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a b s t r a c t

High-strength steels are pre-heated in gas-fired furnaces before undergoing the open-die

forging process. This process increases thermal oxidation on steel surfaces, affecting the

interfacial friction between ingot and anvils during deformation. Two medium carbon

high-strength steels with different nickel contents were oxidized, and the mechanical

characteristics of oxide layers were investigated by micro and nano-indentation methods.

It was found that the formed layers on high nickel steel had lower Young modulus and

hardness compared to the steel with lower nickel. Finite element modeling and ring tests

were used to assess oxide layers' effect on interfacial friction during deformation. The

results demonstrated that oxide layers' formation decreased the interfacial friction and

deformation load, acting as lubricants at high temperatures.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermally grown oxides can form on most steels during hot

deformation by interacting solid with reactive gaseous atmo-

sphere [1]. In addition to material waste and surface quality

deterioration by oxidation, the interfacial condition can be

influenced by scale layers. The presence of oxide can change

the heat transfer between the ingot and the dies as well as the

surrounding environment [2]. During deformation, the oxide

layers can detach and break into the ingot, causing cracking
l.ca (H. Champliaud).

y Elsevier B.V. This is
).
[3]. Also, friction and wear between the ingot and the dies can

be affected by the presence of oxides, thereby decreasing their

useful service time [4].

To form the oxide layers, the Fe ions must diffuse outward

the surface. The oxidation kinetics is influenced by the diffu-

sion of Fe ions (Fe2þ and Fe3þ) and inward diffusion of oxygen

anions (O�
2 ) [5]. Temperature and time are two factors

increasing the diffusion of Fe and oxygen and increasing the

kinetics of oxidation [6]. The thermally grown oxide on pure

iron is comprised of three layers: wüstite (FeO), magnetite

(Fe3O4), and hematite (Fe2O3) [7]. Wüstite is the first layer,
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closest to the base metal, with the lowest hardness between

all scale layers. Hematite has the highest hardness, causing

wear on contacting surfaces. Magnetite has an intermediate

hardness compared to the two other layers [8]. The chemical

composition of the alloy, oxidation atmosphere, oxidation

time, and oxidation temperature all influence the diffusion of

Fe and oxygen and, therefore, the thickness of the different

scale layers [1].

For oxidation of low carbon steel at 1073e1423 K, Abulu-

wefa et al. [9] observed all three scale layers by oxidation in

pure oxygen. However, only a single wüstite layer was found

for the oxidation of the same steel in the water vapor atmo-

sphere. Si was found to decrease the oxidation of low alloy

steel below 1450 K by Alaoui Mouayd et al. [10]. Takeda et al.

[11], reported that Cr decreased the oxidation kinetics of low

carbon steels by forming a FeOCr2O4 layer at the oxide-metal

interface. Webler et al. [12] found that the addition of

0.3Cu þ 0.1Ni decreased pure iron oxidation. Yin et al. [13]

assessed FeeCueNi alloys' oxidation at 1423 K, where Ni

increased the oxidation resistance. In a recent study, the ef-

fect of Ni on high temperature oxidation of high-strength

steels was evaluated by Vedaei et al. [14]. The results

showed a remarkable decrease in oxidation kinetics by adding

Ni. However, the impact of the oxide layers on interfacial

friction during high temperature deformation was not stud-

ied. Such evaluation would require accurate determination of

the mechanical properties of the oxide layers.

Considering each oxide layer's different characteristics, the
tribological conditions can be remarkably affected at the die-

ingot interface [1]. Methods like ring test and pin on disk can

be employed to investigate the oxide layer's effect on the

friction between the die and the ingot. Hot ring compression

test is a commonly employedmethod to evaluate the interface

tribology at high temperature and obtain the variations in

deformation loads and interfacial friction coeffiecient, accu-

rately [15,16]. Ashimabha et al. [17] investigated the interface

tribology of 316 L stainless steel using ring compression test in

dry deformation condition. The rings were deformed in the

temperature range of 1173e1473 K without considering the

effect of thermal oxidation on interfacial friction. The authors

reported higher friction at 1173 K and smaller at 1473 K and

associated the obtained results to changes in different degrees

of thermal softening and material flowability with tempera-

ture. Munther and Lenard [6] assessed the effect of oxide

layers on the interfacial tribology during rolling of AISI 1018

steel and reported that the friction coefficient decreased by

increasing the oxide thickness with the highest friction for

0.015mmof scale and the lowest for 1.01mm. Employing high

temperature pin on disc method, Vergne et al. [18] investi-

gated the effect of oxidation on interfacial tribology between

AISI 1018 disc with a cast iron pin. It was found that oxidation

at 1223 K for 1 h decreased both interfacial friction and wear.

