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Abstract. The martensitic phase transformation in an ultra fine grained (UFG) TRIP
(transformation induced plasticity) steel with combination of high strength and high elongation was
investigated during room temperature tensile test using in sifu neutron diffraction. Two types of
specimens, namely coarse grained (grain size of about 50 um) and ultra-fine-grained (grain size of
about 350 nm) specimens were examined. The lattice strain evolution of the austenite and
martensite phases was observed and the load partitioning between the phases was identified.

1. Introduction

Nanocrystalline and UFG materials have received extensive attention in recent years. It is
well known that the strength can be dramatically enhanced with the decreasing grain size based on
the Hall-Petch relationship. Therefore, grain refinement is technically attractive for the production
of stronger materials. The recent development of the severe plastic deformation (SPD); such as
equal channel angular pressing (ECAP), accumulative roll bonding, and high pressure torsion; can
refine the coarse grain to the nanoscale [1-4]. However, the high yield strength is usually achieved
at the expense of the ductility, as there is little uniform elongation after yielding due to the lack of
strain hardening. Based on Hart’s instability criterion [5], for a material with high yield stress (e.g.,
nano- or UFG materials), it is necessary for a large strain hardening to be present to maintain the
uniform elongation before the localized deformation that leads to necking and the final failure of
the material. The strain hardening process is accompanied by the accumulation and interaction of
the dislocations. However, the UFG metals usually have a high initial dislocation density that is
introduced during the processing of the material through the SPD. Therefore, the saturation of the
dislocation density results in very low strain hardening rate and hence, poor ductility [6].

However, in the case of UFG TRIP steel, the martensitic phase transformation can provide
another source of strain hardening. The replacement of the austenite by the martensite phase
increases the strain hardening rate and delays the strain localization. The effective prevention of
necking leads to a significant increase of the uniform elongation. Meanwhile, the volume expansion
that accompanies the transformation also contributes to the ductility improvement [7].

In this paper, we present the neutron diffraction measurement results of the UFG TRIP steel
[8-9] to provide a microscopic understanding of the transformation and deformation behavior.
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2. Experimental details

The material selected for this study is Fe-Cr-Ni-Mn steel with a nominal composition (in
weight percent) of 10%Cr, 5%Ni, 8%Mn, and balance Fe (with 0.1%C). The ingot, prepared using
a high frequency vacuum induction furnace, was hot-rolled to the plates of 10 mm thick and
solution treated at 1200 °C for 30 min. The initial solution-treated plate (y—fcc phase with an
average grain size of about 50 um) was cold rolled with about 75% thickness reduction and the y
phase transformed into a” (bcc) phase. Then, the plate was annealed at 640 °C (10 °C higher than
the reverse transformation finish temperature Ay) for 10 min to induce the reverse transformation of
the mechanically induced o back to y. After the reverse transformation, the ultra-fine-grained
(UFGQG) austenite (y) with an average grain size of about 350 nm was obtained. The detailed
description of the material preparation is available in the literature [8-9].

The room-temperature tensile tests and in situ neutron diffraction measurements for the
coarse grained (CG) and the ultra fine grained (UFG) samples were performed using the SMARTS
instrument at Los Alamos Neutron Science Center [10]. At SMARTS, the tensile loading axis was
oriented at 45° relative to the incident beam with the scattering angle fixed at 26 = £90° for two
detector banks. This scattering geometry allows the simultaneous measurements of the lattice
strains and changes in the diffraction peak intensities parallel (axial) and perpendicular (transverse)
to the loading axis. More details about the in situ loading neutron diffraction measurements can be
found in the literature [11-12].

The lattice parameters, which are used for the lattice strain calculation, can be obtained by

the Rietveld analysis of the measured diffraction spectra using the General Structure Analysis
System (GSAS) [13].

3. Results and discussion
3.1.  Macroscopic mechanical behavior

The tensile engineering stress-strain curves recorded during the neutron measurements are
presented in Fig. 1. Nominal load of 20 MPa was used as the stress-free reference. The serrations
(decreases in the load) in the stress-strain curve are due to the stress relaxation while holding the
specimen at constant position for diffraction pattern collection for about 20 min. A few unloads
were also performed to measure the residual lattice strains (not discussed here). The UFG specimen
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Fig. 1 Tensile engineering stress-strain curves: (a) CG (coarse grained) sample with an average
grain size of 50 um; (b) UFG sample with an average grain size of 350 nm.
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shows a yield stress of about 730 MPa, which is dramatically higher than that of the CG specimen
(about 210 MPa). On the other hand, the uniform elongation of the UFG specimen (20%) is
comparable to that of the CG specimen (25%), that is, the strength is improved markedly without a
significant loss of the ductility. In addition, the stress strain curves indicate different transformation
behaviors in these two samples. A plateau was observed on the stress-strain curve of the UFG
sample, which is believed to be related to the formation of the martensite under relatively constant
applied stress. In contrast, the plateau does not appear for the CG sample.

