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INTRODUCTION

%Rapid quenching of components from initially high temperatures usually

results in development of residual stresses within the components upon

p cooling. The quenching is normally undertaken to develop a desired micro-

structure in the material which would determine its behavior or response in

use. These changes in microstructure, or transformations, cause volume

changes which can give rise to stresses in the component in addition to the

stresses due to the rapid temperature changes. Thus, the residual state of

stress which exists when the component is cooled to room temperature is due to

the combined effect of transient temperatures and material phase

transformation.

In a previous paper (ref 1), a method for computing the stresses due to

these combined effects was described. The general purpose finite element

program ADINAT/ADINA was used for the computation of both the transient

temperatures and the associated stresses. The problem considered was that of

an axisymmetric hollow cylLader undergoing a water-spray quench. The present

work considers a similar model but is better able to describe the residual

stress state because of the availability of a more accurate set of properties

for the material expansion due to the phase transformation. The material

properties and system parameters used in the computations, such as quenching

time, were chosen using the rotary forge quench facility at Watervliet Arsenal

as a model.

The quench facility has nozzles on several diametral planes for spraying

iJ. D. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes During

the Quenching Process," Transactions of the First Army Conference on AppliedKIathematics and Computing, ARO Report 34-1.



water on the outer diameter of a long tube as it is slowly rotated. The bore,

or inner surface of the tube, can also be cooled by a bore flush. There have

been several types of quench cycles in the past. These include varying quench

times of the outer diameter for the breech and muzzle ends of the tube. The

long tubes are usually of constant bore diameter and varying outer diameter

with the larger being the breech end and the smaller the muzzle end.

* uenching of the bore can be omitted, delayed, or simultaneous with the outer

diameter quench, etc. The goal was to develop the design properties in the

tube without causing quench cracking due to the high residual tensile stresses

at the bore.

Since the diameter of these tubes varies slowly, end effects are ignored

and the tube is treated as a long axisymmetric cylinder. In the earlier work

(ref i), the transient temperatures and combined stresses for the breech and

muzzle ends were treated as two separate cases. This earlier work also

considered the effects of the different quench cycles. The geometry used is

that of the muzzle or smaller end of the long tube. It is also assumed that

no bore quench takes place. This was done because most of the quenching

currently being undertaken at the facility does not use the bore quench.

Latent heat is ignored in the computation of the transient temperatures. This

is not due to a limitation of the model, but to a lack of appropriate input.

.ased on recent experimental work (ref 2), the residual stresses can now

be computed from realistic temperature-transformation curves. Also, because

-J. D. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes During

the Quenching Process," Transactions of the First Army Conference on Applied
Mathematics and Computing, ARO Report 84-i.

2 p. Cote, Private Communication, Benet 'Weapons Laboratory, September 1984.
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of information on the artensite transformation itself, the effect of new

quench cycles on the cooling curves can be seen. The resultant residual

stress distributions can then be discussed.

PROBLEM STATEMENT

Thermal and transformation stresses are computed for long hollow

cylinders as they are being quenched. The effects due to the transient

temperature distributions and the martensite transformation are both

considered in the stress calculations. The thermo-physical properties are

assumed to be temperature dependent. The residual stress distributions at the

end of the quench cycles are presented. Both experimentally developed and

assumed transformation-temperature curves are used, and the quench cycle is

varied. A general purpose finite element program ADINAT/ADINA is used for the

comput t ions.

FINITE ELEMIENT PROGRAM

The finite element geometry for the problem is shown in Figure 1, along

with a simplified drawing of a gun tube. Eight node quadrilateral elements

are used in the model. The present work shows results only for the muzzle end

of the tube. In the earlier work (ref I), stress and temperature results For

the breech end of the tube due to different quench cycles and an assumed

transformation-temperature curve were presented.

1J. D. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes During

the )uenching Process, Transactions of the First Army Conference on Applied

Mathematics and Computing, ARO Report 84-i.
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L . The finite element program actually consists of two parts, one for

computing temperatures, ADINAT, and one for computing stresses, ADINA. Each

program can stand alone, but when one wishes to compute thermal stresses using

the same geometry, ADINAT produces a file which includes the temperatures at

the node for each time step if the problem is a transient one. This ADINAT

output file can then be used as input to ADINA for the stress computation.

