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Abstract—The parameter hmax/t (where hmax is the maximum depth of the plastic zone under the fracture sur-
face, t is the specimen or part thickness) estimated by X-ray diffraction is shown to be used as a general crite-
rion for the local state of stress of the material at the crack tip during static, impact, and cyclic loading of
coarse-grained and ultrafine-grained materials.
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INTRODUCTION

The estimation of the local state of stress (SOS) of
the material at the crack tip is of fundamental impor-
tance, e.g., on testing materials for static fracture
toughness (KIc) under plane-strain (PSN) conditions
[1–3]. This fully applies both to coarse-grained (CG)
materials and to a new class of structural materials,
namely, ultrafine-grained (UFG) materials fabricated
by severe plastic deformation [4–8].

The estimation of the local SOS of a material on
diagnosing the causes of accidental fracture of struc-
tures and machine parts is also important; for this pur-
pose, it is necessary to observe similarity in the local
SOS of a material in a destroyed part and a simulating
specimen [9–11]. The destruction of structures and
machine parts can occur both in single (static, impact)
and with cyclic types of loading; therefore, a general
criterion for estimating the local SOS of materials for
single and cyclic types of loading is necessary.

According to fracture mechanics, the most objec-
tive information about the local SOS of a material at
fracture is provided by an analysis of the size and shape
of the plastic zones formed at the crack tip [1, 3, 12].
In fracture mechanics, the following two limiting local
SOSs of a material are distinguished: plain-strain
(PSN) and plain-stress (PSS) states [1, 3, 12]. However,
in practice, the destruction of metal materials often
occurs in a transition region (PSN ↔ PSS) [7, 11].

PSN state is considered to take place when the
well-known fracture mechanics criterion

where t is the specimen thickness and σ0.2 is the yield
strength, is met [2, 3].

There is also the following relation between the
radius of the plastic zone at the crack tip ry and the
ratio (KI/σ0.2)2 [3]:

(1)

where coefficient n depends on the local SOS of the
material at the crack tip. As coefficient n increases, the
constraint of plastic deformation increases and the
PSS → PSN transition occurs.

The authors of [10, 13, 14] proposed a modification
of the criterion of the local SOS of a material in the
form of the ratio hmax/t, where hmax is the maximum
depth of the plastic zone under the fracture surface
and t is the specimen or part thickness. Parameter hmax
is estimated by an X-ray diffraction method; therefore,
it can be determined for any type of loading of a spec-
imen or part, which is the main advantage of the crite-
rion hmax/t over the criterion t/(K/σ0.2)2. During static
loading under PSN conditions, we have hmax/t < 10–2

due to the small plastic zone size because of severe
constraint of the material. Under PSS conditions,
fracture is accompanied by the formation of two plas-
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tic zones: a strongly deformed microzone of depth hyh
and a weakly deformed macrozone of depth hy. We
have hmax/t > 10–1 due to large size hy of the macrozone
under PSS conditions. In the transition zone (PSN ↔
PSS), we have 10–2 ≤ hmax/t ≤ 10–1 [10, 13, 14].

The comparison [15] of the criterion hmax/t with the
well-known criterion for meeting PSN conditions
t/(K1c/σ0.2)2 ≥ 2.5 [2] for static fracture toughness (KIc)
tests of CG and UFG materials demonstrated that the
criterion t/(K1c/σ0.2)2 ≥ 2.5 is less stringent than the
criterion hmax/t < 10–2 and extends to part of the tran-
sition region (PSN ↔ PSS). When determining PSN
conditions according to ratio t/(K1c/σ0.2)2, it is neces-
sary to take into account the type of crystal lattice. For
bcc materials, the PSN condition is fulfilled at
t/(K1c/σ0.2)2 ≥ 5, for fcc and hcp materials, this condi-
tion is met at t/(K1c/σ0.2)2 ≥ 10, which corresponds to
hmax/t < 10–2 [15].

The purpose of this work was to substantiate the
possibility of using the ratio hmax/t as a criterion for
estimating the local SOS of the material at the crack
tip in both CG and UFG materials for various types of
loading.

