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The Structu re Sensitivity of the Effects of 

Pressure upon the Ductility of Fe - C Materials 
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ABSTRACT. The effects of a superposed hydrostatic pressure of up to 24 kbars upon 
the ductility of a series of annealed and spheroidized Fe - C alloys ranging in carbon 
content from 0.004 to 1.1% are investigated. The effects of pressure upon ductility 
are found to be highly structure sensitive in terms of the presence, amount and distri­
bution of the cementite. In the absence of cementite, 01' when the cementite is in spheri­
cal form in a ferrite matrix, the relationship between pressure and true strain to fracture 
is linear, with the slope decreasing with carbon content. When the cementite is in 
platelet form (pearlite), or in a continuous network along prior austenitic grain bound­
aries, the relationship between pressure and true strain to fracture is nonlinear, and 
varies considerably with carbon content and structure. 

The relationship between pressw'e effects upon ductility and atmospheric pressure me­
chanical properties is examined. It is found that no single linear relationship or pro­
portionality between pressure coefficient of ductility and strain hardening coefficient 
exists for the range of Fe - C materials investigated. 

The effects of pressure upon macroscopic fracture appearance is described and dis­
cussed. The absence of a linear or continuous relationship between fibrous to total 
fracture area and pressure is demonstrated. 

L E EFFECTS of high superposed hydrostatic pres­
sure upon the mechanical properties, particularly 
ductility, of metals has been the subject of extensive 
investigation. Although the effects of pressure upon 
the ductility of numerous metals have been well 
documented, little information has been generated 
with regard to the mechanism or mechanisms re­
sponsible for the observed effects, or to why the 
pressure-ductility behavior varies so widely for dif­
ferent materials. Summarized herein are the results 
of the first phase of an investigation aimed at gaining 
a fundamental understanding of how and why pres­
sure affects the ductility of metals. Considered 
particularly is the question of the structure sen­
sitivity of the phenomenon in terms of the presence, 
amount, shape and distribution of a brittle second 
phase in a ductile matrix. 

The flow characteristics and ductility of a variety 
of metals exposed to superposed pressures to in ex­
cess of 20 kbars have been measured by Bridgman 
(1-3) . Although he examined a variety of materials, 
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a significant portion of his work dealt with steels. 
His observations and conclusions concerning the ef­
fects of hydrostatic pressure on the mechanical 
properties, particularly of steels, were quit~ exten­
sive. Those considered most pertinent to the sub­
ject of this current investigation will now be sum­
marized. 

Bridgman observed that the mechanical property 
most sensitive to pressure is ductility. To a first 
approximation, he found that the form of the true 
stress-true strain curve is unaffected by pressure; 
the principal effect of pressure being to extend that 
portion beyond maximum load (onset of necking). 
For the case of steels he found that the strain-harden­
ing rate was effectively independent of pressure and 
remained nearly linear. 

Although the rate of increase of ductility in terms 
of the true strain to fracture (In Ao/ A f) is a function 
of the material, Bridgman concluded that it is, in all 
cases, a linear function of the form 

P = a + {JEf Eq 1 

where Ef is the strain to fracture at some pressure P; 
f3 the pressure coefficient of ductility which is a func­
tion of the material; and a a material constant. He 
observed that, even in the case of steels, f3 varied 
widely between materials. 

For steels, Bridgman proposed that the true stress-
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Fig.1. Microstructure of annealed Fe- C materials. (A) 0.004% C; (B) 0.40% C; (C) 0.83% C; (D ) 1.1 % C. X200. 

wherein the cementite was in platelet form, in a fer­
rite matrix. The microstructures of the 0.83% C 
and 1.1% C materials, as shown in Fig. lC and D, 
respectively, consisted totally of pearlite in the 
former and pearlite with a continuous network of 
cementite along prior austenitic grain boundaries in 
the latter. 

The microstructures of the spheroidized materials, 
as shown in Fig. 2A- C, consisted of cementite par­
ticles in a ferrite matrix. As shown, the size of the 
cementite particles increased and the interparticle 
spacing decreased with increasing carbon content. 

SPECIMEN CONFIGURATION 

The specimen configuration for the high-pressure 
t esting consisted of a 0.160-in. gage diam with a 
0.665 in. nominal gage length. The gage section was 
ground and polished . 

The specimen configuration for atmospheric pres-
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sure t ensile testing was effectively the same as that 
used for the pressure tests except that the distance 
between shoulders was increased to facilitate diam­
eter measurements during loading in order to obtain 
a true stress-true strain curve. 