In the program, the thermo-physical properties were considered as

functions of temperature. The convection losses during the heat transfer

portion of the computation are considered to be due to the temperature

difference between the tube wall and ambient, which is assumed to be 13.3C

:N_ (65°F). For the computation of stresses, one has a choice of several material

behavior models in ADINA. The one chosen for this work was Model 10 (ref 3)

which is applicable to the thermo-elastic-plastic solution of interest. The

yield criterion assumed was the distortion energy criterion and the yield

stress was assumed to be a function of temperature. No creep or hardening was

assumed although the model allowed both to be incorporated.

To compute thermal stresses, the problem for the transient temperatures

was solved using just ADINAT as indicated above. The special file created by

ADINAT was then used as input to ADINA to compute the thermal stresses.

However, in many cases in solving the temperature problem, time increments

* vary. Short-time increments are used during periods of large transients,

and longer-time increments when the temperature gradients are not as severe.

3M. Snyder and K.-J. Bathe, "Formulation and Numerical Solution of Thermo-
* Elastic-Plastic and Creep Problems," NTIS: PB-274-044, June 1977.

*44
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" hile ADINAT allows one to change time increments, ADINA does not. This

difficulty was overcome by manipulating the temperature file used for stress

computation so that with the restart capability, ADINA would see only one time

increment during any one computation interval. Finally, the restart facility

in ADINA (ref 4) was altered so that a restart could be undertaken from any

previous time instead of just the last completed step.

The computation of transformation stresses and combined ther-nal and

transformation stresses can be treated like thermal stresses with little

additional effort. The effect of the transformation, at least the aspect ,f

it giving rise to stresses, is to create a volume change in the material. In

this case the volume change is an increase, and it occurs when the temperatare

at a point in the material becomes equal to the martensite start (Ms) tempera-

* ture and is completed when it reaches the martensite finish (F) temperature.

If the transformation is assumed to be isotropic, then the linear expansion

can be taken as one-third the volume change. Reference I describes what was

done when the expansion due to the volume change was available as a separate

quantity from the thernal expansion coefficient of the material. The current

- work takes advantage of the fact that the expansion is available from

experiments as the combined effect.

'J. D. Vasilakig, "Thermal and Transformation Stresses in Hollow Tubes During
the Quenching Process," Transactions of the First Army Conference on Applied

* Mathematics and Computing, ARO Report 84-i.
4 Fred Gregory, Private Communication, Ballistics Research Laboratory, April
1983.



EXPERIMENTAL 4ORK

Cote (ref 2) is conducting tests on various steels used in the

manufacture of large caliber cannon. Small samples of the steels are quenched

at different rates and the expansion in each sample is determined. He

supplied the data for the experimental curve for the linear expansion versus

temperature curve shown in Figure 2. He also suggested the modified curve as

being typical of another type of steel or one in which some bainite has formed

in addition to martensite. Other aspects of his work indicate that the

desired microstructure can be achieved with slower quench cycles. This work

has guided some of the decisions as to what quench cycles to run, what

4 transformation curves to use, etc.

RESULTS AND DISCUSSION OF RESULTS

The early work (ref 1) was based on the assumed transformation-

temperature curve shown in Figure 2. The experimental curve was not available

at that time. Based on that curve, however, several different quench cycles

were run to determine the transient temperature distributions and the

associated residual stresses. The quench cycles previously run were:

I. Bore quench started at the same time as the outside diameter

(OD) quench.

2. Bore quench started 30 seconds before the OD quench bega.

3. Bore quench started 30 seconds after the OD quench began.

N. o bore ioerch.

. Vii 1i i , 'TheriaI in d Transformation Stresses in Hollow Tubes During
St1e )-h Process, Crasactions of the First Army Conference on Applied
" 'titl'i V; rin' 'lo~mmtie,, %\RM Report 94-1.

- . ;*,,n : i- ! ,P ', .itoin, Benet Weapons Laboratory, September 1934.
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These were run for both the mnuzzle and the breech end of the gun tube. For

comparison purposes, some of this earlier work is shown in Figures 3 through

5. The results are for the muzzle end with no bore quench taking place.

Figure 3 shows the variation with time of the tangential stress at the bore

and in the outer surface. Since this was a four-minute quench simulation, the

stresses at time 250 seconds are the residual stresses at those respective

points. The breaks in the curves indicate when the phase transformation would

begin and end in the bore and on the outer surface. The onset of inelastic

deformation can also be found as can changes in the slope of the phase

transformation-temperature curve. Figure 4 shows the residual stress

distribution throughout the cylinder wall. High compressive stresses are seen

at the bore and high tensile stresses are seen on the outer surface. Figure 5

is a series of figures showing the tangential stress distribution across the

wall thickness at different times. The transformation started on the outer

diameter by 150.5 seconds and continued into the cylinder. It began on the

inner diameter (ID) by 175.5 seconds and the residual stress state (similar to

Figure 4) is seen at time 245.5 seconds.

