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FIRST ANNUAL PROGRESS REPORT I(Jan . 1, 1977 — Dec. 31 , 1977)

By

3. Wadsworth , 3. T. Lo , B. Walser , R. Caligiuri and 0. 1). Sherby

‘ ‘  ..~~er program has centered on the t h e r m a l — m e c h a n i c a l  p rocess ing  of s t e e l s

containing 1 to 2.3%C and the i r  p rope r t i e s .  These u l t r a h i g h  carbon (UHC) s teels

have been commercially neglec ted  because of a t r a d i t i o n a l  b e l i e f  that. they are

b r i t t l e . ~~ r processing however leads to the  f o r m at i o n  of extremc ]y fine

cementite particles of about 1/10 micron (0.0001 mm) in a m a t r i x  of e x t r e m e l y

fine ferrite grains of about 1 micron (0.001 mm) or less. This fine structure

lends itself to several unique and exciting characteristics which revolutionize

the traditional attitudes to these materials. In the f i r s t place these f ine

grained steels are superplastic at warm temperatures and elongations to failure

of over 1500% have now been obtained . This means that these materials can be

very easily formed. Second , they are strong and ductile a t  room tempera ture

and the strength can be simply controlled by the final processing temperature

or subsequent heat treatment. Third , they can he p~iveri a simple transformation

heat treatment, to form a structure of cementite and m artensite whi ch is about

as hard ç~~~ — _65—&8) as tungsten carbide.

During the first half year of our pro ram ~~~ have concentrated on the

chemistry of our UHC carbon steels. Specifically we~ havt’ Investigated the

influence of small additions of Cr , V , Mn, Si , and Ni on ”
~h~ properties of

fine grained UHC steels. We have discovered that Ni and Si are undesireable

addi tions for they enhance graphitiza tion leading to infer ior warm ’ and low

temperature properties. Addition of Cr , V and Mn appears  to he desir~ble f or
these elements stabilize the carbides that are formed and fine ferrite grains

remain fine even after long time deformation at warm temperatures. These

changes in composition have lead to considerable imp rovement in superp lastic

behavior (~-lOOO% elongation) and in room temperature ductility (~ 2O% elongation)
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compared to our original UHC steels. The mode of failure at warm temperatures

is also improved ; whereas a finite reduction of area was noted earlier , the new

INC steels usually exhibit 100% R.A. Our new results are summarized in the

first semi—annual progress report (Jan. 1, 1977 to June 30 , 1977) authored by

J. Wadsworth, J. T. Lo, B. Walser , R. Caligiuri and 0. D. Sherby. Further

optimization of the chemistry of our steels as well as th’~ thermal—mechanical

processing treatment for enhancement of superplastic and room temperature pro-

perties will represent an important part of our studies in our second year.

This report describes two aspects of our work in UHC steels. The first

portion is a paper which describes the mechanical behavior of superplastic UHC

steels at elevated temperature . The paper was prepared by Bruno Walser and

Oleg D. Sherby and is being submitted for publication . In t he  manusc r ip t  the

strength and ductility characteristics of UIIC steels are assessed in the temper-

ature range 600 to 850°C. It was shown that the flow stress—strain rate re-

lations obtained at various temperatures were quantitatively described by the

additive contributions of grain boundary (superplastic) creep and slip (lattice

diffusion controlled) creep . It was predicted that superplastic characteristics

should be observed at normal forming rates for the UHC steels if the grain size

could be stabilized at 0.4~m. The UHC steels were found to be readily rolled or

fo rged at high strain rates in the warm range of tempera tures  even in the  as—cast ,

coarse gra ined , condition .

The second portion of this annual report summarizes the doctoral disserta-

tion of Robert D. Caligiuri. This subject is on t h e  pressure  s i n t e rin g  k i n e t i c s