EXPERIMENTAL
We studied the following metallic materials with

various types of lattices and in various structural states:
materials with bcc lattice: carbon steels 10 (0.1% C),

20 (0.2% C) and 45 (0.45% C) and 09G2S alloy steel
(0.09% C, 0.64% Si, 1.26% Mn, 0.1% Ni, 0.08% Cr,
0.14% Cu, 0.02% Al);

materials with fcc lattice: aluminum alloys D16
(4.5% Cu, 0.6% Mn, 0.2% Si, 1.5% Mg, 0.12% Zn,
0.23% Fe) and AK4-1 (2.46% Cu, 1.48% Mg, 0.89%
Fe, 0.22% Si, 0.92% Ni, 0.04% Mn, 0.04% Ti), auste-
nitic steels 40Kh4G18F (0.43% C, 4.2% Cr, 18.0%
Mn, 1.41% V), 07Kh13N4AG20 (0.06% C, 21.87%
Mn, 14.86% Cr, 4.89% Ni, 45% Si, 0.14% N) and
AISI 321 (0.08% C, 17.85% Cr, 7.35% Ni, 0.39% Mo,
0.55% Si);

materials with hcp lattice: titanium alloys VT6
(5.95% V, 5.01% Al) and VT8M-1 (5.7% Al, 3.8% Mo,
1.2% Zr, 1.3% Sn, 0.16% Fe) and Mg6Al magnesium
alloy (5.6% Al, 0.245% Mn, 0.047% Cl, 0.046% Ca).

The materials were studied in a CG state after heat
treatment and in a UFG state after severe plastic
deformation of various types (Table 1). To reach a
UFG state, grade 10 steel was water quenched after
annealing from a temperature of 880°C, and the billets
were then subjected to equal-channel angular pressing
(ECAP) at a temperature of 200°C (route Bc is the
RUS
rotation of a workpiece through 90°, the number of
passes is n = 6, the angle of intersection of the die
channels is ϕ = 120°) [7, 8]. Grade 45 steel was water
quenched from 800°C and tempered at 350°C, and the
billets were then subjected to ECAP at 350°C (route
Bc, n = 6, ϕ = 120°).

The processing of 09G2S steel included homoge-
nizing annealing at 820°C, water quenching, subse-
quent tempering at 350°C, ECAP at 350°C (route Bc,
n = 4, ϕ = 120°), and additional annealing at 350°C for
10 min. Austenitic AISI 321 steel was subjected to
ECAP at 400°C (route Bc, n = 4, ϕ = 120°). ECAP of
AK4-1 aluminum alloy was carried out at 160°C after
quenching (route Bc, n = 6, ϕ = 90°).

The UFG state of the VT6 alloy was achieved by
ECAP or ECAP with subsequent isothermal upsetting
(IU). Before ECAP, homogenizing annealing was per-
formed with water quenching from a temperature of
960°C followed by tempering at 675°C for 4 h; ECAP
was performed at 650°C (route Bc, n = 6, ϕ = 120°).
After ECAP, some billets were subjected to IU up to
ε = 30% at a temperature of 750°C and a strain rate of
10–2 s–1.

The UFG state of the VT4-1 alloy was achieved by
water quenching from a temperature of 940°C fol-
lowed by annealing at 700°C for 1 h and cooling in air;
as a result, a globular-plate structure was formed. The
billet was then subjected to rotary forging (RF) at a
temperature of 750°C; (true strain was e ≈ 1.7, strain
rate is higher than 300 mm s–1) [8]. Before ECAP of
Mg6Al alloy, annealing was performed at 430°C for
24 h in an argon atmosphere, and ECAP was per-
formed at 400°C (route Bc, n = 4, ϕ = 120°) with
intermediate annealing at 400°C for 15 min.

The average grain sizes and the mechanical proper-
ties of the materials after various types of treatment are
given in Table 1.

CG and UFG material specimens were subjected
to impact toughness (KCV) tests in the temperature
range from 150 to –196°C. Fatigue tests were carried
out according to the three-point bending scheme
(steel 45, Mg6Al alloy) and the off-center tension
scheme (D16 alloy; 20, 45, 07Kh13H4AG20 steels) at
various temperatures, loads (ΔP, Pmax), and stress
ratios (R).

