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Shock deformation of Fe-Mn alloys up to 14 wt% Mn results in a shock-induced phase trans
formation. It has been shown that bcc martensite with manganese in the range 4-16 wt% 
transforms to a stable close-packed phase under pressure without the occurrence of rever
sion. The addition of manganese to iron also decreases the transition pressure from 133 
kbar for pure Fe to less than 70 kbar for Fe-14Mn. X-ray diffraction, electron-probe mi
croanalysis, electron microscopy, and density results indicate that for the Fe-4Mn and Fe-
7Mn alloys, the fcc phase has been stabilized after shock deformation, while the € phase has 
been stabilized for the Fe-14Mn alloy. Saturation magnetization studies have detected a re
sidual reduction in magnetization due to the retainment of the high-pressure phase. 

I. INTRODUcnON 

A magnetic phase transition in iron in the viCinity of 
130 kbar has been confirmed in both dynamic and 
static experiments.1

- 3 Recent experiments indicate 
that a partial phase transition to the nonmagnetic E 

phase (hcp) can occur at shock pressures as low as 
50 kbar. 4 However, since iron reverts to its initial 
structure on relief, residual phase changes have not 
been observed. 

The temperature-pressure diagram for iron, shown 
in Fig. 1, can be modified by the addition of alloying 
elements to iron. SpeCifically, the stability of the 
close-packed phase of iron can be increased by the 
addition of manganese. 5 The phase diagram is shown 
in Fig. 2. Magnetic susceptibility measurements6 of 
Fe-Mn alloys that had been shocked at pressures up 
to 300 kbar indicated that the high-pressure phase 
could be retained at zero pressure. Since the dura
tion of a shock-wave pressure pulse is about 10-6 
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FIG. 1. Temperature-pressure diagram for iron (see 
Ref. 2). 
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sec, any phase transformation which occurred must 
be martensitic. 

The present work is an investigation of the residual 
magnetic and crystallographic phase changes in 
shock-deformed iron-manganese alloys. Our exper
imental results are related to shock-induced mar
tensitic and magnetic transformations. We will 
show that in Fe-Mn density, x-ray microstructural, 
and magnetization changes are due to the partial re
tention of the high-pressure phase. ~ 

n. EXPERIMENTAL DETAILS 

A. Sample Preparation 

The composition of the alloys included in this study 
is given in Table 1. All alloys were prepared using 
an electrolytic grade of iron and high-purity manga
nese (99.9%); 0.007 wt% carbon was the main im-
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FIG. 2. Transformation and equilibrium diagram for the 
Fe-Mn system. 
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TABLE 1. Composition of alloys. 

Alloy de signation 

Fe 
Fe -0.4Mn 
Fe-4Mn 
Fe-7Mn 
Fe-14Mn 

Composition (wt% Mn) 

o 
0. 38 
4. 10 
7.37 

13 .62 

purity. The alloys were arc melted in an argon at
mosphere under conditions which insured good ho
mogeneity. Hot-rolled samples having dimensions 
20 x 6. 0 x 1. 3 mm were machined and annealed for 9 
h at temperatures between 900-950 cC. Half of the 
specimens were quenched from the austenitic region 
and the rest were furnace cooled to room tempera
ture in 72 h. Plane-wave shock-deformation tests 
were performed at peak pressures of 90, 150, 300, 
and 500 kbar. The basic method of plane-wave gen
eration has been described previously.7 

B. Experimental Methods 

Magnetization curves for shock deformed and an
nealed specimens were determined by standard 
"ring techniques" described by Rose Villere and 

8 " Berger. All measurements were taken at room 
temperature. The maximum applied field was 1000 
Oe. 

Density was measured at the National Bureau of 
Standards and at the Naval Weapons Laboratory us
ing a displacement technique. Density changes of 
±o. 0001 g/ cm3 were detectable. The liquid used in 

determining the density was Di(2-ethyl hexyl) aze
late. 

Crystal structures and microstructures were ob
served with x-rays, electron probe, light, and 
transmission electron microscopy. 

