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ULTRASONIC INVESTIGATION OF MACRO RESIDUAL STRESSES
IN 15Cr2NMFA STEEL AFTER UNIAXIAL COMPRESSION

O.l. Zaporozhets, S.A. Kotrechko, N.A. Dordienko, V.A. Mykhailovsky, A.V. Zatsarnaya
G.V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine, Kiev, Ukraine

Precise measurements of bulk-wave ultrasonic velocity in orthogonal directions were executed in specimens
made of the 15Cr2NMFA steel after uniaxial compression (UC) for £=0...60%. Based on the obtained data and
theoretical computations, the residual macro-stresses (RMS) for different strain values were calculated with
accounting for the texture contribution. The coefficients of orientation distribution of crystallites (texture
coefficients W,;q) were determined and pole figures were constructed, by which the relative intensity of diffraction
lines (Aljjq) for the main crystallographic directions was ascertained. The peculiarities in strain dependences of the
researched quantities were found and explanations to the observed effects were given.

It is known that the plastic deformation of metals
can give rise to internal oriented micro- and
macrostresses (OrMS), which significantly influence
their mechanical properties under repeated loading.
However, opposite views on the magnitude and sign of
these stresses were expressed by some authors. Thus, in
[1] it was established on the basis of X-ray studies that
the sign of OrMS is opposite to that of external
deforming stresses. On the contrary, in [2, 3] it was
shown, that OrMS are always compressed
independently of external stresses. These contradictions
could be related to the drawbacks of the X-ray
measurement techniques and experimental data
processing. The authors of [4], in their opinion, took
into account these shortcomings of their predecessors
and showed that both single and alternating plastic
deformation of heterogeneous alloys results in triaxial
OrMS with a sign opposite to the last deformation. In
[5] the authors found and discussed the effect of
changes in the mechanisms of brittle fracture — from
transcrystalline for undeformed RPV steel 15Cr2MFA
to intercrystalline one after plastic deformation by
compression, which may also be related to the
formation of residual stress state in alloys. Residual
macro-stresses (RMS) in various metal aggregates were
studied by many experts using ultrasonic (US) method
(see e.g. [6—11] and cited references therein). To realize
the last, acoustic elasticity phenomenon was used,
which is based on the dependence of the elastic moduli
and the corresponding velocities of ultrasonic on the
magnitude and direction of macrostresses acting on the
section of specimen (detail, product) tested by sonic.
Both the ability to scan specimen by ultrasonic beam
and possibility to diagnose it stress state not only in the
surface layers, but also in its volume is an important
advantage of the US method. In [12, 13] to study spatial
distribution of RMS in specimens of polycrystalline
chromium subjected to thermal cycling pretreatment
(TCT), the method of UNDT of macro-stresses in
abnormal materials was used [14]. This method is based
on the dependence of the phase transformation
temperature (for Cr this is Neel temperature Ty) and the
corresponding US abnormalities on the sum of diagonal
components of macrostress tensor (o;). To obtain the
dependence of o;; on the coordinate of section of the
specimen tested by sonic, the temperature dependence
of the ultrasonic velocity was recorded at each site, and

the value of a;; was determined by displacement of v(T)
minimum relatively to its position in the initial
specimen. On the same specimens, RMS in the surface
layers were determined by X-ray technique, and a
complete diagram of RMS in chrome after TCT was
built. Based on these results, it was shown that residual
stresses in the volume and on the surface of treated
specimen differ in magnitude and have the opposite
sign. In case of change in the size of stressed specimen,
for instance, by etching, a redistribution of RMS occurs,
and error in determining of the latter increases. The
results of [12, 13] indicate the difficulty of estimation of
the stress state in the specimen (detail, product) volume
only by the data obtained from the surface layers. The
aim of this work was to research with the US method
the residual stress state in the volume of specimens of
the steel 15Cr2NMFA after plastic deformation by
uniaxial compression (UC) using the effect acoustic
elasticity. For this purpose, precise measurements of
longitudinal (v;) and transverse (v;) velocity of US in
orthogonal directions, and the density (p) in the initial
and deformed specimens were executed in the work.
Based on the obtained data for different strains () with
accounting for the texture contribution, RMSs were
calculated. Also, the coefficients of orientation
distribution of crystallites (texture coefficients W,;q)
were determined, and the pole figures (PF) were built,
by which the relative intensity of diffraction lines
(Aljjg) for the main crystallographic directions of
textured specimens was ascertained.