TABLE 1. Summary of Mechanical Properties 

Ultimate Strain 
Yield tensile hardening 

Material, stress, stress, coeffi cient, 
%C Condition ksi ksi n 

0.004 Annealed 17.2* 31 0 .28 
0.40 Annealed 25 .0t 52.6 0 .22 

spheroidized 29.2* 46.2 0.21 
0.83 Annealed 33.0t 84. 7 0 . 19 

spheroidized 29 .0* 55.8 0 . 20 
1.1 Annealed 53 .8 t 108 .7 0 . 17 

spheroidized 31.7* 61.3 0 . 17 

* Lower yield stress. 
t 0.2% offset yield stress. 
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true strain curve as measured under pressure was 
linear, thus of the form 

eT = eTo + N E Eq 2 

where N is the strain hardening coefficient, eTO = 
yield stress, and eT the flow stress at some strain E. 

This is of the same form as Eq 1 for the relationship 
between pressure and ductility. Substituting in 
Eq 2 the fracture strain Ef and fracture stress or flow 
stress at fracture (Uf) and equating Eq 1 and 2, he 
obtained as a relationship between pressure coef­
ficient of ductility, {3, and strain hardening coef­
ficient, N 

N = O.7f3 Eq 3 

Examination of Bridgman's own data shows that, 
although {3 appears to increase with N, there is con­
siderable scatter. In the region below 10 kbar, the 
correlation is very poor. This region encompasses 
effectively all of his data for plain carbon and low 
carbon alloy steels of a variety of compositions and 
heat treatments. The poor correlation at the lower 
pressures, along with the very limited amount of data 
at the high pressure, sheds considerable doubt on the 
existence of the stated relationship or, if it does 
exist, what it actually is. 

For steels, Bridgman further observed that the 
ratio of what he called the tensile or flat portion to 
the total fracture area of cup-cone type fractures de­
creased linearly with increasing pressure. He ob­
served that in most steels the tensile region, which 
could more appropriately be called the fibrous region, 
disappeared at pressures in the range 10 to 20 kbars. 
Beyond the pressure at which the fibrous region was 
completely suppressed, the fracture became a planar 
shear. 

Subsequent to the work of Bridgman, numerous 
investigations into the effects of pressure upon the 
ductility of many metals have been reported (4-9), 
one of the most extensive being that by Pugh 
(10, 11) . Pugh observed that although two alloy 
steels, magnesium and cast iron, did exhibit a con­
stant pressure coefficient of ductility, {3, there were 
many exceptions. For example, copper and alum­
inum exhibited a {3 that decreased with increasing 
pressure, whereas zinc and bismuth exhibited an 
abrupt discontinuity in ductility in which the strain 
to fracture increased abruptly over a very narrow 
pressure region. 

The results of other investigators shed dOllbt on 
the assumptions by Bridgman that ductility is a 
linear function of pressure even for all steels. 
Beresnev et al (5) observed that in a 0.46% C steel 
(Re 20), the ductility did not linearly increase with 
pressure, but above 13 kbar leveled off. In con­
trast, Pelczynski (6) reported that the ductility in­
creased faster with pressure than a linear rate for a 
1.1 % C steel. In the case of a 1045 steel in the 
quenched and untempered condition, Davidson et al 
(9) observed effectively no increase in ductility up 
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to a pressure of 17 kbars, after which an abrupt in­
crease over a narrow pressure region occurred. 

In the works of prior investigators, structure was 
not thought important, thus was not controlled. In 
this current investigation the form of the ductility­
pressure relationship as a function of the presence, 
amount, shape and distribution of cementite in a 
series of annealed and spheroidized Fe - C alloys 
was examined. The relationship between the pres­
sure coefficient of ductility, {3, and the strain harden­
ing coefficient along with the effects of pressure upon 
macroscopic fracture appearance for these materials 
were also examined and compared to the observa­
tions of Bridgman. 

MATERIALS, EQUIPMENT AND PROCEDURES 

Materials 

COMPOSITION AND HEAT TREATMENT 

The materials utilized in this investigation con­
si ted of a series of iron-carbon alloys of the following 
composition: Fe + 0.004% C; Fe + 0.40% C; 
Fe + 0.83% C; Fe + 1.1% C. 

The base material, in all instances, was electrolytic 
iron of 99.94% purity. The materials were vacuum 
melted and subsequently reduced from a 5-in. ingot to 
! in. diam by hot forging and swaging. In the case 
of the 0.004% C material, the final forming step was 
cold swaging from 1 in. diam in order to facilitate 
grain size control. 