The electron probe was used to study variations of 
manganese concentrations and to facilitate the inter
pretation of the optical micrographs. The Norelco 
instrument was operated at 30 kV with a specimen 
current between 0 . 035 and 0.05 /lA. To determine 
the manganese content within the bcc and close
packed phases, a calibration curve of relative inten
sity (I/ IO)Mn vs manganese content was determined 
using four homogeneous Fe-Mn alloys (Fig. 3). It 
was of interest to show that the calibration curves 
agree with the calculated curves of Castaing9 and 
Wittryl0 who made corrections for absorption and 
fluorescence. 

Identification of the retained high-pressure was ac
complished by x-ray diffraction of powdered Fe-Mn 
using MoKa radiation. Thin foils, suitable for ex
amination by electron transmission microscopy, 
were electropolished in a solution conSisting of 430 
ml of HaP04, 50 g of CrOa, and 7 ml of distilled 
water at 0 Cc and a current denSity of 1. 2 A cm- 2. 

m. EXPERIMENTAL RESULTS 

A. Density Experiments 

Density measurements are shown in Table IT. Den
sity measurements of the quenched and shock-loaded 
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FIG. 3. Measured 1/ 10 vs com
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system . 
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(a) 

(b) 

(c) 

FIG. 4. (a) Typical Fe-Mn unshocked microstructure fol
lowing a water quench. Magnification is 500x. Austenitic 
grain boundaries are hidden. (b) Shock-loaded Fe-7Mn at 
300 kbar, showing mixed microstructure. Austenitic grain 
boundaries have reappared due to the retainment of the 
high-pressure fcc phase. Magnification is 500x. (c) Mi
crostructure of the shocked Fe-7Mn. Typical martensitic 
structure is shown, with prior austenitic grain boundaries. 
Magnification is 500x. 

specimens clearly indicate that the high-pressure 
phase has been retained in the alloys Fe-4Mn to Fe-
14Mn, which were shock loaded at pressures above 
90 kbar. The maximum density change occurred af
ter shock deformation at 300 kbar for Fe, Fe-0.4Mn, 
and Fe-4Mn and at 500 kbar for Fe-7Mn and Fe-

(a) 

(b) 

FIG. 5. (a) Microstructure of Fe-7Mn slow cooled from 
900 ·C. The hcp phase is outlined by the lightly etched 
grain boundaries. The matrix is bcc. These observations 
have been verified by the electron probe. Magnification is 
250x. (b) Microstructure of Fe-7Mn, slow cooled and 
shock loaded to 300 kbar. Profuse twinning is evident. 
Magnification is 500x. 

14Mn. From 300-500 kbar there was no appreciable 
change in the retention of the close-packed phases. 
No appreciable density changes were observed in the 
Fe and Fe-O.4Mn alloys. The density change was 
much less in the alloys which were initially furnace 
cooled prior to shock deformation. The residual 
density changes are believed to be due to an CJ.' - Y 

or CJ.' - E transformation. The stability of the shock-
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TABLE IT. Density changes in shock deformed Fe-Mn alloys . 

Alloy Heat treatment Initia l dens ity Po Density changes· 
(g! cm3) at 20·C 90 kbar 150 kbar 300 kbar 500 kbar 

Fe 900·C, water quench 7.8711 1.0001 1. 0002 1. 0002 1 . 0002 
Fe-0.4Mn 900·C, water quench 7. 8716 1. 0002 1. 0002 1. 0003 1. 0003 
Fe-4Mn 950·C, water quench 7. 8698 1. 0023 1. 0097 1.0146 1. 0140 
Fe-7Mn 950·C, water quench 7.9088 1. 0028 1.0028 1. 0218 1. 0431 
Fe-14Mn 950·C, water quench 7.9902 1.0275 1. 0392 1.0449 1. 0450 

Fe 900·C, furnace cool 7.8712 1. 0001 1. 0002 1. 0002 1. 0002 
Fe-O.4Mn 900·C, furnace cool 7.8719 1.0002 1. 0002 1. 0002 1. 0003 
Fe-4Mn 950·C, furnace cool 7. 8722 1. 0002 1. 0006 1. 0007 1. 0007 
Fe-7Mn 950 ·C, furnace cool 7 . 91 35 1. 0003 1. 0006 1.0007 1. 0008 
Fe-14Mn 950 ·C, furnace cool 7.9939 1. 0008 1. 0008 1. 0009 1. 0009 

aDensity change = density after shock loading (P"l! unshocked density (pO>. 

produced close-packed phases was exhibited by 
quenching them to 78 oK and causing only a slight 
change in the density ratio (less than 0.15%). It is 
emphasized that the retained close-packed phase 
which was produced by shock primarily came from 
the bcc martensite with manganese content in the 
range of 4-16 wt%. The retained high-pressure 
phase increased with the manganese content of the 
bec phase. The slow-cooled alloys contained bcc 
martensite with 2 -4 wt% Mn, and, consequently, 
the retainment of the high-pressure phase was not 
possible. 

