
THE ru<'l''ECTS OF NITROGEIJ CONCENTRATION BEI'WEEN 

0.27 PER CENT AND 1.30 PER CENT ON INTEillJAL 

FRICTIOlJ PEAKS IN 304L S1'AINLESS ST EEL 

by 

Richard Crockett Nickols, Jr. 

Thesis submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute 

in candidacy for the degree of 

MASTE."'l OF SCIENCE 

in 

Metallurgical Engineering 

August, 1964 

Blacksburg, Virginia 



I. 

II. 

III. 

IV. 

v. 
VI. 

VII. 

-ii-

TABLE OF CONTZ!:!TS 

I?ITRODUCI'IOI~ •• •••••••••••••••••••••••••••••••••.•••.•• 

IIBVIE'~1l 0]. .. LITZ.f:OOUH.E • ••••••••••••••••••••••••••••••••• 

I?~IGATION • ••••...•••••.••..•••••.•••••.•.••••.•••• 

Paee 

1 

3 

11 

A. Object of Investigation......................... 11 

B. Hethod of Procedure............................. 11 

C. Reslllts......................................... 15 
DISCUSSION OF RJ:!:SULTS ••••••••••••••••••••••••••••••••• 

CONCLUSIOl~S • ••••••••••••••••••••••••••.••••••• • ••.. • • • 

S l.Jl-il.WlY. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ••••• • • • • • • • • 

BIBLIOORAPHY •••••••••••••••••• . . . . . . . . . . . . . . . . . . . . . . . . 

17 

22 

23 

24 

VIII. VIT.f\. • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 28 

IX.-" APPEl,IDIX. • • • • • • • • • • • • • • • • • • • • • • • . • • . • • • .. • • • . • • • • • • • . • • 49 



-iii-

LIST OF TABLES 

Page 

Table 1. Chemical Analysis of the A.ISI Type 3041 Stainless 

Steel W.i.re Used in the Investieation.......... ••• • 29 

Table 2. Summary of Specimen Preparation................... 30 

Table 3. Internal Friction Spectrum of Type 304L Stainless 

Steel Containing o.ol.j. Per Cent Nitrogen Run at a 

Frequency of 1.1 Cycles Per Second................ 31 

Table 4. Internal Friction Spectrun of Type 3ol1L Stainless 

Steel Containing u.27 Per Cent Hitrogen Run at a 

Frequency of 1.1 Cycles Per Second................ 32 

Table 5. Internal Friction Spectrum of Type 3011.L Stainless 

Steel Containing 0.60 Per Cent Nitrogen Run at a 

Frequency of 1.1 Cycles Per Second................ 33 

Table 6. Internal Friction Spectrum of Type 30hL Stainless 

Steel Containing 1.30 Per Cent Nitrogen Run at a 

Frequency of 1.1 C"Jcle.s Per Second. Test Nu.'Ubcr 

One......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 
Table 7. Internal Friction Spectrum of Type 3041 Stainless 

Steel Containing 0.27 Per Cent Nitrogen Run at a 

Frequency of 0.48 Cycles Per Second••••••••••••••• 35 

Table 8. Internal Friction Spectrun of Type 3041 Stainless 

Steel Containing 1.30 Per Cent Nitrogen Run at a 

Frequency of 0.48 Cycles Per Second••••••••••••••• 36 



-iv-

Table 9. Internal Friction Spectrum of Type 304L Stainless 

Steel Containing 1.30 Per Cent Nitrogen Run at a 

Frequency of 1.30 Cycles Per Second. Test Number 

Page 

Two................................................ 37 



-v-

LIST OF FIGURES 

Page 

Figure 1. A Face-centered Cubic Lattice Showing the Pair 

Rotational Mechanism•••••••••••••••••••·•••••••••• 38 

Figure 2. Strain Versus Time for an Anelastic Specimen When 

a Load is Applied at T=O and Removed at T=T'•••••• 39 

Figure 3. Torsional Pendulum Used in the Investigation...... 40 

Figure 4. Arrangement of Photoelectric Cells for Measurement 

of Logarithmic Decrement•••••••••••••••••••••••••• 41 
It'igure 5. Multichannel Switching Circuit for Photoelectric 

Cells•••••••••••••••••••••••••····•••••••••••••••• 42 
Figure 6. Strip Chart Recording of Measurement of Logari tlmc 

Decay••••••••••••••••••••••••••••••••••••••••••••• 43 
Figure 7. Internal Friction Spectra of Type 3041 Stainless 

Steel Containing o.o4, o.27, 0.60 and 1.,30 Per 

Cent Nitrogen Rw1 at a Frequency of 1 • 1 Cycles 

Per Second•••••••••••••••••••••••••••••••••••••••• 44 
Figure 8. Internal Friction Spectra of Type 301+1 stainless 

Steel Containing 0.27 and 1.30 Per Cent Nitrogen 

Run at a Frequency of o.hB Cycles Per Second•••••• 45 
Figure 9 • Internal Friction Spectra of T"JPe 3041 stainless 

Steel Containing 1.30 Per Cent Nitrogen Run at a 

Frequency of 1.1 Cycles Per Second and Rerun 

Again at 1.1 Cycles Per Second•••••••••••••••••••• 46 



-vi-

Figure 10. Internal Friction .Amplitude Plotted as a 

Function of Weight Per Cent Nitrogen in 

Page 

Type 3041 stainless Steel••••••••••••••••••••••••• 47 
Figure 11. l'.d.crostructure of Type 3041 Sto.i.nless steel 

Containing 1.30 Per Cent Nitror:;en Before Testing 

in Torsional Pendulum•••••••••••••••••··•••••••••• 48 
Figure 12. J!Jicrostructure of Type 30hL Stainless Steel 

Containing 1.30 Per Cent Nitrogen after Testing 

in Torsional Pendulum••••••••••••••••••••••••••••• 48 



-vii-

ACKHOWLEDG u·IEIIT 

The author 'Wishes to eA-press his appreciation to Dr. John F. 

