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A B S TRA CT

The development of substructure in cartridge

brass , subjected to cold rolling followed A y warm

annealing, is characterized as a function of annealing

tempe rature and true strain. Substructure develops

and becomes refined as annealing temperature is

increased to the point of recrystallization.

Dislocation cell structure is also refined as true

strain is increased. The variation of hardness with

annealing temperature correlates well with

substructure development and refinement.
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I. ~~ T..BOD.~c.~~ION

The effect  of the developmen t of subs t ruc ture  upon
mechanical properties of certain metals and alloys has been

reported by numerous investigators (1—5]. It is the  aim of
this thesis to show correlations which may exist between

hardness and subgrain cell structure for cartridge brass (70

Cu—30 Zn). While mechanisms of subgrain formation are still

under investigation, it has been determined that stable

substructure may be formed by various thermo— aiechanical

proc esses, such as warm rolling, cre ep, and cold rolling

followed by warm annealing . The latter process has been

used in this investigation.

The par t icu lar  the rm o— a~ chanical  process used de te rmines
the na tu re  of the subst ructura l  boundaries . For e x a m p l e , as
higher  t e m p e r a t u r e s  are employed in ro l l ing,  for  a given
sub grain size , the better  the subgra in  boundary  act s as a
barrier to plastic f l o w .  Chen  and Ly t ton  ( 6 ]  f o u n d  tha t
subgra ins  formed by the process of cold roll ing fo l lowed  by
warm annealing , as used in the present work , are less
resistant to plastic f low at elevated t empera tu re s  than
those obtained by warm working.

The effec t of subgra in  s t r uc tu r e  on s t r e n g t h  is not
trivial. Through subgra in refinement, Ti lm a n  and Neu m eie r
(7] were able to increase the tensile strength of lead

alloys by approximately 21 percent without serious loss of

ductility . Young and Sherby (4] achieved 100 percent

increase in the low temperature yield strength of AISI 316

stainless steel by reducing the subgrain size from 1 micron

to 0.2 micron. These investigators also concluded 
that8



mater ia ls  wi th  subgrains of 0.4 micron or less appear  to be
stronger than the same material conta ining grains of the

same size.

Early investigation by Hall and Petch (8] found that

flow strength in metals may be related to the grain size.

They modeled grain boundary strengthening by assuming that,
in the undeformed state, a polycrystalline metal has few
dislocations between grain boundaries . As the metal  is
deformed , generated dislocations glide on w e l l — d e f i n e d  slip
planes. These dislocations pile up at grain boundaries and

cause a stress concentration which is transmitted through

the boundar ies  to adjacent  grains.  They  proposed t h a t  the
s t r e n g t h e n i ng  ef fect  may be fo r m u l a t e d  as

c3-_ = ~

w h e r e  ~c is the streng th at a fixed plastic strain, ~3 is a
form of “f r ic t ion  stress” , ~ is a mater ia l  constant , ~ is a
constant , and d is the grain size. They proposed a value of
! equal to —1 / 2 which wou ld  indicate t h a t  the small er the
grain size, the larger the yield strength. In terms of the

model , the smaller grai n size a f f o r d s  a snor te r  p l ane  on
which dislocations may pile up, and the resulting smaller

stress concen tra tion allo~is a nigher yiel d strength. The

stress concentration resulting from the pile up is smal le r
for a finer grain size and requires a higher applied stress

to propagate flow in the structure.

Metallurgists today recognize the Hall—Petch relation to

be an empir ical relation which is valuable in studying

strengthening mechanisms. Many investigators £ 1, 4 ,5 ,8 )  have
examined the applicability of this relation to subgrain

strengthening and have found that, for am bient temperatures ,

the relation holds when the subgrain size ,~~ is substituted

for ~~~. From these studies, it appea rs that the constant ~

9



may depend on the na tu re  of the  subgrain cell wall and tha t
a better value fo r  ~ is — 1 . 0  ( 1 ,4 ,5,8, 9]. F u j i t a  and  Tabata
(5] have found that the Ilall—Petch relation depends on both

the specimen and deform ation conditions an d have suggested
tha t  the usual g ra in  size parameter  might  be replaced oy a
more general  measure , such as a mean free pa th  for
dislocation motion witLin the specimen that woul d take into
consideration cell obstacles to dislocation motion rather

than only high angle grain boundaries.