Zambrano et al. [19] used pin on the disk to assess the effects

of oxide layers formed on ASTM A36 steel at 1223 K, against

two high speed steels. The outcomes showed that the for-

mation of oxides decreased the friction coefficient, whereas

the wear rate increased. Graf et al. [20] used ring compression

tests at 1173 and 1273 K for evaluation of friction and defor-

mation load of C15 steel and reported that the presence of 30

and 50 mm of scale layers remarkably decreased the friction
and deformation load of rings. Hardell et al. [21] employed pin

on disc to assess the influence of oxide formation on interfa-

cial friction between two steels. It was found that the forma-

tion of higher amounts of magnetite layers at 673 K decreased

the friction and wear rate between contacting surfaces. Oda-

bas [22] investigated the interfacial tribology between AISI

3315 Steel against AISI 3150 Steel with pin on ring method.

They reported lower interfacial friction on samples submitted

to higher loads or sliding speeds and related their findings to

higher temperatures at the surface, and hence oxidation, of

such samples. Matsumoto et al. [23] used ring compression

tests to investigate the oxide layer's tribological impact on the

deformation of Cr rich steels at 1273 K and concluded that the

presence of oxide layers with thickness in the range of

6e300 mm resulted in reduced deformation loads. However, in

their simulations, the oxide layer was considered as a single

layer of wüstite and very little microstructure analysis of the

oxide material behavior was carried out.

The above studies show that the formation of thermal

oxides reduces the interfacial friction during deformation.

Therefore, accurate quantification of the impact of oxide

layers requires a more precise determination of the me-

chanical and morphological characteristics of different oxide

layers as a function of process parameters such as oxidation

temperature, oxidation time, initial composition, or oxida-

tion atmosphere. The evaluation of the above characteristics

of different oxide layers and their different effects on inter-

facial friction is a piece of critical information that needs to

be determined to accurately predict the friction coefficient.

To acquire the mechanical properties of the different oxide

layers, tensile or compression tests could be employed.

However, these methods need molds, machining, furnaces,

and complex sample preparations, making them time-

consuming, and costly. Micro and nano-indention methods

are prevalent methods to investigate thin films and coatings

and more convenient to conduct compared to compression

tests. However, micro and nano-indentation test results are

very sensitive to slight variations in oxidation temperature,

oxidation time, oxidation atmosphere, or initial composition.

For instance, Takeda et al. [24] measured at room tempera-

ture the hardness of formed oxide layers on pure iron at

1273 K. The Vickers hardness for wüstite, magnetite, and

hematite was 3.5, 4, and 6.7 GPa, respectively. On the other

hand, Barrau et al. [25] reported different hardness values,

2.64e2.94, 4.2e4.9, and 10.1 GPa for wüstite, magnetite, and

hematite layers formed on iron, respectively. Luong and

Heijkoop [26] obtained 4.6, 5.3, and 10.3 GPa for the three

oxide layers formed on AISI 1340 steel oxidized at 1423 ± 20 K

in air. Amano et al. [27] reported 3.5, 3.9, and 7.2 GPa values

for the hardness of wüstite, magnetite, and hematite formed

on Fe-0.5Si alloys at 1273 K for 18 ks in air and measured at

room temperature. Zambrano et al. [8] investigated the

hardness of different oxide layers formed at 1473 K in the air

on a low carbon steel and obtained hardness values of

5.5 ± 1.1, 6.5 ± 0.9, and 12 ± 2.5 GPa for wüstite, magnetite, and

hematite layers at room temperature. Hutchings and

Shipway [28] reported a hardness range of 3.6e5.9 GPa for

magnetite, for different oxidation conditions. The above

studies reveal that the initial composition has a significant

influence on the characteristics of each oxide layer and,
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therefore, the need for conducting indentation tests for each

specific steel. Finally, it must be noted that one of the factors

that could also influence the reported results is the mea-

surement technique (i.e., nano-indentation or micro-

indentation), as evidence by results reported by Chicot et al.

