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Abstract An Xoray dilfraciion line will broaden considerably when seels change inlo martensibic
structare on quenching. The meeults presented in this paper show that X-ray diffraction techinague can e
empltyed For & raped anil nondestractive measurement of handness of handened steel. Messurement en
variois quenched and iempered steels showed that the breadth of s dffrscton pesk incressed with
imcreasing haniness. Some empincal egualmns are denval to comelsie the widih of the diffracison [me
wilh the hardness. The daffraction profile amalysis cen offer good indication abowt the material’s
characteristics and the microstructural evolution cassed by heat treatment or by mechamcal loading
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INTRODUCTIOM

Hardness is one of the most important properties of
materials. For metals, handness usually implics a
resistance 0 permmanent of plastic deformation, To
the design engineer, hardness often means an easily
measured and specified guantity which provides
information about the strength and heat treatment of
the metal. There are different twpes of hardness mea-
surements but only indentation hardness is of major
engineering interest for metals. The widely used in-
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dentation hardness methods are Brinell. Rockwell and
Vickers, Perfect comelation cannot be expecied be-
tween the results of the hardness test and other prop-
enties of materials. Nevernheless, because both wensile
strength and hardness ane indicators of a metal's resis-
rance inplastic deformation, they are roughly propor-
tional. However, empirical relations have been de-
veloped between these two properties, al last inthe
case of cenain steels [ 1], The 0.2 percent offset yield
strength can be determined with good precision (rom
Vickers hininess measurement |2]. For most stecls,
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ihe tensile strength in megapascals is approximately
1,45 times the Brinell hardness number| 3], In France,
IRSID along with twelve other laboratones from
steels making plants, carmied out an extended study
on a large number of steels with different composi-
tions and microsructunes. The research of this group
resulted in the compilation of French standard NF
AD3-173 in 1980 with the tile of "hardness-tensile
strength conversion tahle for steel™ [4.5]. Steel and
Spence’s investigation confirms the fact that the
extent of plastic deformation in steel can be estimated
with handness test [6]. Marburger and Koistinen (7]
showed that the hardness of cenain quenched and
iempered steels is related o the bresdth at half-
muaximuin intensity, Kurita [8] also showed that X-
ray diffraction technigue using the Caoussian curve
parameter allowed the measurement of hardness of
hardened steels, Tt has been recognised, since War-
ren-Averbach’'s method appeared in the fifties, that
the analysis of broadened X-ray diffraction profiles
can be used w sudy the microstructures of cristalline
materials [9].

X-RAY DIFFRACTION METHOD

What differentiates a single erysal from polyerystal-
line aggregaies is the presence of grain boundaries
and grains. The effect of these grains and grain
boundaries on X-ray diffraction is characterised by
the line form or line broadening (due w grain size,
grain strain and grain number contribution) and the
texmre effects ( grain ofentation) | 10]. Therefore, the
line form is related directly o all microstructural
features such as heat treatment, work hirdening, eic,
in addition to the initial defects such as grain bound-
ary or chemical composition inhomogeneity. There-
fore, the interest is in the hne form evolotion in the
case of heat treated steel. When a sieel is hardened by
quenching, the M-ray lines become very broad be-
cause of the manensite formation and the presence of
very high dislocation density in the gquenched mate-
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rial. The corresponding hardness is also imponant.
With annealing, the quenched sweel releases its inter-
il micro-stresses, Due o the thermal effect, the
initial very high dislocation density decreases and
subsequently the hardness decreases compared with
the quenched steel. In order to explain the modifica-
tion of the diffraction line after having undergone
plastic deformation, the material is divided ino small
crystal domains called coherent diffraction demains.
Each domain is formed from series of unit cell col-
wmns, These columns of the length L are perpendicu-
lar to diffraction plancs. The aveerage of the lengths L
of these columns is the average cohereni domain Size
0. Each domain, izelf, can be deformed elasucally of
a lengih AL, which makes the introduction of the
distortion £ =ALJ/L for each column possible (Figure
1}, Considering all columns with L length, from g, one
can define root megn squuare sirain <g *>'%, Regand-
ing the line form, it is accepled qualitatively that a
diffraction line is broader when coherent domuin is
smaller and deformed elastically. Moreover, several
analysis methods can be used 1o obtain o semi-guan-
titative or quantitative description of the microstruc-
fure evolution in te material such as stacked cnergy
and dislocation density [11, 12]. The guantitative
analysis involving Fourter analysis of the diffraction
lines from the unknown and from the standard can be
applied 1o several orders of diffraction such as hkl,
Ih2K2L.... [9] or 10 a single peak [13, 14). After
smoothing, theoretical comections and background
subtraction of the peak, the computer can eliminate e
instrumental brosdening by the Swokes comection.
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Figure 1. Schematical repressmation of 8 coberent diffme
fion domain,
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Fourier Analysis on Several Orders of Diffraction

The distribution of the diffraction intensity can be
represented by the following Founer integral.