The purpose of this study is to characteriz e the

strengthening effect of subgrain development in cartridge

brass resulting from cold rollin g followed b y warm
annealin g. For this investigation , hardness wa s the
mechanical jroper ty chosen to characterize the effect of

substructure refinement. For the remainder of this report,

the te rm “dislocation cell” will be used to denote  the
d i f fused  boundary  subs t ruc tu re  developed , r a t h e r  than

“sub gra in ” , which might  imply  a more distinct b o u n d a r y .
Alloys wi th low stacking fault energies, such as brass , tend
to form these diffuse boundaries while metals with high

stacking fault energies, such as aluminum , tend to f o r m  very
distinct , well—def ined subgrains (10 ].

10



II. EXPERI1~ENTAL PROCEDURES

The samples used in the research were cut from 0.25

inch th ick stock of car t r idge  brass in to  pieces 0 . 7  inch by
1.0 inch. The material was received in a half—hard

conditio n, so the samples were initially annealed at 900°F

for one hour. The pieces were then cold rolled on a rolling

will, figure 1, to induce true strains rang ing from 10 to 90

percent at increments of 10 percent. Specimens of each

degree of s t ra in  were  t h e n  annea led  at a cons t an t
t e m p e r a t u r e  for  one hour . Ten annea l ing  t e m p e r a t u r e s  were
used , r a n g i n g  t~~~~ rbom t e m p e r a t u r e  to 650°F in i n c r e m e n t s
of a p p r o x i m a t e l y  50°F. ~ecxi anical t es t ing  was p e r f o r m e d  on
a Rockwell  Hardnes s Tester using the  1/ 16 inch bal l d i ame te r
and 100 k i logram weights , r e s u l t i n g  in a Rockwe l l  B
hardness . T en  readings  were  t a k e n  for  each sample , w i t h  the
highest and lowest disregar ded , and the remaining averaged.

When hardness versus anneal ing t e m p e r a t u r e  w a s  p lotted
for  a given strain , hardness  in i t ia l ly  increased , fo l lowed

~y recovery at temperatures where recrystallization night be

anticipated. Samples were chosen along the 60 percent true

strain curve for investigation of their substructure before,

at, and after peak hardness was attained. Thinned sections

were prepared by first spark cutting on a S.M.D. Servomet

Spark Machine , figure 2, using a 0.028 inch wire and a

cutting range of 4, producing slices perpendicular to the

direction of rolling with a taickness of 0.04±0.005 inch.

These sections were sanded with 4th) grit paper to 0.03 inch

an d elec trochemically thinned using a 10 pe rcen t solution of
potassium cyanide at 8 volts AC. ~he thinned sections were

rinsed in distilled water and aiconol. All foils were

11



examine d using a tilting stage in a JEM—7 transmission

electron microscope at 100 KV.

C
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iii. aESUL ~~

In f i g u r e  4 , ther e is seen a distinct increase in

hardness (for a given initial strain) as a function of

annealing temperature up to a point. The hardness then

falls off  rapidly wit h increasing tempera ture , as the
structur e starts to recrystallize . The 60 percent strain

series w as chosen for detailed substructure investiga tion
becaus e it appeare d representative of all sam ples.

As seen in f i g u r e  5, cold rolling with very low
annealing tempe rature does not develop a distinct cell

structure. There are bands of dislocation tangles , but no

significant, distinct cell, structure to act as a barrier to

dislocat ion motion can be identified . There is an area of

discon t inu i ty  of bands of dislocation t ang l e s  at  ~ whic h is
probab ly  the  res ult of a low angle b o u n d a r y .

Fi;ure 6 shows that a substructure begins to develcp for

the specimen annealed at 210°F. The cell structur e boundary

is not distinct, an d not easy to guantify, but an ordering

of the dislocation tangles is apparent. The hardness of

this sa~~p le from the 60 percen t strain curve from figure 4
indicates that this developing substructure has increased

the hardness of the material. Figure 7 shows that annealing

at 2450F for one hour allows tue dislocations to form much

smaller , though still indistinct, cells. The increase in

har dness becom es more significant, however , as substructure
refin ement increases.

