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ABSTRACT

An automatic stress analyzer has been used by the U.S. Army Tank—
Automotive Basearch and Development Command (TARADCOM) , for rapid measurement
of resJ~dual stresses in track pins and torsion tubes. With this equipment
measurements can be made from ten to one—hundred times faster than with
conventional equipment . The equipment is a recent development and few are in
existance. A unique feature of the unit at T ARADCOM is that it has been
interfaced with a computer for purposes of drawing isostress plots.

Work on used track pins showed no detrimental residual stress levels on
the surface of the track pins. Measurements taken on sectioned surfaces of
track pins revealed areas of tensile residual stress surrounded by compressive
residual stresses, with steep stress gradients in between. These areas are in
the region between the core and the induction hardened layer; cracking was
observed here in laboratory tested track pins.

Vast differences are exhibited in both the isostress plots and the standard
deviation of the measurements taken on torsion tubes where failure initiation
occurred on the bodies of the tubes as opposed to instances where failure
initiation did not occur in the body of the tube or where failure did not occur
at all. These differences may be due to differences in the uniform1~y of the shot
peening operation. Regions of lower compressive residual stress an~ associated
steep stress gradients may act as stress risers and cause premature failure.
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TNTPflT M’C TTON ANrt BACKCPOT ’NT l

Res idua l stresses are induced in components during heat t reatment ,
machining ,  welding,  casting and metal—working processes. These stresses
can be of an undesirable nature , concentration, or level due to f au l ty
processing or improper component design , adversely a f f e c t i n g  funct ional
performance and durabi l i ty . Cumulative high dynamic and residual stresses
in service may exceed design load l imits  of the par ts .  X—ray d i f f r ac t i on
is capable of measuring residual stresses nondestruct ively . Unt i l  recent ly ,
the method was t ime—consuming,  renuired expert personnel to operate the
enu imment and was l imited to small par ts  or cut sections.

Residual  stresses in metals  are now easily and quickly measured with
recen t ly  developed automated x-ray d i f f r a c t i o n  equipment.  Measurements
wi th  automated equi pment can be made in as short a time as a half minute ,
whereas previously measurements took as long as 45 minutes  per reading.

The x—ra y bean size is usual ly  1/8 inch in diameter or smaller ,
consequently , it is usually necessary to take readings at many spots rather than
just one spot. Often it is desirable to take readings at 100 spots or
more. Consequently , time savings using automated eeuipment can be
considerable . These large time savings will enhance interest in residual
stresses and it has caused us at TARADCOM to begin takine a closer look at
the effects residual stresses have on serviceability of tank—automotive
components. Eventually, we could expect to include residual stress levels
as engineering requirements.

In general , the Tank—Automotive Research and Development Command ’s
interest In rapid residual stress measurement was prompted by such prospects
as

1. Increased vehicular  r e l i a b i l i t y  through in—line  go—no—go c u ah i ty
cac ’ing of residual  stresses in high stress tank—automot ive  components.

2 .  Improved vehicu la r  component design .

3. L igh te r  we igh t  component design .

4.  Improved armor p ro tec t ion .

5. Tmnroved field failure analysis.

1. ‘“h e ~-~eas generated for new programs utilizing ranid residual stress
measur ing  ecu ipment .
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APPROACH ANT) F.OU TPM ENT

The method used in this work is the x—ray diffraction method as
described in the SAF . Technica l  r eport  ~1o. 18?.

In the past , a conventional x—ray dfffractometer was used for residual

~tress analysis work. Flc’ure 1 ShOWS the Ceneral Electric Model XRD— 1
~ts e d  In the past for this purpose. it consists of an x—ray tube , a
goniorneter , an x—ray detector , and an electronic counter and timer. With
this type of enuipsient three x—ray intensity measurements are made For two
d ifferent settings of x—ray Incidence angle. prom the data obtained the
value of residual stress is calculated . The procedure takes about AS
minutes ner measurement .

