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ABSPRACT

Connercially available standard mechanical test systems are generally

designed to do tension tests at ambient tenperatures. Experimental require-

ments which include the scmetimes nutually exclusive requirements of high

tenperatures, strain measurement and control, precise specimen alignment, and

I fully reversed loading require substantial modifications to the standard

equignent. Programs in solar central receiver technology and advanced nuclear
,

reactor safety require the examination of low cycle fatigue and creep-fatigue

behaviors in several structural alloys at elevated tenperatures. 'Ihe specialized
1

techniques devised to successfully perform these tests are described here alorx3

with a discussion of the differing requirements and behavior of magnetic and
.

nonmagnetic materials.

s
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I. INTRODUCTICN

'Ihree similar test systems are used for all testing in the high tenper-

ature mechanical properties laboratory. However, the technique *, for elevated
,

tenperature mechanical testing vary with the material being tested. 'Ihe tem-
'

perature (up to 1300K) nust remain constant and uniformly distributed within

the gage length of the specimen. '1he specimen nust be rigidly mounted to

allow axial notion only. Changing stress nust be applied snoothly and pre-

cisely with a concanitant accurate and sensitive method of strain measurement

to provide a clean signal at low strain levels.

This report describes the equipnent utilized and the techniques which

are peculiar to certain alloys necessary to adapt the standard equipment to

meet these requirenents.

II. TEST EQUIPMENT

A. MTS* Hydraulic, Closed Irap Systen: Standard Cmponents

'Ihe basic requirements of reversed loading elevated tenperature faticue

testing are met with standard closed loop MTS hydraulic system cmponents.

Two-post test frames with servo-actuated, push-pull rams are used with

hydraulic pressure supplied by external punps (See Fig.1). An MIS 442

I controller with AC and DC conditioners and associated nodules for servo-

control nonitors stroke, strain and load and provides feedback in the

desired node of operation. An MIS 410 digital function generator provides

the test program for any control mode. Additional caputer control and

24 hour data acquisition are possible with an MTS 433 caputer interface

along with a DEC PDP-ll/34. *

Irad, stroke and strain voltages are nonitored continuously with
e

digital voltmeters during tests. Routine data acquisition is accmplished

i

*Ccnplete addresses of equipnent manufacturers are listed in the Appendix 1.
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using x-y and strip chart recorders. A Sandia designed interlock circuit
is used in addition to the MIS limit detectors to rnonitor terrperature

deviation, floa of cooling water and RF generator operation. 'Ihis enables
a

24 hour testing while observing proper precautions in case of specimen
* failure or equipner.t tralfunction.

B. Specimen & Grip Design

Specimens are button ended with a straight sided gage section machined

to close tolerances. (See Appendix 2, Dwg. 1) Split collet grips are used

to rigidly fix the specimen and avoid any blacklash in the load train.

'Ihe grip asserrbly provided by MTS is adequate with the exception of the

split collets (Fig. 2). 'Ihe collets supplied with the grips had been

turned on a lathe as one piece and then cut into two collets so that the

missing traterial frcm the cut result in collets that do not fit snugly

around the specimen. Sandia designed replacertents are trachined as

separate pieces to avoid this. All surfaces which are perpendicular to

the load train are held to close tolerances. (See Appendix 2, Dwg. 2) The

MIS supplied water-cx:oled fixtures do an adequate job of cooling the load

train cortponents and protecting the load cell, but the collet grips as

supplied got too hot during testing, and have been tredified by soldering

copper water cooling tubes around their circumferences as shoen also in

Fig. 2. Fig. 3 shoes an assembly view of a Sandia built test fixture

using tapered split collet grips. 'Ihe specimen is riounted in the grips

first, then placed in the test frame.