13



Increas ing the annea l ing  t empera tu re  to 430°F resul ts  in
the substructure shown in figure 8. The cell structure is

more obvious and. quantifia b le, having characteristic
subgrain features with a cell size of approximately 0.2

micron. From figure 4, it is evident that there has been a

sharp rise in the hardness of the specimen with the

development of the cell structures. Figure 9 indicates that

the cell size may reach saturation at some intermediate

value of annealing tempera ture, as there is no noticeable

reduction in size of the dislocation cells by increasing the

annealin; temperat ure to 525°F. Figure 10 gives a higher

ma gnification view of the cell structure at this peak

hardness. While the exact nature of the boundaries cannot

be discerne d , diffused dislocation tangles are apparent.

Referenc e to figure ~4 indica tes that the two samples, having

approximatel y the same substructure , also have approximately

the same hardness. Figure 11 is indicative of the structure

of the material once it starts to recrystallize. The cells

ar e gone , and ther e appear long flowing dislocation lines

with little interruption. As expected , figure 4 shows that

this sample not only has not increased in hardness (since it

has developed no substructure) but that (due to

recrystallization) the material has actually softened from

the ‘t as rclled” condition.

Samples of pea k hardness  at each strain chosen for

observation have well—defined cell structures. Figure 12

shows that the cell structure developed ny the 20 percent

strain during rolling is large and irregularly shaped. The

central portions of the cell indicate a low lislocation

density while the cell walls are made up of dense tangles.

The sequence of figdres 12—15 shows the refinement of

substructure as a function of increasing strain. This

follows because , as deforma tion increases, dislocation

density increases. The smaller cell structure would provide

14



more b o u n d a r y  surface to take  in the genera ted  dislocations.
The increase in peak hardness with increasing strain is

shown in figure 4. A plot of the log of hardness versus the

negative log of cell size can be fitted by linear regression

with a line of slope —0.639. Although this value approaches

the value of — 1 for ~ suggested by oth er investigators , much
scatter is inherent in these values, whic h arises from the
determination of the dislocation cell, size.

4
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IV. Q~~~~~~~~ 2!

Chal lenger  and Motef f , work ing  w i t h  AISI 316 stainless
steel, have ma de observations concerning the formation of

dislocation cell structure (1]. Their work suggests that

subgrain s are forme d by the intersec tion and tangling of
dislocations lying on intersecting (111) slip planes in the

face centered cubic structure. These dislocation tangles

would act as barriers to subseçuen t dislocation glide on the

(111) p lane and will collect dislocation debris which in
turn promo tes the forma tion of dislocation cells whose
boundaries lie on the (111) planes. The development of

these stable dislocation tangles forme d b y intersec ting slip
planes is the Lomer—Cottrell effect.

In other wor k [11 ,12), from direct “in situ”
observations of aluminum deformed in a 500 key TEN , Fu jita

has discovered that these staDle tangles do not fort

effective barriers to dislocation motion. He observed that

active dislocation s readily climb and slip through these

tangles under shall applied stresses. In rae same wori ,

Fujita observed that af ter considera ble deforma t ion small
dislocation loops are forme d which are very stab le and act
to pin the active dislocations. Heavy tangling of

dislocations occurs around these loops when the loop density

is high. During recovery, these loops anneal out and the
dislocations are unpinned.

The present work did not investigate the formation

process. In either case mentioned above, the driving force
for rearran gement of dislocations into a cellular structure

is the reduction of strain energy in the system . In the

16



study with AISI 316 stainless steel (1], Challenger and

Moteff expressed a relationship which showed that a
reduction of the avera ge distance between disloca tions as
they rearrange themselves during annealing results in a

corresponding decrease in the strain energy. This reduction

in strain energy thus would drive the rearrangement ,

provided that the dislocations had sufficient mobility.

This also presum es the existence of a critical dislocation

density beyond which rearrange ment will occur. In the

present study, it is assumed that the critical d islocation
densiti h-a~s been achieved at a small true strain and that

the increased dis1ocatt~n ~obility afforded as temperature

increases allows the mechanisms of cross slip and climb - -to

form the dislocation cells. The expected temperature

dependence of this process in confirmed in this
investigation by the observation that the higher the

annealing tempe rature , the better developed are the

dislocation cell structures. Vesely (13 ] has found that

dislocat ion walls formed in deforma tion prior to forming
cells are not continuous throughout the cross section, but

that they terminate in the material. He states that the end

of a vail represents ~ d iscon t inu i ty an d is the source of
internal stress. Such discontinuities are seen in the

present work , and their stress field could result in a
b4rrier to primary dislocation motion. Increased annealing

temperatures could also work to relieve these stresses and

increase dislocation mobility.