THEORETICAL FUNDAMENTALS

Determination of uni-, bi- and triaxial macro-stresses
(MS) in polycrystalline aggregates by measuring the US
velocity was shown in many works [6-11, 15-16]. Only
the case with uniaxial MS briefly considered below
accounting for above problem.

According to [8], for the direction of the US wave

propagation (orientation of its wave vector is IZ) in the
isotropic specimen parallelly to direction of the

applying uniaxial macro-stresses (K ||&):
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where o is positive for tensile stresses and negative for
compressive stresses, t1 and t2 are transverse wave
polarized along (S||o) and normally (S L&) to the
direction of applying stresses, respectively, A, u is

Lame constants for an isotropic solid (material); 1, m,
n are the third-order Murnaghan constants,

K :/1+§/¢ - hydrostatic compression modulus, p is

the density of material in unstressed (unloaded) state.

From (2) it can be seen that the transverse US
velocity in the direction of the applied stresses does not
depend on the orientation of the polarization vector §,
which means that macro-stresses in other directions are
absent.

From the equations (4) and (5), within the first order
approximation of o, one can obtain:

o= zlu x Vin — Vo ’ (6)
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where <V, > is transverse velocity in the unstressed
(unloaded) state, which can be substituted by (with) the

Vio +Vu

expression Accounting for the texture

contribution (the second term of the numerator in
parentheses):
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where v, and v,, are corresponding transverse

~Vizo)l -

velocities in the unstressed (unloaded) textured

aggregate. Or, similarly to (6):
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Analysis of published data and own research results
of the authors of this work have exhibited that the
texture contribution of the transverse and Rayleigh
velocity of sound to anisotropy is by the order of
magnitude higher than the contribution from residual
macroscopic stresses in the steel. This fact causes the
importance of using a theoretical basis for selection of
velocities in expressions such as (7) and (8) depending
on a specific experimental situation.

US TECHNIQUE FOR TEXTURE ANALYSIS

OF ANISOTROPIC POLYCRYSTALS

The technique is also described in details in e.g.
[17-19], and it is widely used in modern scientific and
industrial laboratories. The method is based on the
concept of a textured aggregate as a quasi-monocrystal
with lower crystallographic symmetry compared with
the crystallites.

Fig. 1 presents a schematic view of the rolled
specimen that have the shape of rectangular
parallelepiped in an orthogonal coordinate system with
six possible for measuring transverse (vj) ultrasonic
velocities (i,j =1,2,3). Axis 1 denotes the rolling
direction (RD), 2 — the transverse direction (TD) and 3 —
the direction of deformation (normal direction, ND).
The 1-st index of v; indicates the direction of
propagation, and 2-nd indicates the direction of
polarization vector of US wave in the specimen.

Fig. 1. Schematic view of the rolled specimen for
measurement of US volume velocities and texture
analysis of anisotropic polycrystals

In addition to the transverse velocities in orthogonal
directions, it is possible to measure three longitudinal
velocities of US (v;). Uniaxial compression is a special
case of rolling deformation with equivalent axes 1 and
2, which enables to use above theoretical basis for the
case of the UC.

Relationship  between the effective elastic

coefficients (C/ij ), corresponding sound velocities (v;;)
and required (unknown) texture coefficients (W) for

cubic polycrystals can be represented by the following
expressions:
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where C? is anisotropy factor, which is calculated
using the elastic coefficients of crystallites. Index a
denotes the averaging method: (a=V) is averaging by
Voigt, (a=R) — by Royce and (a=H) — by Voigt-Royce-
Hill. Herewith

c’ =Gy —Cyp—2Cy,, (18)
R_ 50(C11 —Cpp— 2044)(011 - Clz)C44 (19)
[3(C11 - C12)+ 4C44]2
v R
cH - % , (20)

where Cy1, Ci, and Cy4 are the elastic constants of
monocrystal of material.
In the expressions

