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Internal friction and modulus defect in a-Fe-based, high-alloyed (Cr, 
MO) hidamets 

Igor S. Golovin 
Moscow State Aircraji Technology University, Petrovka 27, Moscow 103767 (Russian Federation) 

Abstract 

The influence of heat treatment on the internal friction (IF) and modulus defect (DM) of high chromium ferritic 
alloys and a-Fe has been examined. The mechanisms of formation of magnetoelastic and dislocation hysteresis 
have been investigated. Temperature ranges and critical points associated with different damping mechanisms 
have been established. 

1. Introduction 

High chromium steels are of great interest due to 
their favourable combination of mechanical, corrosion 
and damping properties. Their position among other 
metallic materials is shown in Table 1, which combines 
information on the intrinsic damping capacity and 
the main mechanism of damping (!P= AW(A)/W(A) 
==29rQ-l, where AW(A) is the dissipated and W(A) 

TABLE 1. Intrinsic damping capacity of some metals and alloys 
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the stored energy, A is the amplitude of deformation 
and Q-’ is the internal friction (IF); the damping index 
?P0.1 is W at a=O.la 0.2, where a,,, is the yield stress. 
Good, stable mechanical properties and damping ca- 
pacity are necessary for use over a wide temperature 
range. 

2. Experimental procedure 

Armco Fe and several b.c.c. alloys with a Cr content 
in the range 11-25 wt.% and MO content in the range 
O-6 wt.% were used. Measurements of the amplitude 
and temperature dependence of IF (ADIF and TDIF) 
and the modulus defect (DM) were made on wire 
specimens in the amplitude range 1 X lo-’ to 140 X 10m5, 
with a frequency of approximately 1 Hz and a magnetic 
field from zero to H, = 24 x lo3 A m-l, using an inverted 
torsion pendulum. An X-ray study was carried out using 
a DRON 2.0 apparatus. Small-angle scattering (SAS) 
of monochromatic neutrons (wavelength, 0.186 nm) was 
investigated using a neutron diffractometer “RAWAR”; 
tensile tests were performed using an “Instron” machine. 
Structural investigations were carried out using trans- 
mission electron microscopy: 3MB-100 with carbon re- 
plicas and JSM-7A with disc foils. 

3. Experimental results 

Increasing the annealing temperature (I’,) of cold- 
worked wire specimens of a-Fe and Cr16 and Cr16Mo4 
steels leads to a non-monotonic change in IF, shear 
modulus defect (Af21f2), magnetic susceptibility (x=B/ 
Z) and coercive force Hc (Fig. 1). The dislocation (Q,-’ 
at H,) and magnetomechanical (Q,-’ = Q-’ - Qd-‘) 
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Fig. 1. The influence of the annealing temperature (T~) of cold- 
worked samples of a-Fe (a) and Crl6 (b) steel on the IF level 
Qh- 1/(H = 0), the location of maximum IF (yQ, m~x), the temperature 
of increase of the high-temperature background (Thtb) and the 
magnetic susceptibility (B/1). 

parts of ADIF depend differently on Ta. A Ta value 
of about 950 °C for Crl6-type steels leads to a maximum 
of Q,-I(T,) ,  Af2/f2(T~) and B/I(T~) and a minimum of 
Hc(T~), independent of the cooling rate, and to a 
decrease in the amplitude location of the maximum 
TQ (for  Qh.m~ - I )  and y• (for fmi. 2) and an increase in 
the temperature of the beginning of the high-temper- 
ature background (Thtb) at TDIF. The same character 
of Q,-~ vs. y was obtained for a-Fe in the ferrite 
range. The value of Qh-~ changes correspondingly to 
X. In the same temperature range, low values of Hc 
and dislocation density pd are observed. The increase 
in T~ and % leads to a monotonic increase in the grain 
size (GS) (see Table 2). 