The materials were heat treated in argon, using the 
following procedures: 

0.004% C 
1. Annealing- 1200 F-1 hr 

0.40% C 
1. Annealing- 1650 F-1 hr-furnace cool 
2. Spheroidization-1650 F- l hr- oil quench 

+ 1320 F-54 hr 
0.83% C 

1. Annealing- 1700 F-1 hr- furnace cool 
2. Spheroidization- 1700 F- 1 hr-oil quench 

+ 1320 F -54 hr 
1.1% C 

1. Annealing- 1850 F- l hr- furnace cool to 
1320 F-air cool 

2. Spheroidization- 1850 F- 1 hr-oil quench 
+ 1320 F- 54 hr 

The grain diameter obtained using the above heat 
treatment ranged from 2.4 X 10- 3 to 2.7 X 10-3 in. 
for all materials. 

The microstructures of the materials utilized are 
shown in Fig. 1 and 2 for the annealed and sphe­
roidized conditions, respectively. The microstructure 
of the annealed 0.004% C material, as shown in Fig. 
lA, consisted of ferrite with no visible cementite. 
In the case of the annealed 0.40% C material (Fig. 
1B) , the microstructure was comprised of pearlite, 
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continuously varied during the conduct of the test 
with the magnitude of the pressure change being 
proportional to the total strain in the sample. The 
determination of the pressure at which t he specimen 
started to strain and at fracture was accomplished 
by means of the slide-wire displacement circuit. 
By plotting the output of the slide-wire circuit versus 
time, the onset of strain was readily detectable. 
Except in the very ductile materials at high pres­
sure, such as the 0.004% C alloy, fracture was in­
dicated by an abrupt discontinuity in the displace­
ment-time plot due to the stored energy in the sample 
at the time of fracture. In the case of the 0.004% C 
material at high pressure, the pressure at fracture was 
determined by comparing the total elongation after 
fracture to the displacment-time plot and the cor­
responding pressures. 

POST-TEST MEASUREMENTS 

The total elogation and diameter at fracture were 
measured using an optical comparator at X 20 
magnification. A minimum of 3 diameter measure­
ments were made at different orientations and aver­
aged. The inaccuracy in this measurement tech­
niquewas estimated to be ±0.001 in. 

A second technique used for measuring both the 
fracture diameter and the diameter of different 
regions on the fracture surface was by means of an 
optical microscope with a micrometer eyepiece view­
ing along the normal to the fracture surface. 

RESULTS AND DISCUSSION 
Effects of Pressure Upon Ductility of Fe - C Materials 

RELATIONSHIP BETWEEN PRESSURE 
AND TRUE STRAIN TO FRACTURE 

True strain to fracture (f,) vs pressure for the ma­
terials investigated is shown plotted in Fig. 3. The 
stati$tical analysis and relationships for the best fit 
curves shown are summarized in Table 2. 

T ABLE 2 . Statistical Analysis of Tes t Data 

Coeffi cien ts 
Material, 

%C Condition A B C 

Effects of Pressure Upon Ductility 

Of initial concern was the form of the curve that 
best fit the data. Referring to the statistical results 
of Table 2, it can be seen that the correlation coef­
ficients (r') are quite high for all data for a linear fit. 
However, the correlation coefficients are the highest, 
and the standard deviation (0") the lowest for the an­
nealed 0.004% C and spheroidized 0.40, 0.83 and 
1.1 % C materials. This indicates that these ma­
terials exhibit a linear relationship between ductility 
and pressure of the form: 

f J = A + BP Eq 4 

where A and B are the constants li sted in Table 2 
for a linear fit. It should be noted that since P is the 
indepdendent variable, for the purpose of this analy­
sis Eq 4 is a more appropriate relationship between 
strain to fracture and pressure than that given by 
Bridgman (Eq 1). The relationship between the 
constants for the two equations is simply: 

1 Ci 
B = - and A = _ . 

{3 {3 

To further examine the form of the best fit relation­
ship between strain to fracture and pressure, a test 
was made for a polynomial fit of the form: 

f J = A + BP + CP2 Eq 5 

which is also summarized in T able 2. 
It can be seen in Table 2 that the standard devia­

tion (0") is effectively unchanged from t hat of a 
linear fit for the cases of the annealed 0.004% C and 
spheroidized materials. The deviation of "C" from 
zero is quite small, and the confidence level is much 
less than 95% which is the lower limit for acceptable 
fit . It is apparent then that no improvement results 
by using a polynomial rather than a linear fit for 
these materials. 

