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INTRODUCTION

Cao et al. (ref 11 recently reoorted remarkable hardness increases in steel

soecimens resultino from the application of external electric (E)-fields durino

heat treatment. They found hardness increased as much as a factor of two within

the bulk of quenched. 1.6 to 3-mm diameter specimens when an E-field of I kV/cm

is applied between the sample and a pair of parallel plates durina the quench.

They observed a small additional hardness increase when the field is also

applied durina austenitization. Cao et al. attributed the hardness increases to

a field-induced order of maonitude reduction in austenite decomposition rates

(i.e.. increased hardenability) during quenching.

An 02 tool steel and a A340-type steel are discussed in Reference 1.

Larger hardness increases were reported for the 02 tool steel and were explained

as a consequence of the higher inherent hardenability of 4340. More detailed

studies of the tool steel were published in the proceedings of a recent Army

Research Office Workshop on Field Effects on materials (ref 2).

The work reported here principally employed differential thermal analysis

(DTA) and thermomagnetic analysis (TMA) to quantitatively test the conclusions

of Cao at al. regarding external E-field effects on transformation rates. OTA

and TMA offer the advantage of in-situ monitoring of phase transformations as a

given specimen is cycled with and without an externally applied E-field. thereay

eliminating effects of variations among samples. Since the major E-field effect

is reported on austenite decomposition rates during cooling, this is emphasized:

however, results on the influence of E-fields on the austenite transformation on

heating are also included. Hardness measurements, which supplement the trans-

formation data, are also presented for the 02 tool steel.
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Soecimen and E-field configurations similar to those used by Ceo et &I.

were investigated for both types of steel. No E-field effects on the austenite

transformations of the 02 tool steel or the 4340-type steel could be detected.

Thus, the explanation for the E-field effects reported in Reference 1 must be

sought elsewhere.

EXPERIMENTAL PNRCEDURE

The thermal analysis data were obtained using a modified Nettler TAI

Thermal Analyzer which provides simultaneous digital recordings of OTA and ther-

mogravimetric (TGA) signals. Alumina sample holders of 9-mm diameter were used

for sample and reference purposes. High purity copper rods of the same dimen-

sions as the specimen were used as references.

Helmholtz coils were placed around the furnace so that the TGA system emu-

lated a ThA. The coils produced a uniform and a gradient magnetic field which

yielded a force on a magnetic specimen that was registered as an apparent change

in sample weight. The austenite transformations in these steels were accom-

panied by changes in magnetic state, so ThA data complemented the OTA data in

the present study. Reaction rates were thus determined by thermal means

(austenite transformation exotherms) and by magnetization changes (paramagnetic

austenite-to-ferromagnetic bainite and paramagnetic austenite-to-ferromagnetic

pearlite/ferrite).

The system was also modified to produce an E-field configuration similar to

that of Cao et &l. (ref 1) within the smaller sample space of the DTA apparatus.

Platinum electrodes (S by 20 mm) served as the negative parallel plates and were

held inside the sample holder at an approximate 7-mm separation with a mica

insert. A platinum connector for the positive lead was spot-welded directly to
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the 3-mm specimens that *were positioned midwav between the plates. With the

2-mm gap baetwen the specimen and each of the two negative plates. 600 volts

produced a mean field of roughly 3 kV/cm in the qap region. This compares with

the Cao et al. gap field given as 1 kV/cm with larger (25 by 10 cm) parallel

plates maintained at a 2-cm separation. Typical currents ranqed from 60

microamps at the 830°C austenitization temperature to 20 microamps or less

during the cooling of the sample.

Specimen protection against decarburization was usually provided with a

helium 10 percent H2 gas mixture. Additional protection against decarburization

was obtained by copper plating (- 2 mils) of the steel samples. Plated and

unplated samples were used in the present experiments. The specimenn were in

the form of rods 3-rm in diameter and 19-mu long. The rods used by Cao et al.

ranged from 1.6 to 3-mu in thickness and were 25 to 45-mu in length.

The 4340-type steel used by Cao et al. was supplied by the current authors.