To determine the plastic zone depths under the
fracture surfaces, we used layer-by-layer etching fol-
lowed by X-ray diffraction (XRD) analysis of the sur-
faces (method is described in detail in [10, 16–18]).
The total error in determining the plastic zone depths
by the XRD method is, as a rule, 10–30% and depends
on the type of fracture [16]. The error increases more
than twice [16] when the fracture surfaces formed under
conditions close to plane deformation are studied, when
SIAN METALLURGY (METALLY)  Vol. 2021  No. 10
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Table 1. Average grain size and the mechanical properties of the materials after treatment under various conditions

Material Type of treatment dav, μm σu, MPa σ0.2, MPa δ, %

Steel 20 Annealing 55 450 260 24

Steel 45 Annealing 75 590 320 20

09G2S Hot rolling 15 485 354 40

40Kh4G18F Quenching 75 900 400 55

07Kh13N4AG20 Quenching 50 685 365 62

АК4-1 Quenching + aging 40 503 399 13

D16 Hot rolling – 233 117 12

VT6 Hot rolling – 950 849 12

VT8M-1 Hot rolling – 1017 949 16

Steel 10 ECAP 0.3 1028 989 8

Steel 45 ECAP 0.56 1171 1064 5

09G2S ECAP 0.6 838 461 13

AISI 321 ECAP 0.3 917 869 25

АК4-1 ECAP 0.3 533 489 7

VT6 ECAP 0.24 1090 990 8

VT6 ECAP + IU 0.56 1100 1090 8

VT8M-1 RF 0.3 1216 1137 11

Mg6Al ECAP 20 260 100 10
the plastic zone depth is comparable with the thickness of
the effectively scattering material layer [10, 19].

RESULTS AND DISCUSSION
As was shown in [7, 10], the formation of plastic

zones at the crack tip during impact loading is the
same as that during static loading; therefore, there are
no fundamental restrictions on the use of the criterion
hmax/t for estimating the local SOS of a material under
dynamic load. In the absence of an opportunity to
compare the PSN criteria hmax/t and t/(K/σ0.2)2 ≥ 2.5
for impact loading, for this purpose we use another
criterion, namely, the relative reduction of area of
specimens (ψc < 1.5%) [2], which is applied to esti-
mate the fracture toughness under static loading. As
follows from the data obtained, the relative reduction
of areas of all impact specimens and the specimens
subjected to K1c tests under PSN conditions (accord-
ing to the criterion hmax/t < 10–2) do not exceed 1.5%
(Fig. 1). Based on this finding, we can assume that the
criterion hmax/t is effective for estimating the local SOS
of the material at the crack tip not only under static, but
also under impact loading of CG and UFG materials.

Currently, fracture mechanics has no criterion
characterizing the local SOS of the material at the tip
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
of a fatigue crack [3, 12, 20]. We now consider the pos-
sibility of applying the criterion hmax/t for this purpose.
It is known that, during cyclic loading of metallic
materials, the following two plastic zones form at the
tip of a fatigue crack according to the theoretical Rice
model [21]: monotonic zone hy associated with maxi-
mum tensile stresses, and cyclic zone hyh caused by
reverse plastic deformation (Fig. 2). In this case,
parameter hy correlates well with the maximum stress
intensity factor Kmax, and parameter hyh, with the range
of the coefficient ΔK [10]. As the fatigue crack length
increases (coefficients ΔK and Kmax increase), the
plastic zone depths hyh and hy under the fatigue frac-
ture surface also increase (see Fig. 2b). Therefore, the
local SOS of the material at the crack tip is assumed to
change toward plane SOS [10].

By its nature, the monotonic plastic zone of depth
hy is similar to the weakly deformed macrozone for
single types of loading, since it forms at the maximum
cycle stress σmax [3, 20, 22]. Therefore, we write the
ratio t/(KI/σ0.2)2 as t/(Kmax/σ0.2)2 for the case of cyclic
loading [10]. The results of tests performed at various
temperatures under various cyclic loading conditions
for a wide range of CG and UFG materials with bcc,
fcc, and hcp lattices indicate that this criterion is
 10
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Fig. 2. (a) Scheme of plastic zone formation at the tip of a fatigue crack and (b) changes in the plastic zone depths under the sur-
face of fatigue fracture: r is the radius of a plastic zone at the tip of a fatigue crack, hy is the depth of the monotonic plastic zone