Ly, =k C, exp [-2nL.(5-5 )] dL (13

where

S= (25in B

5,=(25in Hm}l'l

B = centre of gravity of the diffraction line hkl
C,= A, +iB,

k= arbitrary constant

For a material without siacking fault, the peaks nre
symmetrical. Therefore, only the real pant A, which
can be considered as the product of two coefficients
are concemed, One coefficient is related o the do-
main size AL and the other is relued 1 the strain AL

A=Al Al (2)
with

AP=1-L/D (=mall L} 3
Al=<Cos2nlL.e.e > 4)

Considering that strains £ are distriibuted according
i Gaussian distribation, the following relation can be
obtained:

Alm exp (-20°L% <2,%>. §2) (5)

by using Equations 3 and 5, Equation 2 canbe written
as follows:

Ln A = Ln Al - 2n°Li<g *>.5°, {6)

Plotting A_ as a function of 5%, will give series of
lines for different valees of L. The slope of these lines
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which equals to -2n'L <g *> mukes obtaining the
<g, > values possible and the ongin gives Lo/
value. The AL values are plotted against the L values.
The tangent to the origin of the curve Af' = f(L)
intersects the ahscissn axis at a value equal to D, Due
o snisotropy of mechanical properties of materials. it
is necessary (o use several diffraction onder for Equa-
tion 6, However for cubic materials, only two orders
pre used, Experimental condition, particulady ne-
cording the diffraction peak can be the source of error,
Special care should be taken. Figure 2 shows an
example of the results for o steel,

Single Diffraction Profile Method

The advantage of this method is 1o reduce the recornd-
ing time by a factior of two. On the other hand, some:
supplementary hypotheses are necessary, particu-
larly the hypothesis conceming the shape of the
<g *>=f{L) curve. The method first was proposed by
Gangulee [13] and then by Mignot and Rondot [ 14]
The mean square strain is modeled into an hyperbolic
form <g, *>= Cl + C2/L and the AL in a linear form
Af'=(1-L/D). The real part of the Fourier transfom is
thus fited t0 a 3nd degree polynomial whose
coefficients are used for the calculation of the
searched parameters. Another parameter € can be
defimed which is the distortion factor and egual to

<k ‘»>=g (L.

Diffraction Line Width Method

The diffraction line breadth is a global indicator of the
microstrsctural state of the matenial. In the case of
heat treatment, the line breadth is in close relation
with dislocation density and itz distnbution and also
with work hardening capacity.

Thie diffraction line breadth is wsually refermed o
as the breadth measured at half-maximuom intensity.
However some investigaiors prefer to detemming the
integral breadth of a diffrction line 1, The integral
breadth is given by the ratio hetween the integral
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intensity and the maximuom intensity, The diffraction
line breadth can be determined with an automated X-
ry siress measurement apparaius (such as; SIEFERT,
SIEMENS, JEOL., ...} using a microcompater. The
diffraction line can also be plotted on a chan recoed-
ing (Figure 3) and the width be determined manually
by smoothing the diffraction pesk and the subtraction
of background from the observed intensity, Figure 4
shows the method of peak positoning and the deter-
minntion of the diffraction line widih, Line position
cannot be messured with sufficient precigion on a
chan recording. When using a computer, observed
A-ray imensities (counts) must be comected for both
background and LPA Tactors o obtain true diffracted
X-ruy intensitics. One factor controlling the relative
intensities of the diffraction line is the Lorengz-
polarization (LF) factor, This factor can vary conslid-
erably over the width of a single line, when the linc is
broad and in the high-angle region. Measured inten-

% sities are to be divided by LPA in order 1o make the

. lines almost symmetrical, before determining the
' \\ line centre by the least square method. If the back-
us “-l". ground is high, becase of fluonescence by the speci-

men, bettrer accurncy is attainable by subtracting the
bhackground., asswmed linear scross the line, before
'[b]' applying the LPA correction and finding the line

centre [ 10]. The method of finding the centre of a

A, diffraction line, broad or nammow, is to fit a parabola
' to 0 points on the top of the line and take the axis of
the parsbola as the centre. Measwrement of line

.-"NH"\-' :
= = et ecior
Figure 2. An example of the profile weaiment by Fourter
annlysis. Figure 3, X-ray diffraciomiter.
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X-Ray Intensity

Diffraction Angle {28)

(a)

Figure 4, Method of peak positiening and messuring of
diffreaction line wwlith; (a) manunl Gmng: (b)) awomabe
Titng.