Material from the same block was used in this study. It is more properly

designated as an ASTM A723 steel which is essentially a 4340 steel, refined by

electroslag remelting and modified by the addition of 0.1 percent vanadium and

with 3.18 percent nickel rather than 1.8 percent nickel assumed by Cao et al.

The ASTM designation is used in the remainder of this report. The 02 tool steel

samples were obtained from standard machine shop stock. The compositions of the

steels are given in Table I.
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TABLE I. STEEL CONPOSITIONS (Weight Percent)

Element ASTM A723 02 Steel

Carbon 0.34 0.88

Manganese 0.62 1.4

Silicon 0.16 0.45

Nickel 3.18 0.03

Chromium 1.02 -

Molybdenum 0.48 0.18

Vanadium 0.10 0.08

Phosphorous 0.008 0.009

Sulfur 0.004 0.003

Aluminum 0.005 -

Tungsten - 0.10

Cobalt 0.28

RESULTS AND DISCUSSION

Transformation-Time Path

The thermal cycles employed for the steels were selected to provide the

clearest demonstration possible of E-field effects on the austenite transfor-

mations during cooling, while accommodating the large differences in the

transformation rates (hardenability) of the two steels and the cooling rate

limitations of the apparatus.

The hardenability is sufficiently high in the ASTM A723 steel that a full

isothermal transformation at the bainite transformation region (i.e.. below the
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bainite start temperature (8S) and above the martensite start temperature (MS))

can be obtained after cooling from the austenitizing temperature at 20*C/min.

Thus. the entire bainite transformation at a given temperature can be monitored

in our apparatus.

The high hardenability is demonstrated in Figure 1. which shows OTA and TMA

data obtained by cooling ASTM A723 steel from the austenitizatlon temperature at

only 10*C/mln. The thermal and magnetic data show the classic martensite trans-

formation beginning at MS. which is approximately 2800C. with no transformation

in the bainite region above MS. Figure 2 shows the corresponding path on the

continuous-cooling-transformation (CCT) diagram obtained by examining transfor-

mations in a 3.0 weight percent (wt.%) nickel specimen at various cooling rates.

Since the much higher austenite decomposition rates (lower hardenability)

and instrumentation limitations precluded the use of isothermal transformations

for studies of possible E-field effects in the 02 tool steel, several convenient

continuous cooling paths through the pearlite/ferrite and bainite transformation

zones on the CCT diagram (data obtained from Reference 1), illustrated in Figure

3. were chosen.

ASTN A723 Steel

The following thermal cycles were used for the ASTM A723 steel:

1. Heat to an austenitizatlon temperature (8376C) at 25"C/min.

2. Hold for 15 minutes at 8379C.

3. Cool to the selected temperature, in the bainite region, at 25*C/min.

4. Hold (isothermal) at the selected temperature for one hour.

Figures 4 and S show the balnite transformation data under E-field-on and

E-field-off conditions for a coated specimen during isothermal annealing at

355"C. The data were obtained in consecutive runs on "as-received" material.
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The E-field-on preceded the E-field-off case. The reaction rate peaks (the OTA

peaks) are slightly different: the E-field-off peak occurs at a slightly longer

time and has reduced height indicating a more sluggish bainite transformation

for the field-off run. The magnetization data (TMA) reflect the same effect

with the magnetization increasing at a slower rate for the field-off case.

Essentially the same small changes are obtained for subsequent cycles with no E-

fields. Thus, Figures 4 and 5 demonstrate the effect of prior heat treatment:

they do not indicate a marginally poorer hardenability for the E-field-on case.

The E-field-on first pair is shown to preclude the possibility that prior heat

treatment vitiates the E-field effects. Had there been an order of magnitude

shift in hardenability with the E-field as concluded by Cao et al. (ref 1), the

peak position would be shifted an order of magnitude in time.

An uncoated sample of ASTM A723 was also tested to allay concerns that

copper coatihg might interfere with the E-field effect. The results are pre-

sented in Figure 6. The isothermal hold temperature was 3371C in this case.

The smaller amplitude of the field-off run in this case is due to a combination

of the thermal cycling effect and the premature transformation of a small amount

of austenite to bainite in the outermost decarburized layers of the specimen

prior to initiation of the isothermal hold. As in the coated case, the peak

maxima occur at approximately the same time. Thus, no difference between the

field-on and field-off cases is observed. (Obviously, no order of magnitude

shift can be supported.)