The results for other transformation curves in Figure 2 are shown in the

remaining figures. The phase transformation curves used here for the

computation of residual stresses are the experimentally determnined one and the

one modified from it. In addition, each was run with a fast quench (~- 4

minutes) and a slow quench (~- 15 minute) cycle. Boundary conditions for the

computation of temperatures are not readily available. The only known

information is that the temperature on the muzzle end of the tube reaches

about 200'F in approximately four minutes. This point is about eight minutes

7



an the breech end. A constant convection coefficient, h, is found by

exercising the program which gives us this point and is used in subsequent

ruins. The geometry for the muzzle end was used and no bore quench was

zonsidered. Figures 6 through 9 represent the transient temperatures

experienced by the tube during quenching. Figure 6 is the response of the

fast quench and the temperature distribution throughout the wall at selected

times is shown. The effect on the temperature distribution due to the 0D

quench only is easily seen, especially at early times. The difference between

the outer diameter and bore diameter temperatures at any time is found in

Figure 7, again for the fast quench cycle. Figures 8 and 9 show the thermnal

4, results for the slow quench cycle, with Figure 8 showing the radial

distribution of temperatures, and Figure 9 the OD and ID) temperature as they

vary in time. It is easily seen that the temperature difference between the

ID and 00 is much less during the slow quench.

Figures 10 and 11 show some of the stress results due to the experimental

phase transformation curve and a fast quench cycle. This is perhaps the worst

case as far as high stress gradients and residual stresses are concern-ed. The

distribution of tangential stresses throughout the wall is shown in Figure 1.0

for specific times. At time 121 seconds the transformation began on the 00,

and at time 1590 seconds it began on the ID. The effect on the stresses is due

primarily to the volume change associated with the transformation. This can

easily be seen by considering the stresses prior to the transformation

beginning and the changes to the state of stress after it has been completed.

Fi-ure 11 shows the fluctuiation of ti'-' stresses at the ID and OD of the tube

throughout this juench cycle. Again the breaks in the curve are due to the

%3



onset of transformations, the onset of inelastic material behavior, and

changes in slope of the transformation curve. High tensile stresses are found

at the bore. Figures 12 and 13 show the results for the experimental

transformation curve and the slow quench. Since it was thought that the

desired naterial microstructure would be developed even during a slow quench

for a specific steel, the combination of loads was run. From Figure 12 one

can see that the initial thermal stresses are small, as the thermal gradients

are much less during the slower quench. The transformation on the OD started

about 460-470 seconds into the run, and on the ID probably about 40-50 seconds

later. The residual state of stress is shown at the end of the quench cycle.

High residual stresses are found at both the ID and OD but do not appear to

penetrate into the interior of the tube section as they did during the rapid

quench cycle. Bore tangential stress, however, is still tensile. Figure 14

shows Cie history of the tangential stress at the bore and CD. :lost of the

action occurs during the period from 450-625 seconds when the material is

undergoing the transformation.

By subjecting the material to more time at the austenitizing temperature

or ?erhaps by changing the austenitizing temperature, it may be possible

to change the shape of the phase transformation-temperature curve. For this

r- )n, it was decided to look at the type of results that would arise if the

iodified transformation curve in Figure 2 was used. Figures 14 and 13 show

the results for this curve with the first quench cycle. While the high

itresses do occur on the ID and OD, the penetration of these stresses into the

interior is not as much as it was with the experimentally determined

transformation curve. Figures 16 and 17 depict the results for the nodified
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transformation curve and slow quench. In this case, the residual stresses are

small.

C NCLUS IONS

Usiig experimental results as a guide, this work looked at the residual

stress states in a long hollow tube which arise when the cylinder is quenched.

These stresses are due to the transient temperatures during quenching and the

material transformation that occurs. High tensile stresses occurred at the

bore for all runs. These are the stresses that can lead to quench cracking.

In all runs, the stresses that occurred due to the phase change were much

more severe than those due to the thermal gradients. During the slow quench,

the thermal stresses were very small by comparison. For the more rapid

quench, although more severe, they still were much less than the transforma-

*. tion stress. One should recall that the cylinder modeled is a steel one and

S-the thermal conductivity is high tending to keep the gradients small. Varying

the quench cycle, e.g., introducing bore quench, would not significantly

change the stresses due to the temperature gradients alone.