B. Structure Determination 

X- ray diffraction data of all alloys were taken before 

and after shocking at 90, 150, and 300 kbar. The x
ray diffraction results indicate that, for the Fe-4Mn 
and Fe-7Mn alloys, the 'Y phase has been stabilized 
at room temperature after shock deformation, while 
the € phase has been stabilized for the Fe-14Mn al
loy. The unshocked quenched Fe, Fe-O.4Mn, and 
Fe-4Mn specimens produced the diffraction lines of 
bcc Fe-Mn; equilibrium bcc and martensitic bcc 
lines were not separable. The a' lattice parameter 
was found to increase linearly with increasing solute 
content up to 14 wt% Mn. The unshocked quenched 
Fe-7Mn and Fe-14Mn specimens produced the dif
fraction lines of bcc martensite. The quenched and 
shocked Fe and Fe-O.4Mn specimens showed the 
same lines as the unshocked specimens. However, 

TABLE m. X-ray diffraction data of Fe-Mn shock loaded up to 300 kbar . 

p d(bcc) (hkl)1xlc a(bcc) d(hcp) (hkl)bJp a (hcp) c(hcp) d(fcc) (hkl)tcc a (fcc) 
(kbar) (A) (A) (A) (A) (A) (A) (A) 

Fe-14Mn 
unshocked 2. 05± 0. 05 (110) 2. 85 

1. 40 ± 0.05 (200) 
1. 20 ± 0.03 (211) 

150 ~ 2. 04 ± O. 05 (110) 2. 83 1.90 ± 0. 05 (101) 2.45 3 .95 
1. 40 ± O. 08 (200) ~2 . 00 ± 0 . 06 (002) 

~ 1.19 ± 0.05 (211) 
300 ~ 2.04 ± 0.05 (110) 2. 83 2.14± 0.06 (100) 2.45 3.95 

1. 4 0 ± 0.05 (200) ~2. OO ± O. 08 (002) 
1.17 ± O.07 (211) ~ 1. 90 ± 0. 08 (101) 

1. 45± 0.05 (102) 
1. 25± 0. 07 (110) 
1.15± 0.07 (103) 

Fe -7Mn 
unshocked ~ 2.00 ± 0. 02 (110) 2. 80 

1. 38± O. 02 (200) 
1.21 ± 0.03 (211) 

300 ~2. 00 ± 0.05 (110) 2. 80 2.06 ± 0. 05 (111) ~ 3. 50 
[Fe-7Mn] 1. 40 ± O. 06 (200) 1.80 ± 0. 05 (200) ~ 3. 50 

1.20 ± 0.05 (211) 1.30 ± 0.05 (220) ~ 3 . 47 

Fe-4Mn 
unshocked ~ 1.98± 0.0 5 (110) 2.79 

1. 38± 0.02 (200) 
1. 20 ± 0.03 (211) 

300 2.05± 0.05 (111) ~ 3 . 50 
1.79 ± 0.05 (200) ~ 3 . 49 

1. 32 ± 0. 05 (220) ~3.48 
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FIG. 6. Electron microprobe data on (a) Fe-7Mn and 
(b) Fe-14Mn specimens slow cool~d and shock loaded at 300 
kbar. 

the quenched and shocked Fe-4Mn and Fe-7Mn alloys 
showed bcc and fcc lines, with the lattice parameters 
shown in Table ill. The quenched and shocked Fe-
14Mn alloys showed bcc and hcp phases with the lat
tice parameters also indicated in Table ill. Six of 
the lines were clearly identified as hcp with a ci a 
ratio of 1. 61. The hcp lines identified in the Fe-
14Mn alloy after the 150-kbar shock had the same 
ci a ratio as after the 300-kbar shock. The un
shocked slow-cooled Fe, Fe-0.4Mn, and Fe-4Mn 
specimens produced diffraction lines of bcc marten
site. The unshocked slow-cooled Fe-7Mn and Fe-
14Mn alloys produced hcp martensite and bcc mar
tensite. All alloys had a 5-10% volume fraction of 
untransformed fcc phase. Apparently, the hcp phase 
in the annealed alloys is a discrete phase, very sim-