of iron powders and superplastic UHC steel powders. Caligiuri convincingly

demonstrates that densification under pressure sinlering conditions is enhanced

when the powders have a superplastic structure . His studies have lead to a

generalized relation for the prediction of the densification rate if the creep

characteristics of the powders are known. Specifically , the densification rate

is given by p 60 (
~
‘
~~~‘)

‘
~ 
. where p is the relative densification rate , p

is the density, n is the stress exponent for creep flow and is the steady

state creep rate. Caligiuri’s work leads to the poss ibili ty of pressur e bonding
• superplastic materials at temperatures where solid stale bonding is not normally

considered possible. He illustrates the perfect bond attainable in UHC steels

after pressure bonding at temperatures below the A 1 
critical temperature (e.g.

650° C).
A further aspect of Caligiuri’s work is the superplastic bonding of UHC

2.



steels to other ferrous materials. There are unique features to such solid state

joining. In the first place the bonding tempe rature is very low , always be low
the cri tical A

1 
temperature (-‘723°C). This is an important temperature because

below it no phase changes occur and hence desirable starting structures are not

significantly affected during bonding. The bonding itself is also greatly en-

hanced by the fact that the UHC steel is superplastic. In the second place ,

if INC steels are bonded to low carbon steels (mild steel for example) then

the product can be selectively heat treated . For instance , by taking a laminated

composite of a UHC steel and mild steel to a temperature above the A
1 

and quenching,

a product of transformed UHC steel and unaffected mild steel will resu1t (It should

be noted that some interdiffusion will occur at the Interface at t emperatures above

723 °C). This aspect of our study on IJH C s t e e l s  w i l l  he emphasized in the second

year of our program.

The following is an out l ine  of the four  sec t ions  t h a t  made up t h e  f i r s t  semi—

annual report. This is then followed by the two sections that are described in

this annual repor t :
FIRST SEMI-ANNUAL REPORT

Superplasticity in 52100 tool steel ,
J. Wadsworth, J. T. Lo, and 0. D. Sherhy

Influence of Ni, Cr , and V , on Superplasticitv In Ultrahig h Carbon Steels
J. Wadsworth and 0. D. Sherby

Ultrahigh Carbon Steels — The Inf luence  of Chromium
J. Wadsworth and 0. D. Sherby

Experimental work performed on Ultrah igh Carbon Stt~t l s  at St i l ze r  Brothers ,
Swi t zerland

B. Walser

TillS REPORT
Mechanical Behavior of Superplastic Ultrahigh Carbon Steels
at Elevated Temperature

Bruno Walser and Oleg D. Sherby 4

The Pressure Sintering Kinetics of Iron Powders and Super—
plas tic Ultrahigh Carbon Steel Powders

Robert D. Caligiuri 3S

3.



Mechanical Behavior of Superplastic Ultrahigh

Carbon Steels at Elevated Temperature

Bruno Walser and Oleg D . Sherby

4.



MECHANICAL_BEHAV I OR OF sUPI:RP L.ASTTC ULT RAHIGH
CARBON STEELS AT ELEVA’I ’EI) TEMPERATURE

by

* **Bruno Walser and Oleg I) . Sherb y

Abstract

Ultrahigh carbon (UHC) st e~ 1s were i nves t iga t ed  fo r  t h e i r  s t r e n g t h  and
duct i l i ty  characteristics f rom 600 to 850° C. I t  was shown t ha t  such UHC
steels , in the carbon range 1.3 to 1. 9%C , were superp las t i c  when the micro—
s t ruc tu re  consisted of f ine equiaxed f e r r i t e  or au s ten i t e  g ra ins  ( lij m)
stabilized by fine spheroi~~i:~ d c em en t i t e  p ar t L cl e s .  The f low s t r es s—
strain rate relations obtained  at various temperatur~~were q u a n tit a t i v e l y
described by the additive contributions of grain boundary (superplastic)
creep and slip (lattice diffusion controlled) creep . It was predicted
that superplastic characteristics should be observed at normal forming
rates for the UHC steels if the grain size could be stabilized at 0.4pm.
The INC steels were found to be read:ily rolled or forged at hi gh strain
rates in the warm and hot r:~~ e of temperatures even in the as—cast ,
coarse grained, condition .

* Formerly Research Associate , Department of Materials Science and Engineering,
Stanford University, Stanford , California, now Research 1’kinager, Physical
Metallurgy Group,  Sulzer Bro thers , Wintherthur , Swit:’~er1and.

** Profess or, Department of Materials Science and Eng ineering, St anford
University, Stanford , Cal iforn ia , 94305.
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Mechanical Behavior of ~~ pe~ plas t ic U lt r aM g~

Carbon Steels at Elevated Temoera tu res

by

Bruno Walser and Oleg D. Sherby

Recently a new class of ultrahigh carbon steels (l.3—l.9%C) , combining

superplastic characteristics at elevated temperature with good to excellen t

room temperature properties , was devel oped~~~
4
~~. The basis of our success in

making plain carbon StOCIS suparplastic was the attainment of ultra fine

structures with grain sizas in the order of 0.5 to 5iim in si ze and cementite

particles about O.l~m in size . The high vo l ume fraction of cementite particles

present (20 to 35 volume percent) maintains the fine grain size at warm temper-

ature . Several therm al—mech anical  processing me t hods we re dev~~1oped to obtain

these f i ne struc tures~~’’ 2
~~. Not only should  such h y p e r e u t e c t o i d  s teels c x h ib i t

superplasticity below the A
1 

critical temperature , 723 °C, hut they should also

be superplas tic above the A
1 

temperature. Thft desirable result is possible

because the austenite ~r a ins  ob t a ined  upon transformation should also be fine

grained (since many nuclei exist from the prior fine c~rained ferrite) . Further-

more, the fine austenite grains should remain fine because of the presence of

the undissolved cementite particles;. This con (litton shoul.d yield a wide range

of temperature where superplastic flow can he expec ted  and Figure 1 illus t rates

the possible influence of carbon on the expected range for superplastic flow.

Thus , for a l.9%C steel , superp lastic ity may be expected to be observed from

600 to 850° C , a desirable characterist ft frea the viewpoi nt of flexihi lity In

the man pulation of temperat tire for supe rp l  o; t I c  n. ’~ t i forming.

The purpose of the present paper is t o  p r e se n t , d e s cr i b e  and assess the

mechanical properties of ti lt r ah i gh carbon (1 U(:) stee ls (1.3 to 2. ‘~%C) at elevated

temperaturt”~.



Mater ia l s_ and Exper im en ta l  Procedure

Castings of 1.3 , 1.6 , 1.9 and 2.3%C steels* wer e  obtained In the form of

slabs 33.5 cm long wherein the dimensions of the bases were 5 by 5 c i i  and 5 by

2.5  cm. The chemical composi t ion of the ca s t i ngs  are  g iven  in Table I .

Table I

Chem ical Compos it ion o f U l ~~~~~~~h Carbon Steels Inve sLiated wei~~~~ percent)

C 
_____ ~ n Si P S Fe

l .3%C 1.25 0 .65  0.10 0.016 0 .024 bal .

l .6%C 1.57 0 .73  0.28 0.015 0 .020 ba l .

l .9%C 1.92 ) .~~2 0.30 0.018 0.0 19 b a l .

2.3%C 2 .28  0 .80 0 .31  0.017 0 .020 h a l .

Examples of carbon r ep l i ca  t r ansmiss ion  p h o t o gr a p h s  of t h e as—cast rnlcrc)structiire

are shown in Figure 2 f o r  a 1.6% and a 1. 9%C st  c c i .  One observes massive primary

cementite networks; o ft e :i r i~~e ; , a well  developed p e ar l i t e  s t r u c t u r e  is seen a d j o i n i n g

the proeutectoid cener~: Lr a  particles. The in f lu e n c e  of ex t en s i v e  mechan ica l  work ing

on the refinement of t h e  cast  m i c r o s t r uct u r e  is shown in the same figure . The 1. 6%C

steel exhIbits a uniformly spheroidized structure . This sample was hea ted  to 1150° C

and deformed continuously at 10% per pass to a t r u e  s t r a i n  of 2 . 0  as it cooled to

about 600—650°C; it was then isothermally rolled at 650° C , SZ per pass , to an

addit ional true strain of 1.5. The worked l.9’/C steel was not as fully spheroidized

as the l.6%C steel (lower right photograph in Fi gu re 2 ) .  ‘i’h i i s  was , in part , attrib-

uted to insufficient working in the alpha range (only 0.9 t r u e  s t r a i n  in this case).

An example  of op t i cal  m i c r o gr a ph s  f o r  a 1. 9~ t s t c~~l i i  t h e  ~- - ca~ I s l a t e  and a f t e r  ex—

tensive alpha wo rking at 650° C (c = 1.5) is shown in Figure 3. The g r a in  size for  a

* The 2.3%C composition steel is morc correctly defined as cast iron since most
d e f i n i t i o n s  place cast irons as a l loys  of i ron  and carbon containing more than
l.7%C. The significance of this leve l of carbon is tha t i t  fo rmerly  was though t
to be the maximum solubility of carbon in  y i ron . In the e a r ly  1940’ s , however ,
the maximum solubility of carbon in y i ron was shown to l ie  at  about 2% and t h e
curt en t , w idely accep ted , value is 2 .li”c~

5
~~. Since we mike only m inimal reference

to the 2.3 %C composi t ion a l loy in  t h i s  pape r  we w i l l  c l a s s i fy  i t  as p a r t  of the

UHC st ee l s  s tud ied .

7.
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f u l l y  spheroidized steel In the UHC s t e e l s  In v e s t i g a t e d  is In the o r d e r  of 0 .5

to 1.Sijm and the cementite particle sizes are in the order  of 0.1 to 0.5~j m .

Rectangular tensile specimens were used , w i t h  a gage section of 12.7 or

25.4 mm length and d i f f e r e n t  thicknesses depend ing  on the th ickness  of the as—

rolled plate (typically 2 to 5 mm). Transmission electron microscope studies

were done by spark cutting thin plates from tested samples followed by grinding

to a thickness of 0.1 mm. The final electrolytic thinning was done in an

Na
2

CrO
4 

— CH
4

COOH — e l e c t r o l y t e  at  20° C and 25 vo l t s .

Resu l t s_ and Discuss ion

Most of the mechan ica l  tests  were pe r fo rmed  in the  temperature range f rom

600° C to about 850° C wherc s up e r p l a s t i c  e f f e c t s  were  no ted . In t h i s  s ec t i on  we

will, discuss the n a tu r e  oi the  s t r e s s— s t r a i n  curves  observed , the f low stress—

strain rate  relat ions no~ e~ below and above the A
1 

t emperature and lastly, the

in f luence  of strain ra te  aad t empera tu re  on the tensi le  d u c t i l i t y .

1) Stress—strain cur’:es

Examples of true stress—true s t r a i n  curves  obtained for the I .  6%C steel are

shown in Figure 4. In th i s  f i g u r e  the f u l l y  sp h i e r o i d i z e d  f i n e  g ra ined  steel is

compared with the as—cast material. The samples were deformed at an engineering

strain rate of 1% per m i n u t e  a t  650 °C. ~‘Je no t e  t h e  h i gh d u c t i l i t y  (500% elongat ion)

and low f low stress of the  f i n e  g ra i ned  st eel  compared t o  t h e  coa rse g ra ined  as—

cast mate r ial .  These r e s u l t s  fo l low the expected behavior , t h a t  I s .  f i n e  super—

Dlastic structures exhibit lower s t r e n g t h s  than  coarse s t r u c tu r e s  at e levated

t e m p e r a t u r e  and low s t r a i n  r a t e s .  Two r e s i t i  t v e t o  n o t e d , however , wh t c l i  were

somewhat unexpec ted .  The f i r s t  r e l a t e s  to the considerable strain hardening that

was observed to occur d u r i n g  superp las t i c  f l o w  of the  f i n e  grained s t ee ls .  For

example , the flow s t ress  more than doubled  (30 to 65 MPa) after 200% elongation .

We a t t r i b u t e  th i s  resu l t  to g r a i n  ~row th i  that occurred  during superplastic flow

8. 
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since i t  is well establ ished tha t coarse grained samples ar e~ s t r o n g e r  than f ine

grained samples (typically G is directly proportion al to the grain

Transmission electron microscopy studies revealed that the or i g ina l  grain size was

about 0. Slim. A f t e r  deformat ion to 100% e l o n g a t i o n , t h e  g ra in  size increased to

1.5 to 2 microns and a f ter  a total  elongation of 300% the gra in  s ize was about  3lim .

These microstructural changes during superplastic straining were t yp ica l  of those

noted for the 1.3, 1.6 and l.9%C steels although othe r, less sensitive , var iables

were strain rate and temp era ture~
4
~~. An example of grain growth during superp last ic

flow o f a l .9% C steel is shown in the transmission p h o t o m ic r o g r ap hs of Figure  5. Of

special note in this  f i g u r ~ is that straining enhances grain growth dramatically.

Thus, the gr ip region of t n ~’ tested sample (Figure 51)), where no straining occurred ,

exhibits a grain size of l~.m after exposure to the saute t in e  at t e mp e r a t u r e ; this

grain size is about three t imes  smal ler  than t h a t  observed in the gage region of

the fractured sample.

Another interest ~ n~ observati~ i’t in Figure 4 is t h a t  the as—cas t  l . 6 7,C steel

exhibi ted a r e s p e c t a b l y  Ni g~-t e longation to f r a c t u re  of  43 % at  650° C (T = O • Sl T m) •

Such a result  suggests  t h a t  U}IC s t eel  c a s t i n g s  are r a t h e r  f o r g i v i n g  m a t e r i a l s  a t

elevated temperature and should  not  crack eas i l y .  This  agreed w cl i  w i t h  our  ex-

perience since edge c r acking  r a r e l y  occur red  d u r i n g  m l  I i  ng i n the  t cn i r t er a tu r e

range of 550 °C to 1100 °C. An ex ample  of  the forgeabti it v of the UII C s t e e l s  in

the as— cast condition is shown in F i g u r e  6 . Cas t ings  In the fo rm ot ’ mach ined

cubes we re forged at 850 ° C in one step (about  3 to 5 seconds fo rg in g  t ime)  to the

capaci ty  of the press used , 170 tons tore.: (1.5 2 NN ) . None cf the sample~; ex-

hibited cracking axcrtp t Iho 2.3C steel . The latter ste°l , which contains 34

volume percent  cementite below the A
1 

point , could not be worked extensively at

any temperature without cracking badly. It is not at a l l  clear why such difficultie s

were observed w i t h  t h i s  carbon c o n t e n t  s t e e l , aith oug h i recent wc.rk~
9
~ suggests tha t

L ~~~~~~~~~~~~~~~~~~___  ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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diminishing the presence of silicon may contribute to Inhibition of edge c r a c k i n g .

2) Change- in— s trai~~_~~~~~~~sts

A common method of determining the flow stress—strain rate melation from a

single superplast ic  sample is to pe r fo rm  st r a i n — r a t e  ch ange t es ts~~~°~~. This is a

very convenient method and is especial ly meaning f u l  when s t r u c t u r a l  changes do not

occur during plastic flow. This is often not the case , however , as emphasized by

Rai and Grant ~~~~ and by B audel e t  and h i s  colleagues~~~
2
~~. We ment ioned  ea r l i e r

tha t  grain growth occur red  d u r i n g  s u p er p l a s t i c  d e f o r m a t i o n  of the  u l t r a h i g h  carbon

steels (Fi gure 5) and that this was responsible for t h e s tr a i n  h a r d e n i n g  observed

in the early por t ion  of t~ e true stress—true s t r a i n  curve  ( F i g u r e  4). We developed

an exper imenta l  method w ’ H c h  helped to  m m m i  :~c t h i s  p ro b i  ~-r~ by pr e d e f o r m i n g  the

mater ia l  to a s t r a in  of 0 . 2  to 0.4  at wh i  cii pu h i t  a at  e~~lv s t a t e  f l ow—st re s s  (and

hence a steady s ta te  s t ru e : u re)  was app roached .  The samp le  was t hen  deformed small

amounts at several d i f f e r en t s t r a in  r a t e s .  In t h i s  mann er  a large amount of informa-

tion was obtained ber;~een t he  flow s tr ~’as an d  t h e  c o r r e s p o n d i n g  s t r a i n  r a t e  over a

range of strain where ~ra±rl growth was m i n i r : t l .  The f l o w  st  ress observed at each

s t ra in  ra t e  was assume d to r ep resen t  a g iven const ant grain s i ze . An example  of a st r a i n

rate change test for  the 1 . 6%C steel in t h e  ~auni .i p h  us c~ ’r t o t i t  it e range is shown in

Figure 7.

St ra in  ra te  change t e s t s  p e r f o r m e d  a t  d i f f e r e n t  t on~ . r -u  t i r e s  f o r  the 1 .6% C s t eel

are presented  in F igure  8 as flow s t r e s s — s t r a i n  t a t e  c u r v e s .  The i n f l u e n c e  of carbon

conten t on the  f low s t r e s s — s t r a i n  r a t e  r e l a t i o n s h i p f o r  t h e  UH C s t e e 1~ is shown in

Figure  9. These d a ta  reveal the  normal  t r en d  e x p e c t e d  in su~’o r p 1 a 5 t i c  m a ter i a l s  at

low s t r a i n  ra tes , natnel .y the st ross e x p o t o i t  t s ore low and t y p i c a l  of those observed

for  s u per p l a st i c  m e t a l l i c  a l l oys  ( i . e .  n 2 ) .  In t h i s  reg ion , gra in  bounda ry

s l i d i n g  is bel ieved to be the  r a t e  c o n t r o l l i n g  p r o t o n ; i t  p l ; i s t L ’  flow and elonga—

t ions in the order  of 500—7007. were  n o t e d . At  I i  gli St rain r . i t  es , the stress e x p o n e n t s

10.



were typical ly  about  eight  (Figures 8 and 9) .  No te  the  w i de  range of s t r a i n  ra tes

where n 8 for the coo -se grained (d = 10pm) i ron—carbon  a l loy  (Fi gure 9 ) .  These

values can be compared with stress exponents noted in coui~r an t  s t r u c t u r e  creep

tests~~~
4
~ at high t empera ture ; ore can assume t h a t  c o n s t a n t  St r u c t u r e  is ~. . . ~t :t ined

in the UHC steel since the submicron grain s i z e  p r e s e n t  would make it unlikely tha t

subgrains would form and at high strain rates virtually no grain  growth occurs . In

this region deformat ion  by slip processes i n v o l v i n g  d i s l oca t i on  cl imb is believed to

be the rate determining step for plastic f1ow~~
4
~~.

The above resu l t s  s n - ~est  tha t  the  creep  r a t e  of the  UHC s tee ls  can he cor re la ted

by means of two add i t i ve  ~on t r i b i i t i on s  to  p l a s t i c  f l o w , n a m e l y :

(1)
S ? . f .  s . c .

where c is the c ree?  ra te  associated w i t h  s u per p l a s ti c  f low ari d c is thes p . f .  s .c .

creep rate  associated w i t a  slip creep . S p e c i fic  express ions  have been developed

to describe these relations. The s u per p l a s t i c  f low r a t e  of f i ne  grain size mater ia l s ,

- -  . . . (6 , 7 , 15)when gra in  boundary  L h l t r u s l o n  is r a t e — c o n t r o l l i n g  , is g i v e n  by

b D
- = ~~~~~~~~ 

