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PROTECTIVE AND FUNCTIONAL POWDER COATINGS

STUDY OF THE YIELD STRESS AND DUCTILITY
OF HARDENED SURFACE LAYERS
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The mechanical properties possessed by surface layers of metal alloys hardened by severe plastic
deformation methods were studied by indentation. The test materials were AISI O2 and AISI 316L
steels and D16 aluminum alloy. Most scientific papers evaluate the mechanical properties of
hardened surface layers and thin coatings only by hardness measurement. Hardness alone cannot
characterize the ductility of a material without using modern concepts for determining the physical
ductility from hardness. The mechanical behavior of a material can only be characterized by
determining both the ductility and the yield stress. These quantities can be found by micro- or
nanoindentation. We developed indentation methods to find the physical ductility Oy and yield stress
ogy of the surface layers of metal alloys hardened by various techniques (with analysis of changes in
these characteristics across the hardened layer) to select the optimal hardening method. The
hardening characterized by the ratio between the yield stresses of the hardened layer and the
starting material (GSHhar /USHstar / was much greater for all studied alloys than the hardening

characterized by the hardness ratio (HV},/HV,,.). Thus, the use of oy and ogy obtained from
standard microhardness measurements enhanced the informative nature and efficiency of the
indentation method in studying the mechanical behavior of metal alloy layers hardened by various
techniques.
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INTRODUCTION

The mechanical properties possessed by the surface layers of most metallic parts determine their service
properties. In this regard, surface engineering is advancing rapidly and provides for the development of methods to
harden and protect the surfaces against environmental effects through their hardening and applying thin coatings.

To study the mechanical properties of hardened layers is an important task that cannot be accomplished
without involving current advances in indentation physics.
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Unfortunately, the vast majority of scientific papers evaluates the mechanical properties of hardened
surface layers and thin coatings only from hardness measurements, inadequately characterizing these properties.
Most papers do not assess the ductility at all because the elongation at break & cannot be determined in tensile tests
for hardened layers and thin coatings.

The indentation techniques developed [1-3] allowed the physical ductility 8y [2] and yield stress ogy of
bulk materials with different crystalline structures and atomic bonds to be assessed [3]. The effectiveness of using
the physical ductility 8}y and yield stress gy found by indentation is shown in [4]. The paper established that the
wear rate W in friction in hardened steel surface layers was described by a simple relationship: W= Noy/cgy (at N =
= const).

The objective of this research effort is to ascertain whether the yield stress og and ductility 6;; (determined
by indentation) can be used to evaluate the mechanical properties possessed by the surface layers of metallic alloys
hardened in different ways. The research results are intended to choose the optimal hardening method.

There are numerous papers focusing on the hardening of surface layers on steels and other metallic alloys.
Hardened layers on the surface of parts substantially improve their service properties. There is a number of severe
plastic deformation (SPD) methods that effectively influence the mechanical properties of surface layers: ultrasonic
shock treatment (USST), shot blasting (SB), tribological treatment, and treatment with vibrating balls and abrasive
particles [5-8].

Hence, USST is an effective method for hardening aluminum-based [5] and titanium-based [6] aviation
alloys. These papers proved that USST promoted high plastic strain localized in thin surface layers, while the
thickness of modified surface layers and the mechanical properties of materials turned out to be much greater than
after conventional (mechanical, thermochemical, electrical, and other) treatment.

A complex method combining thermal laser treatment (LT) and USST is very promising for the surface
hardening of steels. This method was developed and tested in [9, 10] to find that complex treatment substantially
increased the hardness, strength, and wear resistance of the surface layers of AISI 1045 and AISI D2 steels. These
papers also studied the physical nature of hardening resulting from additional grain/subgrain refinement, increased
dislocation density, and structural and substructural stability ensured by nanosized particles of the other phase. The
hardness can be increased by 2.5 times (from 3100 to 7800 MPa) following USST alone. The SPD methods are
peculiar in that they induce a structural gradient across the near-surface layer in nanosized, submicron, and
micrometer grain size ranges and a dislocation density gradient, in turn leading to a layerwise change in the
microhardness.