(12) - (14)

Vi Vi
v _T(|,1_1,2,3) are the transverse US

ij, i
velocities averaged over symmetric indices. Inequality

V;; #Vvj; indicates the presence of current or residual

macrostresses in a material [15, 16]:
o=p(vi—v§). (21)

Therefore, in the case of uniaxial compression of
specimens, according to the Fig. 1, expression (7) can
be written as:

Pl Vi) = (< Vg > — < Vi ji >)]

o3 = , 22
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where index 3 at o denotes the direction of UC and
RMS; =12, j=2,1; <Vigg >=Vi3—j2LV3i and
Vi, +V.
<Vjj i >= %

Pole figures according to the coefficients Wp, Wi
and Wy, Which are calculated by three US velocities

selected from equations (9)—(14), are built using
expressions [20]:
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whereS, =Ss =27 for the pole figure (100);

S,=-7nl2, S¢=-137z/4 for the pole figure (110);
S, =—4r13, Sg =-32x/9 for the pole figure (111). In

this case, the terms with coefficient Wejo are neglected
because of their relative smallness.

TECHNIQUE AND THE OBJECTS OF
INVESTIGATION

On the first stage of preparation the specimens were
cut out as cylinders of height h=30 mm and diameter
d=25mm from the fragment of VVER-1000 wall,
which were subjected to a preliminary UC at room
temperature till strains ¢=10, 20, 30, 40, 50 and 60%.
Thereafter, the specimens in the form of a rectangular
parallelepiped with dimensions
10x%(8...10)x(8...10) mm were made from them. One of
directions 3 coincided with UC direction. Directions 1
and 2 were normal to corresponding planes of specimen.
Ultrasonic measurements at frequencies of 10...30 MHz
by automated device, the same as was employed in [21,
22], were executed. The time of delay of echo signal (z),
by the magnitude of which and by length of which
acoustic path, the US velocity was determined, was
measured by fixing of passing through zero value of the
specified period of high-frequency filling of US radio
pulse from the specimen. The absolute instrumental
error of 7 measurement did not exceed 1ns, and the
relative one was less than above by the order of
magnitude. The corresponding error of measurement of
ultrasonic velocity was 10 rel. units on a time base of
10 ps. The density of the specimens was measured by
the differential method of hydrostatic weighing using
quartz or germanium etalon with the error of
10 rel. units at the specimen weight of 10 g. Residual
stresses were determined by anisotropy of the transverse
ultrasonic velocity in directions normal to the applying
UC and compensating textural contribution to the RMS
was estimated by averaging of the measured velocities
over symmetric indices. Applied software enabled to
assess the relative intensity of the diffraction lines Al
= I[ijk] max = I[ijk] min When ConStrUCting pOIe ﬁgUreS.

RESULTS AND DISCUSSION

Strain dependences of the specimen density (p), the
relative changes in the longitudinal (Av;/vio) and
transverse (Avjifvij) ultrasonic velocity along and across
the UC, and their anisotropy are presented in Figs. 2 and
3.

It is evident that after deformation by UC all the US
velocities and density are decreased compared to their
initial values. The greatest UC effect is observed on the
first (up to €<10...30%) stages of deformation. At
higher ¢, influence of strain weakens, and the US



velocities grow with increase in ¢, but remain less than
their initial values. Anisotropy of v, and v, also depends
on the strain value anomalously. On the one hand this
anisotropy is a measure of macro-stresses in the material
[6, 7], and on the other hand, it may be associated with
texture formed and changing during deformation [8, 10,
11]. It was ascertained, that the US transverse velocity
along the UC (vg) direction doesn’t show any
anisotropy for rotation of polarization vector in the
plane normal to the direction of strain, which indicates
the absence of residual stresses in other geometric
directions. At propagation of transverse US waves
normally to the UC, a significant anisotropy of v;; and its
dependence on the direction of the polarization vector
S and strain & was observed. In the case of the
orientation § along of UC direction (ij=23, 13) changes
in v; with increase in ¢ are significantly greater than
those for transverse velocity with a polarization in
direction normal to the UC (ij=12, 13, 21, 23).