~~~
2 (2)sn . r .  I E

where A io8, d is the g ra i n  si:e, h is Burgers vector , is the grain boundary

d i f f u s i o n  c o e f f i c i e n t  in the m a t r i x  p hase of the  s u p e r p l i s t  I c  m a t e r i a l , 0 is the

creep s t ress  and E is the  un re l axed  d y n a m i c  Young ’ s m o d u lu s .  The creep r a t e  in

the slip creep range , where l a t t i c e  d i f f u s i o n  i; rate con t ro l l ing  is given by~~
3
~

= A ’ A 3 DL ~,o 8 
( )

i 2 ‘~~~

where  A ’ l0~ fo r  high s t ack ing  f a u l t  energy m a t e r i a l s , A i s  the s u b g ra i n  s ize or

ba r r i e r  spacing (in the  case of the n i t  r a h ig h carbon stee l the gra in  s ize or the

interparticle spacing whichever  i s  t h e  fin~~ t), and is  t h e  l a t t i c e  s e l f — d i f f u s i o n

c o e f f i c i e n t .

The data  shown in F igu re  8 w e re  p i t  t i ’d t o  ( le t  o r n i  i i  t i c ’  a c t i v a t i o n  one rgy f o r

11.
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plastic flow in the two reg ions in order to compare the resu l t s  with  those pre-

dicted by equations (2) and (3). The method selected to calculate the activation

energy was to plot the modulus compensated f low s t r e s s  versus the reciprocal

absolute temperature.  This pe rmi t t ed  using data w i t h i n  the  superp las t i r  region

and within the slip creep region. Thus , the a c t i v a t i o n  energy  for  p l a s t i c  f low ,

from equations (2) and (3 ) ,  can be calculated by

R din
C, E

— 

d l /T
C = cons tan t

Plots for de te rmina t ion  of the ac t i va t i on  energy are g iven in Figures b A  and lOB.

As can be seen , the ac t i va t i on  energy f o r  p las t i c  f low in the superp las t ic  region

(Figure lOB) is about 160 kjou les  per mole in bo th  the a lp ha plus cement i t e  region

and gamma plus cementite region; these values are nearly identical to the grain

boundary self d i f f u s i oa  ac t iva t ion  energy of iron in alpha iron , 170 kjoules per

mole , and in gamma irori , 163 kjoules  per mole (Table IT). The activation energy

for p las t ic  flow in the sl ip  creep region (F igu re  lOA) was determined to  be about

350 kjoules  per mole Frsm the  l imi ted  da ta  a v a i l a ble .  Th is value is hi gher than

those no ted by Kayali~~
3
~ for creep of coarse grained u l t r a h i gh carbon steel whe re

values of 250 kjoules per mole were obtained. This discrepancy may be due to the

possibility that slip creep is not yet the dominating defo t matiori process at the

strain rate used to determine the activation energies given in Figure b A .  These

differences not withstanding, we associate the activation energy for plastic flow in

the slip creep region wi th  the a c t i va t i on  energy for  lattice d i f f u s i o n  in a lp ha

iron, 251 kjoules per mole , and in gamma iron , 270 kjoules per mole (Table IL) .

The above calculat ions y i e ld  q u a l i t a t i v e  evidence t h a t  the UI!C s teels  behave

in a manner predic ted by the phenomenological creep flow relations (2) and (3) .

More importantly, a q u a n t i t at i ve  p r e d i c t i o n  can he made . Tints, the creep behavior

of the l.67.C steel In the alpha plus cementite region can ho p r e d i c t e d  b y e qu a t i o n s

12. 
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(2) and (3) since D
gb 

and D
L 

are known for alpha i ron (Table lE) and since the

grain size , d, and the barrier spacing, X , are known after plastic flow in this

region. As mentioned previously, grain growth occurred (hue to the superimposed

effect of strain and t ime in the superp lastic region ; grain sIz’s in the super—

plastically deformed saap les were typically 2~im. ln the high strain rate slip

creep region , grain growth did not occur and th e grain size was typ ically 0.5 to

l.Opm. To compare the experimental flow stress—strain rate data w i t h equations

(2) and (3), the grain si:e, d, was chosen as 2bIm to subsi flute into t h e super—

plastic flow rate expression and X = 0.5pm was chosen for the slip creep flow rate

expression (the interpart~ cle spacing was taken as the barrier spacing). The

result of the predicti~~ shown in Figure 11 for th e 1.6%C steel at 650°C and

700°C. As can be seen. gcod quantitatIve correlations were obtained , attesting to

the probable validity of th~ superplastic flow and slip creep relations in de-

scribing the creep behavior of fine grain size ultrahi gh carbon steels.

The strength difference of the l.6%C stt~~1 above and below th e A
1 
is readily

seen in Figure 10. E:-:t rapolatioii. of the data in this figure to the transition

temperature reveals t h a t  the WIC steel in t i l O  gamma pitis C C I i i e f l t i t e  region is

stronger than in the alpha pius cement it0 r~’g ion .  This is p robab ly  due to the

lower d i f f u s i o n  rate in the face—centered—cubic au’;tenit ic steel than in the

f e r r i t i c  steel .  It  was decided to compare t h e  s t r e s s — s t ra i n  r a t e  relation for

the UHC steel both  above and below t h e  A1 by s e l e c t i n g  a t e m p e r a t u r e  a t  w h i c h

the grain boundary diffusion coefficients were identical. The two t empera tu res

selected were 700° C fo r  the alpha p lus  c em e n t L t e  range and 770 ° C fo r  the gaulina

plus cementite range . At these temperatures , ‘
~ 1.2 x io 8 

cm
2
/sec (Table II).

By coincidence , the lattice self diffusion coefficients in the ferritic and

- —14 2
austenitic phases were also nearly ident~ ca1 , 5 x 10 cm /sec (Table II).

And , the dynamic Young ’s modulus va1tio~; for pure iron in tl~e two c r y s t a l l i n e

14.
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forms are also quite similar , (E
y

) 770o~~ 
1.35 x ~~~ MPa and 

~~a~ 700°c 
= 1.52 x l0~

MPa. (The modulus value for gamma iron at 770° C should  be corrected for the 0.9

wt % C in solution at this temperature ; no modulus data  appear  avai lable  to make

the appropriate  calculation , although the correction is likely to be s m a l l . )  A

comparison of the l.6%C steel at 700 and 770°C is shown in Figure 12. The curves

nearly superimpose attesting to the prev ious  sugges t ion  t h i a t  the  appropriate

diffusion coefficients (Dgb and D
1
) and the elastic inoduli properl y accoun t for

the plastic flow behavior of the 1.6%C steel. The lower creep rate of the austenitic

phase material compared tc~ the ferritic phase material in the superp lastic region

can be attributed to a grain size difference ; it is possible that grain growth is

enhanced In the austcnit-~ reg ion because there is less cenientite present than in

- the ferrite region ([2.5 v:jl ~ Fe 3C at 770°C compa red t o 25 vol % Fe
3
C at 700°C).

At high strain rates  in t~~i~~ slip creep region , t h e forrit i c phase mate r i a l  is stronger

than the austenitic phiase material . Several factors can c o n t r i b u t e  to the l a t t e r

observa tion. Firs t , the barrier spacing (i.e. the interparticle spacing and the

grain size) in the  ferrite range is probably smaller t h an  in the austenite range ;

(if equat Ion (3) is u~~-d to predict the d i f f e r e n c e  in b a r r i e r  spacing from the

difference in strength , about a factor of Iwo is cal(’tilared .) We bel jove this to

be the most likely fac tor  i n f l u e n c i ng  t i l e  d i f f e r e nce in  St  rength at hi gh s t r a i n

rates. A second factor is that solid solution hardening (e.g. atom size differences)

from the presence of manganese and silicon may be more effective in the austenitic

than in the ferritic phase. And , a third factor is the possible contribution of

the hardness of cemeritite per se 10 the strength of h it- Lren— c (m ent tte CO~f l ) O S t t C

tha t makes up the 1.6%C s teel  s tud i ed .  That  is , it is known~~
6
~ that the hardness

of cemen t ite is an order of magnitude hi gher  tha i~ the  hardness of al pha i ron at

700 °C but is only a factor ot two harder than gamma i ron when t he  hardness data

are extrapo lated to 770°C.

15.
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3) Influence of strain ra te  and temperature on the tensile ductilitl

The above discussion reveals that UIIC steels when in fine grained form exhibit

all the characteristics expected of a superplastic mate r i a l .  The tensile ductility

increased in value as tue strain ra te  s e n s i t i v i t y  exponent , m , increased , fol lowing

the usual trends described extensively in the literaturc~~
7’18

~ . We give the re—

sults of isostrain—rate tests performed to de te rmine  the tensile elongation in

Table III. These tabulated data  are p lo t t ed  in Figure 13 as tensile ductility

against the diffusion compensated strain rate. Elongations as high as 75O~/~ were

obtained for the UHC steels when the strain rate sensitivity exponents reached

values of 0.5. Samples tested in the ferrite pitus cementite range exhibited higher

elongations , as an avera~ze , than samples in the austetiite plus cementite range .