In contrast to the above materials, there is a con­
siderable decrease in 0", and the deviation of "C" 
from zero is quite large in the cases of the annealed 

Correlation Standard Confidence Deviation of 
coefficient, deviation , level, HC" from zero, 

r " % " units 

A-linear fit (E, = A + BP) 
0 .004 Annealed 1.968 0 .341 0 .984 0 . 158 
0.40 Annealed 0 .726 0.218 0.990 0.216 
0 .40 Spheroidized 1.339 0.263 0.999 0 .036 
0 .83 Annealed -0.043 0 . 157 0.968 0 .327 
0 .83 Spheroiclized 0 .668 0 .216 0.997 0 . 107 
1.1 Annealed -0 .014 0.045 0 .951 0.133 
1.1 Spheroidized 0 .470 0 .195 0.995 0.175 

B-Polynomial fit ('J = A + BP + CP 2) 
0 .004 Annealed 2.005 0 .276 0 .011 0 . 160 64.04 .91(; 
0.40 Annealed 0 .867 0.117 0 .006 0 .015 100 .00 39.05 
0.40 Spheroiclized 1.342 0 .258 0.0005 0 .038 35.20 0 .467 
0.83 Annealed 0.194 0.043 0 .006 0 . 119 100.00 9 .58 
0.83 Spheroiclized 0 .673 0 .212 0 .0003 0 . 115 13.19 0. 166 
1.1 Annealed 0.083 0.003 0.002 0.082 99.99 3.967 
1.1 Spheroidized 0.526 0 .162 0.001 0 . 163 84.4 1.418 
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ATMOSPHERIC PRESSURE MECHANICAL PROPERTIES 

The atmospheric pressure tensile properties were 
obtained using an Instron Tensile Machine with a 
0.050 in. / in. strain rate. The measured properties 
are summarized in Table 1. It should be noted that 
the actual form of the true stress-true strain rela­
tionship for the materials utilized herein was a power 
function. Thus the strain hardening coefficient (n) 
in Table 1 is not the same as the N in Eq 2 where a 
linear relationship has been assumed. 

Equipment 

The pressure device utilized consisted of a Bridg­
man piston-cylinder type 30 kbar hydrostatic pres­
sure system (1). The main pressure cylinder, which 
consisted of an autofrettaged externally tapered inner 
liner and matching restraining jacket, contained a 
i-in. diam 8-in. long pressure cavity. Both liner 
and jacket were fabricated of 250 grade maraging 
steel. Electrical leads were introduced into the 
pressure cavity through the bottom closure for the 
purpose of measuring pressure and strain of the 
sample. 

Pressure measurement was accomplished by means 
of a 120-ohm manganin coil comprising one arm of 
a bridge which also contained a Foxboro recorder. 
The estin1ated inaccuracy in presssure measurement 
was ±2% . 

The fixture for the conduct of the tensile test under 
pressure, which fitted inside of the pressure cavity, 
consisted of four legs. Two legs were stationary and 
bore against the bottom closure of the pressure 
cavity. The remaining two legs were driven down­
ward by the advancing main pressure piston which 
introduced tensile forces in the sample. The strain 
in the sample during testing was measured by means 
of a slide-wire resistance circuit which measured the 
relative displacement between the stationary and 
movable legs of the fixture. Displacement as a 
function of time was continuously recorded using an 
X-Y recorder. The circuit had an output of 55.0 
mv l in. of displacement. 

Procedures 

HIGH-PRESSURE TENSILE TESTING 

The high-pressure tensile tests were conducted at a 
constant displacement rate of 0.050 in./ min. 

Since the permissiblc displacement of the main 
pressure piston was fixed by the length of the tensile 
specimen and associated fixture, a means for varying 
the test pressure had to be provided. This was ac­
complished by pre-charging the pressure cavity to 
various selected levels from 0.5 to 3.0 kbars with 
nitrogen gas which also acted as the pressure t rans­
mitting media. 

The strain in the specimen was accomplished by 
the advance of the main piston. Thus, the pressure 

Volume 6 1, 1968 

D 

~~==~~~~~~~~~~ . 

" \. [. 