(a) 

(b) 

FIG. 7. (a) Electron micrograph of quenched shock-loaded 
Fe-7Mn at 90 kbar. The fcc plates have transformed from 
the initial bcc structure. The fcc plates have been identi
fied by electron diffraction. (b) Electron micrograph of 
slow-cooled shock-loaded Fe-7Mn at 90 kbar. 

ilar to the hcp phase in cobalt. The shock loading of 
the slow-cooled specimens did not produce any new 
lines. In addition, shock loading did not change the 
volume fraction of each phase present in the slow
cooled alloys. 

C. Microstructure 

By light microscopy, the microstructure of all alloys 
was observed before and after shock loading to 300 
kbar. Representative optical micrographs of the Fe-
7Mn alloy are shown in Fig. 4. The typical mar
tensitic structure prior to shock loading is shown in 
Fig. 4(a). The prior austenitic grain boundaries are 
not obvious, but with closer scrutiny of the changes 
in orientation of the martensitic plates, the austen
itic grain boundaries become evident. After shock
ing, the prior austenitic grain boundaries are easily 
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FIG. 8. Electron micrograph of shock-loaded Fe-7Mn at 
300 kbar. Extensive transformation has occurred. 

recognizable for the Fe-7Mn alloy [Figs. 4(b) and 
4(c)]. This last observation is very important be
cause it indicates that during shocking a' reverted to 
y by the same mode of shear that occurred during 
quenching. In contrast to the case of Fe-7Mn, the 
austenitic grain boundaries in Fe-14Mn which existed 
prior to quenching are not visible after shocking be
cause they are obscured by the a' to E transforma
tion. Consequently, the shocked Fe-14Mn is very 
nondescript. Figure 5(a) shows the structure of the 
slow-cooled Fe-7Mn alloy. This microstructure is 
typical for all slow-cooled alloys. The lightly out
lined grains represent the hcp phase, while the ma
trix is the bcc phase. These phases have been iden
tified by the electron probe and will be discussed in 
Sec. IV. Figure 5(b) shows the slow-cooled struc
ture for Fe-7Mn after shock loading at 300 kbar. 
This microstructure is typical for all shocked fur
nace-cooled alloys. The prominent feature of the 
shocked furnace-cooled alloys is the presence of 
profuse twinning, and there is no retained high
pressure phase in the furnace-cooled specimens as 
supported by the density and x-ray observations. 

The electron-probe microanalysis, while facilitating 
the interpretation of the optical micrographs, also 
indicated the distribution of manganese in the 
shocked and unshocked specimens. The manganese 
variation was measured in shocked specimens, and 
those which were only quenched or furnace cooled. 
Segregated regions were observed in both the 7 and 
14 wt% Mn alloys furnace cooled from 900 °C. The 
type of segregation was the same in both the shocked 
and unshocked furnace-cooled specimens. The seg
regated regions in the furnace-cooled shock-loaded 
Fe-7Mn alloy were 5-15 Jl long with manganese con
centration changing discontinuously from 2.5 to 23.0 
wt% [Fig. 6(a)). Similarly segregated regions in the 
Fe-14Mn furnace-cooled shock-loaded specimens 
were also 5-15 Jl long with a variation in manganese 
concentration from 3.5 to 40 wt% [Fig. 6(b)). These 
variations are consistent with the manganese content 
in a and y as predicted by the phase diagram. The 

manganese distribution in the quenched alloys was 
homogeneous and segregated regions were not de
tected. The quenched and then shocked alloys had 
the similar homogeneous distribution of manganese. 

The microstructure of Fe-4Mn, Fe-7Mn, and Fe-
14Mn was studied using the electron microscope. 
One alloy (Fe-7Mn) will be described in detail be
cause its microstructure is representative of all al
loys. The Fe-7Mn specimens which were shock 
loaded at 90 and 300 kbar showed fcc and bcc phases 
[Figs. 7(a) and 7(b)]. The fcc phase was identified 
by selected-area diffraction methods. The fcc phase 
was in the form of plate like islands of retained aus
tenite within the martensite matrix. These plates of 
austenite were formed by shocking because no aus
tenite existed in the as-quenched state. At 300 kbar, 
the amount of fcc was much greater as shown in 
Figure 7(b), as expected from the density measure
ments. On the other hand, the furnace-cooled Fe-
7Mn specimens shocked to 90 kbar did not show re
tained fcc, as shown in Fig. 8, and were character
ized primarily by a cellular dislocation structure. 
Shock loading the furnace-cooled specimens at 500 
kbar resulted in the formation of subgrains indica:t
ing that some recovery had taken place during the 
shock loading. 