This difference Is likely a t t r i b u t a b le  to the  s lightly coarser grain size that may

exist in the austerlite r:a~ -~ than in the  ferrite range . All samples exhibited

necking prior to failure ; the f r a c t u r e  reg ion , however , never exhibited a chisel

point fa i lure  ( i .e .  r~- d r c t i o n  of area was less titan 100Z). This was rather surprising

since no evidence of c r :  - was observed in the  Ui iC  steels in regi ons away from

the fractured region. -~ iens adjoining t h e  I ract ore stirf ;ic. ’ , however , e x h ib i  ted

presence of minute voids costly at interphase bouiid try s i t & s *.

The UIIC steels s tu d i e d  in this investigation are superpiastic u~ to strain

ra tes as high as 10~ per  m i n u t e  (Table  III and Fi gure 13) - A l t h o u g h t i i t ’ s t-  are

respectably hi gh s t ra in  rates , they are not in thi (~ order of con~ ercial form ing

rates. From a practical and economical point of view it would h h i g h l y  desirable

if the UFIC steels could be superp iast [c at nc r i.d fermi L~~~, I - ~
- - it) to 1 sec

(600 to 6000% per minute). Such a goal Is a real istic one and t h e princi pal method

* Recen t investjga tions (t9) have revealed th at appropri ate con t ro l of chemical com-
position (primarily low silicon content and small ad d it inca of carbide stabilizing
elements like vanadium) can lead to t tnc lie e longat  ions  ex~- eJ i ng I ~O() and t~~
chisel point type fractures (l007~ R.A.).
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Table I I I

Elongations to fracture for the superplastic ultrahuigh carbon steels under
different test conditions .*

Test Material and Test T Initial Strain—rare C/Dgb~ elon. to
No. alpha working history (°C) E~(%m in~~) c (Sec ’) cm~

2 frac. (%)
1 l.3%C c~w(650) cc~=l.7 605 1 l .7 x 1 O~~~~~ 2.2 x io

6 230
2 ciw(650) cc~=l.2 630 0.8 1.3 x l0—~ 4.85 x i04 700
3 c~w(650) cct=l.2 650 0.8 1.3 x ifr 4 3.17 x i0~ 600
4 czw(650) ect=l.2 650 1 1.7 x i~

—
~ 4.15 ~ io

4 480
5 ctw(650) ca=l.2 650 1 1.7 x io 4 4.15 x l0~ 250
6 cxw(565) cct=l.7 650 10 1.7 x l0—~ 4.15 x ~~~ 320
7 c~w(565) ec~=0.8 650 100 1.7 x io—2 4.15 x 106 76
8 caw(565) cct=1.7 800 10 1.7 x lO—~ 7.94 x l0~’ 140

9 1.6%c aw (565) cc~- 1.5 600 10 1.7 x io—~ 1.38 x 106 207
10 c~w( 650) c-a=~~.7 620 0 .4  6 .7  x 10_ S 3.22 x io~ 489
11 cxw(650) cn= l .7  630 0.8 1.3 x l0— ~ 4. 85 x io~ 760
12 ctw(650) ca=l.7 650 0.4 6.7 x l0~~ 1.53 x 1O4 473
13 caw(650) ~~ = 1.7 650 1 1.7 x icY 4 4. 15 x lQ~ 486
14 aw(565) c~=i.0 650 1. 1.7 x io—~ 4.15 x j~4 334

as cas t 650 1 1.7 x i0 4 43
16 czw(650) cc~= l .7  650 4 6 .7  x l0~~ 1.63 x l0~ 532
17 ctw(650) :-~=~~.7 650 10 1.7 x iü—~ 4 . 15  x l0~ 4 57

aw(500) +100 Hrs
18 /500°C c~=l.7 650 10 1.7 x l0—~ 4.1,5 x lO~ 273
19 ctw(565) ~a=1.0 650 10 1.7 x ltY3 4.15 x i05 270

cLw(70 0) +100 Hrs
20 /500°C ~t~= i . 3  650 10 1.7 x i~

—
~ 4 .15 x i0~ 240

21 aw(650) =1.1 650 100 1.7 x i~
—2 4.15 x io6 78

22 czw(650) ca=1.7 670 0.4 6.7 x i0~~ 9.6 x lO~ 361
23 czw(650) c-c~=1.l 700 10 1.7 x IcY3 1.3 x i0~ 262
24 no aw 700 10 1.7 x io —

~ 73
25 cxw(565) Ec~=i.0 750 200 3.3 x 1Cr2 3.75 x 1 ( i ’~ 83
26 ctw(650) cc~=1.7 770 1 1.7 x 1Cr4 1.41 x lfl~ 421
27 ccw(650) ca=1.8 770 1 1.7 x i~

—
~ 1.41 x io~ 165

28 ctw(650) ta=1.8 770 10 1.7 x i~
—
~ 1.41 x il)5 183

29 cs.i(650) ~ci=1.8 770 100 1.7 x 10— 2 1.41 x 89
30 ciw(565) gct=l.5 800 1 1.7 x 7.93 x i0~ 2l~
31 czw(565) cct=1.5 800 10 1.7 x i~

—
~ 7 . 9 3  x l0’~’ 397

32 no 800 10 1.7 x i0~~ 7.93 x i0~ 120
33 czw(565) cct=1.5 800 100 1.7 x lO~~ 7.93 x l0~ 165

l.9%C ccw(650) cc~=0.9
34 +700°C/30 m m  650 1 1.7 x itY” 4.15 x l0~ 378/380
35 aw(565) ~c~=0.2 650 1 .1.7 x 10~~’ 4.15 x 10’ 231
36 ctw(565) cca=1 650 1 1.7 x iü—~ 4.15 x iO~’ 334
37 c~w(593) r-c~=1.l 650 1 1.7 x io—~ 4.15 x io~ 328

ccw(650) ccz=0.9
38 +700°C/30 m m  700 10 1.7 x i0 -~ 1.3 x i0~ 222
39 same 650 10 1.7 x 10

_ I 
4.15 . 10~ 254

60 same 770 10 1.7 x iCY 3 1.41 x 10~ 195

* all u l t r a h igh carbon steels were first worked by continuous rolling from an
in i t i a l  tempera tu re of 1200°C to a final temperature of 650° C a c h i e v I n g  a total
true strain of about two . The nubse quct i t w o r k i n g  treatmen t is described in the t a b l e .

17.
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of achieving i t  is to develop a g r a in  sizO fiute r titan one m i c r o n  i n  s I z e  w h i c h

remains  s table d u r i n g  su p e r p l a s tic  f low . We i l l u s t r a t e  o ur  concept  g r a p h i c - a l l y

in Figure 14 , u t i l i z i n g  equat ions  (2)  an d (3)  to make t h e  l a r e c l i c t  i o ns .  lii this

fi gure we show the strain r a t e— s t r e s s  relation for our 1 .6’~C :,t ccl  d e f o r m e d  at

700°C. As mentioned pteviously the- aver~age grain size of th is s te e l  d u r i n g

superplas t ic flow is 2~uin . If the grain size is decreased by a factor of five ,

that is, to a size of 0.4~ o, the superplastic flow rate , at a given St l e s s , is

enhanced by over a hundred f o l d  (5 3 
= 125). The result Log si r~a in rate—: ,t ross

relation for the 0.4pn grain size steel , shown in Figu re  14 , is such that super—

plastic flow now extends t~ strain rate of about 1 per  second . C l e a r l y  this is

a desirable end objective . We are caicrently attem p t i ng  t o  stabilIz e t he f i n e  g r a i n

size by appropriate cor~~ro1 of chemical c o m p o s i t i o n .  The e f f o r t  is centering on

the role of manganese anti s i l i con  in r e t a r d i n g  cement  l I e  p a r t i c l e  agg lo m e r a t i o n

(which then leads to f e r r i t e  gra in  g r o w t h ) . Al l oy i n g  e l e m e n t s  w h i c h  s t a b i l i z e

the carbide in steels . such as V , Ti , Cr and .~th a r t -  al so  is-log cons i d e r u 1.

Su ~~~iry and C o i i c I a t s i o ~~

The superp l a s t i c  p r o p e r t i e s  of  a u l t r a i t i ghi ca rbon ( U}IC) st e e l s  (1 . 3 t o  1. 9%C)

have been invest igated in the  f e r r i te  aa w e l l  an aa i . ~t vol  t o  r ange  of  t o np er a t u r e s ,

600 to 800 °C. The fo l lowing  c h a ra c t e r i s t i c s  were n o t e d :

(1) The UHC s teels  exh ibi ted s t r a i n  h a r d e n i n g  d u r in g  nn ~i e r p l a st  I c f low at

all t empera tu res  of t e s t i n g .  This was a t t r i b u te d  t o  g r a in  c o a r s en i n g  d u r i n g

superp las t ic  s t r a i n i n g .  For example , the  f e r r i te  gr a in  s i ze  i nc rea sed  f rom

0. 5i.nn to about  2 . Op m d u r i n g  s u p e r p l a s t i c  d e f o r m a t i o n  at  h S( ) ° C , ~u 1t h u u g hu i t

remained r emarkab ly  s t ab le  w i t h o u t  c on c u r r e n t  de fo r in a t ion .

(2) At low st rain rates , the at  rens expo n en t , ii , i n  r o’~, was obse rv ed to

be about two , a value genera liv alt r ibut ed I o sa t p c -  rp  I :ast I c flow by gra i n  boundary

sliding. At high St rain rates , thi& st rss -; exp ont -n  t was oir ;t rved t o  he about

18.
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eight , a value we a t t r i b u t e  to p las t ic  f low by a s 1 ip  creep m e c h a n i s m  where  g r ain

boundaries and cementite particles are cons ide red  as h a r r i e r s  to p l a s t i c  f low .

(3) In the range where superplastic flow dominates , the activation energy

was found equal to about 170 k jouie s/mol . e a value n e a r l y  e q ua l  to  that for grain

boundary self—diffusion in a lpha  or gamma i r o n .  In the range where slip creep

dominates , the act ivat ion energy was found  to be c o n s i d e r a b l y  h i gh e r  than 170

kj oules per mole and was i d en t i f i e d  w i t h a  the  a c t i v a t i o n  energy  for  l a t t i c e  s e l f —

d i f f u s i o n  in alpha or ga-a --a i ron .