02 Tool Steel

The results of the continuous cooling experiments following a 15-minute

austenitization at 8370C on 02 tool steel are given in Figures 7 and 8. The

cooling paths of 1SOC/min and 500C/min are shown in Figure 3. The austenite-to-
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oearlite/ferrite and austenite-to-bainite transformations are manifested bv

distinct OTA peaks. The relative quantities of pearlite/ferrite and bainite can

be deduced from the relative areas under the peaks. Here. the slower coolino

rate of Figure 7 is seen to yield a preponderance of pearlite, while the faster

rate of Figure 8 yields a more equal mix of the two austenite decomposition

products.

The close similarity of the E-field-on and E-field-off cases at bcth

cooling rates demonstrates the absence of E-field effects on austenite transfor-

mations. Furthermore. the large difference in transformation response at the

two rates demonstrates the sensitivity of the present experiments to changes in

transformation kinetics.

Hardness measurements on 02 tool steel cooled under E-field-on and E-field-

off conditions at a coolina rate of 50*C/min are in complete accord with the

transformation data cited above. The Knoop hardnesses (deduced from 20 pcints

along the length of sectioned specimens) were identical (426 t 1 Kg/mmz) for E-

field-on and off.

Cao et P1. (ref 3) also concluded that the transformation to austenite,

which occurs on heating, is significantly accelerated by the application of an

external field. We examined this transformation for numerous heating runs on

both ASTM A723 and 02 tool steel and found no evidence of an E-field effect.

Figure 9 shows the typical null result we obtained.

Coments on the Cac et &l. Procedures and Results

The reported order of magnitude increase in steel hardenability with an

external E-field is difficult to understand. The main explanations suggested by

Cao et al. (ref 1) require E-fields within the bulk of the metal. In the

experiments of Cao et al., the sample is the center positive electrode separated
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from two neoative plates by an insulating medium (air/oil). Cao et al. measure

an electric current of 200 microamps. which flows through the quenching media

(silicone and mineral oil) during the quench where the major field effect

occurs. implying that E = 10-9 volts/cm within the metal. The size of the

current is many orders of magnitude less than any previously reported (ref 2) to

produce significant effects on material properties. Thus, it would seem that an

alternative explanation of their effects is needed.

There is a serious problem with the quench procedure employed for the 02

tool steel in Reference 1. The treatment. which yields the largest E-field

effect, involves a quench into silicone oil maintained at 1459C. As indicated

in Figure 3, this is at or above MS for 02 tool steel, which means that their

process is actually an interrupted quench with an isothermal hold in the lower

bainite region. The amount of bainite formed in such a thermal process depends

on the hold time, which is not given: if the hold time were not controlled, such

a procedure would produce large variations in properties from one run to another

because the properties of lower bainite differ substantially from the untempered

martensite produced in a complete quench.

A further complication is that lower bainite is often difficult to

distinguish from martensite. which may explain why Cao et al. report that mar-

tensite is the main constituent in a procedure that is commonly used to produce

bainite.

The E-field-off results for the quench into silicone oil maintained at

1450C are also perplexing. Cao et al. report that a cooling rate of 20OC/sec

produces a predominately pearlidc microstructure in their 02 specimen. The CCT

diagram indicates that only a small amount of pearlite will form at this high
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rate. Our data in Figures 7 and 8 are in accord with the CCT diagram and

indicate that a reduction of several orders of magnitude in cooling rate (from

20*C/sec) is required to yield a predominately pearlitic microstructure. We

suggest that the key question in this regard concerns the unusual softness (300

to 400 VHN) of the E-field-off cases and not the high hardnesses (800 to 900

VHN) of the E-field-on cases, since such high hardnesses are the rule with oil

quenching of small specimens of tool steel.