C \; ( 

( 

t~ ~ < ~ c ( 
~ 

c 

.<J 

Fig. 2. Microstructure of spheroidized Fe-'O materials. (A) 
0.40% 0; (B) 0.83% 0; (0) 1.1% O. X 1000. L~ 
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Fig. 4. Ductility vs pressure for Fe - C materials including Bridgman's data. 

quite good with our dn.ta obtained for the 0.83% C 
material. The slope is slightly lower due to the 
higher carbon content, but B increases with pressure 
in the same manner. Bridgman's data for the an­
nealed 0.45% C material is quite linear at lower pres­
sures, but B decreases at higher pressures rather than 
increases as we have found. His spheroidized 0.90% 
C material exhibits nonlinearity with B increasing 
with increasing pressure, which is in contrast to the 
fact that linearity was obtained for all of the sphe­
roidized material in this work. It should be noted, 
however, that there is a small number of data points 
available to describe Bridgman's curves and, in most 
cases, they are not uniformly distributed with re­
spect to pressure. Based on the data available, 
however, it is obvious that these materials do not ex­
hibit a linear relationship between pressure and 
strain to fracture and the forms of the curves vary 
considerably both from material to material and as 
a function of microstructure. Except for the an­
nealed 0.90% C material, the agreement with the re­
sults of the present investigation is not good. This 
may be accounted for by the lack of knowledge of the 
actual microstructure of his materials and, as pre­
viously stated, the lack of usable data. 

EFFECTS OF PRESSURE UPON ELONGATION 

Elongation as a function of pressure is plotted in 
Fig. 5 for the materials investigated. 

In the case of the most ductile of the materials in­
vestigated, that is, the annealed 0.004 and 0.40% C, 
and spheroidized 0.40% C materials, the elongation 
increased slightly at lower pressures, then rapidly 
leveled off with no further observed increase in 
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elongation with increasing pressure. These ma­
terials undergo substantial necking even at at­
mospheric pressure. Pressure does not, in this case, 
affect the uniform strain, but only enhances the 
amount of reduction in area obtained in the necked 
region. Thus, as the reduction in area in the necked 
region becomes greater as a result of increasing pres­
sure, its contribution to the over-all elongation be­
comes less significant. This, then, accounts for the 
effective insensitivity of elongation to pre sure at 
the higher pressures. 

In the lower ductility annealed O. 3% C and 
spheroidized 0.83 and 1.1 % C materials, the increase 
in elongation with pressure was much more extensive 
and only tended to level off at quite high pressures. 
This is a manifestation of the smaller amount of 
necking obtained at atmospheric pressure for these 
steels. As a result, there is a greater contribution of 
the reduction in area in the necked region to the over­
all elongation as the pressure is increased. The level­
ing off in elongation observed at high pressure is at­
tributed to the increased degree of necking as pre­
viously discussed for the more ductile materials. 

For the relatively brittle annealed 1.1% C ma­
terial, there was a large and continuous increase in 
elongation with increased pressure with no signs of 
leveling off. This is likely due to a two-fold effect. 
First, since there was very little, if any, necking ob­
served for this material at atmospheric pressure, 
there was a large contribution to the elongation re­
sulting from the substantial necking that occurs 
under pressure, as will be subsequently shown. The 
second contribution was due to the fact that this ma­
terial fractured at very low plastic strains at low 01' 

atmospheric pressure. It is, therefore, likely that 
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Fig. 3. Ductility vs pressure for Fe - C materials. 

0.40, O. 3 and 1.1% C materials when a polynomial 
fit is attempted. Furthermore, from Table 2 it can 
be seen that the confidence levels of the polynomial 
fit exceed 95% and, in fact, are effectively 100% for 
all three cases. It is apparent, therefore, that the 
strain to fracture-pressure data for the annealed 0.40, 
0.83 and 1.1% C materials are best described by a 
polynomial rather than a linear relationship. 

Several other points are important to note in con­
nection with Fig. 3. In the case of the materials ex­
hibiting a linear relationship, the slope (B) progres­
sively decreased with increasing carbon content. 
Similarly, if one assumes a linear relationship be­
tween strain to fracture and pressure for the remain­
ing materials rather than a polynomial fit, they also 
exhibited a decrease in slope (B) with increasing car­
bon content. The significance of this result with 
respect to the relationship between the pressure 
coefficient of ductility and strain hardening coef­
ficient will be discussed subsequently. 

A second important point concerns the form of the 
curve for the annealed 0.40, 0.83 and 1.1% C ma­
terial. In these materials, the pressure at the be­
ginning of substantial deviation from linearity in­
crea ed with increasing carbon content. 