The stresses due to the transformation cause inelastic material behavior,

almost from the time the transformation begins. At the higher temperatures,

"fr it is expected that yielding could occur without generating cracks due to a

m ore ductile response. A slow quench with the experimentally determined

transformation curve or either the slow or the fast quench with the modified

transformation curve show more shallow areas on the ID and OD for high
@1

residual stresses. Less -uiterial is thus subject to high stresses. Although

this analysis cannot predict the onset of cracks due to quenching, it tends to

.. . . .
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indicate that fast quench and experimental transformation curve would have a

higher propensity for cracking. Either modifying the transformation curve or

slowing the quench would help decrease the possibility of quench cracking.

11
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..N: DEP ;OR SCI & TECH 1 ATTN: SMCAR-ESP-L
-E PENTAGON ROCK ISLAND, IL 61299
,ASHINGTON, D.C. 20315

COMMANDER
.COMMANDER ROCK ISLAND ARSENAL
DEFENSE TECHNICAL INFO CENTER ATTN: SMCRI-ENM (MAT SCI DIV)
ATTt4: DTIC-DDA 12 ROCK ISLAND, IL 61299
CAMERON STATION
ALEXANDRIA, VA 22314 DIRECTOR

US ARMY INDUSTRIAL BASE FNG ACTV
COMMANDER ATTN: DRXIB-M
uS ARMY MAT DEV & READ COMD ROCK ISLAND, IL 61299
ATTN: DRCDE-SG 1
; g0 0 1 EISENHOWER AVE COMMANDER
ALEXANDRIA, VA 22333 US ARMY TANK-AUTMV R&D COMO

ATTN: TECH LIB - DRSTA-TSL
COMMANDER WARREN, MI 48090

*- ". ARMAMENT RE & DEV CTR
jS ARMY AMCCOM COMMANDER
ATTN: %MCAR-FS I US ARMY TANK-AUTMV COMO

SMCAR-FSA I ATTN: DRSTA-RC
SMCAR-FSM 1 WARREN, MI 48090
SMCAR-FSS
SMCAR-AEF 1 COMMANDER
SMCAR-AES 1 US MILITARY ACADEMY
SMCAR-AET-O (PLASTECH) 1 ATTN: CHMN, MECH ENGR DEPT
SMCAR-MSI (STINFO) 2 WEST POINT, NY 10996

DOVER, NJ 07801

US ARMY MISSILE COMD
DIRECTOR REDSTONE SCIENTIFIC INFO CTR
BALLISTICS RESEARCH LABORATORY ATTN: DOCUMENTS SECT, BLDG. 4434
ATTN: AMXBR-TSB-S (STINFO) 1 REDSTONE ARSENAL, AL 35898
ABERDEEN DPOVING GROUND, MD 21005

COMMANDER
- MATEPIE SYSTEMS ANALYSIS ACTV US ARMY FGN SCIENCE & TECH CTP

-7TN: DPXSY-MP ATTN: DRXST-SD
" ABERDEEN PROVING GROUND, MO 21005 1 220 7TH STREET, N.E.

CHARLOTTESVILLE, VA 22901

NO'E: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTEP, US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB-P,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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~ .~.TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D

NO. OF NO. OF

COPIES COPIES

c-MMANDER DIRECTOR
ARMY LASC3M US NAVAL RESEARCH LAB

-.4TERIALS 7=CHNOLOGY LAB 2 ATTN: DIR, MECH DIV

' 4TN: SL -MT-IML CODE 26-27, (DOG LIB)
4ATERTOWN. MA 01272 WASHINGTON, D.C. 20375

-'2MMANDER COMMANDER
JS ARMY RESEARCH OFFICE AIR FORCE ARMAMENT LABORATORY
ATTN: CHIEF, IPO 1 ATTN: AFATL/DLJ
P.O. BOX 12211 AFATL /DL JG
RESEARCH TRIANGLE PARK, NC 27709 EGLIN AFB, FL 32542

COMMANDER METALS & CERAMICS INFO CPR
US ARMY HARRY DIAMOND LAB BATTELLE COLUMBUS LAB
ATTN: TECH LIB 1 505 KING AVENUE
2800 POWDER MILL ROAD COLUMBUS, OH 43201

* I ADELPHIA. MD 20783

COMMANDER
NAVAL SURFACE WJEAPONS CTR
ATTN: TECH--NICAL LIBRARY1

CCD0E X212
DAHLGREN, VA 22448

NOTE: PLEASE NOTIE:Y COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CEN'EP, 'JS ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB-TL,
WArEPVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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