Eckel, Head of the Metallurgical mfsineering Department, Virginia 

Polytechnic Institute, whose guidance and assistance made this investi-

gation possible. 



-1-

INTRODUCTION 

The purpose of this investigation was to determine the effect 

of nitrogen concentration on the internal friction peaks associated 

with nitrogen in AISI 3041 stainless steel. 

Internal friction peaks occur in metals as a result of the vibra-

tional energy of the metals being converted into other fonns of energy. 

The stress-induced preferential distribution of nn interstitial atom 

is one exam~le of this energy conversion. This effect occurs when the 

strain in a metal lags behind the application of the stress and is 

caused by the interstitial atoms changing place in the lattice., Tho 

measurement of this strain lag c~.n be used to calculate the diffusion 

rates, activation energies, and solid solubilities of the interstitial 

atons being investigated. 

There has been relatively little work done on internal friction 

peaks ;,>.ssociated with interstitial atoms in face-center cubic lattices 

until recently, because there 1'1as no satisf actor-.:r mechanism to explain 

the phenomenon. 1 With the introduction by Cheng and Chang of a satis-

f'actory e~lanation of the r.iechanism, the investigation of this pheno-

menon has increased. Eost of the previous uork in this area was con-

cerned with the effect of carbon on its associated internal friction 

peaks in austenitic stainless steel. Cofer2 and Hanning) found that an 

internal friction peak resulting from interstiti2l nitro~en was also 

present in austenitic stainless steel. 

This investigation uill describe the effect of the nitrogen con-
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centration on the internal friction peaks found in austenitic stainless 

steel with nitrogen contents between 0.27 and 1.30. 

A torsional pendulum incorporating a photoelectric measuring de-

vice was used to detenn:i..ne the internal friction spectrum. Wn.ere it 

was feasible, data were processed by using an IB}i 1620 Data Processing 

System. 
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REVIEW OF LI'rr:::lATUH.E 

Zener4 defines anelasticity or elastic aftereffect as the pro-

perty of a solid in virtue of which stress and strain are not uniquely 

related in the preplastic range. One area of the anelasticity phenom-

enon, the damping capacity or internal friction of metals, has received 

the most attention in the solution of metallurgical problems. Ent-

l~listle5 states that dampine capacity implies that the metal itself is 

able to convert vibrational energy into other forms of energy. QUanti-

tatively, damping capacity is measured by the amount of energy trans-

formed within the solid during one cycle of vibration. Difficulties 

arise principally because of the wide range of da.'nping capacity which 

may be encountered and in detenuining what source of internal friction 

is being observed. 

Four sources of internal friction in metals are the thermo-elastic 

effect, magneto-elastic effect, mechanical behavior of grain boundaries 

and stress-induced preferential distribution of interstitial solute 

atoms. This thesis will deal with the latter of these effects, the 

stress-induced preferential distribution of interstitial solute atoms. 

Snoek6, while investigating the magnetic aftereffect in alpha 

iron, discovered that these magnetic aftercff ects depended upon the 

presence of either carbon or nitrogen in the iron. Further observa-

tion showed that the carbon and nitrogen were only active while in 

solution. Richter7 discovered that this mechanism was found to be 

true also for another new phenomenon, that of elastic aftereffect, 
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and was able to show that both effects had the sarae strong dependence 

on temperature. Snoek8 f'urther investigated the elastic a~ereffect 

of alpha iron loaded with nitrogen by making it part of a freely oscil-

lating system and measuring the logarithmic decrement of the system. 

This was the first application of the torsional pendulum to measure 

the stress-induced preferential distribution of interstitial solute 

atoms. As a result of these investigations,, Snock9 postulated that 

the interstitial atoms were distributed equally in the x,, y,, and z 

lattice directions and,, if the lattice ~rere stretched in the z direc-

tion,, there would be a preference for y positions and an elastic ~er-

effect would be the result. This mechanism w.ill be more completely 

described later. Through these observations snoek10 was the first to 

state the mechanisms by which the stress-induced pref crential distri-

bution of interstitial solute atoms caused on elastic aftereffect and,, 

as a result,, this phenomenon is referred to as the Snoek effect. 

Measurements of the Snock effect have been used in metallurgy 

to de-ten:ri.no diffusion coefficients,, solid solubilities and activa-

tion energies for various metal systems,, and can be made because of 

the following relationship •• The interstitial atoms occupy octahedraJ. 

intersti tiaJ. positions in ;llpha iron and produce a localised tetragonal 

distortion. There will be a ran.don distribution of the interstitial 

atons in the unstressed lattice, but application of a stress along 

a ~oo] direction favors a distribution by jumps of half the lattice 

parameter into sites havine a tetragonal a.xis parallel to that of the 
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applied stress. This migration of atoms resulting from the application 

of the stress produces a strain which varies with time at a rate deter-

mined by the migration rates of the atoms from one interstitial site 

to another. 

An interstitial atom in a face-centered cubic lattice ldll occupy 

the octahedrDJ. posi ti.on at the center of tho unit cell and the six 

face-centered nearest-neighbor atoms ·will be equally displaced; there-

fore, a stress will produce a spherical distortion and result in a 

uniform distribution of intersti ti.al atori1s along tl1e x, y, and z axes. 

Because of this there can be no Snoek effect found in a face-centered 

cubic lattice from a geometrical standpoint. Internal friction studies 

by Rozin and Finkclshtein11 , Cofer12 and Manning13 indicate the presence 

of an internal friction peak caused by interstitial atoms in austenitic 

stainless steels. 

Obviously, there is another mechanism by w:uch the intersti ti.al 

atom migrates to produce this observed elastic aftereffect. Entwhistle14 

suggests that one of the face-centered atoms is replaced by a substitu-

tional atom of different size producing a distortion around the sub-

stitutional-interstitial atom pair which will be ellipsoidal and when 

under stress ·will preferentially orient itself so that the greatest 

tensile distortion is closest to the direction of applied tensile strain. 