(4) The tensile d~ictility was high at low values of the diffusion—compensated

strain rate, with elonga~~ ons equal to 300 to 750%. The tensile ductility was

higher below the A,
1 

ter~perature (ferrite—cementite range) than above the  A
1 

temper-

a t u r e  ( aus t en ite  — c em e n tL t e  r ange ) .  This was a t t r i b u t e d  to the lower content of

cemn ent i te  above the A 1 than below the  A
1 

lead ing  t o  enhanced  gra in  g rowth  in the

austenite — cementite raa~ n .

The UHC s teels  c a h i hi t e d  highi ductility at warm and hot t e m p e r a t u r e s  even

in the  as—cast  coarse St r u r r u r e  s t a te .  No edge c r a ck i n g  was noted i n  large strain

fo rg ing  exper iments  on the  as—cast carbon steels c- yen  at t e m p e r a t u r e s  as low as

850° C. These resu l t s  su gges t  t h a t  such Ul!C s tee l s  have a w i d e  range of wo r k a b i l i t y .
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Figure 1. Iron—carbon phase  d i a g r a m  i l l u s t r a t i n g  range of carbon c o n t e n t s
and t e m p e r a t u r e  where  s u per p l a st i c  f low can be expected. Fine grained
hvnereutecto id steels , stabilized by the presence of fine particles of
c em e n t i t e , can be expec t ed  to be sup e r p l a st i c  ovar a wide  range of temper-
atures.
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F i g u r e  2. The above c.irhon r ep i  i ca e l ec t ron  photomi c rographs illustrat e thc-
i ut f 1me ~ncc of W a c o  W o r i : j l 1 ~’ on t i m e  lmrcak i;~ of t lmr-  o r i ~’ i m t a 1 rl l S S iV e  ce m en t it e

p ar  i r i c - , in c-s- ~t u 1 t r a h i gh ca rbon  s t i - - l o  ( i c - f t  phut sri ! c- r s :~ rr mph i s)  . Extensive
wa rn ~-mikiag yielded a m i  I . - sp hi c- - r o i d i z e d  s t r s- t u r ~ - i i i  t ime 1.6 - c a r b o n  s t - l
( u p p e r  r i gh t )  . C-is ; i d e r a h m  1 e r ef  i ;i- n~~n t  of t he el  t u e  m a r e  o c c ur  4 n t 1m ~ 1.97,
c :m rb oi s t e t  1 ( l o w e r  r I gi l t )  by wa a- n wo ‘k i n  ba i t bcc;m i l - s i t  w a s  not  o:: t en s  i-~ 1
w o r k - f  SOif l -  r 5 r l c a l t l . t e l  p l a t e s  are s t i l l  pr csc-n !
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warm worked condi t ion (B). Magnification 1550X .

23.

—

~

-- -- -~~~~~ - - - -- -—----- - ------ _ - _ - - - 5 - - - - - - - 5



ENGINEERING STRAIN (%)
20 40 6080 100150 200250300400500 700

I I I I l I I I I

- 
1 . 6 % C  STEEL

I - 650°C

~ 200 e( INIT IAL )~ lob M1N 1 3Q (1)

b - 
25 b

/~S C i~ST
(I) I

,- ..
-I — 2 0

F-(n
100 - 1 5

LiJ
SPHEROIDIZED 

0 I I I I I I I
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

T R U E  S T R A I N  ,

F i g u r e  !4 . Tr is  st  i- s o s — t r u e  s t r a i n  curve s a t  Em 5 0 0 (~ f o r  a I .~~~ s tee l i n
coarse gr a i n c - d m s — c a s t  s t a ts  and in  sp im e r o i d i z e d  f i i i . — g r . m i n s 1 s on d i  t i s n i.

:~4.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _  —. —-~~~~~~~~~~~~~~~~~ ---~~-—~~~~~~~~



— wr - — - ---- —~~- — —---- -- ——

I ~~~~~~~~~~~~~ I

~~: ~~~~~~~~~ 
J~~~~~~~~~~~~L~~~~~ 

‘~~
I ‘~ w
~~~1~~~ -’ W ~~~~~~ : ir~- -

~~~~~~~~~~~~~~~~~~~~~~

Os pJrli
- - 1 ( ’A — as r o l l e d  — S 

~~~~~~~~~—

_____ 

~~~~‘r 
~~~~~~ 

S

~~TJP! ~~~~~~~ ~~~~~ 
~~~~~~~

~I - T •.~~~~~ ~~~~~~

LA ~~~!
C — e = 2 0 ’)  D — gri p roe ion  o f  I ~~samp i ’ g .

Fi gu re ~ 
5fr ,,n ;tr I ss ion .‘ l e c t r o m i  m i c r o g r a p i m o  of a wa r n Worked I - o ) (  5 t 0 ( l

ill u strating t h a -  g r a i n  g r o w t h  that occurs during -~t n f~cr pla ~;t ic f ins’ . (A)
stee .I in  a s — r o l l e d  cond i t  ion (‘

~w) C + ~w a t  650 ° C) , (B )  i n !  ( C )  o nperplastica l iv
de forri ed at 650 ° C and e = 1% per  a m u t e .  (U )  t r i p i c . L f O f l  of ‘n c - n p l e  u 1

~e~m H (C)

- -- - - 5  5 — -- -5 -~~~~~~~~~~~ - ~~ -• _-~~~~~~~~~~~~~~~~ —.—---_ - _ 5 _ - _ _ _  _ _



‘

i

.5-

. - ’  - .

~~~~~~~~~

‘- , c . ~~~ _(
~5 ‘ ~~ -: ti (~

)
~~~~~~~~~~

- 

~ii~Ia~~ ’- •
~~4 —.2

fr ~~~~~~~~~~~~ :1 ~~~

-
‘

(
~i; 