The equi pment used in this project was an automatic stress analyzer
manufactured by the American Analytical Corporation . This eouipment is
shown in Figure 2. It is x—ray diffraction enuipment automated to measure
residual stress using the method described in the SAE Technical Report No.
1R2. The automated enuipsient makes use of two x—ray tubes , two goniometers,
four x—ray detectors used in pairs (each pair beint’ coupled with a peak—
seel’lne servomechanism), four x—ray activi ty meters, and electronic
circuitr y to calculate and display values of residual stress on a strip chart
recorder . The strip chart recorder pen oscillates in response to oscillations
of the peak—seeking servomechanisms . After about a minute the pen has drawn
enough oscillations for an estimate of the center of oscillation to be
determined and the residual stress to he read directly from the strip chart
recorder . The accuracy of the automatic stress analyzer is ± 5,flfl() psi as
compared to + 1,flOO psi for the conventional x—ray diffractometer . However ,
the stress analyzer is anywhere from 10 to JOP times faster than the
conventional x—ray diffractorteter method . Because of its ~reater accuracy ,
the  conventional x—ray dI~~fractor,eter is used as a check for calibration of
t ’~e automatic stress analyzer.

On samples , such as weldments , where the residual stress fluctuates
rap idl y , It is necessary to use a small si’~e x—ray beam . The heart size is
controlled by the size of collimator used~ the automatic stress analyzer is
er’nlrped with three sizes: .010 inch , .045 inch and . f l~ f l  inch. Either the
‘30 nil or the 45 sill collimator would he used on weidrients. In the research

~.i’r’~- pre l iminary to this study it was found desirable to niot isostress lines
p rom the matrix of residua l stress readings taken on weld samples. ri~ ure 3
shows a hand—drawn isostress plot of residual stresses in the heat—affected
: ‘ont ’ of a weldment . The heavy solid line represents the zero level of stress .
The broken lines represent the tensile regions and the light weight solid
lines represent compressive regions. With such an isostress plot one can at
a glance locate maxisitirns and minimums of residual stress , the location of the
zero l eve l of residual stress , areas in compressive stress , areas in tens i le
stress and areas containin ’ steep stress gradients. Since isostress plots
a r e  time consuming to draw by hand and are therefore an obvious bottleneck
In an otherwise rapid scheme for performing residual~ stress analysis , an

t - c ~;tted process of drawing isostress lines was developed . The enuipment
used to automate this process includes:

-I- - - -~~~~~~~~~
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1 , Analoc’ to dic’ttal converter to convert the analog data received
from the automatic stress analyzer to dic’ital output.

7 . Paper tape punch on a teletype wi th  which digital data are
nunched onto paper tape.

‘3 . T l e w l e t t — P a c k a r d  0p3() flesb Top Computer (enuipped w it h  an
x — y plotter) w h ich accents digital data from paper tape .

4. Computer oron r am fo r  processing the data for x—y plotter use
in drawinr~ -isostress lines . A listing of the computer prn1ram is given in
t~)o App e n d i x .

ri~~ire 4 shows the  compu te r—drawn  isostress p l o t  of the  same data
that  was used for the hand—drawn isostress plot shown in rioure 3.

Most of the  work on this project deals with torsion tubes and used
trick nins subm itted for possible reclamation orocessing. A few measure-
ments have also been made on such varied components as gears , road wheels .
pit~~n arms and V.51’ steel. The approach taken in the work with track pins
and torsion tubes  had several steps:

- ~ark spots on the  component part where residual stress measurements
were to he taken.

2. Pecord residual stress measurements at the marked spots.

‘3. look for sienificant trends in measured residual stress levels
that nieht he responsible for future failure initiation .

4. Mechanically exercise the part in fatigue test machine . The
f a t ig u e  test machine is shown in rigure 5 .

6~ Repeat steps I thru 4 until failure occurs or until the end of
the planned test period .

RESI’ TI S

York on used ~track p ins showed no de tr imen tal resid ual stress levels
no the surface of the pin either before or after fatigue testing. Never—
the-les s, track pin failures occurred at random during fatigue testing.
Censeeuentlv , surface residua l stress could not he used as an indicator
of notential for early pin failure or as an indicator of eminent pin failure .
Meastirements Were then taken on sectioned surfaces of track pins. Residual
stress scans on sectioned samples of induction hardened 1—142 track pins
reyea~ r~! tensile residual stresses as wel] as steep stress gradients in the
area of demarcation between the induction hardened layer and the inner core
as shown in Figure (~ and 7. Stress gradients and tensile stresses are known
to he Imnortant factors in causing fracture . Cracking has been observed
alone t 1 f s  area of demarcation on track pins fractured under fatigue testing
in the laboratory .
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One puzzling aspect of the measurements taken on the surface of track
pins is tha t the leve l of comp ressive residual stress on the por tion of
the pin that is both induction—hardened and shot—peened is no greater than
on the portion that is only induction hardened . This fact implies either
tha t nc thing is gained by the sho t peening opera tion or tha t the benef its
of shot peening (i.e., inducing compressive residual stress on the surface)
have been worn away by friction during usage . The latter is probably not
the case since preliminary residual stress data on new track pins also
indicate that the shot—peened surface has no greater compressive residual
stress than the induction—hardened surface before shot peening. This then
stimulates some questions. For example :