Investigations by Cheng and Chang15 led them to postulate that the 

internal friction peaks in face-centered cubic materials occurred through 

the preferential rotation of the axes of interstitial pairs, similar 



-6-

to t!1e mechanism16 of solute pairs in substitutional. solid solutions. 

They theorized that an interstitial ator:: may fill up a lattice vacancy 

thus becoming a substitutional atom. In the meantime, another inter-

stitial atom jumps to the neighborhood of this substitutional atom 

forming a stable atom pair, one interstitial, one substitutional, 

through the release of thermal. energy. 

Wu and Wo.ng 17 give more detailed explanation of this mechanism 

ru~d also state the mechanism by which the internal friction peak is 

formed. Figure 1 shows a model of a face-centered cubic lattice with 

a vacancy at 02, ~;2, O). As an interstitial atom falls into the vacancy, 

another interctitial moves into z1, forming an atom pair whose a:x:i.s 

is parallel to the z axis. As a compressive stress is applied along 

the z-direction, the interstitial atom at z1 tends to jump to one of 

the x or y interstices to relieve the lattice strain. Conversely, 

if a tensile stress is applied along the z-direction, an interstitial 

atom in the x or y interstices tends to jump into z1 or z2• Therefore, 

with a compressive stress, the atom pair rotates until its axis is 

paraJ..J.el to a.tis of the tensile stress. This rotation of the atom 

pair requires that one atotl jump from one position to another ui th 

the application stress producing a strain •Jhich varies with time at 

a rate determined by the migration rate of the atom jumping from one 

site to another. This mechanism is identical to the mechanism by which 

interstitials travel in a body-centered cubic lattice except for the 

distance traveled. In a face-centered cubic lattice the interstitial 
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jumps a mean distance of If a0 along (110), while in a body-centered 

cubic lattice the interstitial jumps a mean distance of ~2 a0 along the 

(1 ~, a0 being the lattice para..."lleter in both cases. Because of the 

close similarity between these two internal .friction mechanisms, the 

fonnulae applicable to the body-centered cubic mechanism can also be 

applied to the £ace-centered cubic mechanism. 

This migration of interstitial atoms resulting from the applica-

tion of a stress produces a strain ~Jhich varies with time at a rate 

determined by the migration rates of the atoms from one interstitial 

site to another. Figure 2 shows a graphical representation of the 

strains involved. The anela.stic strain En stems from the intersti-

tial atoms changing place. Measurements of the rate of decay of Ca 

can be used to calculate the diffusion rates, activation energies, 

and solid solubilities of the system being investigated. A detailed 

discussion of these measurements and calculations will follow. 

To determine the internal friction spectrum for a metal, all 

that is necessai-.f is to measure the logarithmic decranent, 8 as a 

function of temperature for a constant angular frequency. The logarith-

mic decrement is the logarithm of the ratio of successive ar.1plitudes 

and is expressed as 

(1) 

where ~ and ~+1 are the amplitude of successive oscillations of 

the torsional pendulum. 8 can also be expressed for N oscillations as 
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8 • - 1- LN _A_ N A' 
(2) 

where A is the initial a:ilplitudc and A' is the amplitude after N oscil-

lations. Once 8 has been determined, the lag angle, a , can be found 

from the expression 

(3) 

where a is the angular measurement of the strain lag behind the applied 

stress; a condition necessary for internal friction to occur. Dieter18 

states that for a standard linear solid (any I:laterial exhibiting anelas-

ticity) there is only a single relaxation time, T • T is related to 

8 by the e:q_Jression 

8 •E CllT s... __ ? 2 I+ ~ T 
(4) 

where Es' the relaxation strength, is a constant of the metal, and 

w is the angular frequency of vibration. Equation 4 is symmetrical 

in both w and T and has a maximum value 'When 

(5) 

In metals, T varies exponentially with ter.iperature so that 

T• T0 EXP- AH 
RT 

(6) 

For a given frequency (f1) the rela..v..ation time is expressed by 
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(7) 

and the peak occurs at a temperature (T 1 ) • At another value of fre-

qucncy (f2) the relaxation peak will occur a.t a temperature (T2). 

From the ta'7Iperature dependence of rela..xation t:L~e (Equation 6) the 

activation enere:v fl H can be determined. 

llH = R 
LN ( f2 ;;, ) 
t/ - y. 
/Tl T2 

(8) 

For a given relaxation ti.me the diffusion coefficient of the inter-

stitial atom is given by 

0 = (9) 

where a is the lattice parameter and b is a constant depending upon 
0 

the lattice structure. 

Ke and Wang19 observed internal friction peaks associated with 

the stress-induced diffusion of carbon in an austenitic stainless 

steel. They state that the height of the peak increased and the posi-

tion of the peak sl1ifted to a lower temperature with an increase in 

t;1e carbon content. \·lhen they reduced the amount of carbon in solid 

solution by tempering, the height of the penk decreased and the peak 

shifted to a higher tenpcrature. Since this peak was associated with 

a relaxation process, they postulated ti.1at the observed peak was asso-

ciated with the stress-induced diffusion of the carbon in the spec:L~en. 
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These observations and Wu and wang•s20 proposed mechaniSiil. indicate that 

it is possible for stress-induced diffusion to occur in a face-centered 

cubic lattice. 

Previous work at Virginia Polytechnic Institute by Cofer21 and 

Nanning22 show that an internal friction peak resulting from the strcss-

induced dif.fusion of nitrogen in an austenitic stainless steel (AISI 

30hL) is also present. A surve".f of the literature revealed th,3.t no 

work has been done concerning t:1e effect of the nitrogen concentration 

on the internal friction peaks associated with nitrogen in AISI 304L 

stainless steel. 
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I!JVESTIGATION 

A. Object of Investigation: 

It was indicated by previous work that it is possible to detect 

internal friction pea.ks caused by the movement of interstitial atoms 

in a contnminated face-centered cubic lattice. This investigation was 

concerned with the movement of interstitial nitrogen in an 18-8 stain-

less steel lattice. The concentration of the nitrogen was varied from 

0.27 per cent to 1.30 per cent. The effects of the varying concentra-

tion on the internal friction peak associated with the nitrogen inter-

stitial were investigated. Particular interest wns focused on the 

activation energy for diffusion of the nitrogen atom at various levels 

of concentration. A simple quantitative method for nitrogen analysis 

in 18-8 stainless steel was also investieated. 