The diffraction pattern of Fig. 7(a) (Fe-7Mn, 90 
kbar) is primarily bcc resulting from the matrix. 
The fcc spots are marked on the pattern and indicate 
that the retained fcc cells are elongated in the same 
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FIG. 10. (a) Saturation magnetization as a function of man
ganese content for shocked and unshocked alloys. (b) Frac
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direction and are aligned along the [llO]bcc. The dif
fraction pattern of Fig. 7(b) (Fe-7Mn, 300 kbar) is 
primarily fcc; and, when the bcc and fcc diffraction 
patterns are superimposed, the following crystallo-
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FIG. 11. Hugoniot curves for Fe-Mn alloys. 

graphic relationship was obtained: 

[Ill]yl/[llO]m, (101)yll(111)m. 

.130 

(1) 

This orientation relationShip corresponds to that of 
Kurdjumov and Sachs. 

The habit plane of the fcc phase in shocked Fe-7Mn 
was determined by single surface trace analysis. 
Two different types of habit planes were observed at 
90 kbar. Five habits were approximately (II2)y and 
only one was near (225)y. At 150 kbar, for the vari
ant of the orientation relationship used, the habit 
plane was always found to be near (IT2)y. 

D. Magnetization Measurements 

The magnetization curves appearing in Fig. 9 indi
cate different approaches to saturation at each pres
sure. In general there is a lowering of saturation 
magnetization with increasing shock pressure, as 
shown in Fig. 10(a). The fractional decrease in sat
uration magnetization is shown in Fig. 10(b). The 
greatest fractional change in saturation magnetiza
tion occurred for the Fe-7Mn alloy, which was 
shocked at 300 kbar. However, at 150 kbar the 
change in saturation magnetization was greater for 
the Fe-14Mn than for the Fe-7Mn alloy. This obser
vation is consistent with the density measurements. 
Figure 10(a) shows that the saturation magnetization 
changes only slightly with shock pressure when the 
manganese content is below 4 wt%. This means that 
the change in the B-H curve produced by dislocations 
is relatively small compared to the change produced 
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TABLE IV. Retai~ed high-pressure phases of the quenched alloys. 

Alloy Pressure Vol% fcc Vol% hcp 
(kbar) Density 

Fe-4Mn 90 2.25 
150 10.80 
300 16.25 
500 15.50 

Fe-7Mn 90 3.12 
150 25.2[; 
300 47.50 
500 47.60 

Fe-14Mn 90 
150 
300 
500 

by the retention of the close-packed paramagnetic 
phases. For the Fe-7Mn alloy, as shown in Fig. 
10(a), and decrease in saturation magnetization be
tween 90 and 150 kbar is the result of the a'-y 
transformation. In the Fe-14Mn alloy, a significant 
decrease in saturation magnetization occurs below 
90 kbar. It is likely that the transformation was 
initiated below 90 kbar for the Fe-14Mn alloy. The 
decrease is saturation magnetization with shock 
pressure for the Fe-14Mn alloy is caused by the re
tention of the close-packed phase. 

IV. DISCUSSION 

A. Discussion of Experimental Results 

The density data, magnetic data, and microstructure 
all show that close-packed phases can be retained 
after shock loading if the unshocked specimens con
tained bcc martensite, with the manganese content 
in the range 4-16 wt%. Alloys which were slow 
cooled did not retain the high-pressure phase after 
shock loading because their bcc martensite contained 
less than 4 wt% Mn. In addition, the slow-cooled al
loys already contained a close-packed phase prior to 
shock loading. Therefore, manganese in bcc mar-

Magnetization Density Magnetization 

3.10 
6.50 

11.00 
13.50 

3.20 
24.00 
45.00 
47.00 

30.10 25.00 
38.00 34.50 
49.20 44.00 
49.20 45.00 

tensite, between 4 and 16 wt.% stabilizes the high
pressure close-packed phases. It is of interest to 
calculate the amount of retained phases based on the . 
different types of measurements. 