Finally, in the case of the materials exhibiting a 
nonlinear relationship between pressure and strain 
to fracture, the slope or pressure coefficient of duc­
tility at the higher pressures tended to approach that 
for the spheroidized materials of the same carbon 
level. This is readily seen in the case of the annealed 
0.40 and 0.83% C materials. It is lilcely that the 
slope of the annealed 1.1% C material would also 
approach that of the spheroidized materials at higher 
superposed pressures. 
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In summary then, the effects of pressure upon the 
true strain to fracture was found to be highly struc­
ture sensitive, both in terms of the slope B and the 
form of the relationship between strain to fracture 
and pressure. Annealed 0.004% C and spheroidized 
materials exhibited a linear relationship between 
prcssure and strain to fracture, whereas the annealed 
materials containing substantial carbon exhibited a 
definite nonlinear polynomial relationship with B 
increasing with increasing pressure. The slopes of 
the curves B all decrease with increasing carbon con­
tent . In the case of the annealed carbon containing 
materials, the slope at high pressure approached that 
for the spheroidized materials of equivalent carbon 
content. 

As previously discussed, Bridgman primarily used 
materials that were in the "as-received" or quenched 
and tempered condition. Of all of his data, two 
plain carbon steels, that were supposedly in the an­
nealed and/ or spheroidized condition (the actual 
structure is unknown), can be used for comparison 
with the results of this current investigation. These 
data of Bridgman are shown in Fig. 4, along with the 
pertinent curves from our investigation. Bridge­
man's actual data points are shown and the best 
fit curves drawn through these points. For sim­
plicity, the data points from the current investigation 
have been omitted with the points shown being used 
only in order to identify the curves. The curves 
from the current work are dashed with those from 
Bridgman being solid. 

It can be seen in Fig. 4 that the best fit curves for 
Bridgman's data are not linear as he has stated, but 
deviate considerably from linearity. In the case of 
his annealed 0.90% C material, the agreement is 

247 



P=O.OOI Kb 
~ = 1.96 

P=O.OOI Kb 
E=O.l9 

P=2.5 Kb 
~ =3.00 

P=6.8 Kb 
E = 0.72 

0.004% C 

083% C 

Fig. 7. 

P=6.8 Kb 
f = 4.40 

P= 12.4 Kb 
E = 1.51 

P =15.5 Kb 
~ > 5.00 

P= 22.8 Kb 
E = 3.96 

P=O.OOI Kb 
~ =0.88 

P=O.OOI Kb 
~=0.068 

P=6.8 Kb 
f = 1.96 

P =6.0 Kb 
E =0.20 

0.40% C 

l.l%C 

Macroscopic fracture appearance as function of pressure for annea led Fe - C materials. 

P = 12.4 Kb 
~=3. 30 

P= 10.9 Kb 
E = 0.33 

P =17.6 Kb 
~ =4.87 

P =22.8 Kb 
E = 1.31 

m 
=A 
CD 
n -VI 

o 
-+0 

." 

~ 
VI 
c: .... 
CD 

C 
"tJ o 
:s 
o 
c: n 
:::!". 
=;: 
-< 



Davidson and Ansell 

150 V--
~+ ____ ~~-----r--~--+-----~ 

, __ - e ~_ -f-- • 
50r-----~------~------r_~~--~X~~--_r~--~.--~e~.----~~~~~~----_+----~~~~--r__; 

~
~ - f.-- - _--- I-A_---

,...- _ -I--~ _f- - • ____ --~ ----

-- ~ -I---.;::::::-e- -I" --- --- -v ~ - I--- - -A -/ . ..-- _A-
y----; 

~ /' /v . 
~30~/,--./~--+-----~------~~~_~-.-+------~------+------+------~------+-----~~------~~1 

~ v------ ~----- . 
20/ • ~__ ------- + -0.004% C (ANN.) 

)( -0.40 % C (ANN.) 

2 

0.3 

0.2 

___ 
• • -0.83 % C (ANN.) 

.-1.1% C (ANNl 
~ e---0.4D%C (SPH.) __ ___ • • - - -0.83% C (SPH.) 

A ---1.1 010 C (SPH.) 

8 10 12 14 16 18 20 22 
PRESSURE ( KBARS) 

Fig. 5. E longation vs pressure for Fe - C materials. 

\ 
~ 
\ 'f' 

O.lI---+----+----+---t----j----+----+-----jf----.l.---...J.....----4 

+--0.004%C (ANN.) 
X ----0.40 % C (ANNl 
'f' ----0.83% C (ANN.) 
.--1.1 "10 C (ANN.) 
e --0.40%C (SPH.) 
• --0.83% C (SPH.) 
.... ---- 1.1 % C (SPH.) 