The specimens were subjected to a frequency of one cycle per 

second over a temperature ranee from ambient to 300 degrees centigrade. 

These parameters were selected because previous investigations showed 

the internal friction peak of nitrogen interstitials to fall in this 

range of frequenC'IJ and temperature. To permit the determination of 

activation energies at various levels of concentration, several speci-

mens were subjected to a lower frequency of o.48 cycles per second. 

B. Method of Procedure: 

'rhe internal friction tests were made with a torsional pendulum 

apparatus similar to the one designed by Ke23 • The torsional pendulum 

was mounted in a Marshall-split-type seven zone furnace which provided 
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uniform temperature along the length of the sample by utilizine; variable 

transformers connected to separate zones of the furnace. A uniform 

temperature along the length of the sar.i.ple is one of the most important 

test parameters of the torsional pendulum, and the above arrangement 

produced a teraperature variation of no more than:'.: 1.5 degrees centi-

grade along the sa."llple length. The .furnace was mounted vertically 

and was supported by a drill press stand mounted on a heavy wooden 

base. This mounting arra.11geraent provided a rigid mount and also abosrbed 

shocks from outside sources. A Honeywell "Electronic 17 1r temperature 

controller used in conjunction with an iron-constantan thermocouple 

was used to regulate the i'urnace temperature. The temperature range 

of the iurnace was from 0 degrees to 1200 degrees centigrade. 

Test specimens were hung in the furnace vertically with the top 

held firmly by a pin vise which was connected rigidly to the furnace 

top. The lower end of the spcc:L11cn was connected to a pin vise 11h.ich 

was attached to the pendultun. The pendulum consisted of a horizontally 

mounted ;4 inch rod with two adjustable weights. The frequency of the 

pendulum could be changed by moving the adjustable weights of the 

pendulum. Attached to the pendulum center was a one-inch-square mirror. 

A ~4 inch rod was attached to the bottom of the pendulum center and 

was immersed in a container of oil. This arrangement quickly dampened 

out any lateral movement of the pendulu..11. The torsional pendulum 

is shmm in Figure 3. The total mass of the pendulum. produced a longi-

tudinal stress of 855 pounds per square inch in the specimen. wert24 
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states that the longitudinal stress on the specimen is of no mportance 

for the type of material used in this investigation if kept below 1000 

pounds per square inch. The pendulum was set in motion by two electro-

magnets which were positioned to attract the adjustable pendulum weights. 

'VJhen the electromagnets were de-energized the pendulum. was set in motion. 

This min:ilnized initial lateral motion. 

Internal friction was determined with the torsional pendulum by 

measuring respectively the logarithmic decre.ment and the frequency of 

the free torsional vibration of the wire specimen. These two parameters 

were measured by focusing the light beam from a small light source onto 

the mirror attached to the pendulu.11 center. The reflected light beam 

was focused on a screen, Figure 4, positioned nine feet opposite the 

mirror. The screen contained five photoelectric cells positioned on 

a natural logarith,":lic scale. The photoelectric cells were connected 

to a multi-channel switching circuit, which is shown in Figure 5. 
The reflected light beam, as it passed each photoelectric cell, trig-

gered a 110-volt relay in the switching circuit. The relay energized 

a pen on a multi-channel Esterline-Angus Model AW recorder imich pro-

duced a pennanent record on a strip cha.rt, Figure 6, from which the 

logarith.'nic decrement and frequency of the pendulum could be calculated. 

These calculations were performed using an IBH 1620 Data Procecsing 

S-.rstem. The use of the photoelectric measuring device reduced n.easuring 

error and silllplified data reduction, and the use of the computer reduced 

calculation tine and increased accuracy. 
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A value for the logarithmic decrement was obtained at eleven 

degree centigrade intervals from ambient tcniperature to 310 degrees 

centigrade for each specimen, and from these values the internal fric-

tion spectrum was plotted. The specimens were 8 ~2 inches long, and 

care was taken when placing the specimen between the pin vises to insure 

that the specimen was located at the same position in the furnace for 

each test. 

The wire beinG investigated was cold-drmm AISI 304L 0.025 inch 

dia."lleter vdre. 'l'he heat analysis of the wire is shmm in Table 1. 

All spec:L.':lcns were prepared in the follouing manner. HcDanel AP 35 
alumina four-hole tubing with an inside hole diameter of 1/32 inch was 

used to support the wire during preparation. The tubing insured that 

the specimens were straight after preparation. The 1tl.re was cleaned 

in acetone to remove surface contamination before it was inserted into 

the tubing. All specimens were given a twelve-hour anneal at 1025 

degrees centigrade in a vacuum to insure that the wire was fully aus-

tcni tic be.fore nitriding. The nitriding was accomplished by holding 

the wires at a teraperature of 530 degrees centigrade and passing arrnnonia 

gas through the tubine containing the wires. At this temperature the 

ammonia dissociated, sending monoatomic nitrogen into the metal lattice. 

After nitriding the wires were ei,ven a homogenizing treatment to distri-

bute the ni troecn evenly throug]1 the speclln.en. The homogenizing treat-

ment consisted of holding the wires at 1000 degrees centigrade while 

runmoru.a gas was being passed through the tubing. The arnr1onia dissociated, 
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providing an equilibrium condition on the outer surface of the w.i.res 

wi"J.ch kept the nitrogen in the wires from escaping. The nitrogen con-

centration of' the specimens was varied by var:,:ring the exposure time 

of the specimens to the nitriding treatment. All specimens were quench-

ed after hOlllogenizing to insure that a sufficient munber of vacancies 

existed in the lattice to accommodate the internal friction mechanism. 