Fu jita and Tabata [5] have worked out an interesting

relationship between the dislocation cell size and the

initial grain size which indicates that the cell size

decreases rapidly when the initial grain size becomes

smaller than a certain value which is a property of the

material. This relation is derived from their work with

aluminum and is based on the theory that when the strain

increases, the number of active slip systems is increased

17



due to interaction among the grains. This theory should be

valid for all face centered cubic metals.

Nost theories on sungrain strengthening are modeled to

mak e the data fit the Hall—Petch relationship. Langford and

Cohen [8] investigated the strengthening of iron by

subgrains develope d by wire drawing. These subgrains were

highly elongated and ribbon—like so that their strengthening

data may not be applicab le to the presen t work ; however ,
some of their conclusions and modeling are relevant to the
strain harden ing process. In this model , cell size

strengthening is based on the assumption that dislocation

sourc es in the cell walls are readily ac tivated at low
applied stresses under the influence of high stress

concentrations. The observed strain hardening would result

frcw the stress required to expand each dislocation loop

across the glide plane of the cell until it reaches the

boundary of the glide plane. The work of deformation per

uni t  cell woul d be equal to the prod uct of the f low stress
and the strain per passage of dislocation. This work is

equal to the  energ y per unit  volume expended in f o r c i n g  the
expan din g dislocation loop against the friction stress (~~~)
on the glide plane, plus the energy per unit volume required
to genera te  -the total l eng th  of the  dislocation l ine.  The
result  of their  analysis is an equat ion of the f o r m

From experimental observations, Fujita and Ta bata ( 5 ]
have found that for low strains and no developed