The alignment of load cell and ram are checked periodically. 'Ihe ram*

axis is used as a reference for this procedure. First, a dial indicator
,

is used to determine the eccentricity of the lover fixture relative to the

ram. 'Ihis is recorded. 'Ihen the eccentricity of the upper fixture is

measured, also relative to the ram. 'Ihe two eccentricities are conpared and
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the upper is adjusted to within + .001" of the lower by loosening and noving

the load cell. Extensions with spiral washers are used to acumm;date dif--

fering specimen lengths and eliminate backlash. When a specimen is nounted, .

it is first placed loosely in the upper grip, checked for alignment with the*

,

lower fixture (en the ram), then tightened. '1he RF coil is put around the

specimen and temporarily held in place. 'Ihe lower grip is then assembled
;

and tightened. Since the tolerances are very close and there is only one

! way the assembly will fit together, alignment is ensured when the collets

slide freely around the specimen within the icwer fixture.
i

C. Tenperature Control

High tenperatures are attained locally within the specimen utilizing4

1

induction heating via a water moled copper tubing coil wound around the4

i

specimen. 'Ihis method is ccmpact, allcwing the grips to have the re-

quired size and rigidity for reversed load testing. A tube furnace would

|
ccmplicate strain measurements and load train conponents slender enough to

fit would not have the necessary rigidity. A Lepel RF generator suppliesi

current to the mil. A thernoccuple spot welded to the specimen supplies

the control signal to a Leeds and Northrup Controller Model #6432. A

discussion of coil gecnetry and placenent are included in a subsequent

section of this report.

D. Strain Measurenent
,

Strain measurements are taken directly from the gage section of the
i

specimen with an ffrS quartz rod diametral extenscrneter (Fig. 4) in con-
.

junction with a DC strain conditioner. Axial extenscmeters, also available,

j provide a direct reading of axial strain, but are generally bulky and re- .

quire dinpling of the specimen surface to maintain solid contact, which can
,

.
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cause premature failure in fatigue tests. Diametral strain can be converted

to axial strain if Poisson's ratio is kncun.

.

III. DESIGN OF HEATING COIIS & PIACEMENT OF 'IEERMOO:XJPIES i
.

A. Coil Design

Induction heating works through the generation of eddy currents in the

test specimen which resistively heat it. The heating input power depends

on the magnitude of the local magnetic field within the specimen. 'Ihat

magnitude depends on field frequency, coil geo6.etry and the magnetic

properties of the specimen. Ebr testing ferrmagnetic and non-magnetic

alloys, two different coil designs are necessary: one for non-magnetic

austenitic stainless steels (such as Incolay 800, 316 and 304 stainless)

and one for ferritic steels (such as 9Cr-lMo and 21/4Cr-1Mo).

The coils for austenitic stainless steels are synmetrically wound with

the center loop widened to allow access for the quartz rod extensmeter

/'Ihe coils are copper tubing (18" dia) wound around a mandrel(Fig. 5). .

It is inportant to note where the fittings frm the RF generator and ex-

tensometer are located in the test frame so the coil can be wound to be

ompatible. Upon installation, using a dunmy specimen instrumented with

at least 3 spot welded thentoccuples, the coil is bent to produce constant
;

tarperature along the entire gage section. The non-magnetic character of
,

| austenitic steels allows the coils to be fabricated and calibrated in a

minimum amount of time.
.

Coils for the ferrmagnetic steels, however, require more time and

| patience. 'Ihese ooils must be wound with the center call opposing the others*

I

i (Fig. 6). Access for the extensmeter must also be provided. 'Ihe reverse
!

wound center loop is necessary because the ferrmagnetism produces a strong'

.

.
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tendency to develop a hot spot in the gage center. %e coil is then trounted

in a test frane, as before with a duniny specimen, and bent until the taperature

is distritxited evenly. 'Ihis process is sufficiently difficult and tedious ,

that sane record of final loop spacings should be made to maintain proper
.

shape over the period of several tests. Each final coil is satisfactory

only to one specimen shape; changing specimen design req. tires a redesigned

coil. Ebr frequently used coils it is helpful to mount them in a plexiglass

holder (Fig. 6) for nore permanent and precise aligranent. The plexiglass

holder is bolted to a three-axis translation system mounted on the load train.

B. Thernoccuple Tenperature Control

Placement of thermocouples for control differs between the two groups of

alloys (i.e. terromagnetic and non-nngnetic). For austenitic stainless steels

(Fig. 7) the control thermocouple is welded on the shoulder of the specimen

with a thin wire thermocouple stretched around the gage to monitor the actual

tenperature there, which is usually 25-40K hotter than the shoulder. 'Ihe L&N

controller nust be set to the shoulder tenperature and adjusted to obtain the

correct gage tenperature. In this manner the gage tenperature is held con-

stant to within 1 0.5K without spot welding a thermocouple to the gage.

j 'Ihe ferranagnetis:n of the ferritic steels again couplicates the testing

procedure. A series of 9Cr-1Mo steel tests have demonstrated a taperature

variation during cycling. 'Ihese tests were done in load control, with thej

!