The nitrogen content of the samples was determined by a phosphoric 

and perchloric acid distillation method. 

c. Results: 

Four groups of test specimens were prepared. The specimens in 

group one were annealed as-received w.i.re and contained o.04 per cent 

nitrogen. The specimens in group two were annealed, ni trided for six 

hours, homogenized for 24 hours, and quenched. The group ti.'O specimens 

contained 0.27 per cent nitrogen. Thespecimens in group three were 

- annealed, nitrided for 48 hours, homogenized for 72 hours, and quenched. 

The group three specimens contained o.60 per cent nitrogen. The speci-

mens in group four were annealed, nitrided for 96 hours, homogenized 

.for 96 hours, and quenched. The group four specimens contained 1.30 

per cent nitrogen. A summary of the specimen preparation is shown 

in Table 2. One specimen of group four was divided into four equal 

segments aJ.ong an eigh.t inch length, and each segment was analyized 

separately to determine if' the nitrogen distribution was equaJ. aJ.ong 

the sample. These analyses showed that there was no significant dif-

ference in the nitrogen content along the length of the test specimen. 
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The amplitudes of internal friction values were plotted as a func-

tion of temperature over the range from ambient to 325 degrees centi-

grade. The internal friction spectra that resulted fro:ra this investi-

gation are shown in Figures 7, 8, and 9. The spectra of specL-nens from 

eroups one, t,10, three, and four run at 1.1 cycles per second are shown 

in Figure 7. The spcctrums of specimens fron groups two and four which 

were run at o.48 cycles per second are shown in Figure 8. The internal 

friction peaks sd.ft~d to lo-::er tcnrperatures when run at a lower fre-

quency allowing the activation energies for the different peaks to be 

calculated using Equation 8. 

A metallographic investigation was made to aid in the interpreta-

tion of the internal friction :r..easurements. Photomicrographs fr0r:1 

this investigation are sh01-m in Figures 11 and 12. The specimens con-

taining 0.27, 0.60, a.1d 1.30 per cent nitroc;en were observed to be 

slightly magnetic before testing 'With the degree of magnetism increas-

ins with increasing nitrogen content. Ea.ch specimen also became more 

magnetic after testing. 
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DISCUSSION OF HESULTS 

InternaJ. friction measurements by Ke and Yang25 of carbon in 

ga.":lllla iron showed that the internal friction peaks associated with the 

carbon rise with an increase in the carbon content. A similar effect 

would be expected in the case of nitrogen in gamma iron. 

The internal friction of the annealed as-received wire containing 

0.04 per cent nitrogen is sho'Wll in Figure 7. The frequency was 1.1 

cycles per second, and the data showed that there was no peak in the 

spectrum below 325 degrees centigrade. The internal friction spectrums 

of the specimens containing 0.27 per cent, o.60 per cent, and 1.30 per 

cent· nitrogen are also sho-vm in Fie,'Ul'e 7. The frequency for these 

specimens was 1.1 cycles per second, and the data showed that there was 

a peak common to each spectrum at about 1 26 degrees centigrade. This 

peak increases in height with an increase in nitrogen content and is 

assumed to be associated with the nitrogen present in the specimens. 

Shewmon26 states that the magnitude of the internal friction peak 

associated uitil stress-induced diffusion at its ma.x:iJmJr:i is proportional 

to the number of atoms or atom pairs which give rise to the peak in 

question. 'l'hus the variation of the magn.i tude of the pealc due to inter-

stitial pairs gives the variation in the concentration of such pairs. 

A plot of peak heights as a function of nitrogen concentration is 

sl:own in Figure 1 o. This plot siows that the height of the peak is 

linear id.th the nitrogen concentration. This linear relationship 

intercepts the ordinate at a Q-1 value of 0.001 which corresponds 
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favorably with the value of the internal friction spectrum of the 

spcc:i..r.J.en containing 0.04 per cent nitrogen. This linear relat:i.onship 

could be used as a basis for the quantitative analysis of :ritrogen in 

stainless steel. The louer limit of detection would appear to be 

around 0.25 per cent nitrogen because of the low magnitudes of the 

internal friction peaks in this range of concentration. The analysis 

made above shows that the proposed 11intersti tial pair11 model of stress-

induced preferential distribution of interstitial atoms in a face-center-

ed cubic lattice is essentially correct. 

The internal friction spectra of the specimens containing 0.27 

per cent and 1.30 per cent nitrogen run at o.48 cycles per second are 

sho;m in Figure 8. The internal friction peaks associated with the 

nitrogen have shift8d to lower temperatures as expected. The use of 

two different frequencies produced internal friction peaks at two 

different temperatures which provided sufficient data to calculate 

the activation energy using Equation 8. The activation energy for 

diffusion at 0.27 per cent nitrogen was found to be about 40,000 cal-

ories per mole vJhich is in general agreement with the values found 

by Ke and Wang27 for carbon diffusion in an 18-8 type stainless steel. 

Ke and Wang also observed that the activation energy was lo1:cred -vdth 

u.n increase in carbon content. The activation energy for diffusion 

at 1.30 per cent nitrogen was found to be 9 ,400 calories per mole. 

This value was much less than expected but was in agreement with the 

activation energy calculated from half width measurements by Eckel and 
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Me.nning28 for a 2.20 per cent nitrogen concentration in austenitic 

stainless steel. These observations showed that there was a decrease 

in the activation energy with an increase in nitrogen content. 

Another internal friction peak was observed in the spectrum of 

the specimen containing 1.30 per cent nitrogen. This peak occurred at 

about 162 degrees centigrade for a frequency of 1.1 cycles per second 

and is shown in Figure ?. The peak also occurred in the spectrum 

for 1.30 per cent nitrogen run at o.48 cycles per second but at a 

lower temperature of 152 degrees centigrade. This spectrum is shown 

in Figure 8. It was postulated by Eckel and Manning29 that there 

could be two relaxation times in the internal friction peak associated 

with nitrogen in austenitic stainless steel that was observed by 1""..a.nning30• 

They also calculated that the activation energy for the peak at the 

higher temperatures was 32, 000 calories per mole. The calculated 

activation energy for the similar peak in this investigation was 34,000 

calories per mole. Manning's measurements of logrithmic deca;31 were 

made by the visual observations of a reflected light beam on an engrav-

ed scale, and it is possible that this method of measurement could 

have prevented the resolution of the two peaks. It is probable that 

these two peaks, one postulated and one observed, are the sa.r:ie. 