[29] and Seo and Chiba [30] on magnetite hardness values.

Therefore, in the present study, both nano indentations and

micro indentation techniques were used in order to ensure

the accuracy of the obtained mechanical characteristics of

the thermal oxides.

Although the indicated analysis shows the impacts of

oxide layers on friction between die and ingot, very little

information is available on the specific roles of different

oxide layers and the evolution of their morphological and

mechanical properties as a function of oxidation parameters.

The aim of the present study is to investigate the charac-

teristics of each oxide layer and assess the effect of oxidation

on interfacial friction between ingot and anvil during open-

die forging. In this regard, oxidation experiments were car-

ried out on two different high-strength steels at different

temperatures, and the mechanical properties of each oxide

layer was assessed employing micro and nano-indentation

tests. The results were then employed as input for finite

element simulations to evaluate oxide layers' effect on the

interfacial friction between anvils and ingot using high-

temperature ring tests to simulate the open die forging

process.
2. Materials and methods

Two high-strength medium carbon low alloy steels were used

in the present study. One of the sub-objectives of the project

was to evaluate the impact of a higher Ni content on the

oxidation behavior of large size components during open die

forging, and therefore a higher Ni content was employed, as

shown in Table 1. For ease of use, the steels are identified as

low nickel (LNi) and high nickel (HNi). The materials were

provided by Finkl steel, Sorel, Quebec, Canada, and were ob-

tained from large-size forgings used in energy and trans-

portation industries.

2.1. Oxidation experiments

Samples for the oxidation experiments were cylinders with

10 mm diameter and 15 mm height. Before oxidation experi-

ments, the samples were grounded by 320 mesh SiC papers to

achieve similar surface roughness and ultrasonically cleaned

and kept in the vacuum chamber. The oxidation tests were

conducted employing a radiative furnace mounted on a Ma-

terial Testing System (MTS), series 809. The furnace was a

water-cooled IR E4 Research Inc. radiative type and was
Table 1 e Chemical composition of employed steels (wt%).

C Mn Si Ni Cr Mo Cu

LNi 0.35 0.99 0.41 0.5 1.86 0.53 0.16

HNi 0.35 0.99 0.41 2.92 1.86 0.53 0.16
equipped with four lamps and elliptical polished aluminum

reflectors that provided the infrared radiation and produced a

hot zone with uniform temperature over a 100 mm distance

thereby, producing uniform temperature conditions all

around the samples. Samples were heated to an oxidation

temperature of 1473 Kwith a heating rate of 2 K/s. The heating

was conducted under the protection of argon gas with a flow

rate of 50 ml min�1 to avoid oxidation during heating. At this

temperature, the argon was switched off for 60 min, leaving

the sample to oxidize in the air. Then, the argon flow was

connected again to cool down the sample to room tempera-

ture and avoid oxidation during cooling. The formed scale

layers are fragile and need to be carefully preserved for

metallography, indentation, and microscopy. A method was

developed to guard the scale layers from manipulation dam-

ages. This method consisted of using a cold mounting product

composed of 60e70% Zirconium oxide, 20e40% fused Silica

and 0e10%Aluminum oxide with a hardener composed of

Amines, polyethylenepoly, and triethylenetetramine and

introduced to the oxidized sample in a vacuum chamber. As

thermal oxidation is a surface phenomenon, it is reigned by

the diffusion of ions near the surface. So, the oxide growth

would be the same for a small sample compared to a large-

sized ingot.