Another mystery is their observation of bainite in 2 by 3-mm rod specimens

of ASTM A723 at the cooling rates of their experiments: At cooling rates of

approximately 30"C/sec, bainite is reported to form without the E-field, while

no bainite forms when the E-field is applied. They also observe bainite after

air quenches. for which the quench rate is given as approximately SIC/sec. The

problem here is that the hardenability of this steel is much too high to form

appreciable amounts of bainite at these cooling rates in the absence of E-

fields. The 3.18 percent nickel in this steel produces an order of magnitude

shift in the bainite knee to longer times relative to 4340 steels. The data in

our Figure I show that cooling this steel at 10C/min (i.e., 0.170C/sec) is suf-

ficient to bypass the beinite knee. Therefore, the possibility of bainite in

oil-quenched 2 by 3-mm rods of this ASTh A723 steel is essentially precluded.

In addition to the improper quench procedure, a factor in their surprising

findings may be the lack of any specimen protection during heat treatments.

Their experiments were conducted in air where oxidation and decarburization at

high temperatures (up to 8700C in their experiments) are rapid and will signifi-

cantly alter the chemistry of thin samples. (We observed serious decar-

burization and oxidation when we tried experiments in air.) An assessment of

9



the surface condition of their specimens might provide a clue as to the source

of the reported phenomenon.

CONCLUSION8

The present work establishes that external E-fields ot magnitude as large

as 3 kV/cm produce essentially no changes in austenite transformation kinetics

for the same 4340-type steel (ASTN A723) studied by Cao et al. (ref 1) or for an

02 tool steel. similar to that studied by Cao ot aI. Furthermore, in the pres-

ent work. hardness values measured for 02 tool steels quenched with and without

E-fields are indistinguishable.

The present results refute the hypothesis that external E-fields produce

order of magnitude reductions of austenite decomposition rates in ASTM A723 and

02 tool steels. The present study also reveals problems in the experimental

procedures of Cao at &l. (refs 1,2) which may either be responsible for these

mysterious observations or way be obscuring their origins.
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Fioure 1. ,TA and TKA data illustratina hioh hardenabilltv of the
3.18 percent nickel composition ASTh A723. Both
wasaurmonts show the martensite transformation
beoinninq at about 2800C with no detectable bainite. In
this case. the zero magnetic force corresponds to four
units on the T1A axis. The magnetic force increases
monotonically with an amount of (ferromaanetic)
martensite transformed from (parama.netic) austenite.
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Figure 2. Approximate CCT diagram for the high nickel composition
used in the present measurements. The dashed line shows
the cooling path used in the isothermal studies of the
bainite transformation.
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Figure 3. Main features of CCT diagram for 02 tool steel.
ODshed lires show cooling paths used in the
present E-field effect studies.
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ASTM A723 (coated) - 12

3_ . Field On ,
4.0_, T=355C / -10 '
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3.0 5
0 20 40 60 80
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Figure 4. OTA and T1A data for the 355*C isothermal bainite
transformation with an applied external E-field of
3 kV/cm. As the trmnsformation progresses from
austenite (paramagnetic) to bainitte (ferromagnetic),
the magnetic force increases from zero (- 6 TMA units)
to its full value (- 11.5 TMA units). The specimen
was copper plated.
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Figure 5. OTA and THA data for the 356C isothermal bainite
transformation with no applied E-ftield. The magnetic
force varies from zero (- 4 TKA units) to its full
value (- 9.5 TMA units) as the transformation
progresseo from (paramagrnetic) austenite to
(ferrouegnetic) bainite. The specimen was copper
plated.
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Figure 6. OTA output for the isothermel transformation of bainite
in-ASTM A723 at 3376C using an uncoated spei 'en under
E-field-on (3 kV/cm) and E-field-off conditions.
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02 Tool Steel
Cooling Rate: 15/min
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31p
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Figure 7. OTA output for continuous Cooling of 02 tool steel at an
average rate of SO*C/mlin for E-field-on and E-field-off
conditions. The two peaks reflect a roughly equal six of
pearlite and balnite.
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02 Tool Steel
Av Cooling Rate: 50C/min
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5 - • Field Off -

3 I I I

200 300 400 500 600 700

Temperature (C)

Fiure 8. OTA output for continuous cooling of 02 tool steel at a rate
of 159C/min for E-field-on and E-field-off conditions. Only
a vestige of the bainite peak remains at this slow cooling
rate indicating the preponderance of pearlite in the
microstructure.
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Fiqure 9. OTA output for the formition of austenite on heating 02
tool steol at 256C/min under E-field-on (3 kV/cm) and
E-fi ld-off conditions.
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ANY ADDRESS CHANGES.