The question now is what causes the second peal-c in the spectrum. 

One possible answer is the interaction of nitrogen with an alloying 

element in the stainless steel. 
~2 

Darken and Gurry.) state that the 

addition to steels of elements which form. relatively stable nitrides 
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usually give rise to the precipitation of one of these nitrides rather 

than <'.1.J."'1 iron nitride. One of these more stable nitrides is formed 

when nitrogen interacts -with chromium. Dul.is and Smith33 have pre-

viously reported the formation of chroIT.ium nitrides in 304L stainless 

steel. They also stated that the depletion of chromium in the aus-

tenite by the formation of c;1romium nitride unbalanced the m.'.l.trix 

com9osition so that some of the austenite transforn1ed to ferrite. 

This would explain tho change in magnetic properties of the specimens 

after testing. The spednon containing 1.30 per cent nitrogen run at 

1.1 cycles per second was rerun at the S<mle frequency, and this spectrum 

is sh01·m in Figure 9. The first peak attributed to interstitial nitro-

gen is not observable, <md the second peak ba.o grown in magnitude. 

This would indicate that sor.ie of the nitrogen atoms that contributed 

to the stress-induced diffusion in the first run are not available to 

contribute to the stress-induced diffusion during the second run. 

Some of the nitrogen atoms probably diffused to some structural site 

favorable for the fomation of chromium nitrides, and this could be one 

possible explanation for the disappearance of the first peak. 

Dillis and Srnith34 observed that the chromium nitride precipitate 

in 304L stainless steel occurred both at the gra...i..n boundaries and with-

in the grains; and that the latter precipitate had in some cases the 

appeara..~ce of pearlite, and in others was distinctly Widmanstatten. 

The structure described is ve~J similar to Figure 11 which is the 

structure of the specimen containing 1.30 per cent nitrogen before 
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testing. Figure 12 shows the same specimen after testing. The struc-

ture of the specimen ho.s changed with many more spheroid-shaped preci-

pitates present and the pearlite and Wicbn.anstatten structure having 

completely disappeared. The disappearance during the second run of 

the internal friction peak associated with the stress-induced diffusion 

of nitrogen and the change in the structure of the specimen indicate 

that the second peak probably occurs as a result of chromium nitride 

fomation, chromium nitride transfonnation, or a combination of both. 



-22-

COUCLUSIOHS 

The following conclusions can be ma.de from this investigation 

concernine the effect of nitrogen concentration upon the internal fric-

tion peak aGsociated with nitrogen in austenitic stainless steel. 

(1) The amplitude of the internal friction peak associated with 

the stress-induced diffusion of the nitrogen interstitial 

increases in height with an increase in nitrogen content. 

(2) The linear relationship between the amplitude of the internal 

friction peak and the nitrogen content could be used as a 

basis for a quantitative analysis of nitrogen in austenitic 

stainless steel. 

( 3) There is a decrease in the activation energy of diffusion 

with an increase in nitrogen content. 

(4) A second internal friction peak located at a higher tempera-

ture than the stress-induced inte!':t'..al friction peak was ob-

served, and was thought to result from a chromium-nitrogen 

interaction. 

(S) The observed change in the magnetic properties of the speci-

mens during testing probably occurred as a result of the de-

pletion of chromium in the austenite by the formation of chro-

mium nitrides which unbalanced the matrix composition caus-

ing the austenite to transfom to ferrite. 
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SUMHA .. ~Y 

The internal friction spectra for AISI JOhL stainless steel con-

taining 0.04 per cent, 0.27 per cent, 0.60 per cent and 1.30 per cent 

nitrogen were dct0rmincd using a torsional pendulum. The magnitude 

of the internal friction spectru.'11 increased as a linear junction of 

nitrosen concentration a..~d could be used ~s a basis for a quantita-

tive analytical method of nitrogen determination in austenitic stain-

less steel. The activation energy of diffusion decreased with an increase 

in nitrogen content and ranged from 40,000 calorics per mole for 0.27 

per cent nitrogen to 91 400 calories per mole for 1.30 per cent nitrogen. 

The presence of another internal friction peak i-ra.s detected and 

was thought to occur from a chromium-nitrogen interaction. This premise 

was supported by the three .following observations: 

( 1 ) The disappearance of the internal friction peak associated 

with the stress-induced diffusion of nitrogen and the in-

crease in magnitude of the peak associated with the chrom-

iUI:l-nitrogen interaction during the rcrun."linG of a test speci-

men 

(2) The increase in the magnetism of the specimens during testing 

because of an austenite-ferrite transformation 

(3) The observed change in the metallographic structure of the 

specimen after testing from a pearlite type structure to one 

containing many small precipitates. 
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TABLE 1 

C!IEMICAL ANALYSIS OF THE AISI TYPE 304L STAINLESS 

STF:'!l, w:rn.E USED IN THE IlNE.S'TIGATION 

Element Per Cent --
Carbon 0.010 

Chromium 18.46 

Nickel 10.28 

Silicon 0.51 

Sulfur 0.026 

1'1anganese 1.02 

Phosphorus 0.020 
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TABLE 2 

sm·lMARY OF SPEX!IMEM PREPARATION 

GROUP NITRIDING TIME HOMOOENIZING TIME NITROOEN CONTENT 
HOUP.S HOURS WEIG HI' 