2.2. Indentation on oxide layers

To evaluate the material properties of different scale layers,

indentation tests were conducted. Micro-indentation tests

were conducted using an Anton Paar Micro-Hardness Tester

(MHT), and nano-indentation tests were carried out with

Micromaterials NanoTest Vantage. For both tests, a Vickers

diamond indenter was used on the transverse section of

oxide layers. Before nano-indentation, the sample was

placed in the machine chamber for 48 h to ensure tempera-

ture homogeneity. The diamond tip was applied to the ex-

amination point up to a specific load during the indentation,

where it was kept for 30 s, followed by unloading [31]. The

output of an indentation test is a curve showing the applied

load versus the indentation depth. The contact depth of the

indenter, hc, was calculated using the Oliver and Pharr

analysis [32,33]:

hc ¼hm � ε

Fm

S
(1)

where hm is the maximum indentation depth (mm), ε is a

constant related to the indenter geometry, Fm the maximum

normal load (mN), and S is the stiffness of the sample (mN/

mm) acquired from the slope of the unloading portion of the

indentation curve. In the unloading part of the graph, the

instrumented hardness of the tested material, HIT, can be

obtained using equation (2) [32,33]:

HIT ¼Fm

Ap
(2)

where Ap is the contact area between the indenter and the

specimen at the maximum depth and load (mm2). Reduced

elastic modulus, Er (GPa), considers that the elastic displace-

ment occurs in both indenter and sample and can be obtained

as follows [32,33]:

https://doi.org/10.1016/j.jmrt.2022.10.131
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Er ¼
ffiffiffi
p

p
2b

Sffiffiffiffiffiffi
Ap

p (3)

where b is a geometrical constant on the order of unity. The

instrumented elastic modulus in the specimen, EIT, is ac-

quired as follow [32,33]:

1
Er

¼
�
1� n2s

�
EIT

þ
�
1� n2i

�
Ei

(4)

where ns is the Poisson's ratio of specimen and Ei and ni are the

elastic modulus and Poisson's ratio of the indenter, which for

a diamond indenter are 1141 GPa and 0.07 [34].

2.3. Hot compression tests

To obtain the stress-strain behavior of the studied materials

for friction assessment, hot compression tests were con-

ducted. Cylindrical samples 10 mm diameter and 15 mm

height were heated to 1373 and 1473 K under argon protection

to avoid oxidation and compressed to 50% of their height. The

strain rate was 0.25 s�1, which is designated based on the

employed parameters of the industrial partner for this study.

To minimize the effect of friction on results, graphite powder

and mica sheets were placed between the sample and the

anvils. However, a slight barreling was still observed, indi-

cating some friction during compression testing. Therefore,

the stress-strain curveswere corrected for this frictional effect

to ensure accurate evaluation of the material mechanical

behavior during high-temperature deformation. The instan-

taneous friction was calculated as follows [35]:

m¼m0 þA exp

�
ε

ε0

�
(5)

where m0, A, and ε0 are constants and are given in Table 2 for

different temperatures based on empirical investigations [35].

Using equation (5) and the data in Table 2, the corrected stress

related to the deformation can be calculated as follows [35]:

s¼ C2P
2½expðCÞ � C� 1� (6)

with C¼ 2mr
h

(7)

where P is the acquired stress from the testing device, r and h

are the specimen's initial radius and height.

2.4. Hot ring compression test for friction assessment

Originated by Kunogi [36] and improved in a practical way to

be utilized by Male and Cockcroft [37], ring test is an accurate

method to obtain the friction coefficient. This method is

commonly used for the determination of interfacial friction
Table 2 e Employed constants for friction correction [35].

Temperature (K) m0 A ε

1373 K 0.3002 0.07844 0.61564

1473 K 0.3935 0.02739 0.42256
coefficient on various materials, including steels [15,16,38].

Rings with dimensions of 18 mm for outer diameter, 9 mm

inner diameter, and 6 mmheight were machined from the as-

received materials. These rings were heated to 1373 and

1473 K deformation temperatures and isothermally deformed

to 50% of their height. The variation of the ring inner diameter

with the height reduction can be correlatedwith the friction at

the die-part interface [39]. If the friction is low, the ring will

flow outwards, causing the inner diameter to increase. If the

friction is high, the material will flow inward, and the inner

diameter will decrease.