‘

~ 

-

~ 

- 
- a : ’ I - (\J E

E .
S 

p. 
~~~~ ~~~

2 6.

- - 5 - . - — — - — - • - -— - ‘_-~~~~~~~~~~~~~ - - - - - — —,- - -S-S---. —--.5~~~~--—55-
_—- - -~~~~~~~~~~ ____
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F L u r e  7. Time above ii  lu s t ra t e s  c h a n g e — i n — s t r a i n —  r at s  t e s t s  p e r f o rmed to
d e t er m i n e  t i m e  t l . ow s t r e s s — s t  r u i n  r a te  r e in  t ion a t  c o n s t a n t St r u i c t u i r c ’
l ime e x a m p l e  shown is f o r  a 1. 6 ’ C  st e e l  t e s ted  i n  t he  a u m s t e s  4 t e — s e m e n t  i t t -
range ( 7 7 0 ° C ) .
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F i g u r e  14. The predicted flow stress—strain rate relation is shown f o r  a
I .  6~~C s tee l  f o r  .m s t  oh I c  gm i n  si ze of 0. 4;m a t  700 ° C. F l u T e r  t l u t ’se c-o n-
di tions superplast i c  f l o w  ~hnm ild he observed at strain r a te s  as h i u ” i i  u s
OflO p i - r  sec-un it .

34.

- -----—5- — - - -  - 5 - - --—--—~~~~ -—~~~~~~~~~~~~~~~ ‘ - ‘ —.5 - - -  - ‘ 5 .  ----- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —rn-- _ _ _



_ _  - ---5---- -—‘- .‘- ‘—- —‘- —-~~~-- -- - —

The Pressure Sinter ing Kinet ics  of Iron

Powders and Superp last i c  U l t r a hi gh Carbon

Steel Powders

Robert  D . Cal ig lur l

35.  

- ‘ --- 5 - - - -  ~~ --



TilE PRESSURE SINTER INC _ K I N E T i C S  OF IRON P OWI)ERS ANI )
SUPER P LASTIC ULTRAHI GH CARBON STEEL POWDERS

by

Rober t D. Cali gimi ri

The purpose of tb-is investigation was to study the pressure sintering

kinetics of metal powders . Specifically, this investi gation has focused on

the kinetics of pressure sintering of i ron powders and u l t r a h i g h  carbon

steel powders that contain a superplastic mlcrostrtlcture . Tue i m p o r t a n t

results and conclusions of this study are outlined in the following paragraphs.

An u l t r a f i n e  grain structure , in the order of nine micron in size , is

general ly  accepted as a necessary p r e r e q u i s i te  for s u p e r p l a s t i c  b e h a v i o r .

Previous research at Stanford  has shoc-rn tha t  u l t r a f i n e  grain s ize s t a b i l i z e d

by d i sc re te  second phase par t ic les  of ceme Ot  i t o  can he produced in  u l t r a h i gh

carbon steels . The techniques  developed to p r o d u c e  such micr o s t ru ctu r e s  can

be c l a s s i f i ed  into two groups : mechan ica l  ( i n v o l v i n g  hot  and warm w o r k i n g

of the mate r i a l )  and therma l ( i n v o l v i n g  q ue n c h i n g  and a n n e a l i n g  of the m a t e r i a l ) .

These techni que s are d i s cu s s e d  in de ta i l  e lsewhere  [ 1 — 5 ] .  Utilizing this work ,

the p r e s e n t  inves t i g a t i o n  c e n t e r s  on two m e t h o d s  of  generating s u per p l as t i c

mieros t ruc tur e s  in u l t r ah igh carbon s teel  powders , one m e c h a n i c a l  and the

other t h e r m a l .  The mechanica l  m e t h od Involves  b u i l d i n g  th u  des i red  super—

plastic microstructure into bulk material by hot and warm working, fo llowed

by m i l l i n g  and a t t r it tn g  in to  powder form . This  method was very success fu l

in producing superpinustl c l.6%C steel powders , but  proved to be t ime consuming

and I n e f f i c i e n t .  As a result , the thermal ,  method was deve l oped. It was shown

tha t v a c u u m — a n n e a l i n g  1. 2 2 Z C  and l . 76 2~C steel l i q uid  a tom i zed (water  quenched)

powders a t  700D C fo r  one hour converted the f u l  l y  mu i r t en s i  I Ic mli-rostriicturcs

(Fi gure 1 and 2) into fine , sp h u r o l d i  ~‘td  i m u i c r o u ; t r u i c t  ores (I” i gmmre  3 and 4 ) .

The thermal nietliocl proved to be a s i m p le , rap id  t e c h n i q u e  for  p r o d u c i n g  large
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quantities of superplastlc powders.

The influence of microstructuru on d e n s i f i c a t i on  behavior  was i l l u s t r a t e d

by compacting l .6%C s teel  f ine  s t r u c t u r e  powders (produced by the  mechan ica l

method as shown in Figure 5) at 650° C and 69 MPa — —  a t e m p e r a t u r e  and pressure

where this fine struct ure steel is known to behave superp las t I cal ly (see Figure

*6) .  The r e su l t ing  dens i ty  — t ime  plot was c -ol mm i ) ar e d to t h e  d e n s i t y— t  Im t ~ p l o t  of

powders simi larly pressed but produced f rom th e  a s— c a s t  (coarse s t ru c t u r e )  l .6% C

steel. The xnicrostructure of the coarse s t r u c tu r e  powders  i~; shown in Fi gure 7.

The two density—time curves are shown in Figure 8. After 4 hours , the l.6%C

steel fine structure compact is about 95~ dense while the l.6%C steel coarse

structure compact is only about 87Z dense. A similar difference in densificatlon

response between the fine structure (supnrplast. ic) and coarse structure (non—

superplastic) powders is observed at othe r w a r m  temperatures and low pressures.

From these resul ts  i t  is concluded tha t a s u p e r p l a s t i c  in i c r o s t r u c t u r e  enhances

densificatio-n and permits the pressing of high d e n s i t y  compac ts  a t  wa rm temper-

a tures  and low pressures.

The k ine t ics  of the d e n s i f i cat i o n  process  during w ar m  p re ssi n g  were  s tud ied

in order to  de te rmine  why sup e r p l a s t i c  m i r r o i ; t r u c t u r e s  enhance  densification .

Detailed measurements of the relative d e n s i t y — t i m e  b e h a v i o r  of liquid atomized

commercially pure iron powders and I iqim id atomized vacuu m—an n ea l ed  u l t r a h igh

carbon steel powders were made. These m e a s u r e men t s  p r e n m i t t e d  d et e r m i n a t i o n  of

densification rate an a function of density , temperature , and app lied pressure .

These da ta , shown in Fi gures 9 , 10 and i i , lead to the f o l l o w i n g  phenomenological

equation for densi fication r a t e  (p) d u r i n g  t h e  i n t e r m e d i a t e  s tage  of d e n s i fi ca t i o n

(between 80 and 95% r e l a t ive  d e n s i t y ) :

* A l l  r e f e r ences  to dens i ty  in this report are rel ative densi ties ; that is , the
ac tua l  dens i ty  in gm/cm 3 divided by the t h e o r et i c a l  den s ity  in gm/cm 1.
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where K is a mater ia l  constant , b is the  Burge r s  vec to r , p is th e relative density,

D is the self—diffusion coefficien t (lattice self—diffus ion for the iron powders

and grain boundary s e lf— d i f  fusion fo r  the u l t r a h i gh carbon steel powders), t is

a mater ia l  dependent  exponent , E is Young ’s mod u lus , and P
A 

is the  a p p l i e d  pressure.

A literature search reveals that other workers [6—101 have observed the  dependence

of densification rate on the self—diffu sion coefficient and t h e  power law dependence

on applied pressure . However , this i tuvu s r i ga t ion  a p p e a r s  to have been tim e first

to suggest and to demonstrate that the d e n si f i ca t i o n  rate during the intermediate

stage of densi f i ca t ion  depends on r e l a t i v e  d e n s i t y  a c c o r d i n g  to the paramete r

(LP) t 
This parameter was chosen initi al ly because it predicts that the densi—

fication rate should go to zero as p ~ 1 and should he equal to infinity as p -
~ 0 — —

both physically realistic limits. Analyses showed that , iii addition to the data

of this investiga tion , this parameter also describes time available data on alumina

powders [11], copper —1 % a lumina  powders 1 1 2 1,  and cobalt oxide powders [9].

The presence of the self—diffusion coeffici e nt in  time phenomenol og i cal densi—

fication rate equation indicates tii.i t densi t i c u t  ion by warm pressing (during the

intermediate stage , at  leas t )  is di ffumsi on c om m t r o l l e d .  To be more spe ci  f ir  as to

the a c t u a l  microscop ic d e f o r m a t i o n  mechan i sm i n v o l v e d  ( i . e .  d i s l o c a t i o n  immot ion ,

grain boundary sliding, stress assisted d i f f u s i on , etc.), it is necessary to

determine the steady state creep properties of t i m e  materials studied. Compression

creep studies on samples machined from h i gh density compacts were thus performed

and showed tha t t i m e commerc ia l ly  pure  iron and u l t r a h i gh carbon steels obey the

usual power law r e l a t i o n s h i p  between the  s t e a d y  St a t e  c reep  r a t e  (u. ) and the

flow stress (o):

D (~~)
fl (2)
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where A is a material constant , h is the Burg er s  vec tor , D is the self—diffusion

c o e f f i c i e n t  (lattice self—diffusion coefficient for time comm ercially pure iron

and grain  boundary s e l f — d i f f u s i o n  fo r  t h i c  n i t  r ah i gh ca rbon s t e e l s ) ,  n is the stress

exponen t , and E is Young ’ s modulus .  B elow 5 x l0~~~, t i m e  s tress exponen t  for

the iron is about 4 and is about  2 . 5  fo r  t ime  n i t  m i m i  g i m carbon s t e e l s .  Com parison

of the mater ia l  cons t an t s  in E q u a t i o n  ( 1) to t lu m a t e r i a l  c o n s t a n t s  in E q u a t i o n  (2)

revealed that t n and K Z 56. 7A (56 .7  i s  t ime  average of t h e  va lue s  of  t ime  t h re e

mater ia ls  s tudied) . Taking ~ = 1A as a basis  fo r  comparison , the m t  e rm e d i at e

stage dens i f i ca t ion  r a t e  can then  be r e la ted  to the steady state creep rate at a

given temperature :

56.7 (
1_P

) rI (3)

Thus, for a fixed value of relative density the intermediate stage densification

ra te  at  a given war mmm t empera tu re  and low p res su re  is d i r e c t l y  p r o p o r t i o n a l  to

the s tead y s t a te  creep ra te  of the  m a te r i a l  a t  t h e  same wa rm t e m p e r a t u r e  and low

pressure . Equation (3) holds for  coba l t  ox ide  and alumina as wel l  (Fi gure  12).

I t  is t h e r e f o r e  concluded t ha t  t hi ~ m e c h a n i sm  w h i c h  cont rol s s t ea d y  sta t e cr eep a t

the given stress , tempera ture  and ni c rostroct mi re also cont rals the int er r ” ed iat e

stage of densification under similar conditions. Other workers [12—191 have

stressed the importance of steady state creep mechan i sms  during densification ,

s p e c i f i c a l l y  the  int e rmed ia t e  s tage , h u t  t h i s  work  appears  to have been the f i r s t

to establ ish a q u a n t i t a t i v e  re la t io u i s imi p between creep ra te  and den s i f i c a t i o n  r a t e .

With this relationship the. d e n s i f i c a t i o r m  behavior  of a material can be predicted

by simp ly knowing its creep properties at the temperature and pressure of interest .

The r e l a t i o n sh ip between d en s i f i ca t ion r a t e  and creep r a t e  (Equation (3) )

was next s t u d i e d  in  more d e t a i l  to understand bett e r t i m e  e n i m a n c e m m u n t  of dens i f i —

cat ion found wi th  su p e r p la s ti c  m i c  rw ; true t ores. Since superpl as t Ic materials

g e n e r a l l y  creep f a s t e r  than  non~ s up e r i u l a s t  i c  m a t e r i a l s  a t  warm t em p e r a t u r e s  and
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low stresses, Equation (3) predicts that superp lastic material s will densif y

fas ter  than non—superp l as ric  m a t e r i a l s  during warm pressing. This in fact was

observed with the l.6%C powders (Figur s 6 and 8). The r e l a t i o nsh i p be tween

1— c) fldensification rate and creep rate f u r t h e r  pred icts th roug h t u e t e rm (-

that , at the same cree7 r a t e , s u per p l a s t i c  m a t e r i a l s  ( low s tress exponen t )  w i l l

densify faster than non—superplastic materials (hig h s t res s  exponen t ) .  This

prediction was ver i f ied e x p e r i m ent a l l y . Fi r s t , creep experiments were performed

to determine the s tress  at  650°C where s u p e r p la s t i c  l .6~ C steel has the same

steady state creep rate as the non—superplastic commercially pure i ron . This

stress is 43.1 MPa as shown in Figure 13. Powders of these materials were then

compacted at 43.1 MPa and 650°C for 4 hours. After correction for the initial

stage of densification , the l.6%C superplastic powders are about 3 percent more

dense than the iron powders , as seen in Figmire 14. Thus the term (~~~~~)
fl does

contribute significantly to the enhancement of derisification by superplastic

microst ruc tures.

An a t tempt  was made to give the te rm (5~~P)
1) 

some physical meaning. Based

on Equation (1), a new exp ression for the average effective stress for densifi—

cation (lY
E

) was introduced :

( E~) ‘A (4)

where is the applied pressure . We believe this expression accounts for the

effect of both  poro5i ty  and die wail  cons t r a in ing  forces on the average stress

actually causing material to flow into the pores. Using Equation (4) and taking

a = as a basis for comparing creel) behavior to densification behavior , the

relationship between densification rate and creep rate can now he reduced to:

= 56 .7  (5)

From this equation i t  is concluded that , f o r  a c o n s t a n t  e f f e c t i v e  str ess  (hence

cons tan t  
~~~~ 

the in t e r m e d i a t e  stage  d e n s l f i c a t i o c m  rate w i l l  not vary w i t h ,
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re la t ive  d e n s i t y .  In other  words , the dependence on relative densi ty of densifi—

cation rate observed in this and o t h e r  investi gations is due solely to the decrease

in effective stress. Other researchers [11 ,17 ,20 ,21 ,22] have advanced expression s

for the effective stress in terms of the a p p l i e d  I~ressure~, but  th is  invest igat ion

apparent ly  has been t ime f i r s t  to advance an expression based on experimental data

which predicts that the effective stress is less than the applIed pressure and

decreases to zero as the  poros i ty goes t o  zero (p -> 1). The results of this

inves tigation suggest a new approach towards time future thmeorettcal development

of an expression for effective stress , using Equation (4) as a guide .

— Further examination of Equation (5) reveals that , at a constant effective

stress where a superplastic and non—superpiastic material have the same steady

state creep rate , there should be no difference in d m isi ficat ion behavior during

the intermediate stage. This is verified by using Equations (4) and (5) to

compute the ratio, at a given value of rel a tive density, between the densifica—

tion ra te  of the 1.6%C steel s u per p i a s t i c  powders and the dens ification rate of

the  commercial ly  pure iron powders warts pressed at 6’O°C and 43.1 MPa. T h is

computed ra t io  can the rm be compared to time exper im lm t im t a l l y  measured ra t  in at t h a t

dens i ty  (Fi gure 14) . The computed r a t i o s  mat  cii t i m e  m n c . m s u m e d  ra t  los very  w e l l

It is t h e r e f o r e  concluded tha t  the enhancement of d en s i f i c i t i on  d u r i n g  warm

pressing observed wi th  a superp i a s t i c  m i c r o s t r u c t ut e  can be :omnplete l ‘ accounted

for by the faster creep rates at low stresses (resulting from a different de-

formation mechanism) characteristic of superplastic materials. The extremely

high ductility associated with superpl astic materials app arently does not influence

the d e ns i f i c a t ion process.  The above results are also indirect evidence that

Equation (4) is the correct expression for effe ctiv e stres~~. Mote direct evidence

can be p r o v i d e d  by p e r f o r m i n g  p ressure  s i n t i r i i m g  cx l er im e , l t s  u n d er  c( ilms t .11 ) t

effective stress condi Lions , and t h en  d e t  m i  fling w i m e t h i e r  or no t  tim e relat lye

41.
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density—time curves for time superplastlc and n u m i — s u p u r p l a st i c  materials super—

impose over the  in t e rmed ia te  stage .