The latter is related to specific features of forming of
the axial texture in specimens during their deformation
(results are given below).

Fig. 4 represents residual macro-stresses along the
axis of 3 for various values of ¢ calculated by (22).
Herewith, the calculation was carried out using
transverse velocities of ultrasonic, vj;, in directions 1 and
2 (Fig. 1) with the polarization along and across to UC
action.

Fig. 4 also presents the average values of these
stresses. In the calculations, the measured values of
p=7.830 g/cm® and p=83.889 GPa and the Murnaghan's
coefficient for steel n=-643.5 GPa [8] were used.

It is evident that the uniaxial compression of
investigated specimens gives rise to the appearance of
tensile residual stresses in their volume, which increase
with increase in strain , reach their maximum at e=30%,
and decrease at £>30%. According to the authors,
observed non-monotonic dependence of o3(€) is due to
partial relaxation of the RMS caused by changes in the
mechanism of metal deforming at high strains.

It should be noted that at e=60%, significant scatter
of o3 values, associated with the experimentally
observed spatial inhomogeneity of OMS in these
specimens takes place. Selective X-ray tests of the same
specimens after the UC have shown that compressive
RMS appear in their surface layers.

Fig. 5 exhibits typical pole figures [100] and [111]
for initial and deformed by UC specimens of
15Cr2NMFA steel from deformation plane for =0, 10,
30, 50%. In addition to g, the values of texture
coefficients Wy and relative intensity of the diffraction
lines  Aljjg=lpijqmax-lpjgmin - @re  given in interlinear
inscriptions. For Wy calculations, the measured values
p=7.830 g/cm*; 1=83.889 GPa; K=168.585 GPa and
C11=232.2 GPa; (C1,=135.6 GPa; C4,=119.0 GPa from
[8] are used. Thus, C™"=-139.99 GPa. It is evident that at
the early stages of deformation the axial texture is
formed in specimens, degree of texturing of which,
unlike the dependence of o3(g), changes slightly at
£>20...30%.
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Fig. 2. Strain dependences of density (o) and changes of
longitudinal (v;;) and transverse (v;;) US velocity along
and across the UC (direction 3) relatively to their
values in the undeformed state for specimens of
15Cr2NMFA steel
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Fig. 3. Dependence of anisotropy of averaged
longitudinal (va3-<vi; 2,>)/<v;;> and transverse
2(Ve min-Ve max)/ (Ve min+ Vimax) Ultrasonic velocities in the
specimens of 15Cr2NMFA steel on strain
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Fig. 4. Dependence of RMS o3 in 15Cr2NMFA steel on
&. The calculation was executed using the transverse US
velocity in the direction normal to the UC accounting
for the contribution of texture. Insertions: a schematic
view of the specimen; US velocity v;; employed in the
calculation
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Above is confirmed by Fig. 6, in which the
dependences of Al(e) for the main crystallographic
directions of investigated specimens obtained from the
corresponding pole figures are shown. This result agrees
with the parallel X-ray tests, the results of which will be
presented in another work.
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Fig. 6. The relative intensity of the diffraction lines
Alyjjq for directions [100], [110] and [111] for
5Cr2NMFA steel at UC depending on strain ¢
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Fig. 5. Pole figures [100] (upper group of PF) and [111] (lower group of PF) for an initial and deformed by UC
15Cr2NMFA steel from the deformation plane. The values of e, coefficients Wy, and relative intensity of the
diffraction lines Aljjq are given in captions (interlinear inscriptions)

CONCLUSIONS

As a result of precise measurements of both
longitudinal (v;) and transverse (v;) US velocities in
orthogonal directions, as well as of the density (p), in
specimens made of steel 15Cr2NMFA, deformed by
uniaxial compression (UC) for strain £=0-60%, the
anomalous changes in v, v, and their anisotropy
depending on & were ascertained. Based on the obtained
evidence and theoretical computations, the residual
macro-stresses (RMS) for different strains with taking
into account of the texture contribution were calculated.
The coefficients of orientation distribution of crystallites
(texture coefficients Wgjo) were also determined and
pole figures were constructed, by which the relative
intensity of diffraction lines (Al]) for the main

crystallographic directions was ascertained. It is shown
that in the volume of specimens, RMS after UC are
tensile ones, and their dependence on the strain value
has a maximum close to €=30%. It is found that for
initial stages of deformation (¢=10-20%) in specimens,
the axial texture is formed that at further deformation
changes insignificantly. Such non-monotonic
dependence of o(g) is explained by a partial relaxation
of the RMS at £>30%.
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YJIbTPA3BYKOBBIE UCCJEJTOBAHUS OCTATOYHBIX MAKPOHATIPSI)KEHUI
B CTAJIM 15X2HM®A ITOCJIE OJJHOOCHOI'O C/KATHUSA