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST

NO. OF NO. OF
COPIES COPIES

ASST SEC OF THE ARMY COMMANDER
RESEARCH AND DEVELOPMENT ROCK ISLAND ARSENAL
ATTN: DEPT FOR SCI AND TECH 1 ATTN: SMCRI-ENM
THE PENTAGON ROCK ISLAND. IL 61299-5000
WASHINGTON, D.C. 20310-0103

DIRECTOR
ADMINISTRATOR US ARMY INOUSTRIAL BASE ENGR ACTV
DEFENSE TECHNICAL INFO CENTER ATTN. ANXIB-P
ATTN: DTIC-FOAC 12 ROCK ISLAND. IL 61299-7260
CAMERON STATION
ALEXANDRIA. VA 22304-6145 cOMMANDER

US ARMY TANK-AUTMV R&D COMMAND
COMMANDER ATTN: AMSTA-ODL (TECH LIS)
US ARMY ARDEC WARREN, MI 48397-5000
ATTN: SMCAR-AEE I

SMCAR-AES. SLOG. 321 1 COMMANDER
SMCAR-AET-O, BLDG. 351N 1 US MILITARY ACADEMY
SNCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS
SMCAR-CCP-A I WEST POINT, NY 10996-1792
SMCAR-FSA 1
SMCAR-FSM-E 1 US ARMY MISSILE COMMAND
SMCAR-FSS-D, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR 2
SNCAR-IMI-I (STINFO) BLDG. 59 2 ATTN: DOCUMENTS SECT, SLOG. 4484

PICATINNY ARSENAL, NJ 07"06-5000 REDSTONE ARSENAL, AL 36898-5241

DIRECTOR COMMANDER
US ARMY BALLISTIC RESEARCH LABORATORY US ARMY FON SCIENCE AND TECH CTR
ATTN: SLCSR-OD-T. BLDG. 305 1 ATTN: ORXST-SD
ABERDEEN PROVING GROUND, NO 21005-5066 220 7TH STREET. N.E.

CHARLOTTESVILLE, VA 22901
DIRECTOR
US ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER
ATTN: ANXSY-NP 1 US ARMY LASCOM
ABERDEEN PROVING GROUND, MO 21005-5071 MATERIALS TECHNOLOGY LAS

ATTNt SLCMT-IML (TECH LIB) 2
COMMANDER WATERTOWN, MA 02172-0001
HQ, AMCCOM
ATTN: AMSNC-IMP-L 1
ROCK ISLAND, IL 61299-6000

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER. US ARMY AMCCON, ATTN: SENET LABORATORIES, SMCAR-CCS-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF
COPIES COPIES

COMMANDER COMMANDER
US ARMY LASCON. ISA AIR FORCE ARMAMENT LABORATORY
ATTN: SLCTS-IM-TL 1 ATTN: AFATL/MN
2800 POWDER MILL ROAD EGLIN AFS, FL 32642-6434
ADELPHI, MO 20783-1146

COMIMANDER
COMMANDER AIR FORCE ARMAMENT LABORATORY
US ARMY RESEARCH OFFICE ATTN: AFATL/MNF
ATTN: CHIEF, IPO I EGLIN AFB, FL 32542-5434
P.O. BOX 12211
RESEARCH TRIANGLE PARK, NC 27709-2211 MIAC/CINOAS

PURDUE UNIVERSITY
DIRECTOR 2595 YEAGER ROAD
US NAVAL RESEARCH LAB WEST LAFAYETTE. IN 47905
ATTN: MATERIALS SCI & TECH DIVISION I

CODE 26-27 (DOC LIB) 1
WASHINGTON, D.C. 20375

DIRECTOR
U8 ARMY BALLISTIC RESEARCH LABORATORY
ATTN: SLCBR-IB-H (DR. BRUCE BURNS) 1
ABERDEEN PROVING GROUND, MI 21005-5066

NOTE: PLEASE NOTIFY COMMANDER, ARMNAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY ANCCON4, ATTNs lENET LABORATORIES, SlMCAR-CCB-TL.
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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