The values of Omax -1 and Afmax2/f 2 decrease mono- 
tonically with an increase in the temperature of mea- 
surement (Tin) from - 196 to 500 °C (Fig. 2). Dislocation 
IF (Qd -1) and subsequent dislocation DM (Af~2/f 2) are 
negligibly small and practically constant in the tem- 
perature range - 196--400 °C. The maxima on the curves 
Q-I(Tm) and Af2/f2(Tm) are observed in the range 
500--650 °C. These maxima are associated with the 
dislocation part of the dissipated energy only. The 
amplitude location of the magnetomechanical IF(yo) 
and DM(yf) maxima decreases with increasing Tin. The 
ratio 3'0/Yf = 0.7 is practically constant at the investigated 
temperatures below the Curie point (Tc). The increase 
in Tr, above Tc leads to a subsequent increase in the 
Q -  1 and f2 values due to the dislocation microplasticity 
only. The IF level at ambient temperatures was found 
to be larger after preliminary measurements at 400 °C 
and above than after initial heat treatment only (Fig. 
2(a)), i.e. additional annealing may be used to increase 
the damping capacity. The influence of the chemical 
composition on the damping capacity and mechanical 
properties of investigated steels has been described in 
ref. 1. 

From the initial stages of ADIF(Hs), the temperature 
dependence of a microyield stress (corresponding to 
the level of dislocation strain yQd -1= 10 -7) was eval- 
uated according to ref. 2. This temperature dependence 
was compared with ½~o.2 vs. Tm and a satisfactory 
agreement in relative units was observed. Thus a sim- 
ilarity between the temperature dependences of the 
microyield and macroyield stresses is observed at el- 
evated Tm and Hs field. 

The amplitude hysteresis was investigated by com- 
parison of the value of Qo- 1 at the deformation minimum 
(3'0) after preliminary torsion deformation (%r) (Fig. 
3). The measurement of the Qo-1 values was carried 
out after different 7pr values (7pr> Yo) after the decay 
of mechanical oscillations from Ypr to Yo and during 
the next 10 min according to ref. 3. Three characteristic 
ranges on Qo-a(ypr) curves were established: the first 
is amplitude independent (7 = 10-7-10-4); the second 
is a range of increasing Qo-1 vs. 70% in the third, the 
values of Qo -1 decrease vs. Ypr (Fig. 4(a)); Y=2 was 
measured under Hs and was found to be about 6 × 10 -4.  

The increase in the preliminary deformation into the 
range of microdeformation and plastic deformation 
(compared with the yield point) leads to suppression 
of the damping capacity of ferritic alloys (upper right 
in Fig. 4(a)). The same qualitative character has the 
influence of a static tensile stress (trst) on the IF level 
(Fig. 4(b)): the value of IF increases under the applied 
trst and after % = 2.5 MPa it decreases. Using Meson's- 
type ultrasonic resonance equipment (f, = 21 kHz), the 
influence of preliminary oscillations before measure- 
ments "N" (from 1 × 107 to 2 × 107) on the IF and DM 
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TABLE 2. Influence of T~ on various parameters 
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T~ (°C) <800 900 lOOO 11oo 
D (txm) Cold worked 15 (0.5 h); 22 (2 h) 25 (0.5 h); 30 (2 h) 45 (0.5 h) 

pa=24 (c/w) Annealing: 0.2 (0.5 h) 
pd X 10 9 (cm -2) 7.3 Quenching: 8 (0.5) 8.8 (0.5); 5.3 (2) 3.5 (0.5) 
HcXl00 (A m-') >20 9 (q); 7 (a) 7 (q); 3 (a) 7 (q); 3.5 (a) 
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Fig. 2. The influence of the temperature of measurement (Tin) 
of the annealed samples on Q-~ (1.n), Qh -l (3.n) and Qd -I (2.n) 
(a) and AfZ/f 2 (1.n), Afh2/fh2 (3.n) and Afdz/fo 2 (2.n) (b) for Crl6 
after T.=1000 °C (n=l)  and T~=1000+680 °C (n=2) and for 
Crl6Mo4 (n =3). 

values was obtained (Fig. 4(c)); this confirms the same 
non-monotonic influence of "N" at the Qh-l(3,~< Tpr) 
and Q d - l ( T > % r )  levels. 