O.U. 3anoposceuy, C.A. Kompeuko, H.A. /lopouenko, B.A. Muxaiinosckuii, O.b. 3ayapnasn

BrlnosHeHB!  TIpEM3MOHHBIE HM3MEpPEHHs OOBEMHBIX CKOpocTed ynpTpasByka (Y3) B oOpasmax M3 cTaiuu
I5X2HM®A B OpTOrOHaNBHBIX HampaBieHHsX mnocie ogHoocHoro cxartusi (OC) Ha creneHb aedopManuu
€=0...60%. Ha ocHOBe MoJy4eHHBIX JaHHBIX M HMCIIOJIb30BAaHHOW TEOPETHUYECKOH 0a3bl pacCUMTaHbl OCTAaTOYHbIC
MakpoHanpspkerust (OMH) s pa3HbBIX € ¢ y4eToM TeKCTypHoro Bkimaga. Omnpenenenbl Kod()(HUIMEHTHI
pacrpesieleHusl OpUeHTAU KPUCTAIUTUTOB (TeKCcTypHBIe K03 dummeHTs! Wyjg) 1 TOCTPOCHBI MOIOCHBIE (PHUTYPHI,
IO KOTOPBIM OMNpeJeIeHa OTHOCHTENIbHAS MHTEHCHMBHOCTE IUQPPAKUMOHHBIX JHMHHE (Aljjjg) A4 TIaBHBIX
KpHcTaiorpaduuecKknx HamnpaBieHUH. BeIsIBIeHB! 0COOCHHOCTH B 3aBHCHMOCTSIX MCCIIEIOBAaHHBIX BEJUYHH OT € H

JaHo 00BsAcHeHHne HaOmoaeMbIM 3 dexram.



YJIBbBTPA3BYKOBI JOC/ILIZKEHHA 3AJIMIIKOBUX MAKPOHAIIPYKEHbD Y CTAJII
15X2HM®A HICJIAA OJHOBICHOI'O CTUCKAHHA

O.1. 3anopoiceys, C.0. Kompeuko, M.O. /lopoienko, B.A. Muxaiinoecvxuii, O.B. 3ayapna

BukoHnani npenun3iiiHi BUMiproBaHHS 00'€MHHMX HIBUAKOCTEH yinbTpa3ByKy (Y3) B OpTOrOHAIBHHX HaIpsSMKax
3paskiB 3i crani 15X2HM®A mnicast onHoBicHoro cruckanns (OC) Ha cryminb nedopmanii €=0...60%. Ha ocHoBi
OTpPUMAaHUX JaHUX Ta BUKOPHCTaHOI TeopeTH4YHOI 0a3u, po3paxoBaHi 3alMIIKOBI MakpoHanpyxeHHs (3MH) mms
PI3HMX € 3 ypaxyBaHHSAM TEKCTypHOTO BHecKy. Bu3HaueHO KoedillieHTH pO3NOAiTYy Opi€HTauild KpUCTaNITiB
(texctypHi koedimienTn W,o) Ta moOyzmoBaHi moirocHi (irypw, 3a SKHMH BH3HAU€HAa BiJHOCHA IHTCHCHUBHICTBH
Audpakuiianx niHik (Aljjg) 218 TOTOBHUX KpUCTanorpapiyHuX HaNpsAMKiB. BUABIEHO 0COOIMBOCTI B 3a71€KHOCTAX
JOCTIKEHNX BETMYMH BiJl € 1 HAJaHO TOSICHEHHS CIIOCTEPEKYBaHNM eeKTam.