position makes the determination of the integrated
imtensity, peak level, and the width of the diffraction
line: possible, The above mentioned parameters [, D
andd B, are associated with the distnbution of the
crysiallographic defects when there is & microstne-
turnl change ora mechanical stse modificaton, This
current study mainly concentrates on one parameter,
the diffraction ling breadth, to follow the microstnac-
ture evolution in relation with the hardness values for
guenched and annealed sieels. However a few pro-
files are analysed for distortion measurement,
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EXPERIMENTAL DETAILS

This study was perfommed on two =seslz: AFNOR
XC48 of composition (wi%:) 0,49 C, 0,73 Mn, 0,18 5i
remaifder Fe, AFNOR 3SMNCD16 of composition
(wt) 0,36 C, 0.4 Mn, 0.36 Si, 3.85 Ni. 1.75 Cr. 0.4
Mo remainder Fe. Specimens with 15 = 15 mm?
section and a thickness of 7 mm were cut and tempersd
at vanous temperatures after quenching from their
pustenitized temperature. Aler the heat treatment,
they were ground and finally polished with emery
papers, The diffraction profile was reconded with an
automated X-ray stress measurement appartus using
a PDP 11/23 computer. The calculation of B and 1_
was completed a1 almost the same time that the X-ray
intensity messurement was completed. In these ex-
periments a diffractometer equipped with a £ type
goniometer (CGRAGS 20000, a position sensitive de-
tector, PSD, and pulse height analyser (INEL)Y were
employed. Chromium radiation (A, =0.22895 nm: 25
k¥, 2 mA) was employed to cxamine the {211 | peak
(28= 1567}, The irrndisted spot on a specimen was 2
mm in dizmeter. Hardness was measured on a Vickers
hiardress tester with a load of 00g. The results of the
hardness measurement are based on an average of five
hardness values.

RESULTS AND DISCUSSION

Line-width observations are neardy always made in
hack-reflection, whether by a photographse wechnigue
or by the diffractometer, Nisthen necessary 1o remem-
ber that the observation applies only 1w a thin surface
layer of the specimen. Some automatically recorded
profiles of the 211 lines are shown in Figure 5. The
Fi gure also illustrates back-reflection pinhole pattems
and microstrectune of specimens cormesponding to the
profiles. The diffraction pattemn in (c) exhibiis the
broad Debye line produced by guenching. This line
becomes narmower for tempered specimens and mark-

Vol 8, No. 3, August 1696 - 163



Intensity

.
o
d
3
-
\
\
\._.
-
i ;
150 156 162
Angle of Diffraction
a

Figure 5. Line sharpening by tempening (a); back-reflection pinhole patterns and microsmeiire of (B
annealed specimen, (o) quenched specimen, (d) tlempered o 200, () tempered al G00FC

edly namower for annealed specimens, as shown in
(). It is known that the width of the diffraction line
depends upon the microscopic residual stress and
dislocation morphology, It is also known that the
heteropensity of the substructure of low tempermiure
manensite is rather high and there may exist micro-
scopic residual stress peaks so that the wadth value is
usually large.

Figure & shows a vanation of the mtegral line
breadth I as a function of handness H . Figure 7
presents the evolution of the line breadth B agains
hardness H_ . One can notice thist the line breadihl_ or
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B increases lineardy with the increasing hardness
whtever the steel chemical composition,

Froam the results, the value of surface hardness is
given by the following equations:

H=43.331 + 107.042 B (T}

H, = 32,386 + D986 1_ (%)

From the same resulis, the value of line breadth can
be obtained by the following equations:

B= (0,034 + (LO08 H, (9)
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Figure 7. Vaniation of the width of the diffraction line with
the Yickers hardness,

[ =32262 +086TH, (10
In the above equations, B is in degres. H is the
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Figure &, Distombon fnctor as a function of Vickers hard-
ness.

Vickers hardness number and [ iz 10° times of the
imzgral breadih in nm,

Figure § gives a linear relationship berween dis-
tortion factor and the material hardness.

The saturation effect of carbon atoms and the
existence of a high density of dislocation due Lo the
guenching ireapment in studied steels caused a high
density of crystallographic defect in the specimens.
Therefore the diffraction line is more broadencd.
Armealing treatment s two opposite aspects:

{a) the restoration of the microstruciure and the
carbon stom migration from the solid solution leads o
a decrease in the defect density which reduces the line
hreadih;

() at the =ame fime, the formation of carbide in the
matrix creates the distortion.