The rings were oxidized before deformation to evaluate

thermal oxidation's effect on the interfacial friction during

deformation. Before compression testing, the rings were hung

with the help of a support inside the furnace to allow both

parallel surfaces of the sample to be in contact with the air

and be oxidized by the indicated procedure in section 2.1. Two

oxidation temperatures, 1373 and 1473 K, and three oxidation

times, 10, 30, and 60 min, were used to assess the influence of

different oxide thickness on interfacial friction.
3. Finite element modeling of the ring test

Friction calibration curves (FCC), as reported in the literature

[39], have been widely employed to estimate the friction co-

efficient by obtaining the variation of inner diameter for a

specific height reduction. However, the studies have

demonstrated that the FCCs can be remarkably different for

various materials, deformation temperature, heat transfer,

ring geometry, etc. [39]. In other words, the utilization of

conventional FCCs cannot be a precise approach for all in-

vestigations. On the other hand, experimental determination

of FCC for all the experimental conditions encountered in

actual deformation processing conditions is a very time-

consuming exercise; hence, finite element (FE) with Abaqus/

CAE software was used to develop each of the investigated

steels' FCC. Due to the axisymmetric nature of the ring-

compression test, a 2D axisymmetric model was developed.

Furthermore, because of the planar symmetry during

compression, half of the ring's cross-section was considered

in the simulations, which further reduced the computational

time during the simulations. The die was considered as a

non-deformable discrete rigid with 2-node linear axisym-

metric rigid elements (RAX2). The ring was modeled as

deformable elastic-plastic with 4-node bilinear axisymmetric

quadrilateral mesh (CAX4R) for axisymmetric stress. The

mechanical properties were acquired by the cylindrical

compression tests. Rings were deformed up to 60% of the

height. Fig. 1 shows the employed mesh and deformation of

the LNi ring at 1473 K. Based on the machine manual, the die

temperature was considered the same as the ring, as the

temperature is uniform for 100 mm length inside the radia-

tive furnace, taking the advantage of long radiative lamps

and reflectors. This assumption was verified by installing a

thermocouple on die surface during oxidation, where the

discprencies between ring and die temperature were negli-

gible. The ring could deform in both horizontal and vertical

directions, whereas the die had the freedom to onlymove in a

vertical direction.

https://doi.org/10.1016/j.jmrt.2022.10.131
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Fig. 1 e a) Developed 2D axisymmetric FE model of ring for deformation, b) 45% compression of LNi ring at 1473 K, and c) 60%

compression of LNi ring at 1473 K.
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The two common frictionmodels utilized inmetal forming

to describe the frictional conditions of contacting surfaces are

the Coulomb friction model and the constant shear friction

law [40]. These models can be indicated as follows [41,42]:

t¼mP ðCoulomb friction modelÞ (8)

t¼mK;K¼ ssffiffiffi
3

p ðConstant shear friction lawÞ (9)

where t, m, P, m, and ss are frictional shear stress, friction

coefficient, normal stress, shear friction factor, and effective

flow stress [41,42]. The FCCs in this study are developed by

both models to understand better and compare two friction

models.
4. Results and discussion

4.1. Micro-indentation and nano-indentation on oxide
layers

Fig. 2 shows the formed oxide layers on LNi and HNi steel at

1473 K for 60 min. The three oxide layers of hematite at the

top, magnetite as an intermediary layer, and wüstite at the

bottom can be seen for both steels. The formed scale layers on

HNi are thinner compared to LNi steel, as Ni suppressed the

oxidation. The formed oxide sub-layers, and the mechanism

by which Ni hinders the oxidation were discussed in a former

study [14]. The formed thermal oxide on HNi steel is
continuous and smooth compared to the rough and porous

LNi ones, particularly for the magnetite layer. Furthermore,

the interface of oxide-metal for grown oxide layers on HNi

steel is thicker, which implies the better adhesion of this scale

to the base metal compared to LNi one. Despite the presence

of pores and cracks during sample preparation, there was still

sufficient room to conduct indentation tests properly.

The Vickers micro indenter was applied to different oxide

layers, leaving a pyramid with square base imprint (see Fig. 3).

The indenter was applied with different loads, held for 30 s at

peak load and followed by unloading, as illustrated in Fig. 4-a

for formed wüstite on LNi steel at 1473 K. The evolution of the

penetration depth for indenter as a function of indentation

load is shown in Fig. 4-b.

Employing Fig. 4-a and 4-b with equations (1)e(4), the

Young modulus and hardness of different oxide layers were

determined according to Oliver and Pharr's method [32,33].

