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FOREWORD

This report was prepared by the Dow Chemical Company
under Supplemental Agreement Nao. S2 (52-286) to USAF
Contrsct Number AF 33(038)-16655. The contract was
initated under RO .53-6, entitled "Principlec of the
Effect of Rare-Earth Additions on the High Temperature
Properties of Magneeium", It was adminitered under
the direction of the Aeronautical Researcl: Laboratory
(WCRRL), Directorate of Researen, Wright Air Develop-
ment Center, with Lt, John P, Hirth acting as project
engineer,
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ABSTRACT
The creep mechanism and kinetics of fine-grained
marnesium have been studled cver the temperatufe range
200 to o0OF. As a result of a photographic «tudy of
micronstructural changes, transient and steady-state creep
components have been correlated with slip, subgrain

formaticn, and cyclic deformation at the grain boundaries.

PUBLICATION REVIEW

This report has been reviewed and 1s approved.
FOR THE CCMMANDER

SLTIE K. WILLIAMS
nlonel, USAF

Chief, Aeronautical Research Laboratory
Directorate of Research
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CREEP BEHAVIOR OF EXTi DD ELECTROLYTIC MAGNESIUM
\

INTRODUCTION

The a=-rcoh uf vils rgsearch has been the blend of a
quantitative study of the créep‘ﬂtraln of polycrystalline
magnesium as a function of time, stress, and temperature with
direct microstructural cbservations of the operdtive deformation
processes. The validity of the conclusions 1is dependent on the
condition that the microstructural changes seen on the polished

__surface qualitatively represent those occurring in the bulk of
the metal. The wovk was intended as much to lay a background
to a study of highly creep-resicstant magnesium alloys as to
provide a description of the behavior of the base metal 1tsgelf.

The spectroscoplc analysis of the electrolytic magnesium
used in this atudy 1s as followa=: Al, 0.009%; Ca, <0.01l; Cu,
0.0011; Fe, 0.021; Mn, 0.012; N!, 0,0004; Pb, 0,0012: 81,
<0.001: 8n,<0,.,001; and Zn,<0.5i. The impurity level 1is
approximately that of commercial magnesium alloys. The
original ingot was melted under Dow type 310 flux and cast as
a 3 inch diameter billet. It was extruded into 1-1/4 x 1/8
inch flat stock under the conditions: billet preheat ZSOOF
(1 hour), container and die temperature Z0OF, speed 3 feet

. per minute, and area reduction ratio 45:1. The extrusion
\'rocess was chosen in preference to rolling and recrystallization

x'\e grains of the extruded metal were fairly eguiaxial

Srm in the size range of 4 to 6 thousandths of an inch.
ved orientation of basal planes about the transverse
\8 determined by an X-ray diffraction surface

and unliy’
The prefe.
direction w
reflection mu ‘Pod. A beam of flltered copper radiation was
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directed at angle of 17° to both the tranasverse direction
and the surface yet perpendicular to the extrusion axis.
Analysis of :he (002) diffracticn arcs in the resulting photo-
graphic patterns gave an approximate intensity distribution
along the great circle which extends through the center of

the basal plane pole figure and to the extrusion axis poles.
Successive layers of metal were removed by macroetching
between exposures.

The extruded texture is relatively sharp, but the most
significant point is the position of the maximum basal plane
pole density and 1ts variation with depth below the surface.

Figure 1 shows that this maximum is rotated 15° from the

normal at the surface toward the extrusion direction. Such an
inclination has been reported for extruded 1% Mn and 8% Al-0.5%
Zn alloys(l). The inclination decreages until the maximum
splits at about 0.025 inch depth into two elements of equal

and opposite rotations from the ideal. The double texture
persists to as great a depth as was experimentally convenient
to examine. It probably continues to the very center of the
extrusion. There 18 no great change in the sharpness of the
individual elements of the texture with depth.

A plate of metal about 0.015 inch thick at the surface
of the extruded stock was produced by etching., A transmission
diffraction pattern was made for the purpocse of determining
any preferred orientation of a direction in the basal planea.
Relatively uniform {100% and £1013 rings were produced. There
i1s 1little tendency for parallelism of a given direction in the
plane with the projection of the extrusion axig on i%.

The creep specimens were machined from 6-1/4 inch lengths
of the extruded stock. Creep was measured on the reduced
gection, 1/2 x 1/& x 2-1/U4 inch long. This section was

WADC TA 54-230 = B =



electropollished on one side for the studies of mlcrostructural
changes during creep. An orthophonaphnrlic acld-ethyl alcohnl
electrnlyte was used under the conditions recomrended by
Jacquet(E). Hand pollshlng was used for prevlous mechanlical
preparation. Electropnlishing was centinued until all mechanical
twins had been removed. The electropolished surface vas
protected from oxidation during creep testing by a thin layer of
gilicone oil. all wicrograrhs were taken at rcom temperature nn
conventional metallegraphlic egulpment and after removal of the
oil film.