Both of these two processes are thermally scti-
vated, Acconding o o previous study [ 15], the X-my
diffraction technique is rather sensitive 1w changes in
the defect density and their distribution, but not to the
precipitation effect. Thus, it is the microstroctural
restoration and carbon atom migration that are studied
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by dillraction line breadih,

Therefone, by using the diff raction line breadih, we
can estimate, non-destructively, the hardness values,
the distortion and the dislocation density for quenched
and annealed steel specimens, In this study, small
specimens was used, but for the field or a factory
environment and for larger pieces ponahle equipment
such as: RIGAKL, CETIM, PARS [16] and SET-X
[17, 1E]- can be employed.

CONCLUSIONS

X-ray diffraction line broadens considerably when
sieels change into manensitic struciure on quenching,
The widih of diffraction lines on varous quenched
and tempered steels increased linearly with increasing
hardness according 0 some empincal equations,
Hence, the X-ray diffraction wechnique may be em-
ploved for a rapid and nondestructive measurement of
hardness of hardened steel. In fact, dwe to o very litike
penetration of X-ray in steel, in this way, one can
measure superficial hardness. For instance, the pen-
etration of Cr K radiation in steel is about & pm.
Therefore, this technigue may be useful for hardness
measurement on thin films. By X-my diffraction, one
can also obtain some information on the material's
characteristics or the microstructural evolution in-
duced by heat treatments.

REFERENCES

1. H. E. Davis, G, E. Troxell and G. F. W, Hauuck. "Testing
of Engineering Materals®, 4 Ed_, MeGraw Hill, {1982,
P 218

2 1. B. Cakison, W. H. Broughion and A. B. Kwizak, “The
Dretermination of Yield Strength from Hardness bea-
suremenis”, Med. Trans, 2, (1971} pp. 1979- 1983,

3. W. D. Callister, “Matenials Science and Engineerng”, 2
Ed.. John Wiley, Mew York {1991}, P. 1400

4, M., Grumhbasch, L Begnier. L. Begnier, L. Roesen and .

166 - Vol. 8, No. 3, August 1005

Roche, Metaux, Cormogion. Indestria, &0 (1983),

5. M. Grambach, "Les Essuis de Durede”, Collaction [R5
OTU A, France {1981 ).

6. W. 1. M. Steel and 1, Spence, "The Determination of
Yield Swength from Hardness Measurements”, Strain,
(19833, pp. 100-104,

7. K. E. Marburger and D, P, Koistinen, “The Determi-
aation  of Hardness in Steels from ihe Breadth of
X-Ray Daffraction Lines™ Trans, ASM 53, {(1961), pp.
T43-T5L

B M. Kanta and H. Hirnyama, ° An Estimation of Hardness
of Hardmess of Hardened Steel by X-Ray Diffraction
psing a Gavssinn Curve-Fitting Method™, JTEVA 12
{1984), pp. 1319,

9. B. E. Warren, “X-Ray Dhffraction”, Addison Wesley,
{1969, p. 257.

10 B, [, Callitg, “Elements of X-Hay Diffmction”, Addison
Wesley, (1978) p. 280,

11. B. Delker, Th, De Keijeer and E. 1. Milemesper,
Fresinius 12, . Anal, Chem, 32, (1982, 1.

M. Jiand J. L, Lebrum, Scripta Metalurgica o8 Materialia
24, (1990, 1547,

13, A, Gl.l'i,l;ll.llulu, I'Sq'.l-:llim'l of the Particle Size sl

Microstrain Components in e Fourser CoefTicients of
agingle Diffraction Profile”, J. Appl. Cryss. 7. (1974). p.
434,

141, Mignot and [, Rondol “Methode de Separation des
Dimensions de Domaine of des Microdeformations o
partir des Coefficients de Fourier @un Seul Profil de
Roabe de Diffraction X*, Acta Meailurgice 23, (1975), p,
1321,

15. M. i J. L. Lebran and 1. Bonnin, J. Marer, Sci. Leir. B,
(1989), p, 1127,

16, M. K. James and J. B, Cohen, "PARS - a Portable X -Ray
Analysar for Residunl Stresses”, JTEVA &, (1978), pp.
91-97,

I17. L. Castex, I, M. Spravel and M. Barral, * & New in-situ,

Driffracton

Apparnias with P, 8, [.°, Advances in X-Ray Analysis,

Yol. 2, (1984), pp, 267-272.

Awtomatc, Strun Measuring  X-Ray

Journal of Engineasing, tslamic Aepublic of lran



18. M. Desvignes, L. Castex and 1. M. Spravel, "SET-X: Contraintes et Dosage dsustenite”, Collogue SIEMENS,
Mouvel Appare] de Diffaciomeirie X pour Analyse dos Grenoble, Framnce, 23-26 Avril { 1985).

«Joumal of Engineerng, Islamic Republic of kan Vol B, No. 3, August 1985 - 167