(bright area), hyh is the depth of the cyclic plastic zone (dark area), and  is yield strength of the material under compression.
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Fig. 1. Relation between the criterion hmax/t and the relative reduction of area ψc near the fracture surfaces of CG and UFG spec-
imens (1–3, 11) bcc, (4, 5, 12–14), fcc, and (6–10) hcp lattices. The vertical dotted line bounds the range ψc ≤ 1.5% for PSN
conditions. (solid symbols) Static KIc tests, (open symbols) impact tests (KCV). CG materials: (2) 09G2S steel, (4) AK4-1 alloy,
(6) VT6 alloy (9) VT8M-1 alloy, and (13) 40Kh4G18F steel. UFG materials: (1) steel 45 (ECAP), (3) steel 09G2S (ECAP),
(5) AK4-1 alloy (ECAP), (7) VT6 alloy (ECAP), (8) VT6 alloy (ECAP + IU), (10) VT8M-1 alloy (RF), (11) steel 10 (ECAP),
(12) steel AISI (ECAP), and (14) AK4-1 alloy (ECAP).
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related to the criterion hmax/t, wherfe hmax is the the
monotonic plastic zone depth (Fig. 3). It should be
noted that most studied materials, including those
with a bcc lattice, undergo fracture in the transition
region (PSN ↔ PSS) during fatigue loading, which is
unusual for bcc materials and single types of loading
RUS
[10]. The data in Fig. 3 allow us to conclude that the
PSN condition is met at t/(Kmax/σ0.2)2 > 3.0 during
cyclic loading of specimens.

Thus, the criterion hmax/t can be used to estimate
the local SOS at the crack tip in CG and in UFG
materials not only for single types of loading (impact,
SIAN METALLURGY (METALLY)  Vol. 2021  No. 10
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Fig. 3. Relation between the criteria hmax/t and t/(Kmax/σ0.2)2 during cyclic loading for materials with (9, 13, 15) bcc, (1–8, 10–
12), fcc, and (14) hcp lattices: CG-materials: (1) D16 alloy (t = 10–2 m, R = 0.1, ΔP = const), (2) D16 alloy (t = 10–2 m, R = 0.3,
ΔP = const), (3) D16 alloy (t = 10–2 m, R = 0.5, ΔP = const), (4) D16 alloy (t = 10–2 m, R = 0.1, Pmax = const), (5) D16 alloy
(t = 10–2 m, R = 0.5, Pmax = const), (6) D16 alloy (t = 1.5 × 10–2 m, R = 0.5), (7) D16 alloy (t = 3 × 10–2 m, R = 0.5), (8) D16
alloy (t = 5 × 10–2 m, R = 0.5), (9) steel 20 (t = 2 × 10–2 m, R = 0.5), (10) 07Kh13N4AG20 steel (t = 2 × 10–2 m, R = 0.5, T =
20°C), (11) 07Kh13N4AG20 steel (t = 2 × 10–2 m, R = 0.5, T = –80°C), (12) 07Kh13N4AG20 steel (t = 2 × 10–2 m, R = 0.5,
T = –196°C), and (13) steel 45 (impact-cyclic loading, t = 1.2 × 10–2 m, R = 0, T = 20°C); UFG-materials: (14) Mg6Al alloy
(ECAP, t = 10–2 m, R = 0.1, T = 20°C, ΔP = const) and (15) steel 45 (ECAP, t = 10–2 m, R = 0.1, T = 20°C, ΔP = const).
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static), but also for cyclic loading of specimens, struc-
tures, and machine parts irrespective of the state of
material and the type of crystal lattice.

CONCLUSIONS

(1) The criterion hmax/t (hmax is the maximum depth
of the plastic zone under the fracture surface, t is the
specimen or part thickness) can be used to estimate
the local SOS at the crack tip in CG and UFG mate-
rials for single (static, impact) and cyclic types of load-
ing. For single types of loading in the case of plane
SOS and transition state  PSN ↔ PSS, hmax is the
depth of a weakly deformed macrozone; in the case of
cyclic loading, hmax is the depth of a monotonic zone.

(2) When materials undergo fracture under PSN
conditions, we have hmax/t < 10–2; when they fail under
PSS conditions, we have hmax/t > 10–1; in the transi-
tion region (PSN ↔ PSS), 10–2 ≤ hmax/t ≤ 10–1.

(3) The PSN condition at the tip of a fatigue crack
is met at t/(Kmax/σ0.2)2 ≥ 3.0 regardless of the state of
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
material, the type of crystal lattice, and loading condi-
tions.
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