j control thermocouple spot welded on the shoulder and a nonitoring thermo-
i

! couple on the gage. Using the type of coil shown in Fig. 6, the tenperature
'

was uniform throughout the gage to within i 2K and rennined at 866.4K

| (1000*F) in the center at zero load. Several reversed loading tests were ,

run with a triangular wave form and different cycle times (tc) between the
f

same tensile and expressive loads well below the elastic limits in order to

8
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characterize the resulting testperature variations. The first, tc = "e

in Fig. 8 was determined using increasing and decreasing load steps,

not progressing to the next step until the tenperature at the monitoring.

thermocouple reached equilibriun. Three consecutive cycles were then run
.

at te = 20 minutes, 5 minutes, 2 minutes, 30 seconds and 4 seconds. Again,

stress and terrperature were recorded. Ibwever, only the gage section

tarperature is plotted against normalized time (t/tc) in Fig. 9. As the

time per cycle diminishes, the less the tarperature fluctuates; until

finally at tc = 4 seconds it ceases to fluctuate, but decreases a small

amount each cycle. Also, 70 cycles were run at te = 4 seconds to determine

the stable tarperature (Fig.10). The tertperature dropped more in con-

pression than it increased in tension, hence the progression downward for

smaller tc. This has an effect on strain in the hysteresis loops recorded

sinultaneously with the cycling shown in Fig. 9. Fig. 11 shows that since

both tarperature and mechanical stress affect strain, the loops are distorted

as indicated for tc = 20, 5 and 2 minutes. At te = 30 seconds the effect is

still noticable (Fig. 12). At te = 4 seconds, the loop reaches an alnost

normal configuration after about 30 cycles, but shifts to the right 125pc

because the specimen is about 10K cooler than at the start.

In order to demonstrate that this effect is nostly the result of tem-

perature variations, equation (1) was used to determine the true mechanical

axial strain fran the tertperature and diameter measurements:

I do-dI1
aAT + (1)e =

.

Axial v ( d jo

where d is the specimen diarreter, do is the diameter at the initial tertperature-

and no load, AT is the change in tenperature, a is the thermal coefficient of

expansion, and v is Poisson's ratio.
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A test using a similar 9Cr-lMo saw 4_=m was performed at 700K with the4

load applied in steps the same as in te = =. his lower temperature was

chosen to eliminate the creep effects present in previous tests performed
,

,

at higher tenperatures . Fig.13 is a plot of stress vs. axial strain for
i

*

this test. The near vertical data (*) are the uncorrected axial strains cal-
2 culated frm the diametral extensemeter measurements and includes thermal

| strains. Those data and the corresponding AT, substituted in Fquation (1),

yield values of mechanical axial strain (+); the slope closely resenbling the

actual elastic modulus of the material at this tenperature.

In order to document the fact that this stress-tenperature effect does

not occur in austenitic stainless steels, similar tests were performed with;

a specimen of alloy 800. %e coil used was similar to that in Fig. 4.

Tenperature varied only + 2K frm 866.4K in the gage section when cycled.

Sinultaneously taken hysteresis loops were closed, and straight with a slope

equal to the elastic modulus.

This effect is known as the magnetmechanical effect, and it requires

that the control thernoccuple be nounted as in Fig.14, just below the
,

extensmeter. We result of sinply moving the control thermocouple from
i

j the shoulder to center is clearly demonstrated in Figures 15, showing

that with control on the gage section, tenperature varies about 2K. 1his

effectively prevents ternperature variations, but spotwelding the thermocouple
|

on the gage provides a flaw which could eventually affect the failure of the'

specimen. Fig. 16 depicts hysteresis loops in load control with the control

thernoccuple on the gage at 866K. %e openness of these loops, especially at '

te = 2 minutes and te = 30 seconds, is thought to be due to testperature,

,

gradients within the cross sectional area of the specimen. %is phenomenon

a
'

10
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is more corpletely dealt with in a paper by W. B. Jones. (1)

While the testing sumnarized thus far has been in load control, one

'

9Cr-lMo test was performed in strain control, with a hold time of 5 minutes

in tensicn and .06% total diametral strain (below yielding) and with the
,

control thernoccuple on the shoulder. Fig. 17 is a strip chart recording

of the entire 12 cycles, ternperature and load; Fig.18 is an hysteresis

loop of cycles 4 and 5, taken simultaneously with the strip chart recording.