From the rigid- sphere model, a theoretical density 
change for a- y is 8. 98% and for a - E is 9. 12%. 
Using the density measurements of Table n, the per
centages of retained high-pressure phases have been 
calculated as shown in Table IV. The amount of re
tained high-pressure phases can also be estimated 
from the magnetization measurements, based on the 
difference in saturation magnetization between the 
shocked and un shocked specimens (Table IV). It is 
to be noted that the estimate of the amount of re
tained high-pressure phase from the density and 
magnetic data is the same. Table IT shows that all 
alloys, and even the pure iron, showed an increase 
in density after shock loading. It would appear that 
the density changes from 1.0001 to 1.0003 may be a 
result of microvoid coalescenceY·12 Possibly the 
density changes which were observed in the furnace
cooled alloys with 4-14 wt.% Mn may be caused by 
very small amounts of retained high-pressure phases 
which were not detectable by the other methods of 

TABLE V. Retained high-pressure phases in alloys. 

Alloy 

Fe-32 Wt% Ni 
(Ref. 20) 

Fe-Ni-C 
(Ref. 20) 

Fe-7Mn, Fe-4Mn 
(present work, 
Ref. 6) 

Fe-14Mn 

Ti-Mo (Ref. 22) 

Ti-V (Ref. 22) 

aLiquid-nitrogen quench. 

Heat treatment 

LNQ 

Water quench 

LNQ 

LNQ 

Phase transformation 

a'-I' 

a'-I' 

a'-I' 

Habit plane 
and sbear system 

~ (523)a 
(110) I' [lIO 11' 

(225)1' 
(110) I' [11011' 

(112)1' 
(111) I' [12IJI' 

(112) I'(Fe-7Mn) 
(111) I' iI2rJI' 

) 
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observation. It is of interest to calculate the change 
in density which is produced only by shock-generated 
dislocations and point defects. The density change 
from dislocations 13 is given by 

f).DiD = ~b2pD' (2) 

where PD is the density of dislocations, D is the ma
terial denSity, and b is the Burgers vector. USing 
the dislocation density observed for iron at 300 kbar, 
a decrease in !).Di D of 7.3 X 10-5 should result. This 
value is too small to be observed experimentally, 
and by itself it should have produced a decrease in 
denSity, while an increase was observed in the pres
ent case. The point-defect density based on the ob
servations of Kressel and Brown14 is too small to be 
observed experimentally. 

Saturation magnetization of annealed Fe- Mn alloys as 
measured previously15 is consistent with the results 

of this investigation and showed a sudden change in 
the slope of the saturation magnetization vs manga
nese curve at 7 wt% Mn. Shock deformation pro
duces a Significant drop in the saturation moment 
when the wt% Mn concentration exceeds 4%, as shown 
in Fig. 10(b). This drop occurs at all shock pres
sures. It should be noted that after shock deforma
tion, the approach to saturation is more gradual due 
to the dislocations and point defects produced by the 
shock. This factor increases the uncertainty in the 
location of the saturation field, and it is probable 
that saturation was not actually reached at fields of 
10000e. Thus the decrease in saturation magnetiza
tion after shock loading Fe-O. 4Mn should be attrib
uted to dislocations and point defects rather than to 
a retained close-packed phase. 

Density, saturation magnetization, and susceptibil
ity6 measurements indicate that the transformation 
occurs at pressures below 90 kbar. This agrees 
with the work of Keeler and Mitchell4 who found that 
a partial phase transition to the nonmagnetic hcp 
phase can occur at shock pressures as low as 50 
kbar. It is obvious that the addition of manganese to 
iron lowers the transition pressure. This is consis
tent with the magnetization data of Fig. 10(b). It is 
noted in Fig. 10(b) that the changes in saturation 
magnetization for the Fe-14Mn alloy occurs well be
low 90 kbar, and for the lower manganese alloys the 
transformation seems to occur at about 90 kbar. 
The transformation pressures, according to the 
Hugoniot curves of Fig. 11,16,17 are generally higher 
for each corresponding manganese content. 