The results for the formed wüstite layer on both steels are

given in Fig. 5. The results reveal that the average Young

modulus of wüstite formed on LNi steel and acquired with

micro-indentation was 141.0 ± 7.5 GPa while the one for the

HNi steel was remarkably lower, at 100.0 ± 6.0 GPa. It is

interesting to note that the Young modulus's results obtained

from nano-indentation of the LNi sample are very close to the

ones obtained by micro indentation 145.5 ± 3.5 GPa. This

finding indicates the reliability of the less demanding micro-

indentation technique as compared to the more complex

experimental set-up of the nano-indentation one for charac-

terizing oxide layers.

https://doi.org/10.1016/j.jmrt.2022.10.131
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Fig. 2 e Formed thermal oxide layers: a) LNi steel at 1473 K for 60 min, and b) HNi steel at 1473 K for 60 min.
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The hardness of wüstite on LNi was determined to be

6.0 ± 0.3 GPa by both micro and nano-indentation techniques,

further confirming the reliability of measures with micro-

indentation technique. It is also interesting to note that the

hardness of the wüstite layer on the HNi steel was about

3.7± 0.3 GPawhich ismuch softer than the one inmeasured in

the LNi steel. The results also show that the stiffness of

wüstite increases by increasing the applied load or penetra-

tion depth. The elastic-plastic work conducted to penetrate

both wüstite layers on steels was equal to %26 and %74 for

elastic work and plastic work, respectively. The elastic and

plastic work are total conducted work units during indenta-

tion, which equal to the area under indentation force-

penetration depth curve (see Fig. 4-b). The elastic and plastic
work are the area under unloading and loading parts of curve,

respectively [43]. In agreement with the Young modulus re-

sults, the stiffness of the wüstite for LNi steel was higher than

that of the HNi steel.

The results for the formed magnetite layer on LNi and HNi

steels are illustrated in Fig. 6. The average elastic modulus of

the magnetite layer acquired by micro-indentation and nano-

indentation were 160.0 ± 6.0 GPa and 162.0 ± 5.3 GPa, respec-

tively. A lower value of 143.0 ± 8.6 GPa was measured for the

Young modulus for the magnetite layer grown on HNi steel.

The same trend was observed for hardness as the hardness of

magnetite on LNi was 6.0 ± 0.2 GPa, obtained from both micro

and nono-indentation, compared to 5.0 ± 0.4 GPa of hardness

for the layer on HNi steel. The stiffness for formed magnetite

https://doi.org/10.1016/j.jmrt.2022.10.131
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Fig. 3 e The utilized Vickers indenter tip (LEXT microscopic image-left) and the imprint obtained on the oxide layer (right).
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on LNi was slightly higher compared to the one on HNi. Still,

the same percentage of %26 and %74 was observed for elastic

and plastic work of both steels' magnetite.

Fig. 7 gives the results for the outermost layer, hematite

formed on both steels. The Young modulus reached

236.0 ± 10.7 GPa and 239.0 ± 14.3 GPa acquired by micro and

nano-indentation, further confirming the agreement between

the measures made by both techniques. This value was

remarkably lower at 195.0 ± 13.4 GPa for hematite of HNi steel.

The same trend was observed for hardness as it was

11.0 ± 0.8 GPa and 13.7 ± 0.4 GPa for LNi compared to

8.8 ± 1.0 GPa for HNi one. Like the magnetite layer, LNi he-

matite's stiffness was slightly higher than grown hematite on

HNi steel. The elastic and plastic work ratiowas different from

the previous two layers, equaling %42 and %58, respectively.

As the deformation occurs at high temperatures, the

question can arise that will the measured Young modulus

difference for formed oxide layers at room temperature can be

seen at high temperature? The reported literature shows that

the same type of difference is to be expected for themeasured

Young modulus at room temperature for high tempeartures.
Fig. 4 e Indentation curves of formed wüstite on LNi steel at 14

time, and b) different applied indentation loads for penetration
The conducted study by Schütze et al. [44] reported the

following equation for obtaining the Young modulus at high

temperature from measured amounts at room temperature:

Eox ¼Eo
oxð1þnðT�25ÞÞ (10)

where Eox is the Youngmodulus at high temperature (GPa), Eo
ox

is the Young modulus at room temperature (GPa), n is a con-

stant which reported to be�4.7� 10�4 for iron oxides, and T is

designated temperature (K). Applying this equation to this

case indicates that the difference between two thermally

grown oxides will still be present at high temperature.