'Ihe peak tenperature was 875K, as expected frcm the results of Fig. 9

(tc = 5 minutes). Tenperature dips occurred at cycling points; as the

load went into conpression, the specimen tried to cool rapidly but was cut

short as the load returned in tension and the tenperature increased again.

This result shows the ccuplications inherent in strain controlled test-

ing when the temperature is not constant. In this tensile hold period test,

since the teqxtrature was higher than 866.4K, the specimen diameter in-

creased and ccnsequently the machine applied rore tension to maintain the

same diameter. When the specimen reached its peak tenperature, the load

leveled and then relaxed a slight amount each cycle. In Fig. 17 it is

evident the overall load has decreased frcm left to right. Such cmplica-

tions preclude conducting strain control tests using tenperature control

fran a shoulder mounted thernoccuple on ferranagnetic alloys.

{ IV. CONCLUSION

As a result of close examination, it is found that for austenitic stain-

less steels the best position for the control thermocouple is on the shoulder'

| of the specimen. Ferritic steels, ms the tests also indicate, require that
.

|
' the thenToccuple be spot welded on the gage section of the specimen to avoid
1

the large tenperature variations.

(
,
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Induction heating, therefore, regan es that the type of alloy be con-

sidered when fabricating a coil ard nounting the thernoccuple on the

specimen. (bil fabrication is not an exact science; a trial and error

'

method is used. Preparation before actual testing with austenitic stainless

steels takes less time and effort than for the ferritic steels, which demand I.

a more sophisticated coil due to conplicating ferranagnetic characteristics.

In order to perform elevated tenperature cyclic testing, the standard

MPS systems have been nrx11fied to meet the requirements of a rigid load

train, control of loads applied, cooling of load train cmponents, and

precise control of the specimen terperature. Certain conprantses have

been made. Proper tenperature control of ferritic steels using inductive

heating requires a thermocouple be spot welded on the gage, thus influencing

failure. Ebrnace heating would be nore desirable, but would cmplicate load

train design. In addition, quartz rod extensaneters nust contact the

specimen, cmplicating coil fabrication and making unifonn tenperature dis-

tribution within the gage nore difficult.

V. REXDNENDED DEVELOPMENPS

Several techniques could be further developed to inprove capabilities

and sinplify the set-up procedure for elevated tenperature testing. A short,

cmpact quartz lanp radiant furnace could be used to provide uniform heating

of the specimen over the gage section ard eliminate the several problems

inherent in inductive heating. As a nore econanical approach utilizing

existing RF generators, a non-contacting method of strain measurement

would eliminate the quartz rods, sinplify coil design and allos more uniform

heating of the gage section of the specimen. Optical and capacitance protw .

!

12
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,

systems are candidates for non-contact displacement measurement. An optical

pyremeter used for tenperature measurenent and control would eliminate the

need to weld a thernoccuple on the gage and reduce the chances of premature.

specimen failure. However, the pyroneters currently available have question-
.

able accuracies.

.
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APPENDIX I

.
Equipment Manufacturers _

1. MPS Systems Corporatira, Box 24012, Minneapolis, Minnesota 55424
Telephone: 612-9444'&

,

2. Iepel High Frequency Laboratories, Inc., 59-21 Queens-Midtown Expressway,
Maspeth, NYC, NY 11378
Telephone: 212-426-4580

3. Leeds & Northrup, Executive & Adninistration Offices, Sumneytown Pike,
Ncrth Wales, PA 19454
Telephone: 215-643-2000

4. 'Ihree Axis Micrcmeter Linear Translation Stage Model #4034-M. Daedal, Inc.,
Sandy Hill Road, P.O. Box G, Harison City, PA 15636
Telephone: 412-744-4451

T
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FIGURE CAPTIONS

Fig. 1: Typical MTS test system. Ieft to right: 2 post test frame,
Tektronix 4010 terminal, control electronics for hydraulics,

,

Digital PDPll amputer.

Fig. 2: Cutaway assenbly drawing of fixtures and grips shcwn in Fig. 1. .

Fig. 3: Cutaway assenbly drawing of fixtures atd tapered split collet
grips designed and built at Sandia.

Fig. 4: MIS air cooled quartz rod extensemeter used to measure diametral
strain in elevated tenperature testing.