1. Of what value has the shot peening operation been?

2. if the shot peening operation were eliminated , would a cos t
savings be realized without sacrificing track pin lifetime?

3. Alternatively , would track p in lifetime be increased if higher
intensity shot peening were employed thereby imparting a greater compressive
residual stress than that obtained from induction hardening?

Work has been proposed ( in terna l  to TARADCOM) to at temp t to answer the
above questions as well as to attempt to reduce the steep stress gradients
observed in sectioned track pins thereby increasing track pin lifetime .

Work with torsion tubes revealed varying degrees of non—uniform surface
residual stresses. This possibly imp licates non—uniform shot peening. Areas
on the surface of the torsion tube that may have been shot—peened less intensely
than the remainder of the tube may exhibit lower compressive residual stress
than the remainder of the tube. These areas may act as sites for potential
faIlure initiation .

Grid lInes were drawn on each torsion tube tested and residual stress
measurements were taken at the intersections of the grid lines. Grid lines
were drawn over the the entire length of two new and intact torsion tubes (for a
total of 888 grid intersections on each tube), Grid lines were also drawn
over a section of two broken torsion tubes in the vicinity of the break . One
of these broken torsion tubes had over 400 grid intersections drawn on it;
the other had almost 200. Figure 8 represents the grid lines drawn on the
latter broken tube . The vertical lines were drawn on the tube at 240 intervals
around the tube . The jagged line represents the jagged edge where the tube
broke . Residual stress readings taken at the intersections of the grid lines
are shown by the numbers in this figure (represented in thousands of pounds
per square inch). Negative signs indica te compressive stresses and positive
signs indicate tensile stresses.

The data from these torsion tubes was processed and illustrated in three
d i f f e r en t ways:

4



1. Computer—draw n isostress p lo ts were made for  each of the tors ion
tubes tested.

2. Histograms were plotted for the data from each torsion tube .

3. Statistical quantities such as mean , standard deviation , skewness
and kurtosis were calculated for the data from each torsion tube.

Inspection of the data from each tube shows fluctuations of stress from
point to point . In particular , it shows isolated areas of lower compressive
residual stress such as shown by the point circled in Figure 8. The degree
of non—uniformity of surface residual stress for each torsion tube can be
illustra ted and comparisons between them made wi th the use of isos tress
plo ts , histograms and standard deviation of the data from each tube. The
isostress plots are shown in Figures 9, 10, 11 and 12 and are to be visualized !
associated with torsion tubes as illustrated in Figure 17. For ease of
compar ison and in terpretation , the plots were made full scale in 9ch case
and the isostress lines were drawn in incremental steps of 10 x 10 psi.
Figure 11 has four parts (i.e., a, b , c , and d ) ,  each part representing the
four different sections of the entire length of that tube for which an isostress
plot was made. Similarly , Figure 12 has 5 parts. Figures 13, 14, 15 and 16
show the computer plotted histograms of the data from each torsio~ tube
tested . The cell size in the histograms wa~ chosen to be 10 x 10 psi to
correspond to the increment size of 10 x 10 psi used on the isostress plots.
Table I is a compilation of the computer—calculated statistics of the data
from each tube .

Comparison of the data from the four torsion tubes tested is very
striking when presented in terms of uniformity of surface residual stress
vs. performance of the tube in fatigue testing . Two of the four tubes
endured the complete fatigue test (75,000 cycles) without rupturing . The
other two tubes ruptured in the body of the tube . The two tubes that endured
the complete tatigue test without rupturing displayed the most uniform surface
residual stresses as evidenced by:

1. The most uniform isostress plots (see Figure 17).

2. The narrowest histogram displays.

3. The smallest standard deviations .

The two tubes in which fracture initiation occurred in the body of the
tube d isplayed :

1. The least uniform isostress plots (see Figure 17).

2 .  The broadest histogram displays .