Bowden and Kelly18 using electron microscopy have 
studied the pressure-induced phase transformation in 
Fe-C and Fe-Ni-C. In the case of Fe-Ni-C it was 
found that the high-pressure phase was fcc, which 
was retained after the passage of the shock wave. 
These authors, however, were not able to retain the 
high-pressure phase in the Fe-C alloys. In a sepa
rate study Leslie, Stevens, and Cohen19 were able to 
retain the high-pressure fcc phase of a shock-loaded 
Q!- martensite Fe- 32% Ni alloy. Bowden and Kelly18 
found that under shock-loading conditions, Q!' trans
forms to y by an exact reversal of the original trans
formation which produced the Q!' martensite. This 
finding is consistent with our optical observations on 
the Fe-7Mn alloy. Koul and Breedis20 likewise were 
able to retain high-pressure phases of shocked tita
nium alloys. It is also noted that a commercial 
method of producing diamonds is based on the reten
tion of the high-pressure phase after shock loading. 
Table V summarizes previous work done on retained 
high-pressure phases in alloys. 

B. Thermodynamic and Stability Considerations 

The results of the present investigation have shown 
that the high-pressure phase has been retained after 
the passage of the shock wave. The addition of man
ganese to iron has modified the temperature-pres-
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sure diagram by increasing the field of stability of 
the fcc and hcp phase. Therefore, the shock loading 
of a bcc-martensite structure with an appropriate so
lute content results in an a' - y or a' - € transfor
mation. Figure 12 shows that the triple point has 
been lowered to about 90 kbar for Fe-7Mn and 70 
kbar for Fe-14Mn, and hence the fcc and hcp fields 
have been greatly stabilized with respect to the bcc 
phase. The To-P lines for the Fe-7Mn and Fe-14Mn 
alloys as a first approximation were drawn parallel 
to the phase lines for pure iron, and were also made 
to pass through the two experimentally known states 
( To, P = 0) and (Te, Pc)' The presure P c is the trans
formation pressure obtained from the Fe-Mn 
Hugoniot, and Te is the temperature of the com
pressed solid at Pc calculated using the equations of 
McQueen et aZ.21 From the present observations the 
phase line between the fcc and hcp phase must devi
ate as shown in Fig. 12 so as to explain the room
temperature stability of fcc for Fe-7Mn and hcp for 
Fe-14Mn. 

The calculation of the initial P- To slope (P = 0, T 
= To) for Fe-7Mn and Fe-14Mn is based on the Calu
sius-Clapyron equation. The initial PT slope for the 
bcc- fcc transformation has the following values: 

(
dT )"'~Y 
dP =- 10.5 °K/kbar. 

The enthalpy change AH",~y and the entropy change 
AS",~y are functions of temperature and solute con
centration.22 Therefore the slope of the P- To curve 
will deviate from the initial dT / dP slope and from 
the slope of the pure-iron phase lines. 

In addition to the thermodynamic conSiderations, 
dislocations generated by (a) the quench and (b) shock 
deformation and their interactions may stabilize the 
high-pressure phases. The first set of dislocations 
produced during quenching will have an internal 
stress field which is related to the shear mechanism 
during the martensitic transformation via quenching; 
an entirely different set of dislocations is produced 
by the martensitic transformation under shock, these 
two sets of dislocations interacting to form an ex
tremely high dislocation density . When the shock 
pressure is removed, an entirely new set of disloca
tions must be produced in order for the high-pres
sure phase to revert to bcc. The shear process nec
essary for this reversion is prevented by the interac
tion of the existing dislocations. It is surprising that 
reversion of the high-pressure phase does not even 
occur when the specimens are cooled to liquid-nitro
gen temperatures. Experiments will be performed 
to see if reversion occurs when specimens are 
cooled to 4.2 OK. 

V. CONCLUSIONS 

Based on the experimental findings of this work, 
shock deformation of quenched Fe-4Mn, Fe-7Mn, 
and Fe-14Mn results in a shock-induced phase trans-

formation with the high-pressure phase retained upon 
relief. Furnace-cooled alloys up to 14 wt% Mn do 
not show retained close-packed phases after shock
ing. These results are explained by the conclusion 
that bcc iron with at least 4% Mn in solid solution 
will retain the close-packed phase produced by shock 
loading. The addition of manganese to iron also de
creases the transition pressure from 133 kbar to 
less than 90 kbar for Fe-14Mn. 
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