substructure in aluminum , the Hall—Petch relation,

— - l I e.

~~~~
is valid, where ~ is the grain size. This would indicate

that a kind of dislocation pile—up (upon which the

18



Hall—Petch relation is based) is formed against the grain

boundary in order to transmit the deformation to the next

grain. With large angles between grains, it can be assume d
that grain boundaries are the ma jor obstacles to dislocation

motion. Once the substructure has developed , how ever ,
active dislocation motion is retarded significantly by

dislocation tangleE. Active dislocations must move through

the tangles by cross slip and climb. Thus , perhaps the cell

structur e is dominant in determining dislocation motion by

the density and size of the prismatic dislocation loops in

the cell walls. The fact tha t these dislocation loops ten d

to anneal out [5 ,11 ,12,14] may account for the fact that

subgrains formed by cold working and annealing are less

resistant to plastic flow at high tempe ratures, as
discovered by Chen (6]. It may also help explain why the

strengthening from this meth od was less dramatic tha n that

obtained by the warm rolling done by Sherby (4] and Tilman

and Neumeier (7]. Figure 12 gives a good representation of

the expected substructure after annealing at a high

temperature. The dislocation loops have been annealed out,

and so th e disloca tion tangles become long and flowing in
the recovery stages. Thus, it may be deduced from tne

present work that the nature of the boundary is determined

by the conditions under which it is formed.

For i,ntermediate areas where the substructur e is

developing, the mean free path of d islocations may be a
com bination of grain size and dislocation tangles. The

numerous other possible obstacles to dislocation notion ,

such as precipitates, solu te atoms , and point defects, could
lend credence to the idea that rather than having a strength

relation based solely on grain or subgrain size, it would be
better to use a Hall—Petch type relation with a mea n free

path of dislocations and recognize where grain ooundary and

subgrain boundary simplifications would apply.

19



V. ~~~~~~~~ ~~~ çQ~~çLU SIQ~~

A transmission electron microscopy investigation of the

correlation between increasing hardness and the developed

substructure of cartridge brass (70 Cu—30 Zn) has been made.

The brass was thermo—caechanically treated by cold rolling

followed by warm annealing. This process result ed in

increased hardness with increasing temperature , for a given
true strain, up to the onset of recrystallization.

Nicrographs of the substructure show that the development

and refinemen t of the dislocation cell structure correlates

well with the observed increase in hardness in figure ‘4.

Fu jita (.11,12] has theorized that dislocation cell

structures are formed by dislocation loops formed during

deformation. From “in situ” observa tions of deforma tion in
a 500 LCEV TEN , he has foun d that these d isloca tion loops
anneal out at elevated temperatures and the dislocations are

unp~ nned, allowing them to move freely. This would help

explain why subgrains formed by cold working followed by

warm annealing are less resistant to plastic flow at

elevated tea~ eratures as observed by Chen (6]. The present

stud y indicates that the cell structure does ~ot form at
higher annealing tempera tures, as shown in figure 11 .

The series of aicrographs showing substructure as a

function of anneal ing temperature (figures 5—10) shows a

high dislocation density formed during cold work. For

annealing temperatures greater tha n 150°F, most of the

dislocations are arranged in more or less complicated

cellular walls, and add itional dislocations exist as a less

dense netwcrk within these walls. These features are best

20



def ined in f igure  6. This structure is typical of most

annealed metals , but the  precise d i s t r ibu t ion  depends
strongly on the me tal, its purity, and the history of the
deforma tion (15]. Also, througnout this series,

dislocation density betw een the cell walls ap pears to
decrease as the dislocations mig rate to the walls.

The samples chosen to depict the substructure as a
function of true strain were , in each case , taken at the
peak of the hardness versus annealing temperatu:e curve and

are assumed to represent the most refined substruc t ure. The

dislocation cells in each case consist of diffused cell
walls with central areas of low dislocation density. As

shown in figure 16, the har dness increases with decreasin g

cell diameter.

While it is evident that cold rolling followed by warm
annealing is a viable mechanism for subgrain streng thening
of car tridge brass, the boundaries formed are not as

effec tive a barrier to dislocat ion mo tion as those of other
materials formed by alterna tive me thod s (4,7]. Fur ther

investigation is needed to see if more e f f e ctive
strengthening may be realized by alternate thermo—mechanical

treatment.
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F igure  1 — ROLLING M I L L .
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Figure  2 — SERVO S. N. D. SPARK SLICER.
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Figure  3 — JE~1—7 TRANSMISSION ELECTRO N MICROS COPE.
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Fi;ure 5 — C A R T R I D G E BRASS ST R A I N E D  TO 50 P ER CEN T A N D
A N N E A L E D  AT 150°F FOR 1 H O U R ; ~F I~~AG~ 50 ,OJOX.
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F i g u r e  6 — CARTRIDG E BRASS STRaINED TO 60 PERCENT AND

ANNEALED AT 2 10°F FOR 1 HOUR ; BF I~i A G E  50 ,000X.
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F igure  7 — CA R T R I D G E B R ASS S T R A I N E D  TO 60 PERCENT AND

A N N E A L ED AT 245 °F FOE 1 HOUR ; B? I M A G E  50 ,0 0 0 X .
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Figu re  — C A R T R I D G E BRASS S T R A I N E D  TO 60 P E R C E N T  A N D

AN N E A L E D AT 430°F FOR 1 H O U R ;  SF I M A G E  50 , 000 1.
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F i g u r e  9 — CARTRIDG E BRA .~S S T R A I N E D  TO 6 0 P E R C E N T  A N D
ANNEALED AT 525°? FOR 1 HOUR ; SF IMAGE 50,0001.
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F i g u r e  10 — C A R T R I D  BRA ~ S STRAINED TO 60 PERCENT AN D

ANNEALED AT 525°1~ FOR 1 HOUR ; SF I~1 A GE 20 0,0001.
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F igure  11 — C A R T R I D G E BRASS S T R A I N E D  TO 60 ? E R C E N T  A N D

ANNEALED AT 670°? FOR 1 HOUR ; SF IMAGE 50,000z.
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Figure  12 — CARTRIDGE BRASS STRAINED TO 20 PERCENT AND

ANNEALED AT 360°F FOR 1 HOUR ; SF IMAGE 50,0001.
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Figure 13 — CARTRIDGE BRASS STRAINED TO 40 PERCENT AN D
ANNEALED AT 430°F FOR 1 HOUR ; BF IMAGE 50,000X.
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Figure 14 — CARTRIDG E BRASS STRAiNED TO 60 PERCENT AND

ANNEALED AT 525’F FOR 1 HOUR; SF IMAGE 50,~)00X.
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F igu r e  1 5  — C A R T R I D G E B R A S S  S T R A I N E D  TO 9 0 P E R C E N T  A N D

ANNEALED AT 430°F FOR 1 HOUR ; B? IMAGE 50,JOOX .
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