3. The largest standard deviations .

5
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It mar he significant to note from Table I that the tube with the
largest standard deviation failed first , the tube with the next largest
stand ard devia tion was the nex t to fai l , etc. The data from Table 11 is
plotted in Figure 18. Note that a lint rather than a point was plotted
on the graph for tube no. RKO—l8 reflecting the fact that it was not carried
out to failure . Both tubes (P3(0—18 and T~EI,1)Ffl) that endured the fatigue test
limit of 75,000 cycles had standard deviations less than 8.0 x io~ psi.On the basis of this dat a, it was decided that preliminary quality assurance
requirements call for the shot peening operation on torsion tubes to impart
uniform residual stress levels; the uniformity shall be determined by the
standard deviation of 200 residual stress measurements taken at random positions
over the entire length of the tube. A standard deviation of 8 x l0~ psi or
less will be considered acceptable under this preliminary quality assurance
requirement. This figure will be updated as needed af ter suf f i c i e n t statistical
quantities of data have been gathered.

DISCUSSION

Residual stress measuremen ts can now be made in a small fraction of the
time required in using a conventional dlffractometer. This then permits the
use of x—ray diffraction residual stress measurements to be economically used
for in—line gaging of mechanical parts , for quali ty assurance purposes and
for problem solving of field failures rather than being used exclusively for
research work. The stress studies performed at TARADCOM on track pins and
torsion tubes would not have been feasible without automated x—ray diffraction
equipment.

There are only about a dozen or so automated x—ray diffraction units for
residual stress measurements in the world. Most of them are in this country
and were built in the United States. A Japanese company markets a version
of this also. Of the dozen or so users of automated x—ray d i f f r a c tion equipmen t
for rapid residual stress measurement , it is likely tha t TARADCOM is unique in
having interfaced their equipment with a computer for automatic plotting of
isostress lines. This uninue capability enables TARADCOM to use residual stress
measurements as a tool for research and problem solving as well as for quality
assurance. An example of research work that this equipment will allow us to
perform rather easily is an investigation of residual stress patterns in weld—
ments as a function of the individual weld parameters . This will enable
de termination of weld parameters required to achieve optimum weidments .

The work that we have done on track pins and torsion tubes are examples of
problem solving work this equipment allows us to perform . The solution to
the track pin breakage probl em may be to change the manufacturing processing to
eliminate or at least decrease the steep stress gradients shown in Figures 6
and 7. The solution to premature failures of torsion tubes may lie in the
shot peening process. It is expected that improving the shot peening operation
(so that it results in a more uniformly shot peened surface) may result in
fewer premature failures of torsion tubes. A visual check is not sufficient
to determine uniformity of shot peening~ a residual stress scan is required .

6
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Ey a”p lt ’s of cualitv assurance work that t h is eoulpment will allow
are such things as in—line gaging of stress relieved parts , shot neene~ parts ,
hea t treated narts , ma ch ined par ts , castings and weld parts . etc . In
this app lication the enuinment would he set In the ‘o—no—eo mode of operation
and an alarm ~‘ould he trlpned when the part did not meet the specified
level of residua l stress.

Cn~TCLrST0y

Interfacing automated x-ray diffraction enuigment with the computer
for drawln° isostres~ plots has resulted in a rather unictue tool. never
before have we or anyone else had the capability O F measur in g resid ual
stre~ ses and plotting the i sostress lines so ranidlv.

The work performed on this project with torsion tubes reveals that

automated x—ray diffraction is a viable techninue for inspection of torsion
tubes for uniformity of the shot neeninc’ operation . If used for quality
contro l purPoses, a sampl ing plan would he recinfred. Tn genera l this
techninue should prove fruitful for checking level of residual stress
irinarted by the shot—peening operation as well as for uniformity of
shot peening . Sampling plans adopted would depend on part size and shape
and degree of coverace desired in testinr..

l”ork performed on track pins did not lend itself to quality control.
it did , however , demonstrate the usefulness of automated x—ray d i f f r a c tion
in problem solving or for work of a research nature .