The value AQo-1 depends strongly on Tm and ' r  m 

(Fig. 5): the initial values of Q0-] may be restored by 
annealing, and the degree and speed of restoration 
increase with T m and rm. AQo-l(rm-")0) increases with 
decreasing Tm at T = constant (Fig. 5(a)). This regularity 
is associated with the decrease in the yield stress %.2 
and z~a with increasing Tm (Fig. 5(b)). All regularities 
shown in Fig. 5 for AQ0-1 were established for a 
modulus defect (Aff / fo2)  and residual deformation T, 
after unloading. 

4. Discussion 

Damping in iron-based ferritic alloys occurs due 
to the additional magnetostriction deformation (%): 

Q-~I H =0 ~'\  

/ / ~  ¥P3 
t/5/  r.z T j, aeg; to, 

11 

Yo - - - ~ "  w 

a 'l H--H, .._J. 
I J . . . - - - - - - - " " - - - ' 2 / I  )% 

YO ~ y Ycr 2 

Fig. 3. (a) The scheme of measurement of Aao-1 and %r2 = GTpr2. 
(b) The influence on AQo-1 (Crl6Mo4) of Tp,. 

e--ee,+ %, where the Eh value is proportional to the 
saturation magnetostriction constant (As) and depends 
on the magnetic susceptibility (X). These effects are 
mainly the result of the irreversible motion of the non- 
180 ° domain walls (DWs). The value of % greatly 
depends on the chemical composition and heat treat- 
ment of the alloys. In binary annealed Fe-Cr  alloys, 
the maximum values of 8 = 2Qh- 1 and As were observed 
at 15-16 wt.% Cr (see Table 3). 

The internal stress level ~ri can be calculated from 
the Qmax-](,,t ,) position. As a first approximation, it is 
possible to use the relation Crma x = 0.7256 X ~ri [4], where 
Crr,~ may be taken from the strain position of the 
Qr, a x - l ( y )  maximum; cri was found to be 15-20 MPa 
after furnace cooling. This is in good agreement with 
~i from X-ray experiments and residual stress relaxation 
tests (o'i=18 MPa). For a Maxwell distribution of 
internal stresses, the value of & . . . .  may be described 
by the equations 

~h . . . .  ~- 0 .34kAsEhri  (at t0 r= O'max) 
~ h ,  m a x  = 4kAsE/3cr  (at ~r<< crm,x) (1) 

where k =  1 is a constant characteristic of the shape 
of the hysteresis loop, As is the linear magnetostriction 
constant and E is the normal modulus of elasticity. 
Therefore  it is possible to use the subsequent per- 
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Fig. 4. The influence of ypr (a), urt (l-10, 2-20 
(b) and N (c) (Cr16Mo4) on IF parameters. 

and 2-30 MPa) 

formances of a substitutional solution (AU,), dislocation 
(Aq,), dispersive hardening by coherent (AU=) and non- 
coherent (Aq,J precipitates and grain boundary (ACT,,) 
hardening for a determination of the logarithmic dec- 
rement in the same conditions. Finally, for IF 15, 61 

(2) 

where n = 1 at u= a,,,,, and n = 1 at (TB u,,,,. 
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8- 
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Fig. 5. (a) The influence of T,,, and T,,, on AQ,-‘. (b) The influence 
of T,,,, on AQ,-‘, uys (u& and 7cr2= GypR. 

TABLE 3. r\s and S,, as a function of Cr content 

Cr content 11-12 15-16 18-20 25 
As (109 12 16 14 10 
%I.% (%) 4-5 8 6 4 

The non-monotonic response of ferromagnetic alloys 
after heat treatment at different temperatures in terms 
of damping may be attributed to a few partial responses. 
The resulting IF level due to magnetomechanical hys- 
teresis is the result of the superposition of all the 
partial contributions to damping. 

For dislocation IF, experimental results of ADIF 
were treated in the axes: tan (Y VS. l/T. The critical 
point between temperature-independent and temper- 
ature-dependent ranges of ADIF VS. T, is the tem- 
perature of impurity condensation on dislocations 
(TI ); it depends on the chemical composition. Damping 
at 500-650 “C is associated with the interference of 
relaxation (Zener) and hysteresis effects. 