Based on equation (10), the 141 and 100 GPa of Young

modulus for formed wüstite on LNi and HNi steels, decreases

to 45 and 32 GPa (the same 40% difference) at 1473 K. For

magnetite formed on LNi and HNi, the Young modulus is 51

and 46 GPa at 1473 K, compared to 160 and 143 GPa at room

temperature. For hematite, the formed layer on LNi and HNi

steels have the Young modulus of 236 and 195 GPa at room

temperature, which is 75 and 62 GPa at 1473 K, employing the

indicated equation (10). The same trend is observed for other

high temperatures.
73 K: a) penetration depth of indenter for different loads by

depth.
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Fig. 5 e The indentation results on the wüstite layer formed on both LNi and HNi steels: a) elastic modulus, b) hardness, c)

stiffness, and d) work.
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The oxide-metal interface, known as the transition layer, is

thicker for HNi steel compared to LNi. The thicker transition

layer makes a better oxide-metal mechanical bonding,

resisting for descaling of formed oxide on HNi steel. This case

was evident during the cleaning of the smples from oxides.

The formed oxide on LNi was cleared by a small force,

whereas the HNi oxide needed a sharp edge and a higher force

to remove. Micro-indentation on the transition layer showed

that the hardness was 5.1 and 4.7 GPa for LNi and HNi steel,

where the thicker layer has a lower hardness. Immediately

after the transition layer, the micro-indentation measures on

the base metal indicated a hardness of 3.7 and 2.9 GPa for LNi

and HNi, respectively. The low hardness level of the base

metal in the zone adjacent to the oxide-metal interface, si due

to the decarburization by diffusion of ions. The above results

clearly reveal the differences in the mechanical properties of

the different layers and, therefore, the need for the quantifi-

cation of their effects on the interfacial friction between ingot

and anvils during deformation.

4.2. Friction calibration curves (FCCs)

As illustrated in Fig. 8, both steels' stress-strain curves were

obtained by compression tests at 1373 and 1473 K with 0.25

s�1, and the effect of friction was corrected using the
procedure described above. The corrected stress-strain curves

were utilized for FE simulation of hot ring compression tests

to develop the FCCs. The FCCs illustrated in Fig. 9 for LNi, and

HNi steels were acquired at indicated temperatures of 1373

and 1473 K, by obtaining the variations of the inner diameter

of rings by height reduction. The curveswere acquired by both

Coulomb and friction Constant shear friction models to pro-

vide a comparison between two models. The single points on

the graphs show the results of the experimental tests for

rings, with and without oxide layers, which makes the cor-

relation between FE and experimental parts.

The results show that both friction models came to the

same predictions for a friction coefficient range from fric-

tionless conditions to a friction coefficient of m ¼ 0.2. After-

ward, the Coulomb model shows slightly higher values.

However, the friction coefficient for conducted experiments

never surpasses the coefficient of m ¼ 0.2. For all tested con-

ditions, the highest friction was obtained for rings without

oxidation, at m ¼ 0.2. At these temperatures, steel tends to

stick to die surfaces and high frictional conditions are pro-

duced. The decrease in friction coefficient with the oxidation

progress shows that the oxide layers act as a lubricant at high

temperatures. For LNi, at deformation temperature of 1473 K,

the friction decreased from m ¼ 0.2 for the ring without

oxidation to m ¼ 0.14, 0.11, and 0.1 after oxidizing the ring for
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Fig. 6 e The indentation results on themagnetite layer formed on both LNi and HNi steels: a) elastic modulus, b) hardness, c)

stiffness, and d) work.
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10, 30, and 60 min, respectively. Therefore, as the oxide

thickness increases, it can act more as a lubricant to decrease

the ring and anvils' interfacial friction. This outcome is in

accordance with the conducted studies by Zambrano et al. [45]