The creep tests were performed with machines which have
been descrived in detall by Mnore and McDonald(B). Five
testing temperatures, 200, 300, LOO, 500, and 600 % 3F were
uged. Difference in temperature between the two ends of the
specimen reduced sectlion was 2° or less. The testing was done
at congtant load. BStrailn readings were taken as frequently as

necegsary to develop usable creep curves.

TENSILE CREEP VERSJS TIME, STRESS, AND TEMPERATURE

A definition of terms 1s necessary. Whenever successlive
gections of a creep straln-time curve ghow decreasing, congtant,
and increasing slope with time thev will be termed primary,
gecondary, and tertlary creep, respectively. The terms
transient and steady-state creep wlll be applied in the
cornventlonal manner to the two separsble elements which sghow
finite decreasing and constant straln rates, respectively,
from the veglinning of the teat. Primary creep may be usged
for a guantiative analysis of the translent component only
when the asteady-state creep 18 negligible, Secondary creep
may be analyzed as steady-stage creep only when the transient
element 18 negligivle.

WADC TR 54-270 -3 -



Quantitative analyses of the linear coordinate plots
of creep strain versus time for magnesium proved the ex.gtence
of both transient and eteady-s.ate components. Translient creep
was predominant for all stresses tested at the lowest tempera-
ture of test, 200F. Steady-state creep becomes mnre nredom-
inant as the temperature increaced and to a legser extent asg
the stress decreased. There 1s negligible tranalent crerep at
the 1limit of low stresses at ©ONOF. The representative creep
curvea shown in Figures 2 and 3 1llustrate the change nf curve
gshare over the experimental range of gtress and temperature.
Transient creec 1s predomlnant in the curves of Flgure 2.
Figure 3 1llustrates the predominance of steady-state creep.
Tertlary creep was never observed, although many tests were
carried to a creep strain of 0.10.

In the Tirst phase of this investligatinn creep curves
were obtalned from tests at the temperatures of 300, LnN0O, 500,
ard 600F. Each test was continued until rectilinearity of the
plot had demonstrated the exlistence of secondary creep.
Secondary creep was never generated withirn the measurable
straln range 1n the tests at 200F. The first XInetic analyses
were made with secondary creep rate, stress, and temrerature
as the variahlesg. Attemrts were made to fit l1sothermal rate
data to the exponential, power, and hyperbollc sine functions
of stress. With the use of tables constructed for the nurpose(u)
1t was found that the latter function pave & pnor fit »f the
data. Curvature of the semilog plot cf streass versus secordary
creep rate shown in Figure 4 congtitutes vroof of the invallidity
of the exponentlial relation. The rliot of the data on log-log
coordinateg in Filgure 5 18 & test of the power relation between
stress and secondary creep rate. The rectilinearlity of the
lgntherms proves the validity of the power function. A
relatively sharp transition between two stralght line segments
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in each leo.lierm 1s required to fit the data. Such transit)ou-
have been reported and dlscusgsed by Servl und Grant(s)(6).

Translent Creep: The creep straln-time deta for the higher

stresses at 200, 300, %00, and 500F, where transient creep 1is
very predcminant, were plotted on log-log coordinates.
3tralght llnes were obtalined in agreerent with the equation

Eg'—'—'/dtn

where €, 18 transient creep etrain;/5, a function of tempera-
ture and stress; t, the time 1in hnure; andnw, & constant.

Values of Sand n , which are equal to the intercept at
1 hour and slopes of the astraight line, reapectively, are
glven in Table I. A remarkahle constancy ofn with an averawve
value of 0.53 was found. The dependence or/SOn atresa and
terperature ig shown in Flpure €. Stralght ard reasnonably
varallel lines prove that A 1s of the form B(T)o™ wherem,
the average alope in Figure ¢, 1s 4.0. A atraight line 1in
the plot of /8 at 3000 psl versus the reciprncal of the absolute
temperature, Figure 7, ahows B(T) to be »f the form Ae "R,
The/5 values plotted are the intercepts cf the lines in Figure
¢, using extrapnlatiosn of the H50CF data. The Lemperature
coefficlent w, 1s equal to 15,500 cal per gram atom. In the
excerimental range, the average slope in Figure 6, 1s 4.0,
Transient creep in the range of 200 to 500F and 1250 to 10,000
psl may be represented Dby:

= -~ /5,500
é-l: L‘L°5 x 10 v e = o.‘l».O t0-53

Steady-3tate Creep: Calculations were made of the translent

creep rate d€/dt which was occurring at the strain level of
individual curves where the secnndary creep rate was measured

fer the general kinetic analysis. Comparison of these rates
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terstand ing

— T e v 1ates led to an un&f
with thie measurcd gsecondary 1ate 1 t V. 11'ed rates

af ¢ . niis shn Mleure H. nen s X
£ the transltinus shown In Figure 5 The m ,qi on the hipn

o S A tvy. gtute creen elemend
are credomlnantl; the ateady-state creep clemenyy . conditions

temperature-low stress slde of a transitlon. Tnd\ . ot n

represented by the lew tespevature-hlgh siress si\\ tr;nqient
transition, the measured rates are predanirnantly th\

creep element. Because »f the markedly different st
dependence of the two rates, only 1n the near vicinlty N
transition on the log-log plot are they of the asame order W,
magnitude at the straln levela where the secondary rates

were measured.

An anelysis nof the stregs and temperature dependence of
the steady-state cree; clement alone was made on the low
__stress sgegments of the lsotherms of Filjyure 5. The only
hagﬁgiﬁslon that could be drawn was thai the steady-state
creep coefficlesnt, k, was a power functlon of stress with
the exponent b a functlon of tewmperavurs. The ageoarahle
element of temperatugfm§ependence shiowed no simple form.
That 1s, steady-state cééep in polycrystalline electrniytic
magnesiun may be represented by:

b(T)

€=k (@ STIES

DEFORMATION PROCES3 IN CREECP

Low-Temperature Tyve Deformation: Several electropolished

specimens were deformed at high creep rates. Filgure ¢
presents the micrcstructure of a srecimen deformed at 200F.
The microstructures shown in Filecures 9§ to 12 corresgond to
the test conditin.& labeled by the encircled numerals 1 t9o
4 in Figure 5. With the exception of ¢ e adnces At
YOOF, the structures may be directly compared at a “otal
creep strain of about 0.04,

ne one

The 8llp lines are strailght with a fineneas and
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wniformity of apaclrr which decrease wilth increasing temper-
ature. The formatini of sharp subgrains 1s common to all
temperatures. The unarpness of the subboundarles 1s clearly
shown with vertical illumination in Figure 10. At the lower
straln level, obligie illumination 18 valuable in revealing
thelr sharpness am in Figure 1llb. In general, however, oblique
1lluminaticn was &woided because of the vxcessive shadows
produced at the grein boundaries. The slight deviation of

2lip lines which puas , through the subboundaries and the recsults
of a few X-ray baci~reflection atudies showed that neighboring
subgraing were on’,y glightly disoriented with respect to each
ciner. In &1l ,f these structures deformatlon at the grain
BodiuasiSn-d muel Less than that within the gralns. However,
the btoundary defo'miation increases in magnitude and changes
from a rough and broken-up to a smooth apoearance as the
temperature increasgaes.

High-Temperature Tyoe Deformation: The smooth varlety of
—grain boundary defcrmation 1e a cyclic process of slidine and
micva*ion which is »est studled under conditlons when 1t 1s
predominant. Figzures 13 to 1l which correspond to points 5
and € on the low-stress high-temperature gsegmentg in Figure
5 present microetructures obtalned when primary crecep was
nearly absent. The mechanical twins and vertlcal polishing
scratches which unfortunately appear in Flgure 13 were present
before testing »necause of insufficlent electropolishing of
this specimen o1ly. All other specimens used in the regearch
were free of twins and scratches after electropolishing. Sub-
grain formatlior hasg dlsappeared and slip lines are few 1in
number. The rlbbing of the dlsplaced reglons was the first
rlue to the cyzlic nature of the process. Inspectlon of many
graln tounaariss revealed the following characteristics:

1. Ir almost all cases grain boundary sliding 1s such

that the grair. having the convex surface boundary contour
subsides.

WADC TR 5L-230 -7 -



2. 1In all cases grain boundary migration is "downhill",
l.e., Into the subsided grain. Thus 1t 18 almost always 1in
the normal direction for grain growth (grain boundary energy

11nduced process). i

Grain growth 1s negligible 1f specimens are annealed a% i
temperacures and for times equal to those neceasazry to produce
boundary migration in the cyclic deformation process. It 1s
reagonable to regard the process as one ~* ercelerated grain
growth accompanied by the generation of strain. Ths nroce.s
can lead to the ultimate consumption of graine as 18 shown
in Figurees 12 and 13. A serles of photographs which also
11lustrates this point and which corresponds to point 7 in
Figure 5 has teen presented(7).