The comparison of T, with Tf and Tc shows that 
there are some temperature intervals of additional heat 
treatment which may increase the damping capacity. 
The most useful annealing temperature is slightly below 
T,, i.e. in the range of magnetic domain formation. 
Prolonged formation of domains leads to the highest 
damping properties due to: (1) the change in DW 
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density, width and average domain size and the decrease 
in the bending energy (DW pinning points), and (2) 
the additional decrease in o'i and its gradient. 

Annealing around the 475 °C embrittlement tem- 
perature produces some peculiarities: short-time an- 
nealing increases the IF level; prolonged annealing 
leads to a large decrease in IF. As a result of annealing 
for 1 h, a reduction of the concentration of the interstitial 
solid solution takes place (approximately 70%). The 
kinetic coefficient of precipitation was calculated using 
the Wert-Zener equation (C = Co X exp[-  (r/ro)k]) and 
for the first hour of annealing at 475 °C, k=0.5-0.7. 
This means that the process of dislocation pinning by 
impurities in Cottrel's atmosphere takes place in this 
r, range. This process is confirmed by the decrease in 
the tan a ADIF value and is accompanied by a decrease 
in the width of the X-ray/3(1110) line, i.e. the internal 
stress decreases. 

On prolonged annealing (r> 5 h), the decomposition 
of high-Cr ferrite takes place according to the metastable 
miscibility gap of the Fe-Cr diagram. Decomposition 
leads to the embrittlement of ferritic steels because of 
the appearance of zones enriched in Cr and interstitial 
atom zones (SAS and IF data) (Fig. 6). The increase 
in the annihilation time of positrons in this case dem- 
onstrates the increase in microdistortions in the era- 
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Fig. 6. The influence of annealing time at 475 °C on Q - I  (H= 0) 
(1.1, Crl6; 1.2, Crl6Mo4),/3(110) (2), C + N  content in the solid 
solution (3), degree of decomposition in the Fe-Cr system (4) 
and positron lifetime (5). 

brittled structure. After 100 h annealing, the ferritic 
structure is characterized by the following parameters: 
density of precipitates, approximately 1016-1019 cm2; Cr 
concentration, approximately 50%; diameter, 5-10 nm,; 
microdistortion diameter, approximately 15 nm [7]. The 
dislocation and DW movement in this Cr-modulated 
structure is suppressed. This leads to hardening and 
changes in the magnetomechanical IF as 

A ~r c = h ~o3/Zvl/2 / G a/Z D ol/Zb 21n ( D o/b ) ll2 

g)h(~) = D o m l n (  Do/b ) ~a /vV2h (3) 

where h and Do are the disc width and diameter and 
~'o is the interphase surface energy. This leads to the 
reduction of the IF level due to the increase in the 
volume fraction of precipitates, i.e. the elastic distortions 
pin DW motion. This effect become predominant with 
prolonged annealing. 

The maxima in the curves Q0 -1, Af2 / f  2 and % vs.  
Ypr appear in a deformation range less than the second 
critical amplitude of the Granato--Lucke string model, 
i.e. there are no residual effects in the crystalline 
structure and an increase in non-elastic effects takes 
place because of the redistribution of DW locations. 
An increase in the IF level under applied tensile stress 
takes place when O'<O'cr z. 

To explain the above maxima of the Qo-1 or % vs.  
%r or % curves, it is possible to use the same approach 
[4] as adopted for the same dependence of IF on the 
value of the external magnetic field. By applying small 
cyclic stresses, most of the DWs will move reversibly 
without hardly any energy dissipation. Small mechanical 
stresses or magnetic fields will shift the DW location 
from the lowest points to the position where the Relay 
function is a maximum. Due to this additional stress 
a part of DW may shift irreversibly. When ypr < Yo, 
the external mechanical or magnetic field increases the 
number of irreversible jumps of DWs and lowers the 
IF level. When 3%> 3%2, microplastic deformation ap- 
pears and leads to a decrease in IF (Q0-1). 
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