0~----~2~----~4------=6----~8~----~10~----~12----~1~4----~1~6----~18~----2~0~--~2~2-­
B(KBARS) 

Fig. 6. Strain hardening coefficient vs pressure coefficient of ductility. 

Volume 61, 1968 249 



P=Q001 Kb 
E =1.33 

P=4.0 Kb 
E =2.32 

0.40% C 

p= 11.5 Kb 
E:= 4.36 

P=O.OOl Kb 
E= 0.55 

P= 20.9 Kb 
0 5.00 

P= 2.5 Kb 
E =0.90 

1.1%C 

P=O.OOl Kb 
E ==0 .68 

P= 9.7 Kb 
E = 2.34 

P== 6.2 Kb 
E == 2.06 

P=21.3Kb 
E=4.74 

0.83% C 

Fig. 8. Macroscopic fracture appearance as fUIlction of pressure in spheroidized Fe - C materials. 

'I 

P=11.8 Kb 
E ==3.25 

P == 15.9 Kb 
E=4.25 

m 
~ 
en 
n -VI 

o 
-+> 

" ~ en 
VI 
VI 
C 
~ 

en 
C 

" o 
j 

o 
c 
n 

== =+. 
'-< 



.. 
• 

Davidson and Ansell 

pressure retarded the brittle fracture mode, thus in­
itially increasing the amount of uniform strain ob­
tained prior to necking. 

Relationship Between Pressure Coefficient of 
Ductility, {3, and Strain Hardening Coefficient, n 

The pressure coefficient of ductility, {3 as a func­
tion of the strain hardening coefficient n is shown 
plotted in Fig. 6 for the materials of this current in­
vestigation. It should be noted that in the case of 
the annealed 0.40, 0.83, and 1.1% C materials, {3 
varied as a function of pressure as was previously 
discussed. However for comparison purposes, the 
pressure coefficient of ductility for the best fit linear 
relation hip between strain to fracture and pressure 
for these three materials are the values plotted in 
Fig. 6. 

As can be seen in Fig. 6, {3 generally increased with 
decreasing n. However, the relationship between 
{3 and n is not linear, which is in contrast to the pro­
posal by Bridgman (1), and exhibits considerable 
structure sensitivity. The dependency of this rela­
tionship upon microstructure is particularly notice­
able in the case of the 0.83 and 1.1% C materials. 
Whereas the value of {3 is dependent upon whether 
these materials are in the annealed or spheroidized 
condition, n is effectively the same for both condi­
tions. Only if the data for the annealed 0.83 and 
1.1 % C materials are neglected is a near linear rela­
tionship between f3 and n obtained, as is shown by 
the solid line in Fig. 6. 

It is apparent that the relationship between the 
pressure coefficient of ductility and strain hardening 
coefficient is significantly structure sensitive and, 
based on the materials investigated, is not linear. 
Apparently then, the considerable scatter in the re­
sults of Bridgman, particularly for plain carbon and 
low alloy steels, is a manifestation of his having a 
variety of different microstructures. 

Effects of Pressure Upon Macroscopic 
Fracture Appearance 

The macroscopic fracture appearance as a function 
of pressure is shown in Fig. 7 and 8 for the annealed 
and spheroidized materials, respectively. As can 
be seen in Fig. 7, the macroscopic fracture appear­
ance for the annealed 0.004% C material changed 
from a cup-cone at atmospheric pressure to one ex­
hibiting a point or "chisel" point at high pressure. 
Considerable ribbing also occurred . In the case of 
the annealed 0.40 and 0.83% C materials, as also 
seen in Fig. 7, the fracture at atmospheric pressure 
was cup-cone with the shear portion increasing 
progressively with increasing pressure at the expense 
of the fibrous (cup) region. At high pressure, the 
fracture converted to a planar shear type with the 
fracture surface being quite flat and oriented ap­
proximately along the shear plane. The annealed 
1.1 % C material exhibited a flat cleavage type of 
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fracture at atmospheric pressure. With increasing 
pressure, the fracture progressively converted to a 
planar shear without any tendency toward a cup­
cone type. At the highest pressure (22.8 kbar ), 
the fracture was almost entirely planar shear with a 
thin peripheral ring of flat or cleavage type fracture. 
It can al 0 be noted that in the necked region there 
were numerous fissUTes on the longitudinal surface. 

In the case of the three spheroidized materials, as 
shown in Fig. 8, the change in macroscopic fracture 
appearance as a function of pressure was much the 
same as for the intermediate carbon annealed ma­
terials. The fracture exhibited an increa e in the 
shear portion of the cup-cone type fracture with in­
creasing pressure. At high pressure the fracture in 
all three materials converted to a planar hear type. 