DISCUSSION OF RESULTS

The cyclic gralin boundary deformation process 1is perhaps
tne most striking one observed “n this research. It has been
chaserved and analyzed in the creep of polycrystalline aluminum
by Servi and Grant(5)(6) and Chang and Grant(S)(9). The
latter investigators employed preclse measurements of creep
across the boundaries to obtaln cyclic creep curves which
correlated with the alternate elements of sliding and

migration. The structure resulting from this process appears i
in the micrographs of aluminum by Hanson aiil Wheeler,(lo)
Wilmg and WOOd,(ll) and McLean,(29) iron alloys bv Jenkins
and Mellor,(lz) zirc by Cottrell and Aytekin(13) and Ramaey,(lu)
tin-aatlimony alloy by Betteridge and Franklin,(ls) lead-
thallium alloy by Gifklns,(lé) magnesium by Suiter and Wood,{17)
nd tin by Puttick and King. (27)

811ding appears to occur in boundaries nearest to 4re to
the stress avis until stopped by the local interference at

WADC TR 54-230 -8 -



edges and vertices. The gtrain energy 1locallized at the
grain beundary regione then accelerates the activatinn of
boundary migration. The migration eviaently lowers the
strain eneryy {(local stresas relief) and allows more aliding
at the boundary. 1In other words, the prccess 13 guided by

the tendency to lower both strain energy and surface energy.

Thisg was a conclusion reached in 2 previous study of aluminum‘(9)

The sparsenegs »f glip lines in Figures 13 gnd 1% indicotes
that 1In the liniting case of high temperature and low stress
this procesgs may be the sole mechanism of creep. The change
of mass of the grain adds another degree of freedom not
rossessed by the deformation procesgses which lead only to

change of grain ghape.

The predominance of grain boundary deformatlion correlates
with the predominance of steady—state creep. Perhaps the
constancy of creep rate results from the existence of the
cyclic gself-recovery which boundary migratinon provides. The
nd
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mlcrostructural changes supports the concept of transient
creep resultling from deformation within the grains and steady-
state creep from eprala boundary deformation. This viewpoint

was first tresented by Andrade(1%)(19) and has since been
supported by many 1nveetigatcre(°0)(11)(13)<1E)(G)(6).

Although transient creer 1in marnesium oteys the power
function of time, the exponent, 0.53, differs from the
ciagsical value 1/3. Thia 138 in contrast with the work on
zinc by Cottrell and Aytekin(IB) arrd that on aluminum by
Servi and Grant(5) where apreement was found., This difference
maey be due t» the testing conditlons of constant load rather
than constant stress. If this were the cause, 1t would

hardly seem possaible to obtaln such conslstent results,
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however. The exponentlial relation between transient creep
and temperature has heen found to hold over a range of 300F
(167C) for extruded electrolytic masnesium. It has been
proven for nickel over a 75C range by Hazlett and rarker(21)
and for zinc, alumlinum, and magneslum over a 100C range by
Crussard.(22) The latter investigator reported Q for map-
neslum &8 ranging from 1l¢,000 to 1&,000 cal per eram aton,

a good agreement with the regult of thils research. There

1a nc evidence that Q can be 1dentifled as the activation
energy of any 8imple rate-contrnlling procces.

The occurrence of twlnning was not found in any of the
microstructural atudles of extruded marmesium. This can be
underastond after an examination »f the preferred orlentation,
Filgure 1. When basal planes lle at small anrles to the
tenglon axls, twinnlng 1e not to be exre ted. However, recent
work on very coarse gralned magneslum by Chaudhuri et al.(23)
and the studles of zinc by Cottrell and Avtekin(13) and
magnesium by Suiter and wood (17) have shown that when
orientation conditinone allow 1t twinring plays an ‘mportant
part in creep behavior. Recent work on the rare-earth alloys
of magnegium in thls laboratory has eluclidaled ilie rnleg of
twinning snd also of ron-baesal glip In creep deformation.

The regulte will be reported elsewhere.