Fig. 5: RF heating coil used to heat austenitic stainless specimens.

Fig. 6: RF heating coil used to heat ferritic steel specimen, bonded to
plexiglass block for nore pernanent and accurate placement in
test frame.

Fig. 7: '1hernoccuple positioning for austenitic stainless steel specimens.

Fig. 8: Stabilized tenperature at center of specimen plotted against
stress levels increased and decreased in steps; 2-4 minute intervals.
'Ihe control thernoccuple was on the shoulder of the specimen.

Fig. 9: Variations in tenperature at center of specimen between ecmpressive
and tensile loading within elsstic limits for the first 3 cycles.

Fig. 10: Ccmparison of tenperature behavior at center of specimen with
different ocntrol thernoccuple positions. Cycle time: 4 seconds.i

Fig. 11: The effects of tenperature variations on hysteresis loops for
9Cr-1Mo. (Axial load vs. diametral strain)

! Fig. 12: The effects of tenperature variations on hysteresis loops for
( 9Cr-1Mo. (Axial load vs. diametral strain)

Fig. 13: Stress vs. axial strain at 70% 9Cr-1Mo calculated from diametral
strain readings. (+) data corrected for tenperature variations.

Fig. 14: Thernoccuple position nec.essary for ferritic ferrcragnetic steels.

Fig. 15: Ccrnparison of tenperature behavior at center of specimen with
different control thernoccuple positions. Cycle time: 30 seconds.

Fig. 16: Hysteresis loops for 9Cr-lMo with tenperature controlled at center
of specimen. .

Fig. 17: Strip chart recording of load and tenperature. Test run in strain
control with hold time of 5 minutes in tension.

Fig. 18: Hysteresis loop for 9Cr-1Mo specimen; axial load vs. diametral strain.
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MODIFIED MTS TEST FIXTURE ASS'Y

THIS END ATTACMES TO LOAD CELL
m
N -

,

's
STANDARD MTS WATER
COOLED FIXTURE-

| '\h f)u

$ b''% - , y SANDIA BUILT~p\_' *{{N /)p
_ NN:=L

3

Cf / g COLLETSy

[ }/C

MODIFIED MTS
[

'

NNj|i [ GRIPS
i y- N ic A

[-~ M b COPPER TUBING/

SOLDERED ON,

.O O
,

L___ '.___J.

|

THIS END ATTACHES TO RAM
.

FIG. 2 Cutaway assembly drawing of fixtures and
grips shown in Fig. 1. .
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SANDIA BUILT TEST FIXTURE ASS'Y

| |

| THIS END ATTACHES TO LOAD CELL. i

| !

.

hO b:

ASS'Y IDENTICAL TO
; SECTION BELOW BUT,

,

! ! INVERTED 180*
n. . - .s

SPECIMEN'
... .,

%'-4
: :

I I I I E #I

TAPERED 4COLLET I

1 L3 3.
A A

. . m-

2tQT f, & M
'

'

2 ': |M'O . 2 COOLING TUBE
f ). ;NNh-- / 7

' Io v

|
@

'

' 3

-- @ 6: - - - ' j, -. -

@
.\

@
| 5 o'

L,i
! THIS END' ATTACHES TO RAM VIEW A-A

FIG. 3 Cutaway assembly drawing of fixtures and tapered*

split collet grips designed and built at Sandia.

.
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FIG. 4 MTS air cooled quartz rod extensometer
used to measure diametral strain in
elevated temperature testing. |

SPECIMEN

|
l'

TO RF GENERATOR ;

U-

!

( 4--- EXTENSOM ETER
# PLACEMENT

| b
/TO RF GENERATOR,

Cl P'
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FIG. 5 RF heating coil used to heat austenitic *

stainless specimens.
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'

'
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PLACEMENT
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N

FIG. 6 RF heating coil used to heat ferritic steel specimen,
bonded to plexiglass block for more permanent and
accurate placement in test frame.

SPECIMEN -

=>
r
!
8

$
MONITORING

T/C %N
+ EXTENSOMETER

POSITION

I,
.

""_Sk,

FIG. 7 Thermocouple positioning for austenitic
stainless steel specimens.
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FIG. 8 Stabilized temperature at center of specimen
plotted against stress levels increased and
decreased in steps; 2-4 minute intervals. The
control thermocouple was on the shoulder of the
specimen,
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