To analyze the mechanical properties of hardened layers on steels and aluminum-based alloys, we first used
the method for determining the physical ductility dy; [2, 11] and the method for calculating the yield stress Ggpy from
hardness HV and physical ductility 8;;[1, 3]. Variation in the mechanical properties was studied versus the distance
from the sample with a hardened surface layer. The yield stress ogy; corresponds to the yield stress o determined by

mechanical compression tests at strain € = 7.6% involving Vickers hardness measurement.

EXPERIMENTAL PROCEDURE

The paper presents published data on the surface layers of AISI O2 [4] and AISI 316L [7] steels and D16
aluminum alloy [5] hardened by different methods (Table 1). The standard metallic alloys were chosen so as to
compare the effectiveness of different surface treatment methods involving analysis of different modified layer
thicknesses (70-300 um).

Experimental data on variation in the modified layer hardness at different distances from the surface
(microhardness was measured in cross-section of the samples at an indenter load of 1-2 N) were used.

The dependence of hardness on distance to the surface in hardened surface layers is established by
measuring hardness on cross-sectional samples or samples made at an angle to the surface. The hardness H is
difficult to measure on the surface itself, i.e., at # = 0 in H = f{h). In most cases, this dependence is shown without
the hardness at # = 0 and the hardness values found by indentation of hardened surface layers are provided
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TABLE 1. Mechanical Characteristics Determined by Indentation

Surface HV, o c /
SH,
hardening h, um Surface state | HV, GPa dy C ogpy> GPa HVh ard hard
method start OSHtart

AISI 02 steel [4]

Starting 2.3 0.91 2.7 0.92 )82 19
LT+ USST 70 Hardened 6.5 0.80 1.95 3.6 ' '

AISI 316L steel [7]

Starting 1.6 0.94 3.0 0.58

3.0 4.5
SB 250-300 Hardened 4.8 0.81 2.0 2.6
D16 alloy [5]
Starting 1.15 0.90 2.6 0.48 235 34
USST 140 Hardened 2.7 0.75 1.8 1.62

Notes. LT + USST is laser treatment combined with ultrasonic shock treatment, USST is ultrasonic shock treatment, SB
is shot blasting, /4 is the modified layer thickness, and C is the Tabor parameter.

individually [8]. In addition, hardness on the surface is determined without making a metallographic section, which
increases the measurement error and decreases accuracy.

The hardened layer can commonly acquire strain texture, leading to hardness anisotropy. The issue of
hardness measurement at # = 0 is especially significant for thin coatings with a large hardness gradient. In this
connection, using the results reported in [4], where the dependence HV = f{(k) is provided for a thin hardened layer
with a large hardness gradient found by LT + USST on AISI O2 steel, we calculated HV at 4 = 0 by computer
extrapolation of the hardness values measured on a sample made at an angle to the surface.

The theory and methodology for determining the physical ductility (8;; = plastic strain/total strain) from
hardness measurement were developed in [2].

In case of indentation with a Vickers pyramid, the ductility characteristic is defined as

8H=1—14.3-(1—v—2v2)%, (1)

where v is Poisson’s ratio and F is Young’s modulus.
The overview [11] demonstrates that &, should be determined in analyzing the effect of chemical

composition, thermomechanical treatment, and structural state on the hardness and mechanical properties of the
materials. The ductility characteristic 8y is widely used by many researchers, including that in the development of

thin coatings and surface layers [4, 12—14, 17-19]. There are clearly no other ways to determine ductility in this
case. Nevertheless, the cited papers did not study layerwise change in 8y from the sample surface as we did in our

paper.
At present, the physical relation of hardness to yield stress 6g [15] can be considered justified:

HM = Cosg, 2

where HM is the Meyer hardness (average contact pressure) and C is the Tabor parameter. In particular, we have
HM = 1.08HV for the Vickers indenter, considering that HV' = HM - siny (taper angle y = 68°).