Three d i f f e r e n t  theore t ica l  models for  the  d eu s i f i c a ti o n  behavior during the

intermediate stage of deimsification were n e x t  i n ve st i gated . These models proved

to be variations on the same timeme —— control of intermediate stage densification

by the mechanisms of power law creep . Of tim e tlmr ev models studied , the model of

Wilkinson and Ashh y 116] f i t s  the e x p e r i m e n t a l  d a t a  the  bes t .  This model also

predicts that materials with a Stress ex p o n e n t  of 2.5 should densif y f a s t e r  than

materials with a stress exponent of 4. The Wilkinson—Ashby equation , however,

does not f i t  the experimental d a t a  ve ry  w e l l  (Figures 15 , 16 and 17) . The problem

with the model can be traced to the prediction of t ue relativ e density dependence

of time dens i f i ca t ion  r a t e  and is a t t r i bu t a b l e  to ti m ~ u n r e a l i s t i c  assumption of a

h y d r o s t a t i c  stress uniformly collapsing the pores .  A more r ea l i s t i c  descr ip t ion ,

however, is likely possible only with a finite element approach to determing the

stress and strain rate fields around an arbitrarily shaped collapsing pore . Dc—

velopement of such a finite element code would be a very interesting research

problem and worthy of future study .

This research has shown tha t powders coimt alning .1 superp last i c  nm icrost ruc tu re

can be pr essed to very high dens i t i e s  at wa rm t e m p e r a t u r e s  and low pressures.

This concep t has potential commercial app lica ’ions. As a result , several areas

of appl ica t ions  were examined .  One such appl ic~~tiotm is a method of producing

bulk superplastic materials by warm pressing smiperplast ic powders without a pro-

t ec t ive  atmosphere . D e t e r m i n a t i o n  of the f e a s i b i l i ty of t h i s  method requires

tha t  the residual  po ros i ty  and oxides p re sent  in w arm pr~ ssed iron and u l t r ah i gh

carbon steels on room t e m per at  or e  n iec iman i cal proper t I es he St tidied . It was timus

demonstrated tha t the small amount of ox ide  absorbed into time matrix along former

particle boundaries does not reduce  t ime  comp ms ss i ye duet i i i  t y of these imm ateri al s

42.
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(Figure 18). The 2.5% residual porosity in the u l t r m l m i g li carbon steels does,

however , cause a decrease in yield strength. It is therefore concluded that

warm pressing superplastic powders in a i r  is a feasible r I M f o r m i n g  techn ique .

The f e a s i b i l i t y  of fo rming  cast i rons by i’/ M t e c i m n i ques was next  considered.

As shown in Figure 19, the liquid atomize(i 7.6~ w h i t e  cast  Iron powders after

heating to 700°C contain pockets of superp 1asti~~-lik e ferrite and cementite

surrounded by a network of proeutectoid cement  i t & .  C ima mige  in strain rate tests

and stress relaxation tests performed a t  650°C on a sample machined from a

vi r tua l ly  100% dense white cast iron compact y ie lded  a s t ress  exponent  of about

3.3. This low stress exponent i n d i c a t e s  a t en d e n c y  towards supe rp]a s t i c  deforma-

tion . This w h i t e  cast iron compact also e x h i b i t e d  normal  room tempera ture  pro-

pert ies , a yield strength of 700 MPa (102 ,000 psi) and a 57~ compress ive strain

before fracture [23 ,24]. The resulting density and mechanical properties are

better than those obtained by earlier workers (25 ,26] on cast irons. This

d i f fer e n c e  can be a t t r i b u t e d  to two factors. H rat 
* the  t l u m e n  used by the

early workers (less than one minute) w~-r t too s h o r t  f o r  h i g h  d e n si f i c at i o n  by

creep ( i n t e r me d i a t e  s tage  densi ~ i cat i r m n )  to  occur. Second , time earl y workers

used hot  pressing t emperatures above the eu t e c t o id  t r an s f o r mat i o n  tempera ture .

Any f i n e  s t r u c t u r e  developed during processing was t h u s  lost . Hence , their  cast

i ron powders  were much s t ronger  than  the  2 .6 % C w h i t e  cast  iron powders used in

this investigation . The genera l conclusion is that , under appropriate con—

ditions of time , prt~ssure and temperature , P/M warm pre~ssing  is a feasible way

of shaping brittle cast iron .

The solid state weldabi lity of mild steels and u l t r a h i gh carbon steels

was also studied. It was shown that two l.6~ C steel plates , af ter proper

cleaning and palishing, can be successfully welded by pre ssing t hem together

in a hr at 6500C under 69 MPa of pressure fur 3 hours (I~i gu ru 20) . Mild steel
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plates , s imilar ly cleaned and pressed , do not succes s fu l l y  weld (Figure 21) .

The high ease of solid state weldability of the ultrahigh carbon steel plates

is attributable to two factors. One is that the gra in  boundaries present provide

many sources of high atom mobil i ty  paths for  i ron  a t o m  bonding.  The second

fac tor is that the weak ultrahigh carbon steel can flow into the asperities

(pores) readily . Al though t Ime u l t r ah i gh carbon steel p lates are solidl y joined ,

a line seems to demarcate the i n t e r f ac e  ( F i g u r e  20). ExaminatIon at higimer

magnifications shows this line to consist of flattened grain boundaries and

carbide particles which tend to grow across the interface as time progresses

(Figure 22). The good solid state weldability of ultrahigh carbon steels also

extends to multi— layer stacks as well as two-layer stacks . This research has

shown for the first time that steel plates can be successfully welded in air

below 700°C and may open up a whole new area of warm tempera tu re solid s tate

welding technology .
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(IA )  (B)

Screen Analysis  f o r  Li quid  Atomized l . 2 2 % C  Steel Powders

— 
Tyler Screen Mesh Size ,

-~~~~~~~~ 

~~~

--- -~--H---F--~-- ~~~~~~~~~~~~~~~ —~~~~~-
--- -- - ~

Percent
of charge  2 7 . 4  15.2 13.4 13.2 7 . 6  10.5 12.7weight
trapped

(C)

Fi gure  1. C h a r a c t e r i z a t i o n  of the l iquid  a tomized l .2 2 ~~C s teel  powders.
(A) shows the  u n e t c im e d  p owders as received . The powders are “ spheroid”
in shape. (B) shows time microstructure of one of the  as recieved pa r t i c l e s
a f t e r  e t c h i n g .  Not e  t h a t  it is martens i tic .  (C) shows the resul ts  of the
Tyler Screen A n a l y s i s .  The average particle size is about 7Q~m.
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Screen Anal ysis for Liquid Atomized  l .7 6 % C  S te e l  Powders

Ty le r  Screen Mesh Size , ~i

~45 45 64 75 106 iSo 180

P ercen t
of char ge 2 2 . 1  14.4 13.7 14.2 8.8 12.3 14.6
weight
t r a p ped 

- 

(C)
F igure  2.  Cha ract e r i z a t i on  of the li quid a tomized 1.76 ~~C steel powders.

(A) shows the  u n e t ch e d  powders as received. The powders are “spheroid ”
in shape.  (B) shows t h e  m i c r o s t ru c t u r e  of one of the  as—received par t i c les
a f t e r  e t c h i n g .  N o t e  tha t i t  is m a r ten s it i c .  (C) shows the results of the
Tyler  Screen A n a ly s i s .  The average par t i c le  size is about  7Opm
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) (B)

Screen A n ’t v s s for 1.6~ C Steel  A t r r i t e d  Fine S t r u c t u r e  Powder

I Tyler  S e r & en Mesh Size , ~-
‘4 5 J~~~5 J 6 4  75~~~~~~~06 _150 180

Pe r cen t I
of char ge 17.1 - 10.5 6.8 20 .5  25.1 15.9 4.1
we igh t
t r apped

_ _  _ _ _- -

(C)
Fj ~j ’ l l - , - 5 .  i im n r a c t e r i . - :m t fo rm of the 1.6%C steel attrited fine structure

powders. ( A )  shows t h e  m i n e t c h e d  powders after attrition . The particles
are “ :mn ~~i 1 ; m r ” in shape. (B) shows the m ic ro s t ruc tu r e  of one pa r t i c le
d e t a i l i m w  t h e  fi~ie st r u c t u r e  ( l ess  than two micron gra in  s i ze )  p resent .
(C) Shows ~~m e T v l i r  Screen A n a l y s i s  r e s m i l t s .  The average par t i c le  size
is a r o u nd  lI) OL ’ .
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(A )  (B)

Screen Ana I \- -- j s  f i r 1.0~~C ‘~t ee i - \ t t r i t e d  Co ar se  S t r u c t u r e  Powder

!v1 ~~r ~crcen ~-~ -sh ~jz& ,
<~ 5 ‘i~~ 64 ‘ 75 l O s  L ’5°

Percen t  -

of chau -~e~ 19 .8  ~~~ 3 .9 2 1.1 2 0 . -a 15.0 2 . 9
w e i g h t  I
t rapped

- i _ _ _ i 

(C )
Fi gure  7. C h a r a c i e r i z - m t f o n  of the  1.6 ~/C s tee l a t t r i t ed coarse  s t r uc t u r e

powders .  (A) sIiow ~- t ime u m n e t c h e a l  pow ders  a f te r  a t t r i t i o n .  They are “angula r ”
in shape.  (B) ~-hows  the i ~re-~t r u , - tu r~- of one p a r t i c le  d et a i l i n g  t ime coarse
v i r h i , I e  s t r uc t u r - - p r t - s i - n t  . ( C) s’mow s t he  r e su l t s  of t he  Ty ler  Screen

A n a l y s i s .  The u v e r u c .~ p m r ~ 1 - i c  si  ~e is abou t l00~ m .
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- • 700°C 0 - -

v 675°C V 
- -

• 65O~C ° L
_ _ _ _ _ _ _ _ _  -- 

• 625°C 0

DL( ~ )4  
A 600°C A -

(cn i2) L -

12
JO

4.0

~~II 
-

i i

PA / E

Fi gure 9. Demorms t rat ion of he vii iditv of  t ¼ T S i i S m a ) f l h l u ) o  I ooical
relation (Equation (2 1- 11 in - i - - t r m u  - lv da S .er ihi L lr. the da - u l s i f i ¼ - ut ion
rate behavior of t h u ’  e i n u n - r r i r m i l v  j~- m t ’  i r - ’ - :  ‘ ‘‘ .~‘ h - u ~ l u r i n C  t h u  int er-
m ediat e staOe of (lonsifi car i n .  f) is I us - lam t i . - sel f—d iI f ’ t u i e i u
coeffir i -nt.
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F i g u re 10. Demonst rat ion of the v a l i d i t y  of the phenomenological
r e l a t i o n  (Equa r ion ( 11) )  in  aecurat el y de scribing the (10051 fi cation
rate hehav I or of t he I . 2 ? ‘ i~ t i - c l 1. i q u i d  :it owl  zed powders  d u r i n g
t i m e  l u t e r m e d i - u t  e 5~~ I~~i of  d e m i s i f i - a t  ion . 11gh is  the  gra in  b o u n d a r y
sd f— d i f  fus ion roe ff Ic I ci I t
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( - )  h e h a v  liii for hot 1 t 1¼ I . ii I I i o u  - st r m i c  t m m r t -  :1i ,  i t  er  i i i  I cmi i i !  t Iv-  - m w  -

me r I - I a l l  v pm i re I ri-n m at - r i n i — i t  3 1 C’ ( - 
- Th I 5 - ~~l I ,  w - . t j u t  hot h ma r ei  ,mls

have  t h e  c a r - ~ t - i c I v  s t i l i  I r a - op r at  a :0 a [ l o u - - - ‘I rev- ’ of  ‘41 .1 MPcm .

IlL



F- 
-- - -—

~~

— - - - -- - - - - - -  -—-- -- - —- --------- - ----—---— - - - — - - - - — - - -- - - - - -- - --__- -

oo
_____________________________________________________ I-.’ 4.) 4.)

I I I I “‘
L. C’.i C C C C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0- 5 C)

— —0 0 . 0a) 3. CI)-

~~ 
C 0

0 e o
— 3. — O

a) 0
—

3.
t 

a
a >~ -

—

(1) 9 
Lt~i

c_u 1S_.-, ~C C
I- ‘..) C.

0
- E -o

E ~~~~~~0U 0 ci)
0 0 U)

— 0 ‘ — c C .
- c - c

‘SI-’ 1. 1 c C .
o . c Co 0

O SI

— .-i 0 4-a f c.)
“4 -o 

~(.0
c~~~~~cr

~~ ~~ C~~~
~~~~- > c .