3.2.  Martensitic phase transformation

The diffraction spectra were recorded during the tensile tests, showing the process of the
transformation. Figs. 2a and b show the axial diffraction patterns (measured with the scattering
vector parallel to the loading direction) of the CG and the UFG samples before and after the tensile
deformation, respectively. Before deformation, the UFG sample (which had been cold rolled and
annealed) has a different texture from that of the CG sample (which shows very weak texture after
solution treatment). For instance, the peak intensities of the fcc (220) are quite different in these
two samples before deformation.

Fig. 2a shows the axial diffraction patterns of the CG specimen before the tensile
deformation and after 25% strain. The reflections from austenite (y—fcc) and martensite (both o’-
bce and e-hcp) phases can be clearly observed in the initial diffraction pattern since the martensite
start temperature (Ms) of the solution treated specimen is higher than room temperature [5]. After
25% strain, which is the end of the uniform elongation under the current experimental condition,
the bee (110) peak grows strong indicating that the bce martensite (a”) becomes the dominant phase.
The austenite phase was almost completely consumed through the transformation. The initially
strongest fcc (111) peak can only be found on the shoulder of the bee (110) peak. Moreover, the
intensities of the hcp peaks were also found to decrease at the end of the deformation. In austenitic
stainless steel, the martensitic transformation is believed to occur in the sequence of y — ¢ — o
[14]. Therefore, the amount of hep phase, as an intermediate phase, diminished at the later stage of
the transformation. Fig. 2b is the comparison of the diffraction spectra of the UFG specimen before
and after 20% strain. Due to the annealing process, most of the martensites (introduced during the
cold rolling, which also dropped the Ms below room temperature) were reversely transformed to
austenite, but a small amount of bee and hep phases is still visible. After the tensile deformation of
about 20%, the diffraction spectrum is similar to the counterpart of the CG specimen except that the
hep phase is not resolvable in this case.
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Fig. 2 Axial diffraction spectra before (red) and after deformation (black): (a) CG sample; (b) UFG
sample. (Labels: f - fcc austenite, b - bcc martensite, h - hcp martensite)
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3.3.  Lattice strain evolution in the CG sample and the UFG sample

Fig. 3 shows the axial lattice strain evolution of the CG sample under applied stress. The
lattice strain data were calculated using the equation, &=(a-ag)/ay, where a is the lattice parameter
under stress and ay is the stress-free lattice parameter. The strain responses of the fcc austenite and
the hcp martensite (calculated by averaging the strains along a axis and ¢ axis according to

&' = %(252"7’ +&l )) are similar and both deviate from the linearity towards lower lattice strain
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Fig. 3 Evolution of axial lattice strains of the austenite and martensite phases of the CG sample.

1200

"
™~

1000

~ 800 | 3
D(? :.'.'.'.'.'.'.'!.'.'.'.'.'.'.'.':::‘::H@U.’Jd.’.’.’.’.’(.’.’.’.’.’.’
= f . . o, (730MPa)
2 600 | P2
o ]
n 400 we o, (450MPa)
| 1]
-
200+ =
| = m fcc
0l® e bcc

0 4000 8000 12000 16000 20000
Lattice Strain (x10)

Fig. 4 Evolution of the axial lattice strains of fcc austenite and bcc martensite phases of the UFG
sample.
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after yielding (above the elastic limit, o), indicating the compressive internal stress developed in
these two phases [15]. On the other hand, the bcc martensite deviates to the larger lattice strain and
the tensile internal stress is generated in this phase. With the macroscopic applied strain increasing
and the phase fraction changing, the bcc martensite carries more of the applied load and plays a role
in strengthening.

The axial lattice strain responses of the fcc austenite and the bee martensite of the UFG
specimen are presented in Fig. 4. It is challenging to analyze the accurate phase fraction and lattice
strain response of the hcp phase due to its very small amount and broad peak profile. However, the
hcp phase was still included in the Rietveld refinement process to ensure the best analysis of the fcc
and bce phases. The lattice strain of the bee martensite starts to deviate significantly from the
linearity when o (about 450 MPa) is reached due to its relatively small starting phase fraction in
comparison to the CG specimen. As a result, a large tensile lattice strain developed in the stress
range from 450 (elastic limit, og) to about 730 MPa (0.2% yield stress, ). After the martensite
formation at the stress level between 730 to 765 MPa, the internal stress development in the
martensite starts to slow down since more bcc phase start to share the load. For the austenite phase,
the lattice strain remains almost linear until 765 MPa and then, deviates to lower lattice strain when
the martensite phase becomes appreciable.

4. Summary

The phase transformation behavior in an ultra-fine-grained (UFQG), transformation-induced-
plasticity (TRIP) steel was investigated using in situ neutron diffraction. The results of the tensile
testing at room temperature and microstrain responses were analyzed. The martensite formation and
its interaction with the austenite phase were discussed in the context of the strain hardening and the
high ductility maintained in the UFG steel.
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