on the tribological behavior of a mottled cast iron sliding

against formed oxide on ASTM A36. Their results indicated

that by increasing the testing temperature the friction coeffi-

cient decreases due to the formation of oxide layers. For HNi

steel, at the same deformation temperature, the friction

decreased from m ¼ 0.2 to m ¼ 0.17, 0.14, and 0.12 for the 10,

30, and 60 min oxidation times, respectively. The friction

decreased by oxidation for HNi steel, but at a lower level as

compared to LNi steel. This issue is due to the lower thickness

of the formed oxide on HNi steel than LNi steel, where the Ni

modifies the oxidation. For LNi steel at deformation temper-

ature of 1373 K, the friction coefficient was m ¼ 0.16, 0.14, and

0.12 by oxidation for 10, 30, and 60 min. For the same defor-

mation temperature and oxidation times, friction coefficients

of m ¼ 0.19, 0.15, and 0.13 were obtained for HNi steel. The

results reported in Figs. 5e7 show that the Young modulus

and hardness of the oxide layers formed on the LNi steel are

higher than the ones on HNi steel. The higher mechanical

properties of oxides on LNi samples, delays the early
disintegration of these layers. As these layers play the role of

lubricants; therefore, the oxide layers of LNi steel decreased

friction in a larger degree compared to the HNi oxides. This

effect was further accentuated as the oxide layer on LNi was

about 20% thicker than the one formed on the HNi one. As a

result of friction decrease by oxide layers, the forming loads

decrease too. Fig. 10 illustrates the applied forming loads by

the anvils to deform rings, with and without oxide layers, at

1473 K. The required deformation loads for deformation of

rings at 1473 K for both LNi and HNi steels were decreased by

oxidation. This is related to the fact that oxide layers act as

lubricants at this temperature. The loads for deformation of

LNi steel decreased from 20412 N for without oxidation con-

dition to 16815, 15714, and 14121 N after oxidation for 10, 30,

and 60 min. For HNi steel, the deformation load decreased

from 19677 N at its maximum to 17589, 15975, and 14874 N

after oxidation for 10, 30, and 60min. To validate the accuracy

of the developed FE model and FCCs, the developed FE model

was compared with the conducted experiments. The outer

diameter of the ring after deformation, and the deformation

load of the ring with respect to its height reduction were

compared. The obtained results are in a reasonable agree-

ment, and the errors are given in Fig. 11.
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Fig. 7 e The indentation results on the hematite layer formed on both LNi and HNi steels: a) elastic modulus, b) hardness, c)

stiffness, and d) work.
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5. Summary and conclusions

The mechanical characteristics of different oxide layers

formed on two high-strength steels were evaluated by micro-

indentation and nano-indentationmethods. It was found that

while the same layers of wüstite, hematite, and magnetite
Fig. 8 e Acquired stress-strain curves from hot compression tes

simulation of ring tests, for: a) LNi, and b) HNi.
were observed for both steels, their characteristics were

different. The micro-indentation and nano-indentation re-

sults on thermally grown oxide layers on LNi steel were close

and in a reasonable agreement. TheYoungmodulus, hardness

and stiffness of all oxide layers were higher for formed layers

on LNi steel than HNi ones, whereas the elastic and plastic

work ratios remained the same for two oxides. The Young
ts, and corrected for friction effects to be employed in FE
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Fig. 9 e Acquired FCCs by variation of the inner diameter of the ring to its height reduction, with Coulomb and Constant

shear friction models for: a) LNi at 1473 K, b) LNi at 1373 K, c) HNi at 1473 K, and d) HNi at 1373 K.

Fig. 10 e Acquired deformation loads from MTS by height reduction of rings at 1473 K, and different oxidation times, for:

a) LNi, and b) HNi.
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Fig. 11 e Relative error of the difference between developed FE model and conducted experimental tests for: a) outer

diameter of the ring after deformation, and b) deformation load of ring with respect to its height reduction.
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modulus and hardness values of LNi oxide layers were

consistently higher than those for the HNi oxide layers. Ring

compression tests and FEM modeling were employed to

evaluate interfacial friction using both Coulomb and constant

shear friction models. The results clearly showed that the

presence of the oxide layer acted as a lubricant at higher

temperatureswith the oxide layers on LNi steel decreasing the

friction more than the formed oxides on HNi steels. This

phenomenon was associated with the higher thickness of

formed oxide layers on LNi steel and the higher mechanical

properties of LNi oxides compared to the HNi ones.
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