— — -‘—‘ a a

O 4 ~a
o

C. a-

~ >~~a - —
~- a — c -  ~s —‘ ~~~ a
C a

0 0 U • 54..

o
— — o  C

0 —  (sJ

(.D St

— I i  I I  —

C C. ~J

I I I I a c - s

0) N- (0 L(’) ci- r”) (‘J — o0
a) 0) 0) 0) 0) a) a) 0) 0)

-~ .-a a

0’ ‘ A .nSNJa JAI.LV1J~

60.



F— -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -— - 

ii
I0~ ~~~~~

7
~~~
- ---r —

~~~~~ 
-

~~~~~~~ ~~~~~~~~~~~~~~~ 
-
~~~~~

COMMERCIALLY PURE
I R O N  P O W D E R S

-.5- —S

>~W il k un sorm -A shby Equation
‘—S

‘-—S
—
‘.5

55~
‘S-S

—5 
_5._

.5-
’

C) ‘S55~

ci) 
S.
’

U) -
~~

I N
. P h e r m o m e n e l o g i c o l  Eau atuon

LU - N/~ Developed mn this Work
F— N

V
a:
z V

0 -

— V
I—

0
— V
U-)

z — 5
LiJ ’°a

V

- ~ EXPERIM ENTA L DAT A
T - 700°C
P~ - 4 1. 4 MP o

-6 
_______ 

, , - - I 
______ _____I 0 -_ _ _ _ _  - - - _ _ _ _  _ _ _ _  I -

.80 .82 .84 86 .88 .90 .92
RELATIVE DENSITY , p

F iguire iS . (~ompar ison of . - x j u a  - r i c-ia nt;u l d,-i I a wi t ii t h e  \~ i l k !  n s o u m — A s i m l ’ v
p r e d i c t  ion  of t h e  d e pen d e n c e  of  I I - I l s i f i - a t  m u  rat s- ( - )  on r e l a t i v e
d e n s i  V ( 1i )  f o r t h a -  ( - o m m e r a -  lii i I y pu t - c- i ron ow Ia r s  -

61

_ _ _ _ _ _ _  -- -- —- — - - - - - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~~~~~

I I I I I

I . 2 2 % C  ST EE L L I Q U I D ATOMIZ ED POW DE RS

b
- -  

v EXPERIMENTA L DATA
T = 7 0 0 ° C

- - PA~~
4I.4 MPo

V Phenome no log ic o l  Equation
(•) 

V Deve l op ed in t his Work
a) .,4 V
U) IO -— —

5— V

—

- 
- 

—
--5 --- --- 

V

LU -

I-
- - 

_
�-.--- .__S V

- Wi lk inson-  Ashby Equat ion
z -S-S

0 5-5.
5-55 ___5 -
V

<I S--S0 ‘-5-
— 5-

.’,U..

~~~z
U -

a

—6 - - I10 I I I
.82 .84 .86 .88 .90 .92 .94

RELATIVE DENSITY, p
Fi gure 16 . Comparison of exper imenta l  data w i t h  the~ W i lk in so u—Ashhy

pred ic tion of the dependence of d e n s i f icat io n  ra te  (p) on r e la t i v e
density (p) for the l.22%C steel liquid atomized powders.

62.

- 
- -



-
-- --— -~~~- - - - - -- — -—---— -~~~-—-—~~~~ -- - - - - - . - - - -- — - - - - - —  

I0~ I I I I I I I I I 
—

I 1.76% C STEEL LIQUID ATOMIZED POWDERS -

- 
v Experimental Data -

- 
T C 7 00°C 

-

C 41.4 MPa

—— Phenonienologmcal Equation
Developed  in this Work

w~ ~~~~~~~ 

V

W ilk inson Ashby Equat ion

LU v 
-a

1o 6 I I I I I I 1 I I

.82 .84 .86 .88 .90 .92 .94

RELATIVE DENSITY ,p

Figure 17. Comparison of experimental data with the Wilkinson—Ashby
prediction of the dependence of densif i c a t i on  r a t e  (p) on relative
density (p) for the l.76%C steel liquid atomized powders.

63. 

—-~~~~ -— - -- -— - --- -- --- - - -—- -~~~~~~~ -- -- - --- —------ -- -- — - - - -  ——



_ _ _ _

I I I
11

—

0

0
— I- — 0 0

—.5- - 
_

_~5 ~ I 4 J

U) 
~

- I- U)— Ia-) I 3 Q ~D I 4-4 (1 0.I 0
— >~. 

—

= 0I- 0~~~~ tO U
_ ( Ø 0 I Go ~~~~~~~~~~~

— 
_
‘-

o E ~~~~‘ 
w E”. - o ~y 0 _• - ‘ E ~~~~~~~ 0.I 0 cl E

— I os’- 0

I— 0 ~L,
(1) I~~

C\J N..
tiJ - Z ~~~ Z
1— — 0 C 1 ~~-a-a

~~~— z  I -—
I C 1 C ~~~4.4

L) I N1’ _ 2  ~I I . (f) s i-I C)
I I

LU ~i I1 CI)—
~~~~~ I ‘~‘ 

— Lii C ) 0~~~
Q-

—J I
I

— — I I — m m a ~~ -a
ci

I— ~L1~~— F— 1 —

<Z 1 1 CI) .C
L&J W 4.J

—
~~~~~ I I —

I I tO
I I— LU ——

b ..-~~
‘—‘ 

~~~~~~~~~~~~~~~~~
I — O u _ u &

LU
k -

0 s.f ’

0
0 z

—

I I I I I
0 0
0 0
2 tO

(Od~ )fl ‘SSJèJ .LS aJIlddV JflW..

64 . 

------- ----_------ - - - - -  -



• ~ j-- p .1

~~ ii~~ • -~~~ / 0
4 - 4 

-

~~~~ 

-
~~~~ 54.4 5.-I 0_u

~~~~~~ 

~ IA ~~~~
~~~~~ 

P P ~ ~‘ ~~~ I .~~ 
-
~~ 

-

~~
- ‘ C U-4 .-~ 0. ,-‘.

V -
- -

~ 0 0 ~~~
r -

- 
- f _., - ,.

~ ~~ 0 1.) C) CI) V
- — 

- _-‘, - 4-~ 4- 4~1 ~-4 C 5--’

4 ‘..~, C) 0 C ) . C  1 1 j
4- .C~~C) E—a C) 1-.

1.) 1-a Ol v
.Z L O r I  a

~~ 4.J 0J

L El ~~ ~~~~~~~ ~~~~~~~~~~~
4~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,,

~ 
3, 1 J~~’I d~~~~

1 ‘ t i
~~ 

.
~~~ 1~ he - 4 .~~~ ~ .- ‘-I C’-1 cii 0 ~ Cl Q) .-4

~4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ OJ ~~~~~ ~~~~~~u.a ~

. ~~ 
L ~~ Q~~~

‘ i{ ~~4%1~~ ~~~
~~~ 4~’41E14I~! ~~~
~~• 4 -~-~~ ;~i~ u~~~~~~~ 

-

4 ( 1

~~., ‘~~!&f ~~~~~~~~~~ ~~~~~~~~~ 
cii .C CI)

f - T~-

~ 
-o ~-i Cl f-. Si..

65.

- - - -

~

-- -

~

- - - - — - -

~

---------

~

.-—-—



9 - - - -

H - 

-
; - 

- 
-

(
~

) 20/.Lm

H -

(B) IO ,um

Figure 20. The interface between two l.6%C steel plates solid state
welded in air at 650°C and 69 MPa for three hours. (A) shows the
plates to be well joined —— no evidence of residual asperities or
oxides. The interface is indicated by tic marks at the sides of the
micrograph. (B) shows no residual asperities or oxides at high
magnification . Some sort of line does seem to mark the interface ,
however. The large black spots in the m a t r i x  are graphite particles.
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Figure 2 1 .  TI m e in t e r f a c e  between two AISI  1005 mild s tee l  p la tes
solid s t a t e  welded in air at  650° C and 69 MPa fo r  three  hours .  In
(A) the  p l a t e s  are seen to be poorly joined and show many residual
asperities. (B) shows the interface at higher magnification . The
residual asperities likely contain oxides.
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