AT 530 °c AT 1000 °c PER CENT 

1 0 0 o.o4 
2 6 24 0.27 

3 48 72 o.6o 
4 96 96 1.30 

.All specimens were annealed for 12 hours at 1025 degrees centigrade 

before nitriding. 
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TABLE 3 

INTEH.!!AL FRIC'rIOH SPECTRUlI OF TXPB 3041 STAIHLFSS 

STEEL COllTAIHING 0.04 PER CElIT NITROGEN 

Temperature, 0 c 
29.4 
4o.6 
48.9 
60.0 
71.1 
82.2 
93.3 

104.4 
126.7 
136.7 
148.9 
160.0 
171.1 
182.2 
192.2 
202.a 
213.9 
226.7 
236.7 
248.9 
259.4 
271.1 
282.2 
292.2 

-1 Loearithrnic Decrement, Q 

.00131 

.00134 

.00135 

.00125 

.00127 

.00117 

.00122 

.00120 

.00119 

.00116 

.00114 

.0011s 

.00115 

.00115 

.00112 

.00116 

.00111 

.00110 

.00112 

.00111 

.00111 

.00111 

.00110 

.00110 

Frequency of pendulu.111 was 1.1 cycles per second. 
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TABLE 4 
D1TERNAL FRICTIOU SPECTRUi1 OF TYPi; 3041 STAD:LESS 

STEEL CONTAINING 0.27 PEl'1 CENT lHTRCGEN 

•remperature, 0 c 
26.7 
37.8 
48.9 
60.0 
71.1 
82.2 
93.3 

115.6 
125.0 
131.a 
148.9 
160.0 
173.9 
183.3 
192.2 
203.9 
215.6 
227.7 
236.7 
248.9 
260.0 
271.1 
282.2 
294.4 
304.4 
315.6 

,,-1 Logarithmic Decrement, ~ 

.00281 

.00283 

.00295 

.00308 

.00304 

.00295 

.00309 

.00286 

.00295 

.00273 

.00271 

.00263 

.00246 

.00237 

.00231 

.00221~ 

.00218 

.00219 

.00230 

.00219 

.00231 

.00239 

.00228 

.00231 

.00232 

.00241 

Frequency of pendulum was 1~1 cycles per second. 
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TABLE 5 
Ilfl'ERNAL FRIC'.rION SPECTRUM OF TYPE 304L STAUlLESS 

STEEL CONTAilIDJG 0.60 PER CENT NITROGEN 

28.3 
37.8 
49.4 
60.0 
10.0 
82.2 
93.3 

104.4 
115.6 
126.7 
137.8 
148.9 
16o.o 
171.1 
182.2 
192.2 
204.4 
215.6 
226.7 
236.1 
247.8 
260.0 
270.0 
282.2 
290.6 
301.7 
312.8 

. hmi -1 Logan t c Decrement, Q -· 

.00231~ 

.00262 

.00267 

.00280 

.00291 

.00315 

.00326 

.00378 

.00357 

.00382 

.00379 

.00360 

.00355 

.00326 

.00311 

.00292 

.00280 

.00265 

.00263 

.00251 

.00241 

.00242 

.00261 

.00238 

.00240 

.00246 

.00258 

Frequency of pendulum was 1.1 cycles per second. 
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TABLE 6 

IlITE.1NAL FRIC'rION SPEarmm OF TYPE 301.u, STAINLESS 

STBEL CONTAINING 1.30 PEft CENT NITHCGEN 

'!er?Perature, 0 c 
30.6 
37.8 
48.9 
60.o 
11.1 
82.2 
93.3 

104.4 
115.6 
126. 7 
137.8 
148.9 
160.0 
171.1 
182.2 
191.7 
204.4 
214.4 
225.6 
237.2 
248.9 
260.0 
270.0 
279.4 
292.2 
302.8 
313.9 

-1 Logarithmic DocrcmEnt, Q 

.00652 

.00691 

.00652 

.00706 

.00706 

.00792 

.00816 

.00846 

.00846 

.00978 

.00902 

.01016 

.01098 

.01009 

.00939 

.00873 

.00770 

.007h5 

.00701 

.00648 

.00573 

.00588 

.00562 

.00575 

.00631 

.00648 

.00648 

Frequency of pendulum was 1.1 cycles per second. 

Specimen 1 , Run 1 • 
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TABLE 7 

INT~tNAL FRICTION SPECTRUH OF '.L'YPE 3041 STAINLESS 

ST£EL CONTAINillG 0.27 PER CENT NITROGEN 

Temperature, 0 c 
29.4 
37.8 
48.9 
60.0 
71.1 
82.2 
93.3 

104.4 
11).6 
126. 7 
137.8 
148.9 
160.0 
171.1 
181.1 
192.2 
204.h 
215.6 
226.7 
237.8 
248.9 
260.0 
271.1 
282.2 
293.3 
304.4 
313.3 

-1 Logarithmic Decrement, Q 

.00343 

.003hh 

.00329 

.00341 

.00365 

.00370 

.00336 

.00359 

.00364 

.00364 

.00353 

.00342 

.00347 

.00378 

.00350 

.00328 

.00316 
·.00305 
.00300 
.00293 
.00266 
.00272 
.00272 
.00271 
.00266 
.00272 
.00272 

Frequency of pendulum was o.l+S cycles per second. 



TABLE 8 

Il1TERN'AL FR.Im'IOU SPECTRUM OF TYPE 3041 STAINLESS 

STEEL C01'lTAINilm 1.30 PER CEHr NITROGEM 

Temperature, 0 c 
26.7 

-1 Logari th.."nic Decrement, Q 

40.6 
48.9 
60.0 
71.1 
82.2 
93.3 

104.4 
115.6 
126. 7 
137.8 
1.50.0 
16o.o 
171.1 
182.2 
193.3 
204.4 
215.6 
226.7 
237.8 
248.9 
260.0 
268.3 
282.2 
293.3 
303.3 

.00616 

.00619 

.00650 

.00676 

.00759 

.00834 
.00891 
.00859 
.00828 
.00731 
.00754 
.01254 
.01190 
.oonh 
.00684 
.00606 
.00626 
.00626 
.00653 
.00650 
.00672 
.00672 
.00668 
.00100 
.00688 
.00726 

Frequency of pendulum was o.48 cy·clcs per second. 
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TABLE 9 

INTERNAL FRICTION SPECTRUM OF TYPE 304L STAINLESS 

STEEL CONTAINING 1.30 PER CENT MITROGEM 

Teg>erature, 0 c 
_, 

Logarithmic Decrement, Q 

32.2 
37.8 
48.9 
6o.o 
11.1 
82.2 
93.3 

104.4 
115.6 
126.7 
137.8 
148.9 
16o.o 
171.7 
182.2 
193.3 
204.4 
215.6 
226.7 
237.8 
248.9 
260.o 
271.1 
281.1 
293.3 
303.3 

.00210 
.00222 
.00255 
.00274 
.00301 
.00330 
.00387 
.00406 
.00422 
.00535 
.00865 
.01307 
.01365 
.01131 
.00919 
.00795 
.00692 
.00726 
.00629 
.00629 
.00629 
.00639 
.oo661 
.00676 
.00735 
.00726 

Frequency of pendulum was 1.1 cycles per second. 