The slgnificance of gsubgrain formation in the creep
deformation of aluminum, zlinc and magneslum has heen well
established. (63 (11)(13-15) (17)(23) (24)(27)  14e gimilarity
of thie polycrystalline deformation processa to kinking and
polygonlzation phenomena in single crystals has been d1acuased
by Washburn and Parker. (30) They 1llustrate how continuity
at graln boundarles may bLe alded by the occurrence of sub-
grain formation. It has heen concluded in some of tte naat

irnvegtigations that the preccesgs is of 1mportance only at high

WADC TR 5U-230 =
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terperatures and low creep rates and further that there ins i
an appreclah™le increasgse of subgrain size with ilncreaaling |
temperature. The present regults show that subgrain formation I
in magnesium 1is mogt pronounced at high creep rates at all

terperatures. As the creep rate decreases at a glven tempera-

ture, it disappears tefore slip does. The cyclic boundary i
deformation serves asg i1ts successor. The microstructural
gtudies show no appreclable change 1n subgraln slze over the
entlre experimental range of temperature and creep rate,

The results show that wWlth increasing temperature and I
decreasing stress, prednminance in creep changes from the
procegses of 8lip and subgrain formation to that of grain
boundary defcrmatlon. It seems possible that at very low
gtregaes ard at temperatures arproacning the melting point,
the viscous gelf-d1f uslon processg postulated by Nabarro(25)
and Herring(Qb) may become predominant. All these prncesses
must overlar each other in operation. Neverthelegs, transitions

may De expected from one to the other ag the majlor c¢re

[e4]
ct
4

L Ta

controlling process.

Fortunately 1t 18 becoming more and more arparent as

time pagses that there 18 more similarity than difference
in the creep mechanism and kinetlics of polycrystalline metals.

The agreement between studles of marsnesium, aluminum, and

zinc points out that although minor differences may be of
technical ‘mportance, they can generally be Integrated into a

¢oherert plcture of the fundamentals.

CONCLUSICNS
1. The creep siraln of extruded polycrystclline electro-—
lytic magnesium over the temperature range 20D to GOOF consists

of Loth transient and steady-—-atate elements. The two elements

WADC TR 54-230 - 11 -
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of creep straln may be reprersented as 2 function of time,
stregs and temperatuire bY:
- 15 500 b(T)
- - — .0 £0.53
€ = U.5 x 10-9 ¢ nT - 0 5 ule Tt
2. A rather gharp transition occurs between two straight

line segments of the isotherms 1in the log-lop plot of stress
versus nbgerved secondary creen rate. Tils regults from the
markedly &ifferent stress and temperature dependence of the

two creep components.

3. The translent comnonent of creep results from the
Intragranular procegses of bhagal g8lip and subgrain formatiocn.
It ta of major importance at low temperatures and/or high

atresses.

L, The steady-state element of creev results from a

cyclic orocesgs of s8liding and migratlion of the grain bonundaries.

It is predominant at high temperatures and/or low stresases.

5. 8lip lines becocme coarser and less unifaormly spaced

as the creep temperature increasen.
6. The size of gubgrains fcrmed in creep 1s indevendent

of creep rate and temperature over the exnerimental range
stvdled.
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FIGURE & 250X
Electrolytic Magnesium After 2.04 Creep

Strain at 200F and ¢O0N Psi. 3tregs axia
Vertlical.
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FIGURE 9 250X

Electrolytic Magnesaium After C.04 Creen
3train at 300F and 5500 Psgi, Conditicns
of Foint 1 in Figure 5. Stress Axis
Vertical.




FIGURE 10 250X
Electrelytic Marnesium after 0.02 Creep
Strainat Y00F and %075 Fai, Conditicns
ef Point 2 in Figure 5. BSiress Axlg
Vertical.
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FIGJRE lla 250X
Electrolytic Magnesium after 0.0L Creep
Strain at 500F and 2000 Pai, Conditions
of Point 3 in Figure 5. Stress Axls
Vertical., Vertical Illumination.

| S - h Y ~\

FIGJRE 11D 250X
Electrslytic Magneatum After 0.04 Creep

Streirn at 500F and 2000 Pgi, Conditions of
Point 3 in Flgure 5. Stress Axls Vertlcal.
Cvlligque Illumination.
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FIGURE 12 250X

Electrolytic Magnesium After 0.041 Creep
Strain at ©OOF and 1500 Psi, Conditicns
of Point 4 in Figure 5. Stress Axis
Vertlcal.
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FIGURE 13 250X
Electrnlytic Magnezium After 0.02 Creep
Strain at 60C0F and 300 Psi, Conditions of
Point 5 in Figure 5. Stress Axise Vertical.



£ \ N
* \/ \: S ’ \_\
— \)\ T~ )
. /-\_/ \
/——"\\
FIGURE 14 250X

Electrolytic Maenesium After 0,01 Creep
train at 400F and 1000 Pgi, Conditlons
of Point 6 in Figure 5. Streas Axis
Vertical.
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