The en uipmen t can he used in a research , problem solving or in—line
ga~’1ng capac ity. It has been very instrumental in pointing the way to
solutions of problems for TARAT1COM and perhaps can he used in research work,
or in h e l p ing  solve problems , or for cualitv assurance/in—line gaging for
other Commands/Installations.

Automated x—ray diffraction is a non—destructive test and very possibly
may prove to he a great asset to the field of materials technology in the
near future .

RE C0~~EN1)ATI0NS

This project dealt with a material testing technicue (MTT). At times
the work interfaced with work more appropriately considered to he R&D and
at other times with work more appropriately considered to be manufacturing
methods and technology (MM&T) . The MIT work is completed . The
recommendation is that the automated x—ray diffraction technicue is a
viable non-destructive techninue which can be utilized for R&D , problem
solving and cuality assurance purposes. All three of these uses have been
made of this technioue in this work to some extent.

1
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The need for further work has surfacedin the R&D and MM&T aspects.
For example , there is a need to employ this technioue for quality
assurance of the shot peening process . A requirement could be added to
shot—peening specifications calling for desired levels and uniformity
of residual stresses imparted by shot—peening operations. In particular,
for torsion tubes preliminary data (i.e. data from the four torsion tubes
tested in this prolect) indicate a reouirement for a standard deviation
of S x 10~ or less in the residual stress readings on the surface of the
torsion tube. Before such a renuirement is imp lemen ted a lar ge number
of readings should be taken on a large number of torsion tubes and each
tube fatigue tested to failure. It is suggested that an ?~Q1&T project be
funded in which 200 readings are taken on 100 torsion tubes and the
standard deviation of the readings on each tube he plotted against cycles
to failure of that tube. This will  enable a more accurate choice of
limit for the standard deviation of residual stresses on the surface of
the tube. This then would be a means of measuring and controlling the
uniformity of the manufacturing method (shot peening) of imparting
compressive residual stress on the surface of the torsion tube.

On track pins the need for additional study has also surfaced . It was
noticed that there was no greater residual stress imparted in the track
pins by shot peening than that induced by the induction—hardening process
which preceeded the shot peening process. Of what value then was the
shot peening? Can a cost savings he realized by eliminating the shot
peening step without degrading pin lifetime? Alternatively, can p in
lifet ime be increased by employing shot peen ing of grea t enough intensi ty
to impar t grea ter compress ive residual stress than already impar ted in
the pin by the induction hardening step which preceeded the shot peening?
Others at TARAT)COM have reported that the shot—peening operation was
beneficial , resulting in greater pin lifetime . However, the report did
not include residual stress data ; the results obtained would be expected
only if the shot peening operation induced more compressive residual stress
in the par t than already induc.ed by the induction hardening step . It is
recommended then that additional tests be made of fatigue life vs. shot
peening . The shot peening intensity should be varied from zero to a value
which imparts considerably greater compressive residual stress than already
present due to the induction hardening step .

The tensile residual stresses surrounded by steep stress gradients in
track pin cross—sections as observed in this project suggests further R&D
work. The ob$ective of such research work would be to eliminate, diminish ,
redistribute , or change direction of tensile residual stresses and steep
stress gradients in a manner that would be beneficial to track pin lifetime .
This perhaps could be accomplished by altering process variables.

8
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Block 20 continued .

Work on used track pins showed no detrimental residual stress levels on the
surface of the track pins . Measurements taken on sectioned surfaces of track
pins revealed areas of tensile residua l stress surrounded by compressive -

residual stresses , with steep stress gradients in between . These areas are in
the region between the core and the induction hardened layer ; cracking was
observed here in laboratory tested track pins.

Vast differences are exhibited in both the isostress plots and the standard
deviation of the measurements taken on torsion tubes where failure -Initiation
occurred on the bodies of the tubes as opposed to instances where failure
initiation did not occur in the body of the tube or where failure did not occur
at all. These differences may b-~ due to differences in the uniformity of the
shot peening operation . Regions of lower compressive residual stress and
associated steep stress gradients may act as stress risers and cause premature
failure .

-Unclassified
S6CURITY CLASSIFICA TION OF THIS PAGE(Wlieu Del. Ent.r.d) 

~~~~~~~~~~~~~~ ~~
— - - _ _ -

~~~~ ~~~~~~~~