Specimen 1, Run 2. 
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-- FURNACE 

--- T E ST SP E C I ME N 
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FIGURE 6. STRIP CHA.i:tT RECORDING OF 

1•3ASU11.EN.ENT OF LCXUu1I'l'HHIC DECAY. 
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FIGURE 11 • MICROSTRUCTURE OF 
TYPE 30~ STAINLESS STEEL CON-
TAINING 1 • 30 PER CEN11 NITROGEN 
BEFORE TESTING IN PNmULUM. 
EI'CHANT: ELECTROLrrrc ETCH, 
OXALIC ACID. 500 X. 

FIGURE ·1 2 • MICROSTRUCTURE OF 
TYPE 3041 STAINLESS STEEL CON-
TAINING 1.30 PER CENT NITROGEN 
AF1'EH. TESTING IN PENDULl.n-1. 
ETCHANT: ELECTROLYTIC E"fCH, 
OXALIC .ACID. 500 X. 
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APPE!J)ICES 

The calculations of the logarithmic decrement values and the 

activation enere;y values were pcrf orncd on an Iilli 1620 Data Processing 

Syste.>n. A nod.ified IBli Fortran language called Forgo was used to write 

the instructional pro:::;rams for the computer. All instructions and in-

put data were introduced to the car.muter :dth card operations. 

Append.ix A. The pro.::;ram to calculate the logarithr:iic decrement values 

is listed below. 

1 Read 10, T, A, F 

10 FORMAT (3F8 • 5) 

S=3 

X=J.687 

x1=8.312 

D= ( (LOOF(X1 )-LOGF (X) ).1kS )/ ( 3.141 f>*A~:-F) 

C=(S./9.)*(T-32.) 

PUNCH 20,C,D 

20 FOP.MAT (15X,3I-r.A.'l' ,F6.2,21H nrrm.EES c,D j_:;QUALS ,F8.6) 

GO 'l.10 1 

S'l'OP 

BUD 

'i'hree pieces of input data are given to the computer for each value to 

be calculated. These are T, temperature in degrees Farenheit; A, 

distance on strip chart recorder shoim in Figure 6; and F, the fre-

quency of the pendulum in cycles per minute. The progra..rn contains 
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three constants which a.re common to every calculation. These are s, 
the speed of the recorder cha.rt in inches per minute; X, the distance 

from zero to photoelectric cell three on the logarithmic scale of the 

scree."1 (Figure 6); and X1, the distance from zero to photoelectric 

cell fiire on the logarithmic scale of the screen. The logarithmic 

decrer.ient is found us:Lng Equation 2 ·where I1 is the initial amplitude 

and Xis the mnplitude after N oscillations. The progrrun also converts 

degrees Farenheit into deGrees centigrade. The output for each measure-

ment is given as 

AX 293.33 D:EDREES C, D ~UALS .002351 

AT 303.33 DIDREZS C, D EQUALS .002422 

AT 315.56 D.ffiRE:lSS C, D Fi~UALS .002478 

were D equals the logarit:mrl.c decrement. The computer can perfonn 

the calculations for an entire spcctrtmi. in about 90 seconds. 

Append.ix B. The progrrun to calculate the activation energies is listed 

below. 

1 READ 10,T1,T2,F1,F2 

10 FOHHAT (8X,4F8.5) 

R=1.986 

DEL H= R*( (LOOF(F2/F1) )/ ( ( 1./T1 )-( 1./T2))) 

PUNCH 20, Dfil. H 

20 lWHHAT (10X,14DELTA I-I SQUALS, F3.1,18H CALORIES P;:H MOLE) 

GO TO 1 

STOP 

END 



Four pieces of input data are given to the com.uuter for each value 

to be calcu12.ted. These are T1, T2, F1, and F2. T1 is the ter.iperature 

in degrees Kelvin at which the internal friction peak is located for a 

frequency of F1. T2 is the temperature in degrees Kelvin at which the 

internal friction peak is located for a frequenC"J of F2. The program 

contains one constant R, the gas constant in calories per degree Kelvin 

per nole, which is conrnon to every calculation. The activation energy 

is calculated by using these five values in Equation 8 • The answer out-

put for each calculation is given as 

DELTA H EQUALS Jh,203.3 CALORIES PER MOLE 

uhere DELTA H is the activation energy• The computer can perfom this 

calculation in less than one second. 



ABSTRACT 

An investigation was conducted to determine the effect of nitro-

gen concentration between 0.27 per cent and 1.30 per cent on the inter-

nal friction peaks in 3041 stainless steel. The amplitude of the 

internal friction peak associated with the stress-induced diffusion 

of interstitial nitrogen increased as a linear function of the nitro-

gen content. The activation energy of diffusion was found to decrease 

with an increase in nitrocen content. 

The presence of another internal friction peak was observed in 

the spectrum of the sar.iple containing 1.30 per cent nitrogen. A 

metallographic investigation and a change in the magnetic properties 

of the specimens after testing along with the disappearance of the 

internaJ. friction peak caused by nitrogen diffusion when the specimen 

was rerun indicated that the second peak probably resulted form a 

chromium-nitrogen interaction. 
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