To determine the parameter C and yield stress, we proposed the use of Johnson’s indentation model [15].
The model analyzes the dependence of C on the elastic modulus, yield stress, and indenter geometry. This model
was improved in [3]. A system of three transcendental equations with three unknowns was obtained for this model
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Fig. 1. Calibration curve for determining the Tabor parameter using the ductility characteristic [3]:
1, 2) sequence of determining C with the curve

to determine the yield stress. The calculated Tabor parameter C is in good agreement with C found from the ratio of
hardness and yield stress determined in standard mechanical compression tests. Hence, the system of equations can
be used for the accurate determination of yield stress from hardness.

The paper [3] ascertained the physical meaning of the parameter C and established the theoretical
dependence 6;(C), containing C in implicit form:

51— 2.21zC\h
H exp(1.5C—1)-a’ G)
2(1-2 —v-2v? 2HM (1-v;
where o =1- ( v) , A= I-v=2v ,and z =ctgy —&(vi is the indenter’s Poisson’s ratio and is the
3(1-v) I-v E;

indenter’s Young’s modulus). Mathematical software allows the Tabor parameter C to be easily found with Eq. (3).
The correlation C(3y;) was used to develop a simplified method to determine the Tabor parameter and yield

stress 6gyy With standard indentation results. Figure 1 schematizes the theoretical dependence C(8y) (solid line) and

experimental results (data points) for materials with different crystalline structures and atomic bonds. The method
for determining C is intended to:

1. Find the ductility by Eq. (1).
2. Find the Tabor parameter C with the calibration curve (Fig. 1) or Eq. (3).
3. Calculate ogy; by equation gy = HM/C.

The Tabor parameter C and cgy; were defined in this simplified way for hardened surface layers of metallic

alloys. The results are summarized in Table 1 and Fig. 2.

DISCUSSION OF RESULTS

Figure 2 illustrates a layerwise variation in the ratio between the hardness of the hardened layer and starting
material, HVy, /HV g,r1> ratio between the yield stresses of the hardened layer and starting material, ogyy, /Ogy . s
ductility characteristic 8y, and Tabor parameter C. As is seen, besides variations in the yield stress (increasing
toward the surface) and physical ductility dy; (decreasing toward the surface) across the hardened layer, the Tabor
parameter C changes as well, decreasing toward the surface, i.e., with increasing hardening. For all studied alloys,
the yield stress ratio (Gg, . /Osh,, ) increases much greater than the hardness ratio (HVy,,y/HV ,)- This confirms

that the surface layer hardening should be characterized by the yield stress oy (corresponding to the yield stress og
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Fig. 2. Layerwise variation in HVy, o HV g1, Ospyy . /OsH g, On and C for AISI O2 (a) and
AISI 316L (b) steels and D16 aluminum alloy (¢)

determined in mechanical compression tests at total strain 7.6%) but not by hardness. Therefore, if strength of a

material is assessed from hardness, the actual hardening is underestimated.
The overview [8] relates the surface layer hardening to the mechanisms whereby the nanostructured state

forms across the modified surface layer. Depending on the composition of alloys following SPD, not only grain
refinement occurs in the modified layer but also high stresses can be induced and structural transformation can
proceed.

CONCLUSIONS

The microindentation method can be used to determine the yield stress (ogpy) and physical ductility () in
studying the hardened surface layers. The use of 8y and ogy found in standard microhardness measurements
improves the informative nature and effectiveness of the indentation method in analyzing the mechanical behavior

of metallic alloy layers hardened in different ways.
The published data on the mechanical properties of surface layers testify that the actual hardening of the

surface layers of steels and metallic alloys should be characterized not only by increase in hardness but also in yield
stress. The hardening of surface layers evaluated only from hardness is underestimated.
A simplified method for determining the yield stress, being equal to the yield stress oy at strain € = 7.6%,

that does not require complex calculations but provides adequate accuracy has been proved to be appropriate in

practice.
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