Considering the macroscopic fracture surface ap­
pearance, Bridgman reported a linear relationship 
between pressure and the ratio of tensile (fibrous) to 
total fracture area. His data, however, exhibited 
considerable scatter and it is questionable that such a 
relationship should actually exist. 

Plotted in Fig. 9 is the ratio of fibrous to total 
fracture area as a function of pressure for the ma­
terials of this current investigation. The 0.004% C 
material is not shown, due to the inability of ac­
curately defining the fibrous fracture region be­
cause of irregular fracture profile and ribbing. The 
1.1 % C material is also not shown since, as previously 
demonstrated, it did not exhibit a cup-cone fracture 
but went directly to planar shear from a flat cleavage 
type fracture. 

As can be seen in Fig. 9, there is no linear relation­
ship obtained if a best fit curve is used. The scatter 
would be so great that any attempt toward a linear 
fit is evidently illogical. As is evident, the curves 
are of the same general form for aU materials. There 
is an initial rapid decrease in the fracture area ratio 
with increasing pressure, followed by a leveling off in 
the range of an area ratio of 0.2 to 0.3. This leveling 
off, or plateau, which exists over a significant pressure 
range, is then followed by an abrupt decrease in area 
ratio over a narrow pressure range in which the area 
ratio goes to zero. This form of curve is most 
evident in the annealed and spheroidized 0.83% C 
material. There is no systematic variation in the 
form of the curves with respect to material or struc­
ture except that the pressure at which the fracture 
converted completely to planar shear generally in­
creased with increasing strength. 

A possible reason for the lack of a continuous rela­
tionship between the ratio of fibrous to total fracture 
area and pressure is that the basic fracture mech­
anism at atmospheric pressure may be the same for 
both the fibrous and shear portions of the cup-cone 
fractures exhibited by these materials. Pressure 
may, therefore, affect the fracture mode in both of 
these regions (9). Thus, pressure may not increase 
the amount of the shear fracture of the type charac­
teristic at atmospheric pressure, but may cause the 
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Fig. 9. Fibrous to total fracture area va pressure for Fe - C materials. 

fracture mode to progressively convert to one of 
planar shear (12). Such a shift in fracture mode 
may not change the macroscopic fracture appear­
ance, but is observed by electron fractographic ex­
amination. 

CONCLUSIONS 

1. The effect of pressure upon the ductility of a 
series of annealed and spheroidized Fe - C materials 
ranging in carbon content from 0.004 to 1.1% C 
is highly structure sensitive in terms of the amount, 
shape and distribution of the cementite phase. 

2. Annealed 0.004% C and spheroidized 0.40, 
0.83 and 1.1% C materials exhibit a linear relation­
ship between true strain to fracture and pressure with 
the slope decreasing with increasing carbon content . 

3. Annealed 0.40, 0.83 and 1.1% C materials ex­
hibit a polynomial relationship between pressure and 
true stra,jn to fracture with the slope increasing with 
increasing p·ressure. The slope at low pressure and 
that for the best fit linear relationship for these ma­
terial decreases with increasing carbon content. The 
slope at high pressure approaches that for the 
spheroidized materials. 

4. The elongation as a function of pressure in­
creases rapidly at lower pressures, then levels, or 
tends to level off, at higher pressures in all but the 
brittle annealed 1.1% C material. The leveling off 
Qf the increase in elongation is attributed to the pres­
sure only affecting the area reduction in the necked 
region and not the uniform strain. . In the 1.1 % C 
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material, the elongation progressively increases with 
no leveling off even at 23.8 kbars. This is a com­
bined effect of an effective increase in uniform 
strain, since brittle fracture is retarded, plus the con­
tribution of the area reduction in necking. 

5. No single or linear relationship exists for the 
materials investigated between pressure coefficient of 
ductility and strain hardening coefficient. A linear 
relationship does exist for the annealed 0.004% C 
and the spheroidized 0.40,0.83 and 1.1% C materials, 
the remaining annealed materials falling far off this 
linear relationship. 

6. No linear or continuous relationship exists 
between the ratio of fibrou to total fracture area as a 
function of pressure in those materials exhibiting a 
cup-cone type fracture at atmospheric pressure. 
There is a general decrease in the area ratio going to 
zero for all of the materials at high pressure. The 
pressure at which the fracture converts entirely to 
planar shear generally increases with increasing 
strength. 
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