX A

DIFFERENTIAL SCANNING CALORIMETRY

I he Ditferential Scanning Calorimeter DSC) used in this work was a Perkin- PP

ilmer DS('-2C connected to a Perkin-Elmer paper chart recorder. Two purge gas

sxstems both using nitrogen were employed, one connected to the isolation box and the

other to the sample holder. For all experiments the outer purge system was pressuri/ed

briefly before operating the device to remove any water vapour introduced during the

placement of the sample. and the inner s~ stem was set at a flow rate of 20 nil per

nunute and operated until completion of each series. The machine was Iirst

conditioned at 1()O0'C for approximately 1 hour as described in the operations manual.

Following this. a temperature calibration sequence was performed using Indium and

Potassium Chromate reference samples. The machine settings for these runs are shown

in Table 8

TABLE 8

DSC CALIBRATION SETTINGS

Control Indium Potassium Chromate

rane 5 mcal sec 5 mcal sec
hieafine rate 1I de e n 16 de min
chart pced SO) nif nun So mrin inn
pen 2 20 mV 50 mV
low temp -110 K 920 K
high temp 500 K 999 K

Usine the calibration equation from page 3-1-4 of the manual the adjustment was

calculated as shown below:

ATInd - act 1

AR- R2  x
ATac t  1 (00
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51-4.55 513.9 1 ,

51 3.9 l (I(

- 1.01"-
ax

This adjustment was applied to the range control and the final temperature settings

%kere:

Range 895

Zero 29.4

A final confirmation test was performed and the two transition temperatures were

found to be within the expected limits.

The next step was to establish DSC settings which would result in the best

possible baseline traces for the materials which were to be used in this series of

experiments. The best results were found when a representative sample having

approximately the same mass as that to be tested was used in the calibration. For this

reason, a series of test runs with samples of masses ranging from 3 - 6 ng w.is

performed and for each case the best machine settings were recorded. The diflikultv

experienceJ here was that it was found that changing any one control setting affected

the other settings. The most significant of these was the inter-relationship of the AT.

zero, and slope controls. After some random alteration of these three, it was

determined that, within a very narrow sample mass range, the use of the slope control

could provide the necessary line tuning of the baseline but, it the mass changed by

more than I mg, it was necessary to alter the zero control. In the interests of'

reproducibility and ease of operation, it was decided not to alter the AT control (used
to adjust the baseline curvature) after an approximately optimal setting of -10.0 was

found early in the testing.

Since the reactions occurring within the sample alloys are relatively low energy

compared to. for example, the melting of water, it was necessary to optimize the

overall experimental sensitivity. This involved the range setting of the DSC and the

pen range settings on the paper chart. The manual explained that, for best results

under normal Lircumstances. the higher DSC range settings are preferred as this will
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allow For more accurate solvus temperature determination. This meant that the pcrl

would need to be set at relatively hi2h sensitivities to permit the reaction, to he ,ecn.

For all runs in this work. the DSC range was set at 5 mCal ;ec. Pens I and 2 wcre %et

at I mV and 2 mV (full scale deflection) respectivclv for most of this work.

Once the baseline was optimized. the experiments involved heatin: the amnies at

a rate of-I1"C per minute over a temperature range of appro\inate1x lf)('

Following that, thle samples were cooled at the maximum cooliiz rate of 320 C and a

second and third heating cycle was performed. The results of the second and third

heating cycles were compared to determine any variability occurring in tile m-,lchinc

readines and from this a baseline trace was established to which tle first trace ccuId be

compared. Due to the quench rate sensitivity of 6-1. this technique could not be used

to define a baseline. Samples of pure aluminum with approximately the same ma"s

were run and traces produced by these runs were used to define baselines for this allo%.

For ali alloys, the difTlrence between the first trace and the baseline was measured at

evenly spaced intervals over the temperature range of 100 - 440'C.

This value was used to calculate the heat capacity in J Kg-K. The followine

equation was employed to convert the number of divisions measured on the paper

recorder to heat capacity:

div x R(mCal sec) x 4.186(J Cal) x 60(sec nin) x P(mV) x 1000
Cp =

Fs (mV) x M (mg) x fIR (K ran)

where: div = number of divisions measured on chart

R = DSC range

P = pen scale

Fs = full scale output from DSC (10 m\

M = sample mass

HR = heating rate (40 K mn)

note: the factor of 1000 converts units from mJ mg-K to J K2-K

These calculated results were tabulated and entered into the NPS mainframe

computer. At least three samples of each material of interest were run and the results

were plotted for comparison and analysis using the Easyplot graphics plotting software.

File results of these experiments are discussed in the body of this work.
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